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Abstract

The adhesion between metal and polymer materials is of crucial importance especially if

these materials are to be used as hybrids without additional adhesives, e.g. primers. The

aim of this dissertation is to better understand the multiscale adhesion behaviour and the

service life expectancy of di�erent metal/polymer hybrids.

First, the adhesion of polyamide 6 (PA6) and polyethylene (PE) towards an aluminum al-

loy (Al-A) and a dual phase steel (DPS) was studied by contact angle (CA) measurements

and atomic force microscopy (AFM). The work of adhesion per area Wad on a macro- and

(sub)microscopic scale could be determined in a non destructive way. Wad values of the

studied metal/polymer hybrids have the same trend on both length scales. That is: Al-

A/PA6 > DPS/PA6 > Al-A/PE, DPS/PE. The polymer dominates the adhesion. The

lower adhesion for PE towards the metal surfaces can be explained by domination of van

der Waals attraction forces whereas for PA6 also attractive polar forces, e.g. hydrogen

bonding, contribute to the adhesion. For metal/PA6, Wad on the macro- and microscopic

length scales is similar. For metal/PE, a discrepancy was measured with a lower Wad

values on the micro- than macroscopic scale.

Second, the thermal and corrosion (in)stability of polyamide 6 (PA6) and polyethylene

(PE) was studied using broadband dielectric spectroscopy. For PA6 two main changes

were observed after the corrosion test: (1) A higher activation energy for the local β-

relaxation process and (2) an increased intensity of the MWS/conductivity process which

is shifted to lower temperatures. It is argued that the changes in the dielectric spectra

are caused by remaining salt ions in the sample. For the non-polar PE the dielectric

response was weak because the chain backbone (−CH2− groups) carries only a weak

dipole. Compared to the polar PA6, no changes were visible in the dielectric spectra of

PE after the corrosion test. Thus the uptake of salt ions during the corrosion test is argued

to be related to the polarity of the polymer. The crystalline structure neither of PA6 nor

of PE is in�uenced by the testing procedures as shown by WAXS measurements.

The last part focused on the adhesion properties after the corrosion stability test. For

DPS/PA6 both, the macro- and microscopic Wad increased after the corrosion stabil-

ity test. For DPS/PE only the microscopic Wad increased after the corrosion stability

test. The change in macroscopic Wad values was insigni�cant. Results from CA measure-

ments and SEM images of treated polymeric microspheres supported the dielectric studies

showing that PE was stable or inert against the corrosion test whereas PA6 attracted and

incorporated salt ions. The strong increase of the microscopic Wad after the corrosion

stability test might be explained by di�culties in AFM measurements due to deformed

and salt �contaminated� microspheres which make the interpretation of the force data

di�cult and even impossible in some cases.





Abbreviations and symbols∗

α Maugis parameter

αL linear thermal expansion coe�cient

AH Hamaker constant

C capacitance

C0 vacuum capacitance

χ dielectric susceptibility

δjump−off jump-o�-contact cantilever de�ection

D dielectric displacement

D0 dielectric displacement of free space

∆ϵ relaxation strength

E electric �eld

EA activation energy

Ead adhesion energy

ϵ permittivity

ϵ∗ complex dielectric function

ϵ0 vacuum permittivity

f frequency

fp relaxation rate

Fad adhesion force

Fad/R normalized adhesion force

γ surface tension/energy

γd dispersive part of surface tension/energy

γp polar part of surface tension/energy

i imaginary unit

K reduced elastic modulus

kb Boltzmann constant

kc AFM cantilever spring constant

λ peak-to-peak distance

M modulus

M∗ complex modulus

Mw molecular weight

ν Poisson's ratio

P polarization

P0 pressure/load applied

R radius of colloidal probe (AFM)

r2 radius of asperity

rms root mean square

ρ density

σ conductivity

σ∗ complex conductivity

σt tensile strength

t time

T temperature

Continued on next page. . .

∗Non-essential and empirical parameters are not included
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T id
0 ideal glass transition or Vogel temperature

Tg glass transition/ softening temperature

Tm melting temperature

Tuse upper use temperature

θ (static) contact angle

τ relaxation time

Wad work of adhesion (per area)

XC degree of crystallinity

ξ length

Y elastic or Young's modulus

Z∗ complex impedance

AFM atomic force microscope/microscopy

Al-A aluminium alloy

ASTM American Society for Testing and Materials

BDS broadband dielectric spectroscopy

CA contact angle

CP-AFM colloidal probe atomic force microscope/ microscopy

DMT Derjaguin-Müller-Toporov

DPS dual phase steel

HDPE high density polyethylene

JKR Johnson-Kendall-Robert

IR infrared

KPFM kelvin probe force microscope/ microscopy

MD Maugis-Dugdale

MWS Maxwell-Wagner-Sillars

OWRK Owens-Wendt-Rabel-Kaelble

PA6 polyamide 6

PE polyethylene

RH relative humidity

SEM scanning electron microscope/ microscopy

SIMS secondary ion mass spectrometry

SPM scanning probe microscope/ microscopy

STM scanning tunnelling microscope/ microscopy

TCT temperature cycling test

WAXS wide-angle X-ray scattering

XPS X-ray photoelectron spectroscopy



Chapter 1

Introduction

The adhesion between metals and polymeric materials plays a major role in many in-

dustrial �elds for example in lightweight constructions used in the automotive, aircraft

and aerospace industry where they combine a high functional integration with a lower

weight compared to pure metal parts. But also in food-packaging, for biomedical and

electronic applications metal/polymer hybrids are of high interest. The joining of these

dissimilar materials without using additional components such as adhesives or primers

is a central challenge. A fundamental understanding of the adhesion mechanisms at the

metal/polymer interface on di�erent length scales is essential. Conventionally, the connec-

tion between metals and polymers (e.g. thermoplastics) is realized by adhesion bonding,

screwed fastening or mould-in technique during injection moulding.1,2 However, a direct

adhesion without using any additives is desired. Motivated by (a) the growing needs of

the industry for better adhesion properties between polymer and metal components and

(b) an improved economical joining process, the fundamental understanding of the adhe-

sion mechanisms at the metal/polymer interface is a main research focus. In this context,

especially the adhesion phenomena on a (sub)microscopic scale are of interest to better

understand and control adhesion in often complex industrial situations. Speaking of com-

plex industrial situations where metal/polymer hybrids �nd applications, the service life

expectancy of the hybrid parts is of high importance. Several so called accelerated perfor-

mance tests exist including a thermal and corrosion test in order to verify the durability

and service lifetime in industrial applications, e.g. in the automotive industry. Metal

parts are in general corrosion protected, e.g. using zinc coatings.3 However, relatively

little attention has been drawn to the in�uence of such tests on (a) the (performance)

properties of the polymer component down to a molecular level and consequently (b) on

the adhesion behaviour of the hybrid.

The current thesis addresses the following issues:

� The quanti�cation of the work of adhesion per area between selected metal and

polymer materials on a macro- and microscopic length scale using non-destructive

methods;

� The in�uence of surface roughness on the adhesion properties;

� The in�uence of the polymer polarity on the adhesion strength;

� The (in)stability of the polymer component against so called performance tests

(thermal and corrosion tests); and
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� The correlation between structural changes due to the tests and adhesion properties.

The �rst part of this thesis (Chap. 5) investigates the adhesion behaviour between in-

dustrial commonly used material combinations of metals and polymers. The selected

metals and polymers are: a dual phase steel (DPS) and an aluminium alloy (Al-A); and a

polyamide 6 (PA6) and a polyethylene (PE), a polar and non polar polymer. Various tests

to measure adhesion properties of hybrids in a direct way exist including peel-test, lap

shear test, torque test, scratch test and pull-o� test.4,5 However, most of these methods

are not only destructive but also not suited to reveal adhesion information on a micro-

or even nanoscopic level. In the present thesis, a new non-destructive multiscale ap-

proach is used to investigate the adhesion behaviour between metals and polymers using

atomic force microscopy (AFM) and contact angle (CA) measurements. Both methods

are commonly used to determine adhesion properties of surfaces. However, in most cases

macroscopic adhesion values are used for the interpretation of the AFM results. Moreover,

adhesion studies of technically relevant metal/polymer systems down to (sub)microscale

lengths are rare in literature due to the high complexity of the materials including surface

roughness features. In Chap. 5 the determination of the work of adhesion per area from

AFM measurements independently from macroscopic values (from CA measurements) is

discussed. The measured adhesion forces are converted into a work of adhesion per area

considering the e�ect of surface roughness of the metal substrate. Moreover, the multi-

scale adhesion behaviour of di�erent metal/polymer hybrids is discussed relating macro-

and microscopic adhesion properties.

After characterization of the basic adhesion behaviour, the second part of the thesis deals

with the service life expectancy of the polymers or hybrids. In Chap. 6 and 7 the two

polymeric components are exposed to a temperature cycling and/or corrosion stability

test. The thermal and corrosion (in)stability is investigated using broadband dielectric

spectroscopy (BDS). BDS is a powerful tool to evaluate the di�erent molecular mobilities

and conductive phenomena in polymer samples in a non-destructive way. In this way, the

changes of the polymer properties down to a molecular level are determined.

Based on the results presented in Chap. 5 (multiscale adhesion behaviour), Chap. 6 and 7

(thermal and corrosion (in)stability of the polymeric component), the �nal chapter (Chap.

8) deals again with the multiscale adhesion behaviour of the metal/polymer hybrids. The

macro- and microscopic work of adhesion per area is measured for metal/polymer hybrids

after exposing the polymeric to a corrosion stability test. Results are correlated with

(a) the multiscale adhesion behaviour before the test and (b) changes of the polymer

properties due to the corrosion stability test.



Chapter 2

Scienti�c background

2.1 Adhesion

The word adhesion originates from the Latin word adhaerer, or �to stick on�.6 By ASTM∗

D 907 adhesion is de�ned as �the state in which two surfaces are held together by interfacial

forces which may consist of valence forces or interlocking forces or both�. Speaking more

general, one can say that the term adhesion refers to two bodies made of di�erent materials

which are held together by di�erent forces acting across their contact area (interface). The

magnitude of adhesion is determined by the energetic state (surface energy) of the two

surfaces. However, also surface characteristics, like roughness will determine the adhesion

strength. Roughness can increase the contact area and lead to mechanical interlocking of

the two materials improving the adhesion. That is for example true, if a liquid or polymer

melt is brought in contact with a solid surface.7,8 In the case of two solid surfaces however

roughness can also decrease the contact area and lower adhesion strengths might arise.

The adhesion force Fad is the force necessary to separate two bodies, whereas the work of

adhesion Wad is then the work which must be done to separate the two di�erent media.9

The quanti�cation of Fad and Wad is addressed in detail in Chap. 3.

Adhesion is of high practical relevance in science, technology and everyday life. It plays

an important role in many applications ranging from high technology industries such as

automotive, aeronautics, aerospace and electronics to traditional industries such as con-

struction, sports, health, biomedical and packaging.10 Polymer adhesion towards metals

became more and more important in the last decade by the growing needs for a better

adhesion of hybrid materials and coatings for lightweight constructions used especially in

automotive and aerospace industries.

Adhesion is a very complex phenomenon involving di�erent mechanisms and requiring

multidisciplinary knowledge of the interacting material properties. One goal is to identify

di�erent mechanisms responsible for the adhesion phenomena. In the following sections,

possible adhesion mechanisms are presented (2.1.1) and a short overview about com-

mon techniques used to determine surface characteristics and adhesion properties is given

(2.1.2).

∗American Society for Testing and Materials
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2.1.1 Adhesion mechanisms

Adhesion forces arise from a combination of di�erent contributions depending not only on

the materials themselves but also on the environmental conditions. Considerable amount

of research on adhesion mechanisms has been carried out for more than 60 years. How-

ever, there is still no global theory or model that explains all the physical phenomena or

adhesion mechanisms at the interface between two materials. Di�erent adhesion theories

have been discussed in literature including chemical or molecular bonding, physical ad-

sorption, di�usion, electrostatic attraction and mechanical interlocking.4,11

Chemical or molecular bonding (primary bonds)

For two surfaces in close contact the adhesion mechanism may be explained by molecular

interactions. Chemical or molecular bonding is one of the oldest and best known adhesion

mechanism.12,13 Primary bonds (chemical interactions) include e.g. ionic, covalent and

metallic bonding. Some typical bond energies for the di�erent types of bonds are listed in

Tab. 2.1. Chemical or primary bonds, do not only require intimate contact between the

Type Bond energy
[kJ/mol]

Primary bonds
ionic 590-1050
covalent 63-710
metallic 113-347

Secondary bonds
hydrogen bonds 10-42
van der Waals bonds 0.08-42

Table 2.1: Examples for bond types and their typical bonding energies.14�16

two surfaces but also compatible chemical groups in order to have a chemical reaction at

the surface. They are much stronger than the secondary bonds (see next section).

Physical adsorption theory (secondary bonds)

The adsorption theory introduced by Sharpe and Schonhorn in 196417 states that two

materials will adhere because of the intermolecular forces acting between them. These

secondary forces mainly include dispersion forces (van der Waals forces), polar forces (hy-

drogen bonding) and electrostatic interactions . Van der Waals forces involve attractions

between permanent and induced dipoles. Such secondary bonds that constitute physical
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adsorption are much weaker than primary bonds (compare bond energies listed in Tab.

2.1). However, the forces are su�cient to make strong joints and to hold two surfaces

together.18

The adsorption theory is often associated with the thermodynamic mechanism of adhesion

or wettability . The measurement of contact angles for example is a means of investigating

adhesion by physical adsorption. A more detailed theoretical background about contact

angle measurements is given in Chap. 3.2.

Electronic theory

The electronic adhesion theory is based on the mutual sharing of electrons between two

materials in contact that have two di�erent electronic band structures. In this case,

electrons will be transferred in order to equalize the Fermi levels which will result in

the formation of a double layer of electrical charge at the interface.14,19 The theory was

mainly proposed by Derjaguin et al.20 The theory treats the adhesive/substrate system

as a capacitor which is charged due to the contact of the two di�erent materials. The

separation of the capacitor leads to an increasing potential di�erence until a discharge

occurs. However, the contribution of this electrostatic charge forces to intrinsic adhesion

has been shown to be rather small compared to contributions coming e.g. from van der

Waals forces.21,22

Interdi�usion or entanglement

The di�usion or interdi�usion theory explains the adhesion as a result of interdi�usion

or entanglement of macromolecules of two polymeric materials at the interface.18 For

metal/polymer systems, the di�usion across the interface might occur when certain met-

als are evaporated onto a polymeric substrate. However, di�usion or chain entanglement

e�ects are mostly irrelevant for metal/polymer bonding and more common if both the

adhesive and the substrate are polymers. In this case, some requirements are intimate

contact, mobile polymer chains (mobility is in�uenced by concentration, temperature and

chain length) and mutable, miscible and compatible systems.23

Mechanical interlocking

Mechanical interlocking or coupling is one of the earliest adhesion theories and was in-

troduced by McBain et al. in 1925.24 In case of metal/polymer hybrids the mechanical
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interlocking approach comprises the in�ltration of micron-size roughness features (pores,

craters) of the metal substrate with the polymer (e.g. thermoplastic melt).1,14,25 The

penetration of the polymer into the pores or craters enhances the bond strength. The

mechanism of mechanical interlocking is schematically presented in Fig. 2.1. Mechanical

interlocking is not a mechanism at the molecular level, but more on a micro- or macro-

scopic level. The main factors a�ecting the mechanical interlocking are not only the

surface structure of the metal substrate, but also the wetting and rheological character-

istics of the penetrating polymer. A de�ned microstructure of the metal surface can be

Figure 2.1: Mechanism of mechanical interlocking (not to scale).

for example achieved by a laser structuring process. In such way undercuts are produced

ensuring the interlocking with the molten plastic.2,26

In summary, for metal/polymer bonding the main relevant adhesion mechanisms might

be: Chemical bonding, physical adsorption and mechanical interlocking. The �nal joint

strength is always an interplay between di�erent adhesion mechanisms and also environ-

mental factors.

2.1.2 The measurement of adhesion and surface characteristics

This section brie�y presents a selection of non-destructive as well as destructive methods

to measure surface characteristics and adhesion phenomena.

Non-destructive methods

The physical and chemical properties of the adhering surfaces have to be known in order

to understand their adhesion mechanism. Various non-destructive surface and interface

characterization methods exist including X-ray photoelectron spectroscopy (XPS), atomic
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force microscopy (AFM), secondary ion mass spectrometry (SIMS), infrared (IR) spec-

troscopy, electron and optical microscopy, contact angle measurements and others.

XPS, SIMS and IR are methods mainly used to characterize the composition of a surface

and the chemical bonding mechanisms. XPS gives information about surface (elemental)

compositions, chemical states of the elements, functional groups, bonding and oxidation

states, binding energies, thickness of thin layers (e.g. oxide layer), density of electronic

states etc. The analysis depth is around 5-12 nm.4,27 The spectra produced gives the

photoelectron intensity as a function of binding energies. Principles about the technique

can be found in literature.27,28 SIMS provides elemental, isotopic and molecular informa-

tion with a very high surface sensitivity (monolayer). The analysis depth is 1-2 nm. The

resulting mass spectrum plots secondary ion intensities as a function of mass/charge ratio.

A detailed description of the technique is reported elsewhere.29 IR spectroscopy measures

the absorption of infrared light that passes through a sample. In contrast to XPS and

SIMS, IR spectroscopy detects functional groups, not primarily elements. IR radiation

interacts with a sample or a group of atoms that absorb speci�c frequencies characteristic

of their structure.30

Microscopy techniques are mostly used to image the topography on sample surfaces or

the interface itself. Scanning electron microscopy (SEM) where samples are scanned with

a focused beam of electrons provides images with (sub)nanometre spatial resolution.31,32

Topographical information of the sample surfaces is helpful for a better understanding of

the interaction between surfaces and possible failure mechanisms at the interface.

Atomic force microscopy and contact angle (CA) measurements are applied in this thesis

to determine not only the surface characteristics but also the adhesion strength (work

of adhesion per area) between metals and polymers. With the combination of these two

methods, qualitative and quantitative adhesion properties can be determined down to

submicroscopic length scales. A detailed description and a theoretical background of the

two methods are given in Chap. 3 and not reviewed here.

The non-destructive characterization methods presented above are only a selection of

methods, as many more techniques for the analysis or study of surfaces, interfaces and

related adhesion mechanism exist. In the industry often destructive methods are applied

in order to measure adhesion forces, bond strengths or the work of adhesion.
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Destructive methods

Destructive methods commonly used in the industry that quantify the adhesion strength

include e.g. peel, pull, shear and scratch tests. They are also known as direct adhesion

measurements since in most cases the force required to break, tear and delaminate surfaces

at the interface is the direct outcome of the measurement.4 Such direct measurements of

the adhesion strength do not provide any physical interpretation of di�erent adhesion

mechanisms. Moreover they do not provide any information on the adhesion behaviour

on a (sub)microscopic scale or on a molecular level.

The peel test is common for tapes, labels, coatings, and other bonded materials. The basic

idea is peeling of a �lm from a substrate over a large surface area. Compared to other

methods, the average adhesion value is measured over a relatively large area (complete

peeled length). The result of a peel test is the measured force necessary to tear e.g. a

tape with a constant rate from a test plate referred to the width of the tape.33 There are

di�erent types of peel tests working after the same principle, e.g. the 90◦ 34 and 180◦ 35

tests which are named according to the peel angle.

The principle of a pull-o� test is a stud that is glued to a coated substrate. A precut

around the stud is made and the substrate is clamped in the tensile machine. The stud is

pulled out at constant speed.36,37 The perpendicular force required to pull this stud out

from the surface is measured. The outcome of the test is an average fracture stress (force

per area).

Lab shear tests are similar to peel test. A sample is subjected to a controlled normal

stress and the upper part of the sample is pulled laterally at a controlled strain rate or

until the sample fails. The applied lateral load and the induced strain are recorded at

given intervals. The bond strength is given by the failure load divided by the fracture

surface area (force per area).38

In a scratch test a �ne tip is drawn across the sample surface under an increasing normal

load until the coating/�lm becomes detached or fractured at some critical load.39,40 It is

often used for the investigation of thin �lms and coatings.

As a summary one can say that for fundamental adhesion studies, non-destructive methods

are more common. Whereas destructive adhesion studies are often used or even required

in industry in order to verify and prove the application of di�erent structural elements

(e.g. hybrid materials). In this work fundamental studies on the adhesion behaviour

between metals and polymers are carried out. For this purpose, a combination of two non-

destructive methods both determining a work of adhesion per area is used. (1) Atomic
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force microscopy that directly measures the adhesion force between two materials which

can be further related to a work of adhesion per area and (2) contact angle measurements

that indirectly determine a work of adhesion per area between two solids.

2.2 Metal/polymer hybrids

A key feature of any hybrid structure is that the two combined materials complement

each other so that the resulting hybrid material provides a desired structural performance

which is not present in either of the constituent materials alone. Metal/polymer hybrids

are a material combination that is industrially and scienti�cally interesting. Since several

decades there has been an increasing demand for materials that are sti�er and stronger

but lighter. Hybrid or composite materials o�er a great advantage of �exible design and

customized material solutions. Especially in the automotive industry, metal/polymer

hybrids are replacing all-steel structures, e.g. in the front-end modulus.1 They also �nd

application in instrument-panel, bumper cross-beams, door modules, as well as in non

automotive applications such as bicycle frames or appliance housing. However, the joining

of these two dissimilar materials is still a challenge as the adhesion properties between

them are poor.

In the following, metal/polymer hybrids based on a thermoplastic component and a metal

part (steel or aluminium) are discussed. Thermoplastics are polymers that soften or be-

come plastic on heating and harden on cooling to room temperature compared to ther-

mosets which are crosslinked networks and cannot be remelted when heat is applied.

In general, thermoplastics can be remoulded and recycled without negatively a�ecting

the material's physical properties.41 In the following sections, �rst material and polymer

properties are compared showing the challenge of bringing the two materials together

(2.2.1). Subsequently, the metal/polymer interface is discussed (2.2.2) and in the �nal

section (2.2.3) an overview of commonly used direct adhesion hybrid technologies in the

(automotive) industry is given.

2.2.1 Material properties: Metal versus polymer

Due to their strong dissimilar physical and chemical properties, joining of metals and

polymers and the formation of a stable connection is challenging. In Tab. 2.2 some prop-

erties of steel and polyamide, a commonly used material combination for metal/polymer

hybrids, are compared.
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Property Steel Polyamide
Young's Modulus, Y [GPa] 195-217 2.0-3.2
Tensile strength, σt [MPa] 345-2240 79-165
Linear thermal expansion coe�cient, αL [10−6 K−1] 10-12 70-100
Melting temperature, Tm [◦C] 1290-1530 200-260
Glass transition/softening temperature, Tg [◦C] - 40-80
Upper use temperature, Tuse [◦C] >600 100
Density, ρ [g/cm3] 7-8 1.04-1.15

Table 2.2: Comparison of steel and polyamide properties. Information is taken from
data sheets (provided by suppliers) and Ref. 38,41,42.

In general, polymers have lower strength and modulus and lower temperature use limits

than metals. They are structurally much more complex than metals, but quite cheap and

easily processable. Polymers are poor conductors of heat and electricity, but more resistant

to chemicals than metals are. Metals are mostly crystalline materials whereas polymers

are often semi-crystalline or amorphous. Another point in which the two materials di�er

signi�cantly is the thermal expansion coe�cient. The thermal expansion coe�cient of

metals is around ten times smaller then that of polymers. Due to the thermal mismatch

considerable amount of mechanical stress can be induced at the interface. Moreover, the

thermal expansion coe�cient of polymers is not truly constant but depends in a non-

linear way on temperature.41 A major issue for polymers in engineering applications is

to reduce the thermal expansion coe�cient in order to achieve a dimensional stability

that is more comparable to that of metals. That can be for example achieved by �bre

reinforcement of the polymer. Polymer/�bre composites have a signi�cantly lower linear

thermal expansion coe�cient than the pure polymer itself.43

2.2.2 The metal/polymer interface

The interface in hybrid materials plays a determining role in their mechanical performance.

Note that the interface is normally referred to the surface forming the boundary between

two materials, while the interphase comprises the volume around the interface that possess

unique properties di�erent from the bulk properties of the respective materials. The

interaction between a metal and a polymer depends on the type of the metal and on

the functional groups present in the polymer. In general, metals and polymers have

very di�erent properties and a desired direct adhesion is often not achieved. Metals

are in general materials with a high surface energy whereas polymeric materials are low

energy materials. A general rule of adhesion is that the adhesion between two surfaces

will be high if they exhibit similar surface energies and low if there is a large discrepancy
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between the two surface energies. Moreover, environmental conditions/parameters such as

humidity/moisture, temperature and corrosion phenomena in�uence the metal/polymer

interface and bonding strength.

A metal surface is in general a metal oxide surface. An oxide layer will be created almost

instantaneously when metal surface is exposed to the atmosphere under ambient condi-

tions. The oxide layer for metals such as aluminium, iron, nickel, zinc etc. can be in the

order of several tens of Å or even more. Most of the metal surfaces have also some layers

of water present at ambient temperatures and humidity. Thus, the base metal under-

neath does not necessarily in�uence directly the adhesion force. However, one should not

assume that the metal/polymer surface interactions are equal on most metals because

of the hydrated oxide surface layer on metals. The activity of the hydroxyl groups is

di�erent depending on the type of metal atom to which they are attached, and the num-

ber of hydroxyl groups on the surface can be varied by the temperature and humidity.

For adhesion purposes the hydrated oxide metal surface might be of help to enhance the

interaction towards the polymer. That is because hydroxyl groups on the metal surface

can react with polar groups in the polymer via hydrogen bonding (see Fig. 2.2).

Figure 2.2: Schematic representation of a metal/polymer interface/-phase (not to scale).
The box shows a possible reaction of a polymer to a metal substrate via hydrogen bonding.

In order to improve the adhesion between polymers and metals the metal/polymer inter-

face can be modi�ed by a a number of ways including e.g. adding an adhesion promoter,

plasma surface pretreating, chemical surface treatments (addition of chemical groups) and

variation of the surface topography. Coupling agents enhancing chemical bonds are able

to react chemically on both ends, with the substrate and the polymer and thus estab-

lish a chemical bridging between the surfaces. The most common adhesion promoters

for inorganic/polymeric interfaces are based on silane molecules, e.g. organofunctional

silanes.10,44,45 Another widely used adhesion promoter or so called primer is chlorinated
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polyole�n (CPO).4,46 Plasma treatment can be used to provide reactive molecules on the

surface and to induce the formation of functional groups (e.g. hydroxyl groups). Al-

ready short plasma treatment times can enhance the bond strength between two surfaces.

Plasma treatments do not a�ect the bulk properties of a material.47�49

2.2.3 Joining techniques for metal/polymer hybrid structures

Common technologies currently used for the joining of metal/polymer hybrid structures

comprise adhesive bonding, mechanical fastening and injection over-moulding, welding

processes or combinations of them.1,50 The di�erent techniques are schematically pre-

sented in Fig. 2.3.

Adhesive Bonding : In adhesive bonding an adhesive is applied to the subcomponents to

be joint. In a subsequent step, the adhesive cures and a joint is formed. The method has

proven to be e�ective for joining dissimilar materials since it minimizes stress concentra-

tions and the adhesive layer acts as a bu�er absorbing stresses between the metal and

polymer component.51 However, extra costs for the adhesive, good surface preparation

and long curing times are only some of the drawbacks of this technology.1,50,52

Mechanical fastening : A fastener mechanically joins or �xes the two materials together. It

can be metallic or nonmetallic. Common types of fasteners are inserts, boss caps, rivets,

screws, press-on and panel fasteners. Some key advantages are: easy disassembly and recy-

cling of fastened parts, easy technology and machinery, little surface preparation/cleaning

required and good assurance of structural integrity due to well-known prediction meth-

ods.50,53 However, some major disadvantages are: considerable stress concentration at the

point of fastening or attachment, loosening of fasteners, sensitivity and crazing/cracking,

extra weight and reclosure limitation (polymer does not withstand torque from inserted

fasteners).50,53

Injection over-moulding : In the injection over-moulding process holes are stamped in the

metal parts and over-moulded with the polymer. The polymer meld penetrates through

the holes and forms rivets that provide mechanical interlocks. A major drawback is that

the structural integrity is not maintained.

Welding : For the joining of metals to polymers direct welding is not possible due to the

structural dissimilarities of the materials and the temperature sensitivity of the polymeric

component.54 By covering the metal surface with a polymeric layer (metal over-moulding)

it can be (ultrasonically) welded to another polymeric component in a secondary oper-

ation step.1,50 Another possibility is laser welding, typically known as laser-assisted or
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transmission joining2 where the metal/polymer interface is heated up by an incident laser

beam. A locally restricted and precisely controlled heat input is possible however usually

high equipment costs and a limitation in available weldable materials and joint geometries

are only some of the main drawbacks of this method.

Figure 2.3: Schematic representation of di�erent joining techniques for metal/polymer
hybrid structures (not to scale).

As shown in this section there are several joining methods of metals and polymers ranging

from adhesive bonding and mechanical fastening to over-moulding and welding processes.

However, as discussed all the aforementioned technologies display some signi�cant short-

comings. Thus, direct adhesion technologies are desirable without the use of (a) a third

component (adhesives) which requires extra costs, longer cycle times due to an extra pro-

duction step and possible curing times and (b) interlocking rivets and over-moulded holes

or edges that compromise the structural integrity of the parts. A direct metal-to-polymer

adhesion approach is desirable that is not only economical and ecological but also pro-

vides adhesion strength comparable or better to those obtained by conventional joining

methods.
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Methods

3.1 Atomic force microscopy (AFM)

Principles of AFM

The atomic force microscope (AFM) belongs to the family of scanning probe microscopes

(SPM). The starting point of SPM was the invention in 1982 of the scanning tunnelling

microscope (STM) by Gerd Binnig and Heinrich Rohrer55,56 who were awarded the Nobel

prize in physics in 1986. The principle of STM is a sharp metallic needle which is scanned

over the surface under study at a distance of less than 1 nm. The distance is controlled

by the tunnelling current between the tip and the conducting surface. Since the use of

the STM is restricted to conducting surfaces an important extension of the STM was

the scanning or atomic force microscope (AFM) invented in 1986 by Binnig, Quate and

Gerber.57 The AFM allows the imaging of the topography of any surface, conducting or

not, in some cases with atomic resolution.

The atomic force microscope measures the forces between a probe mounted to the end

of a cantilever and a sample surface. For scanning force microscopy (surface topogra-

phy measurements) the probe is a sharp tip with a radius of curvature usually around

10-50 nm whereas force measurements can be also performed with a spherical colloidal

probe with radii in the micrometer range. The force is measured by monitoring the

bending/de�ection of the �exible cantilever. A laser beam is focused onto the back of

the cantilever and the position of the re�ected beam is monitored by a position-sensitive

photodiode. A schematic drawing of an AFM setup is shown in Fig. 3.1. Today, AFM

measurements can be conducted in air, di�erent gases, vacuum or liquid. Moreover, the

temperature and humidity can be controlled. AFM is able to reveal many properties about

a material. It is most commonly used to obtain topographical information, however it

can also probe mechanical sti�ness, electrical conductance, resistivity, magnetism and

adhesion phenomena. Analyses on a micro and nanoscale can be performed allowing the

AFM to study phenomena as van der Waals forces, polar and electrostatic interactions,

and molecular bonds.59 High-resolution, detailed topography images of various sample

surfaces can be produced depicting micro- and nanoscale properties of the material. Ap-

plications include:
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Figure 3.1: Schematic setup of an atomic force microscope adapted from Ref. 58.

� Biochemistry applications: e.g. imaging the structure properties of biological molecules,

cellular components, cells or tissues60,61; detecting the interactions between enzymes

and their substrates62,63 and probing macromolecular interactions between lipids64.

� Chemistry, materials science and nanotechnology applications: e.g. nanomanipula-

tion65,66; characterization and visualisation of polymer systems/blends67�69;

� Biophysics70 and physics applications: e.g. force spectroscopy71,72; surface potential

or Kelvin probe force microscopy (KPFM)73 and magnetic and electrical analysis

of materials in nanoscale.74,75

The AFM is not limited to basic research. It has as well proven to be useful for investi-

gations in technology and production related �elds, e.g. coating industry, printing, paper

production.76

In this work, the AFM is mainly used for adhesion measurements between a spherical

probe and a substrate. For this purpose, force measurements are carried out which are

explained in more detail in the following. For topographical analysis of the metal surface,

scanning force microscopy is carried out. Details are given in Sec. 3.1.
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AFM force measurements

Theoretical considerations

In an AFM force measurement the probe attached to the cantilever is moved towards the

sample surface in normal direction by the z-piezo. The vertical position of the tip and

the de�ection of the cantilever are recorded and converted to force versus distance curves.

Such curves can be obtained on every kind of surface, in di�erent environments and at

di�erent temperatures with a high lateral (25 nm), vertical (0.1 Å) and force (1 pN)

resolution.71 In this work the colloidal probe technique is applied for the determination of

the adhesion force between polymers and metals. The technique was introduced in 1991 by

Ducker et al.77 and Butt et al.78. The main advantages are: (a) With a spherical particle

of de�ned radius the force can be analysed more quantitatively, (b) the total force exerted

on the cantilever is higher due to the increased contact area and the measurement can

be more sensitive; and (c) it is possible to make a large variety of probes by attaching all

sorts of particles to the cantilever.71 A typical force-distance curve for a metal substrate

and a polymeric microsphere is shown in Fig. 3.2. The single steps are basically (1)

the approach of the microsphere to the sample surface, (2) the jump-to-contact point,

where the sphere is attracted towards the surface followed by (3) sample indentation or

compliance without deformation leading to a signi�cant cantilever de�ection and (4) the

retraction of the sphere which might be hindered by adhesive forces. The single steps are

indicated in Fig. 3.2. The bending of the cantilever during retraction is measured by the

beam-de�ection method as described in this section. The amount of bending is dependent

on the spring constant of the cantilever and the interaction strength between the probe and

the sample surface. In order to calculate the adhesion force Fad the cantilever de�ection

(bending) has to be correlated to the z-piezo movement (optical lever sensitivity). That is

achieved by conducting a measurement on a hard surface and a linear �t of the constant

compliance region where the amount of z-piezo movement is exactly the same as the

cantilever de�ection. The adhesion force Fad between the colloidal probe and the sample

is then given by Hooke's law:

Fad = −kcδjump−off (3.1)

where kc is the spring constant of the cantilever and δjump−off the jump-o�-contact can-

tilever de�ection. In this work, the spring constant of the cantilever is determined using

the thermal method which is based on �tting a thermal spectrum (harmonic oscillator

model) of the cantilever motion.79 The adhesion energy Ead can be evaluated from the area
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Figure 3.2: Typical experimental force-separation curve between a polymeric micro-
sphere and a metal surface. The numbers (1) to (4) mark the single steps as described in
the text.

under the retraction force-distance curve with the baseline taken at zero force (see Fig.

3.2) as done several times in literature.80�84 It is correlated with the force as follows:9

Ead = −
∫ x1

x2

Faddx (3.2)

where Fad is the pull-o� or adhesion force, x is the probe-sample separation distance and

x1= 0 and x2= jump-o� position, the �rst and last point at which the curve crosses the

zero force axis.

Measurements

Force-distance curves were collected via an atomic force microscope (MFP3D, Asylum

Research, CA, USA). Measurements were conducted in a dry nitrogen atmosphere at

a constant temperature of 30 ◦C using a Poly HeaterTM cell (Asylum Research, CA,

USA) that can be fully sealed with a membrane. Prior to measurements, substrate and

microsphere were immersed in pure ethanol for some minutes. The metal substrate was

dried in a nitrogen stream before placing in the cell. Before starting the experiment the

cell including the substrate and the colloidal probe was heated up to 60 ◦C for about 10
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min under constant nitrogen �ow in order to remove residual solvent. The humidity was

kept under RH 5 % throughout the whole measurement by �ushing dry nitrogen through

the cell. The nitrogen �ow was stopped when force-distance curves were recorded. A low

humidity is necessary to exclude capillary forces.

Approaching and retracting force pro�les were recorded at a velocity of 500 nm/s and a

constant load of 1 or 2 µN, respectively. Statistical data evaluation is needed for a proper

interpretation of the adhesion forces. Force maps including 100 single force-distance curves

obtained over an area of 90 × 90 µm were recorded. At least 5 di�erent locations on the

sample were mapped. The procedure resulted in ≥500 single displacement-de�ection

curves for each probe-surface (polymer-metal) pair distributed over an area of approxi-

mately 0.04 mm2. Measurements were repeated several times over a longer time period

using at least 2 to 3 di�erent microspheres of the same material. For analysis, a straight

line is �tted to the non-contact region of the force-separation curves in order to account

for possible drifts. The adhesion force Fad is obtained from the minimum of the data of

the retraction curve (see Fig. 3.2). The adhesion energy Ead is obtained from integration

of the area under the retraction force-distance curve with the baseline taken at zero force.

Note that, in the following only absolute values of Fad and Ead are considered. An adhe-

sion force and energy histogram was generated from the results and mean and standard

deviation were calculated by �tting a Gaussian distribution to the histogram. As a con-

trol experiment interaction forces between the polymeric probe and a silicon wafer were

measured regularly to validate the experimental setup and the state of the colloidal probe.

Silicon wafers exhibit a low surface roughness and stable surface composition. Force ad-

hesion measurements using silica wafers as a substrate were proven to be reproducible

with constant force values for a given polymer.

Analysis of measured adhesion forces

Adhesion models

Various adhesion models have been used to predict interactions between ideal surfaces

based on (a) van der Waals adhesion (Hamaker approach)85 or (b) through surface energy

based approaches. The van der Waals interaction between a sphere and a �at surface is

given by:9

Fad =
AHR

6H2
0

(3.3)
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where Fad is the adhesion forces, AH is the Hamaker constant, H0 the distance of closest

approach between the contacting surfaces (≈ 0.3 nm) and R is the radius of the sphere.

In case of a surface energy based approach, the adhesion forces Fad can be related to

a work of adhesion per area Wad using contact mechanics models. Two contact models

are often used: the Johnson-Kendall-Robert (JKR) model derived by Johnson et al.86 in

1971 and the Derjaguin-Müller-Toporov (DMT) model derived by Derjaguin et al.87 in

1975. Both are based on the Hertzian theory.88 More detailed information can be found

in literature.71,72,89,90 The main di�erence between the two models lies in the assumed

nature of forces acting between the particle and substrate. The JKR model assumes that

attractive forces act only inside the particle-substrate contact area, whereas the DMT

model includes long-range surface forces operating outside the particle-substrate contact

area. For both models the correlation between Fad and Wad is described through a simple

analytical equation as follows:

Fad = cπRWad (3.4)

where c is a constant with c=2 in the DMT and c=1.5 in the JKR model.91 The transition

between these models can be predicted from a dimensionless parameter α suggested by

Maugis92 de�ned as:

α =
2.06

H0

3

√
RW 2

ad

πK2
(3.5)

where K is the reduced elastic modulus for the system under investigation. 1/K equals:

1

K
=

3

4

(
1− ν2

P

YP

+
1− ν2

S

YS

)
(3.6)

ν and Y refer to the Poisson's ratio and the Young's modulus of the probe (P) and sub-

strate (S). For α≥5 the JKR model applies, whereas the DMT models applies for systems

where α≤0.1. For the transition region the Maugis-Dugdale (MD) model92 is the most

appropriate.

The in�uence of surface roughness on Fad

One of the most important parameters a�ecting adhesion is surface roughness, a common

feature of technical surfaces. Roughness must be taken into account when interpreting
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measured AFM adhesion forces. Various studies can be found in literature dealing with

the in�uence of surface roughness on measured adhesion forces by AFM.91,93�103 The JKR

and DMT models assume a spherical particle in contact with a smooth surface, i.e. two

ideal geometries. However, most materials have rough surfaces. Surface roughness at

a micro- or nanoscale can signi�cantly alter the true contact area between the colloidal

probe and substrate from that predicted by the di�erent contact mechanics models. That

makes analysis of measured AFM pull-o� forces challenging. In general lower adhesion

values than predicted from theory are obtained attributed mainly to surface roughness.

Fig. 3.3 illustrates the contact area for smooth surfaces as predicted by contact mechanics

models (e.g. JKR and DMT) and the variation in contact area due to roughness. Asper-

ities smaller than the microsphere lead to a decrease in contact area whereas asperities

comparable in size with the microsphere can lead to an increase in the actual contact

area. The size, shape, homogeneity, mechanical properties and distribution of the asper-

ities in�uence the actual area of contact and directly a�ect the measured value of Fad.94

Figure 3.3: Scheme of contact scenarios for smooth and rough surfaces (not to scale)
adapted from Ref. 94.

A model to estimate adhesion forces for nanoscale rough surfaces has been described by

Rumpf.104 It is a Hamaker based approach taking only van der Waals forces acting between

the two surfaces into account. Based on the Rumpf model a modi�ed and extended model

has been proposed by Rabinovich et al.105,106 The aim is to model the surface roughness in

a way that describes the surface geometry of the substrate more precise. The Rabinovich

model takes into account the root mean square (rms) roughness parameters along with

asperity sizes and distribution for a more realistic prediction of the adhesion forces. In

addition, Rabinovich et al. noticed that many surfaces exhibit two scales of roughness

(illustrated in Fig. 3.4), rms1 is associated with a longer peak-to-peak distance, λ1, and

rms2 with a shorter peak-to-peak distance, λ2. The surface characteristics rms1, rms2,

λ1 and λ2 can be obtained from AFM topography images.
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Figure 3.4: Geometry for surfaces with two types of roughness pro�les according to the
Rabinovich approach. Adapted from Ref. 106.

The total van der Waals adhesion force according to the Rabinovich model is given by

(for details see Ref. 106):

Fad =
AHR

6H2
0

⎡⎣ 1

(1 + 58R(rms2)

λ2
2

)
+

1

(1 + 58R(rms1)

λ2
1

)(1 + 1.82(rms2)
H0

)2

⎤⎦ (3.7)

The �rst term in Eq. 3.7 accounts for contact interactions between the sphere and the as-

perities of the surface whereas the second term describe non-contact interactions between

the sphere and the substrate beneath the asperities.

A validation of the Rabinovich model for predicting adhesion forces between alumina sub-

strates with de�ned nanoscale roughness is given by Laitinen et al.107 They showed that

the estimated adhesion forces using the Rabinovich model correspond well to experimen-

tal data even for technical rough surfaces. Kumar et al.96 investigated adhesion forces

between silica microspheres and di�erent rough surfaces. Data could be well described by

the Rabinovich approach.

If only one roughness scale is detectable or relevant Eq. 3.7 reduces to:

Fad =
AHR

6H2
0

⎡⎣ 1

(1 + 58R(rms2)

λ2
2

)
+

1

(1 + 1.82(rms2)
H0

)2

⎤⎦ (3.8)

Eq. 3.8 predicts adhesive interactions based only on attractive van der Waals forces. Other

forces such as polar forces are not considered. However polar forces, primarily hydrogen

bonding, can play an important role in the adhesion behaviour and might be equal or

higher than the van der Waals contribution. The Rabinovich model can be extended to

other adhesion models. Replacing the �rst term (contact interactions) of Eq. 3.8 by the
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adhesion force between two spheres as determined from JKR or DMT theory leads to the

following equation:

Fad =
cπWadRr2
r2 +R

+
AHR

6H2
0

1

(1 + 1.82(rms2)
H0

)2
(3.9)

The radius of asperity, r2, can be replaced by106:

r2 =
λ2
2

58rms2
(3.10)

Even with more complex models considering surface energy and elastic deformation the

precision of the predicted adhesion properties is primarily dependent on how well rough-

ness properties are characterized and resemble the true geometry of the surfaces.

Topography measurements

Topography measurements of the metal surfaces were done by scanning force microscopy.

The probe is a sharp tip typically made of silicon or silicon nitride covered with a native

oxide layer of 1-2 nm thickness.72 It can have a rectangular or a �V� shape. The sample

is scanned by means of a piezo actuator which allows the moving of the sample in x and

y direction with minimal displacements in the Å order up to displacements of the order

of 100 µm.71 Di�erent operation modes according to the interaction of the tip and the

sample surface are possible. The most common modes are:

� The contact mode, also known as repulsive mode, where the tip scans the sample

in �physical� contact with the surface.

� The non-contact where the tip scans above the surface without touching it. The

spacing between the tip and the sample is in the order of tens to hundreds of Å.

� The tapping or intermittent mode which is a dynamic measurement mode where

the tip is tapping the surface and the cantilever oscillates at or near it's resonant

frequency. As the tip begins to intermittently contact the surface, the cantilever's

oscillation amplitude changes in response to tip-to-sample spacing. By monitoring

these changes a topography image is obtained. The cantilever oscillation amplitude

(set point) is maintained constant by a feedback loop.

In this work, the AFM instrument was operated in tapping mode.
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3.2 Contact angle measurements

Theoretical considerations

The contact between a solid and a liquid involves the phenomenon of wetting which is

the intuitive, intimate contact between two or three phases respectively when taking the

environment into account.108,109 Wettability is determined by a force balance between ad-

hesive and cohesive forces.9 Adhesive forces cause the liquid to spread on a solid whereas

cohesive forces within the liquid cause it to roll up and avoid contact with the surface.

Wetting characteristics for a given system can be for example determined using contact

angle measurements. Here only the static contact angle θ will be considered. In case of

a drop of liquid deposited on a �at, solid surface a meniscus is formed. After spreading

a sessile, static drop of the liquid is present. The contact angle θ is that between the

solid/liquid interface and the tangent to the liquid/air interface as illustrated schemati-

cally in Fig. 3.5. The surrounding medium can be air, a gas or a second liquid and is

here generally referred to as vapour.

Figure 3.5: Schematic representation of static contact angle θ. Interfacial tensions are
represented by arrows (S= solid, L= liquid, V= vapour).

The balance between the liquid/vapour, liquid/solid and solid/vapour interfacial tensions

determines the capillary forces being related to the contact angle. The mechanical equilib-

rium �xes the value of the contact angle and one obtains the so called Young Equation110,

a quantitative description of wetting phenomena:

cosθ =
γSV − γSL

γLV
(3.11)

where γSV , γSL and γLV are the interfacial tensions between the solid/vapour, solid/liquid

and liquid/vapour interface. In the following, γSV and γLV are simpli�ed to γS and γL,

respectively.
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For contact angles θ<90◦ a good or partial wetting is achieved, the adhesive forces between

liquid and solid cause the liquid to spread. In the case of θ>90◦ a poor or no wetting of

the surface will occur. Cohesive forces within the liquid cause the droplet to roll up and

minimize its contact with the solid surface. In general solid surfaces are called hydrophobic

if they form a contact angle above 90◦ with water and hydrophilic if their contact angle

with water is below 90◦.

The work of adhesion per area Wad between two materials, denoted 1 and 2 is given by

the Dupré equation111:

Wad = W12 = γ1 + γ2 − γ12 (3.12)

where γ1 and γ2 are the surface free energies of the two materials and γ12 is the interfacial

free energy between them. If 1 is a solid and 2 a liquid, W12 is denoted by WSL =

γS+γL−γSL. Combined with Eq. 3.11 one obtains the so-called Young-Dupré equation:

WSL = γL(1 + cosθ) (3.13)

Using the model of Girifalco, Good, and Fowkes112,113 the surface energy is a sum of

components with a dispersion γd and a polar part γp leading to the following relationship

for the interfacial energy γSL:

γSL = γS + γL − 2
√

γd
Sγ

d
L − 2

√
γp
Sγ

p
L (3.14)

The surface energy of a solid (S) γS with a polar γp
S and dispersive γd

S part can only be

experimentally determined against a series of probe liquids (L) with known γp
L and γd

L.

For calculation of γS the Owens-Wendt-Rabel-Kaelble (OWRK) method113,114 with the

following equation is used:

(1 + cosθ)

2

γL√
γd
L

=
√

γp
S

√
γp
L√

γd
L

+
√

γd
S (3.15)

Eq. 3.15 is a combination of Eq. 3.12, 3.13 and 3.14. With at least two liquids, γd
S can

be determined from the interception and γp
S from the slope of the OWRK plot.
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Determination of contact angle

The macroscopic adhesion properties were studied by contact angle (CA) measurements

using the sessile drop method. Contact angles were measured with a Goniometer OCA20

(Dataphysics, Germany). Metal and polymer samples were cut into plates of 2 × 2 cm.

The plates were cleaned in pure ethanol for 10 min using an ultrasonic bath (solvent

degreasing) and subsequently dried with nitrogen. The clean samples were placed on a

sample stage in a closed cell which was �lled by one third with the respective test liquid

in order to obtain a saturated atmosphere. Samples were equilibrated for around 30 min

before a drop of liquid is placed on the surface via a syringe through a para�lm. A 90

min video was recorded and the contact angle was determined using the tangent �tting

method. No large di�erences were observed between left and right contact angle, therefore

the average of both was taken as contact angle. Three to four di�erent test liquids were

used for each solid substrate. Several drops of each liquid were placed on di�erent spots

of the substrate and the equilibrium contact angle was averaged over all measurements.

Measurements were repeated at least two times. The surface tension of the test liquids

including their polar and dispersive parts are listed in Tab. 3.1.

Test Liquid Total surface Dispersive part γd
L Polar part γp

L

tension γL [mN/m] [mN/m] [mN/m]
Formamide 56.9 23.5 33.4

1-Bromonaphthalene 44.4 44.4 0
Diiodomethane 50 47.4 2.6
Ethylene glycol 48.2 29.3 18.9

Glycerol 63.3 20.2 43.1
Water 72.8 21.8 51.0

Table 3.1: Total surface tension γL, its dispersive γd
L and polar γp

L part for various test
liquids. Values are taken from Ref. 115 and 116.

3.3 Broadband dielectric spectroscopy (BDS)

Broadband dielectric spectroscopy (BDS) studies the interaction of electromagnetic radi-

ation with matter in a frequency range from µHz to THz. In this broad frequency region

molecular systems show relaxation phenomena mainly due to �uctuations of dipoles and

drift motions of charge carriers. BDS is able to study the structure and molecular mo-

tions of solids and liquids in a non-destructive way. The broad frequency range enables



Chapter 3 Methods 33

to observe processes taking place at a wide time scale band.

Theoretical considerations

A detailed description of dielectric theories is given by Kremer and Schönhals.117 The

following basic considerations and theories are taken from this reference. The application

of an alternating external electric �eld E gives rise to a dielectric displacement D in the

sample. For small electric �eld strengths E, the dielectric displacement D is given by:

D = ϵ∗ϵ0E (3.16)

where ϵ∗ is the complex dielectric function, ϵ0 the vacuum permittivity (8.854 × 10−12

As/Vm) and E the applied electric �eld. Polarization describes the dielectric displacement

of the material and is de�ned as:

P = D −D0 = ϵ∗ϵ0E − ϵ0E = (ϵ∗ − 1)ϵ0E. (3.17)

D0 is the dielectric displacement of the free space and (ϵ∗ − 1) is also known as the

dielectric susceptibility χ of the material.

The response of the sample to an outer electric �eld depends on the frequency when

applying a sinusoidal alternating �eld E(ω). The response will be periodical as well but

phase shifted, i.e. retarded if time dependent processes are taking place in the sample.

The sample permittivity is therefore treated as a complex function ϵ∗(ω) consisting of a

real part (in-phase response) related to the energy stored reversible during one period and

an imaginary part (90◦ out-of-phase response) related to the energy loss during one cycle.

The complex dielectric function ϵ∗(ω) is given by:

ϵ∗(ω) = ϵ
′
(ω)− iϵ

′′
(ω) (3.18)

where ϵ
′
(ω) is the real part, ϵ

′′
(ω) the imaginary part of ϵ∗(ω) and i the imaginary unit

de�ned as i2 = −1.
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The dielectric properties of a material can also be represented by other quantities such as

the complex conductivity σ∗(ω) or the complex modulus M∗(ω). The latter is related to

ϵ∗(ω) as follows:

M∗(ω) =
1

ϵ∗(ω)
(3.19)

where M∗(ω) = M ′(ω) + iM ′′(ω) with M
′
(ω) and M

′′
(ω) being the real part and the

imaginary part of M∗(ω)

M ′ =
ϵ′

ϵ′2 + ϵ′′2
and M ′′ =

ϵ′′

ϵ′2 + ϵ′′2
(3.20)

The dielectric response

The total dielectric response can be the sum of di�erent contributions. They can be distin-

guished by showing speci�c characteristics in the frequency and temperature dependence

of the real and imaginary part of the dielectric function. The main contributions to the

dielectric response are:

� �uctuations of dipoles;

� propagation of mobile charge carriers and

� charge separation at interfaces

whereas the two latter ones can be summarized as conductivity contributions.

Molecular motions

Macroscopic polarization comprises di�erent mechanisms.117 Dipoles can have a perma-

nent or induced character. Induced polarization is due to the deformation of electron

clouds with respect to their nuclei. Examples are electronic, atomic or ionic polariza-

tion. The permanent dipoles of a molecule are randomly distributed. When applying an

electrical �eld E these dipoles get oriented in the direction of E. This polarization is

called orientation polarization. The response of this polarization is retarded due to the

fact that dipoles are attached to molecules and their movement can be hindered by the

surrounding which might include cooperative motions. At low frequencies of the applied

alternating electric �eld E(ω), molecular dipoles �uctuate with the same frequency (or

time constant) as E(ω). However, at higher frequencies dipoles cannot follow the �eld

any more. Between these two phenomena the dielectric relaxation process occurs with
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a characteristic time constant called relaxation time τ . Note that all theses processes

depend on temperature.

The time dependent polarization P (t) of the material is the response to the external

disturbance which is in dielectrics the time dependent electrical �eld E(t). It can be

described by a linear equation:117

P (t) = P∞ + ϵ0

∫ t

−∞
ϵ(t− t′)

dE(t′)

dt′
dt′ (3.21)

where ϵ(t) is the time dependent dielectric function and P∞ the contribution coming from

induced polarization. When applying a periodical disturbance E(ω)= E0exp(−iωt) where

ω is the angular frequency, the response is given by:

P (ω) = ϵ0(ϵ
∗(ω)− 1)E(ω) (3.22)

The complex dielectric function ϵ∗(ω) and the time dependent dielectric function ϵ(t) are

related via a one sided Fourier transformation.

Relaxation processes are related to the molecular mobility (�uctuation of dipoles) within

the material. The �uctuations can be attributed to localized and segmental motions as

well as collective motions of the whole polymer chain118 (see Fig. 3.6). Segmental motions

Figure 3.6: Possible molecular motions within a polymeric material.

are referred to the glass transition temperature and take place on a length scale of about

ξ ≈ 1-2 nm. The corresponding relaxation process is called α-relaxation. It is a primary

relaxation process. With increasing temperature the process is shifted to higher frequen-

cies. Local or side chains motions are due to bond rotations and can be observed on a

smaller length scale (ξ<1nm). These secondary relaxation processes are in general named
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β and γ- relaxation and can be observed at higher frequencies (or lower temperatures)

compared to that of the primary α-relaxation.

Interfacial processes and conductivity

Another contribution to the dielectric response is the polarization due to charge migration

or separation. Free charge carriers (electrons, ions) move across the sample under the in�u-

ence of an outer electric �eld and cause conductivity. In addition, moving charge carriers

can accumulate at internal interfaces (phase boundaries) or electrodes causing an addi-

tional polarization known as Maxwell-Wagner-Sillars (MWS) process119,120 or electrode

polarization, respectively. Interfacial polarization e�ects are characteristic for heteroge-

neous systems, e.g. semi-crystalline polymers, polymer blends, suspensions or colloids.

They are due to a build-up of charges at internal interfaces (MWS process) or electrode

surfaces (electrode polarization).117 Several reviews on the subject of dielectric behaviour

of heterogeneous materials and systems can be found in literature.121�124

In the case of semi-crystalline polymers (e.g. polyamides) di�erences in conductivity

and permittivity of the amorphous and crystalline phase give rise to the MWS e�ect.

The contribution to the dielectric response can be much larger than the response due

to molecular �uctuations. The conductivity of the amorphous domains increases with

increasing temperature while the crystalline phase is not electrically conducting. Free

charges are hindered in their motion and trapped at the boundaries between crystalline

and amorphous phase. That causes a strong increase in the dielectric function at lower

frequencies and temperatures above the glass transition of the amorphous domain.125,126

The relaxation time of the MWS process is inversely proportional to the conductivity of

the material. With increasing conductivity the relaxation time decreases which means

the process is shifted to higher frequencies or lower temperatures. The MWS process can

overlap with other relaxation processes which makes the analysis di�cult.

The discussed relaxations and processes show di�erent characteristics in their relaxation

behaviour. The description and analysis of their dielectric spectra is discussed in the

following section.

Analysis of dielectric spectra

The major di�culty in dielectric spectroscopy is to split up the spectra in individual

components of ϵ*(ω) or other quantities, e.g. M*(ω) and to correctly assign the observed

response to the processes causing them.
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In general, primary and secondary relaxation processes can be identi�ed as a peak in the

loss spectra, ϵ
′′
(ω) versus frequency, and/or as a step like decrease in the real part ϵ

′
(ω)

with increasing frequency (see Fig.3.7). In principal, both can be used for analysis, since

they contain the same information about the relaxation processes. ϵ
′
(ω) and ϵ

′′
(ω) of the

complex dielectric function ϵ∗(ω) are interrelated by the Kramers/ Kronig relations.127,128

The MWS process and conductivity phenomena can be identi�ed by an increase of ϵ
′′
(ω)

with decreasing frequency.

Figure 3.7: Real ϵ
′
(ω) and imaginary part ϵ

′′
(ω), red and black line, for a Debye relax-

ation process. Figure is adapted from Ref. 117.

The main characteristics of a dielectric relaxation process obtained from the peak in the

loss part or the step in the real part are:

� The relaxation rate ωp or time τ= 1/ωp of the �uctuating dipoles which can be

extracted from the position of maximal loss (see Fig. 3.7).

� The relaxation strength ∆ϵ which can be determined either from the area under the

loss peak or from the step in the real part. ∆ϵ is related to the number density of

dipoles involved in the relaxation process.

� The shape of the loss peak which gives information about the distribution of the

relaxation times around τ .
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For the description of dielectric spectra di�erent generalized models were developed. These

models are �tted to the data obtained from dielectric measurements. The simplest func-

tion for analysing the dielectric relaxation was given by Debye.129 It describes the ideal

relaxation behaviour of non-interacting dipoles. The Debye function in the frequency

domain is given by:

ϵ∗(ω) = ϵ∞ +
∆ϵ

1 + iωτD
(3.23)

where∆ϵ = ϵS−ϵ∞ is the dielectric strength. ϵS corresponds to the static permittivity and

ϵ∞ is the unrelaxed permittivity which is identi�ed as the plateau reached in ϵ
′
(ω) when

all polarization �uctuations due to orientation polarization cease. That means ϵ∞ should

only contain contributions coming from induced polarization (e.g. electronic polarization).

The Debye relaxation time τD can be derived by ωp= 2πfp= 1/τD (see �gure 3.7).

In practice dielectric spectra of polymeric materials do not follow Debye behaviour. In

most cases they are broader then predicted by Eq. 3.23 and asymmetric in shape. They

show a non-Debye or non ideal relaxation behaviour. Di�erent model functions have

been developed to describe the broadening and asymmetric loss peaks. Two of them are

presented here. The Cole/Cole function130 describes a symmetrical broadening for the

relaxation function compared to Eq. 3.23 and reads:

ϵ∗(ω) = ϵ∞ +
∆ϵ

1 + (iωτCC)β
(3.24)

where β is a shape parameter (0 < β ≤ 1) and τCC the Cole/Cole relaxation time (ωp=

2πfp= 1/τCC).

The model function introduced by Havriliak and Negami (HN function)131,132 describes

symmetric and asymmetric broadening of the dielectric function. It is given by:

ϵ∗(ω) = ϵ∞ +
∆ϵ

(1 + (iωτHN)β)γ
(3.25)

The shape parameters β and γ (0 < β and 0 < βγ ≤ 1) characterize the symmetric and

asymmetric broadening of the relaxation time spectra. The HN relaxation time τHN is
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related to the position of maximal loss as follows:131,133

ωp =
1

τHN

[
sin

βπ

2 + 2γ

]1/β [
sin

βγπ

2 + 2γ

]−1/β

(3.26)

Isolated relaxation regions are rare and in general more than one relaxation phenomena

is observed in the frequency range investigated and di�erent contributions (including

conductivity phenomena) add up. The �t of more than one Cole/Cole or HN function is

possible and the spectrum is then analysed on the basis of a sum of di�erent relaxation

functions.

Conduction e�ects can be treated by adding a contribution σ0/[(2πf)
sϵ0 to the dielectric

loss where σ0 is related to the speci�c dc conductivity of the sample and ϵ0 is the dielectric

permittivity of vacuum. The parameter s (0 < s < 1) describes for s = 1 Ohmic and for

s < 1 non-Ohmic e�ects in the conductivity.117

Dielectric measurements

Dielectric measurements can be carried out in the frequency (sinusoidal changing electric

�eld E(ω)) or time domain (step like change of E(t)).117 Here, measurements were done

in the frequency domain. For a capacitor C∗ �lled with a material under study, ϵ∗(ω) is

de�ned as:

ϵ∗(ω) =
C∗(ω)

C0

(3.27)

where C0 is the geometrical capacitance. The complex dielectric function is derived by

measuring the complex impedance Z∗(ω):

ϵ∗(ω) =
1

iωZ∗(ω)C0

(3.28)

In order to cover the broad frequency range of 10−6 up to 1012 Hz di�erent measurement

systems have to be used to measure Z∗(ω). For the frequency range applied in this study

Z∗(ω) is measured using Fourier Correlation Analysis (for more details see Ref. 117).

The polymer plates with evaporated gold electrodes on both sides were placed between

two gold-coated electrodes (15 mm in diameter) in parallel geometry. Measurements were

carried out in a frequency range from 10−1 to 107 Hz at temperatures between -120 and
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180 ◦C for polyamide and between -120 and 100 ◦C for polyethlyne using a high-resolution

ALPHA analyzer (Novocontrol, Montabaur, Germany). The temperature is controlled by

a Quatro Novocontrol cryosystem with a temperature stability of 0.1 K. Polyamide plates

were dried under vacuum at 60 ◦C for 4 h prior to measurements. Polyethylene plates

were not dried before the measurements.

3.4 Wide-angle X-ray scattering (WAXS)

Wide-angle X-ray scattering can be used to identify the nature of crystalline phases on an

atomic scale and to characterize the degree of crystallinity and the size and orientation

of cystallites. A detailed description about the methods is reported elsewhere.134,135

Here, WAXS measurements were performed using a SAXSess mc2 small angle scattering

system (Anton Paar, Graz, Austria) operated in wide angle modus. Line-collimation op-

erational mode and Cu-Kα radiation (wavelength= 0.154 nm) were used. The polymer

samples were cut into small rectangular stripes of approximately 20 mm × 5 mm and 0.5

mm thickness, placed between two small copper plates and mounted to a solid sample

holder. The sample chamber was evacuated down to low vacuum of 1 mbar. The illu-

minated area was 20 mm × 1 mm. Data were recorded with an imaging plate and an

exposition time of 15 min at constant temperature of 20 ◦C. The imaging plate was read

out using the OptiQuant Image Analysis Software (Perkin Elmer) and afterwards treated

with the SAXSQuant Software (Anton Paar).
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Materials and preparation

4.1 Metal components

An aluminium alloy (AlMg4,5Mn0,4) and a dual phase steel (DPS) commonly used in

industrial applications are chosen as metal substrates for adhesion studies. They are re-

ferred to in the following as Al-A and DPS sample, respectively. Technical surfaces exhibit

a quite rough surface (micrometer range) not suitable for AFM investigations. Therefore

Al-A and DPS samples were mechanically polished in order to obtain a rather smooth

surface with a nm scaled roughness.

Roughness analysis

A careful analysis of the surface roughness is necessary in order to evaluate the measured

adhesion forces. That includes the determination of the root-mean square roughness

(rms) and the peak-to-peak distance (λ).

Figure 4.1: AFM images (2D and 3D) of polished metal samples: (a) Al-A and (b) DPS.

Roughness characteristics of metal samples were obtained from AFM topography mea-

surements. Imaging was performed with a MFP3D AFM instrument (Asylum Research,

CA, USA) in air and tapping mode at room temperature. Examples of a polished Al-A

and DPS substrate are shown in Fig. 4.1. The metal surfaces showed only one type

of roughness pro�le described through rms2 and the corresponding λ2 (for more details

see Chap. 3.1, Fig. 3.4). The roughness parameters and the asperity radius r2 of the
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metal samples used for adhesion studies described in Chap. 5 are given in Tab. 4.1.

Note that, Al-A(I) and DPS(I) are the metal samples used for adhesion studies against

PA6, Al-A(II) and DPS(II) are the samples used for adhesion studies against PE. The

metal samples denoted (I) and (II) belong to the same batch but are di�erent samples of

the same material. The root mean square roughness and the peak-to-peak distance were

determined by using the analysis software of the AFM. The peak-to-peak distance was

extracted from section graphs (see Fig. 4.2) taken in di�erent directions over di�erent

distances. All values are average results from analysis done on di�erent positions of the

sample surface. The asperity radius r2 is calculated using Eq. 3.10.

Figure 4.2: Roughness pro�les (AFM section graphs) of polished metal samples.

Metal sample Surface characteristics
rms2 [nm] λ2 [nm] r2 [µm]

Al-A(I) 1.18 706 7.28
DPS(I) 2.29 595 2.67
Al-A(II) 1.49 564 3.68
DPS(II) 1.75 480 2.27

Table 4.1: Roughness features of metal substrates obtained from AFM images and the
radius of asperity r2 calculated using Eq. 3.10. Note that the metal samples denoted (I)
and (II) belong to the same batch but are di�erent samples of the same material.
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4.2 Polymer components

Thermoplastics are a common polymer class used for hybrid components. Two thermo-

plastics with di�erent chemical properties were picked for adhesion and dielectric studies,

polyamide 6 (PA6) and polyethylene (PE). PA6 is a polar polymer with functional groups

(amide group NH-CO) whereas PE is non-polar without any functional groups on the

backbone. The molecular structure of both polymers is shown in Fig. 4.3.

Figure 4.3: Molecular structure of polyethylene (PE) and polyamide 6 (PA6).

Polymer bulk samples for contact angle measurements and dielectric studies

A commercially available polyamide 6 (Ultramid®B3S from BASF, Ludwigshafen, Ger-

many) and a high density polyethylene (Lupolen 4261 from LyondellBasell Industries

N.V., USA) were used. Plates of PA6 and PE with a thickness of 1-2 mm and a diam-

eter of 20 mm were prepared by injection moulding. Samples were kindly provided by

NMF GmbH (Fürth, Germany). The polymer plates were cleaned in pure ethanol in the

ultrasonic bath for 5 min and subsequently dried under a nitrogen stream. For dielectric

studies gold electrodes with a diameter of 15 mm were evaporated to both sides.

Polymeric microspheres for AFM studies

For AFMmeasurements polymeric microspheres made of PA6 (Phosphorex Inc., USA) and

PE (Cospheric, USA) with a diameter of around 20 ± 7µm are used. The microspheres

are glued with epoxy to a tipless cantilever with a given spring constant of 5 to 17

N/m (NSC35 MikroMasch). Microspheres were characterized by optical microscopy and

scanning electron microscopy (SEM) in order to obtain information about size and surface

characteristics. SEM images of PA6 and PE microspheres attached to a cantilever are

presented in Fig. 4.4. The microspheres exhibit a quite smooth surface. The surface

of the PE spheres are slightly rougher than the surface of the PA6 spheres. Note that,

SEM imaging requires a carbon or gold coating of the sample due to charging e�ects and

therefore can be only done after the adhesion experiments.
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(a) (b) (c) (d)

Figure 4.4: SEM images∗ of a PA6 (a,b) and PE (c,d) microsphere coated with a 5-10
nm carbon layer attached to a cantilever.
∗recorded at ZELMI, TU Berlin

4.3 Temperature cycling and corrosion test

The polymer bulk samples and the polymeric microspheres were treated by following

standard test procedures in the automotive industry. The procedure and test parameters

for the temperature cycling test (TCT) and the corrosion test are sketched in Fig. 4.5.

Figure 4.5: Procedure and test parameters for the temperature cycling test (TCT) (top
panel) and the corrosion test (bottom panel).
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The thermal and corrosive test procedures were conducted at inpro Innovationsgesellschaft

(Berlin, Germany).

4.4 Sample labelling

For adhesion studies the metal/polymer pairs are labelled as listed in Tab. 4.2. Note

that for the adhesion studies after corrosion testing, only the polymeric component (mi-

crosphere) underwent the corrosion test.

Label Description
Al-A/PA6 aluminium alloy/polyamide 6
DPS/PA6 dual phase steel/polyamide 6
DPS/PA6C dual phase steel/polyamide 6 after corrosion test

(test procedure see Fig. 4.5)
Al-A/PE aluminium alloy/polyethylene
DPS/PE dual phase steel/polyethylene
DPS/PEC dual phase steel/polyethylene after corrosion test

(test procedure see Fig. 4.5)

Table 4.2: Sample labelling for adhesion studies.

For dielectric studies the polymer samples are labelled as listed in Tab. 4.3.

Label Description
PA6Ref polyamide 6 sample, no treatments,

reference sample
PA6T polyamide 6 sample after TCT test

(test procedure see Fig. 4.5)
PA6C polyamide 6 sample after corrosion test

(test procedure see Fig. 4.5)
PERef polyethylene sample, no treatments,

reference sample
PEC polyethylene 6 sample after corrosion test

(test procedure see Fig. 4.5)

Table 4.3: Sample labelling for dielectric studies.





Chapter 5

Non-destructive adhesion studies of metal/polymer

hybrids - A multiscaling approach∗

Abstract

In this chapter, the adhesion of polyamide 6 (PA6) and polyethylene (PE) towards an

aluminium alloy (Al-A) and a dual phase steel (DPS) is studied by contact angle (CA)

measurements and atomic force microscopy (AFM). With the combination of the two

methods the adhesion properties on a macro- and (sub)microscopic scale can be deter-

mined in a non destructive way. The work of adhesion per area Wad of the studied

metal/polymer hybrids qualitatively scales the same on both length scales. That is: Al-

A/PA6 > DPS/PA6 > Al-A/PE, DPS/PE. The polymer dominates the adhesion. The

lower adhesion for the non polar PE towards the metal surfaces is explained by dominat-

ing van der Waals attraction forces whereas for the polar PA6 also attractive polar forces,

e.g. hydrogen bonding, contribute to the adhesion. For metal/PA6 Wad on a macro- and

microscopic length scale is similar. For metal/PE a discrepancy is measured for Wad with

lower adhesion values on the micro- than macroscopic scale.

5.1 Introduction

The adhesion between metals and polymeric materials plays a major role in many indus-

trial �elds for example in lightweight constructions used in the automotive, aircraft and

aerospace industry where they combine a high functional integration with a lower weight

compared to pure metal parts. A fundamental understanding about the adhesion mecha-

nisms at the metal/polymer interface on di�erent length scales is essential. Various tests

to measure adhesion properties in a direct way exist. However, most of these methods

are not only destructive but also not suited to reveal adhesion information on a micro- or

even nanoscopic level.

In this chapter, a new non-destructive multiscale approach is used to investigate the

adhesion behaviour between metals and polymers. The adhesion of polyamide 6 (PA6)

and polyethylene (PE) towards an aluminium alloy (Al-A) and a dual phase steel (DPS)

was studied by contact angle (CA) measurements and atomic force microscopy (AFM).

∗Similar content was presented in M. Füllbrandt, D. Kesal, and R. von Klitzing, ACS Appl. Mater.

Interfaces, 2015, 7, 16247-16256.



48 Introduction

With the combination of the two methods the adhesion properties on a macro- and

(sub)microscopic scale can be determined in a non destructive way. AFM has become

an important method to measure adhesion forces on a (sub)micrometer scale in a direct

way. Using the colloidal probe (CP) technique (see Chap. 3.1) it is possible to detect

adhesion forces between a probe and �at substrate on a micro- and nanoscopic length

scale. The adhesion force Fad and energy Ead obtained from AFM force measurements

are related to a work of adhesion per areaWad using theoretical models of contact mechan-

ics. The e�ect of nanoscale roughness on the adhesion is considered using the Rabinovich

approach (see Chap. 3.1). Wad on a macroscopic scale was calculated from contact angle

(CA) measurements using the Owens-Wendt-Rabel-Kaelble (OWRK) method (see Chap.

3.2). Compared to AFM, CA measurements determine the work of adhesion per area

between two solid components in an indirect way. However, information such as the

dispersive and polar part of the surface energy can be obtained.

Figure 5.1: Measurement set-up for CA and AFM measurements (scheme).

Both methods, AFM and CA, are commonly used to determine adhesion properties of sur-

faces. However, in most cases macroscopic adhesion values are used for the interpretation

of the AFM results. Moreover, adhesion studies of technically relevant metal/polymer

systems down to (sub)microscale lengths are rare in literature due to the high complexity

of the materials including surface roughness features. The aim of this chapter is on the one

hand to determine the work of adhesion per area from AFM measurements independently

from macroscopic values (CA measurements). On the other hand, the relationship be-

tween macro- and microscopic adhesion properties for the di�erent metal/polymer hybrids

is discussed. A polar and a non polar polymer are used for adhesion studies and the resul-

tant di�erent contributions to the adhesion are discussed. A scheme of the measurement

set-up and statistics is sketched in Fig. 5.1.
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5.2 Results

5.2.1 Macroscopic adhesion properties

Macroscopic adhesion properties are obtained from contact angle measurements. Tab. 5.1

lists the surface energies γS of the di�erent polymer and metal samples. γS was determined

using the OWRK method as described in Chap. 3.2. The corresponding OWRK plot for

the di�erent materials is shown in Fig. 5.2

Sample Total surface energy Dispersive part γd
S Polar part γp

S

per area γS [mN/m] [mN/m] [mN/m]
Metal
Al-A 48.3 ± 2.3 30.7 ± 2.0 17.6 ± 0.3
DPS 40.9 ± 3.3 31.2 ± 1.2 9.8 ± 2.1

Polymer
PA6 42.5 ± 3.1 37.0 ± 0.7 5.5 ± 2.4
PE 38.3 ± 2.0 36.5 ± 0.4 1.8 ± 1.5

Table 5.1: Total surface energy per area γS with dispersive and polar part of polymer
and metal samples as determined from CA measurements using the OWKR method.

Figure 5.2: OWRK plot for the di�erent polymer and metal samples. For more details
see Chap. 3.2.

The values for γS agree well with surface energies found in literature for the respective

material.136�139 Note that in general metals have a high surface energy whereas polymers

are low surface energy materials. However, a native oxide layer and organic contamination

on the metal surface reduce the surface energy of metals.137 Here, the total surface energy
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of the metal and polymer samples is of the same magnitude. The metal samples show

higher polar contributions than the polymer samples, especially the Al-A sample. As

expected, the surface energy of the PE sample is mainly composed of a dispersive, i.e.

non-polar contribution. The interfacial energy between a metal and polymer is calculated

using Eq. 3.14 and subsequently inserted in Eq. 3.12 to obtain the macroscopic work of

adhesion per area Wad,CA. Results are given in Tab. 5.2.

Sample pair Work of adhesion
(Metal/Polymer) per area Wad,CA [mN/m]

Al-A/ PA6 87.1 ± 7.4
DPS/ PA6 82.6 ± 6.7
Al-A/ PE 78.2 ± 7.9
DPS/ PE 75.9 ± 6.4

Table 5.2: Macroscopic work of adhesion per area from CA measurements, Wad,CA, for
di�erent metal/polymer pairs.

The macroscopic adhesion properties of the four metal/polymer combinations are in the

same order of magnitude and only slight tendencies are observed. That are: (1) Both

polymers show a slightly higher adhesion to Al-A than to the DPS sample and (2) PA6

shows a higher adhesion to both metal samples compared to PE.

5.2.2 Microscopic adhesion properties

Adhesion force between PA6 and metal surfaces

Microscopic adhesion properties are obtained from AFM force measurements. The adhe-

sion forces for Al-A/PA6 and DPS/PA6 are shown in Fig. 5.3. Force data are plotted in

a histogram and �tted with a Gaussian pro�le. The corresponding mean adhesion force

Fad, the standard deviation σ and the radius of the microsphere R are summarized in

Tab. 5.3.

Parameter Al-A/PA6 DPS/PA6
Mean adhesion force Fad [nN] 1993.8 700.5
Standard deviation σ [nN] 221.4 211.6

Radius of microsphere R [µm] 12.9 7.9
Normalized adhesion force Fad/R [N/m] 0.155 0.089

Table 5.3: Results from AFM force measurements for Al-A/PA6 and DPS/PA6.

For a direct comparison of the force data, Fad is normalized by the radius of the micro-

sphere. The normalized adhesion force Fad/R is also reported in Tab. 5.3 and indicates
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Figure 5.3: Adhesion force Fad histogram obtained from AFM force mapping for Al-
A/PA6 (green columns) and DPS/PA6 (black columns). The solid line is a Gaussian �t
to the data.

a stronger adhesion of PA6 to Al-A than to DPS. The trend was also supported from

contact angle measurements (see Tab. 5.2). However, raw data from AFM force measure-

ments have to be evaluated with care. In order to have more conclusive results a detailed

analysis considering roughness e�ects of sphere and substrate as presented in the discus-

sion part is necessary. Moreover adhesion forces should be related to a work of adhesion

per area Wad in order to compare macro- and microscopic adhesion results.

Adhesion force between PE and metal surfaces

Adhesion histograms for Al-A/PE and DPS/PE are shown in Fig. 5.4. In contrast to

PA6, PE is a non-polar polymer. Therefore, the adhesion strength to metal surfaces is

expected to be weaker.

Parameter Al-A/PE DPS/PE
Mean adhesion force Fad [nN] 645.7 494.1
Standard deviation σ [nN] 46.8 7.8

Radius of microsphere R [µm] 10.5 10.5
Normalized adhesion force Fad/R [N/m] 0.061 0.047

Table 5.4: Results from AFM force measurements for Al-A/PE and DPS/PE.

Based on the normalized adhesion forces one can state that indeed a lower adhesion force

between the metal surfaces and PE is measured compared to the corresponding system

with PA6. Results are summarized in Tab. 5.4. Moreover, the same trend than for the
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Figure 5.4: Adhesion force Fad histogram obtained from AFM force mapping for Al-
A/PE (red columns) and DPS/PE (blue columns). The solid line is a Gaussian �t to the
data.

PA6 measurements is observed, i.e. the normalized adhesion force between DPS/PE is

slightly lower than between Al-A/PE. These �ndings are again in agreement with results

from contact angle measurements (see Tab. 5.2). However, as mentioned above roughness

features of sphere and substrate have to be considered allowing a more quantitative and

qualitative analysis.

Adhesion energy

Besides the adhesion force, the adhesion energy Ead can be extracted from force-distance

curves. Ead was evaluated from the area between approach and retraction curve (see Fig.

3.2). The adhesion energy histograms with the mean adhesion energy and its standard

deviation are shown in Fig. 5.5. Data are �tted to a Gaussian Curve. At �rst glance, the

adhesion energy does not scale with the corresponding adhesion force. Whereas the pair

Al-A/PA6 shows the highest adhesion energy corresponding well with the highest adhesion

force measured, all other pairs show the opposite trend. That means a decreasing adhesion

energy with increasing adhesion force.

For further analysis, the adhesion force Fad and energy Ead are converted into a work

of adhesion per area. In this way, results can be compared to the macroscopic work of

adhesion per area obtained from contact angle measurements.
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Figure 5.5: Adhesion energy Ead histograms obtained from AFM force mapping for the
di�erent metal/polymer pairs. The solid line is a Gaussian �t to the data.

5.3 Discussion

5.3.1 Modelling of AFM force data

Adhesion forces are strongly in�uenced by surface roughness since the true contact area

between sphere and substrate alters with roughness. For a more quantitative and qualita-

tive analysis of the measured adhesion forces, the surface roughness of the metal substrates

and the polymeric microspheres has to be considered. Nanoscale asperities of polymeric

microspheres can be deformed under an applied load. Such plastic deformations can be

evaluated using a model proposed by Maugis and Pollock93,140. At a load of 1 to 2 µN,

which is a typical load used in the described force measurements, asperities with a radius

of curvature of maximum 20-30 nm for a PA6 and 80-120 nm for a PE microsphere should

deform plastically. The surface irregularities on the polymeric microspheres are in the low

nm range (as shown by SEM) and thus are most likely �attened during measurements.

The roughness of the polymeric microspheres can thus be neglected in further calculations.

However, the roughness of the metal substrates is of importance and has to be taken into

account for the adhesion analysis. The in�uence of roughness on adhesion measurements

is mainly visible in the tail of the adhesion force distribution102,141 (see force histograms

in Sec. 5.2.2).

Adhesion forces were calculated in the framework of the Rabinovich model using Eq. 3.8.

The model suggests that the principal contribution to the adhesion force is van der Waals

attraction. Fig. 5.6 compares the normalized experimental and predicted adhesion forces.

Data are plotted as a function of the variable rms2. Values for Hamaker constants are
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taken from literature. The Hamaker constant A11 is approximately 1.4×10−19 J for Al-

A9 and 2.1×10−19 J for DPS9, and A22 is approximately 7.9×10−20 J for PA6142 and

8.43×10−20 J for PE143. The Hamaker constant between two dissimilar materials, A12,

was estimated using a combining rule approximation9:

A12 =
√

A11A22 (5.1)

and resulted in A12= 1.05×10−19 J for Al-A/PA6, A12= 1.29×10−19 J for DPS/PA6,

A12= 1.09×10−19 J for Al-A/PE and A12= 1.33×10−19 J for DPS/PE. Note that a third

medium (gas or liquid) is neglected for the calculation of the Hamaker constant.

Figure 5.6: Experimental (markers) and predicted adhesion forces (dotted lines) in de-
pendence on rms2. Predictions are made using Eq. 3.8.

In general, a good agreement within order of magnitude in forces is achieved. Comparison

of experimental and predicted data suggests that a large contribution to the adhesive

behaviour is van der Waals attraction. The experimental and predicted adhesion forces

as well as their ratio are given in Tab. 5.5. Especially for the adhesion between metals

Sample Pair Fad,experimental Fad,theoretical Fad,experimental/
(Metal/Polymer) [nN] [nN] Fad,theoretical

Al-A/PA6 1993.8 942.2 2.12
DPS/PA6 700.5 485.8 1.44
Al-A/PE 645.7 570.4 1.13
DPS/PE 494.1 478.4 1.03

Table 5.5: Experimental, predicted adhesion forces and their ratio. Predictions are made
using Eq. 3.8.
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and PE the model provides excellent predictions with a ratio of Fad,experimental/Fad,theoretical

close to one. PE is a non-polar polymer without any functional groups. The adhesion to

metal surfaces is therefore dominated by dispersion forces. For the metal/PA6 interactions

a discrepancy exists. Adhesion forces are underestimated using the van der Waals based

Rabinovich model. Especially for Al-A/PA6 the measured adhesion forces are larger than

the theoretically predicted values by a factor of two. This discrepancy cannot only be

explained by experimental error. As discussed in the theoretical part, other forces such

as polar forces are not considered in the proposed model. However in contact interactions

between metals and PA6 such forces may be important. Polar attractive forces arise

probably from hydrogen bonding between the amide groups of PA6 and the hydroxyl

groups of the metal surface.

5.3.2 Correlation between macro- and microscopic adhesion

In order to compare the results of the macro- and microscopic adhesion experiments, AFM

data must be converted into a work of adhesion per area. Two approaches to obtain a

microscopic work of adhesion per area are discussed: (1) Converting the adhesion force

Fad into a work of adhesion per area using contact mechanic models and (2) Normalizing

the adhesion energy Ead by a contact area.

Relating Fad to a microscopic work of adhesion per area

A simple relation between Fad and Wad is given by the JRK and DMT model (see Chap.

3.1, Eq. 3.4). The approach requires the selection of an appropriate contact model for

the interpretation of Wad. Therefore the dimensionless Maugis parameter α, which is a

useful measure of which model is most appropriate, is estimated according to Eq. 3.5.

Parameters used for the calculation are listed in Tab. 5.6.

Material Elastic Modulus Y Poisson's ratio ν
[GPa]

Al-A 69 0.33
DPS 200 0.30
PA6 2.0 0.39
PE 0.4 0.46

Table 5.6: Elastic modulus Y and Poisson's ratio ν for metals and polymers used in this
study. Values are taken from data sheets (provided by suppliers) and Ref. 144.
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For all metal/polymer pairs α ≥ 5 therefore the JKR model applies (with c= 1.5). Results

forWad,JKR are summarized in Tab. 5.7. Values are much smaller than expected compared

to results from CA measurements due to a wrong estimation of the contact area. As

discussed above, AFM data should be analysed using the Rabinovich model (Eq. 3.9)

in order to account for roughness e�ects of the metal substrates. Results for Wad,Rabi

are given in Tab. 5.7. The comparison of Wad,JKR and Wad,Rabi shows that considering

roughness e�ects leads to increasing values for Wad. An excellent correlation between

macro- and microscopic work of adhesion per area, Wad,CA and Wad,Rabi, can be found

for Al-A/PA6. For the other metal/polymer pairs AFM measurements yielded a lower

work of adhesion per area compared to CA measurements, especially for the metal/PE

combinations.

Work of Adhesion Al-A/ DPS/ Al-A/ DPS/
per Area Wad [mN/m] PA6 PA6 PE PE

obtained from:
CA Measurements, Wad,CA 87.1 82.6 78.2 75.9

AFM (JKR model, Eq. 3.4), Wad,JKR 32.8 18.8 13.0 9.9
AFM (Rabinovich model, Eq. 3.9 ), Wad,Rabi 89.2 73.5 48.7 54.1

Table 5.7: Macroscopic and microscopic work of adhesion per area.

Note that, while an excellent correlation for the work of adhesion per area from CA

and AFM measurements were found for Al-A/PA6, experimental and predicted adhesion

forces Fad did not agree very well (compare Tab. 5.5 and Fig. 5.6). As discussed above,

polar forces contributing to the adhesion force between Al-A and PA6 were not considered

in the model used for predicting adhesion forces explaining the underestimation of the

adhesion force using Eq. 3.8.

Relating Ead to a microscopic work of adhesion per area

A second approach is the evaluation of the adhesion energy Ead from the area under

the force curve upon retraction (see Fig. 3.2).80�84 That area corresponds to a work of

adhesion. In order to obtain a work of adhesion per area a normalization with the contact

area is necessary. The contact area cannot be measured directly with the colloidal probe

and must therefore be estimated. The estimation of the contact area for rough surfaces

is not straightforward.

According to the JKR theory the contact radius a between two spheres can be calculated

as function of the reduced elastic modulus K and the work of adhesion Wad. It is de�ned
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as:72,86

a3 =
R∗

K

[
P0 + 6πWadR

∗ +
√
12πWadR∗P0 + (6πWadR∗)2

]
(5.2)

where P0 is the load applied. The radius R∗ is de�ned as:

R∗ =
Rr2

R + r2
(5.3)

The area of contact is a circle of radius a. Thus, a work of adhesion per area from the

force retraction curve Wad,Retr.Curve can be calculated as follows:

Wad,Retr.Curve =
Ead

πa2
(5.4)

Inserting Eq. 5.2 into Eq. 5.4, Wad,Retr.Curve can be calculated. Note that Wad in Eq. 5.2

equals Wad,Retr.Curve. Results are given in Tab. 5.8.

Sample pair Adhesion Work of adhesion Wad,Retr.Curve/
Metal/polymer energy Ead per area Wad,Retr.Curve Wad,Rabi/

[×10−15 Nm] [mN/m]
Al-A/ PA6 212.1 327.4 3.7
DPS/ PA6 15.2 119.7 1.6
Al-A/ PE 30.4 81.0 1.7
DPS/PE 59.4 157.6 2.9

Table 5.8: Adhesion energy Ead, work of adhesion per area Wad,Retr.Curve and ratio be-
tween Wad,Retr.Curve and Wad,Rabi.

The work of adhesion per area obtained from the adhesion energy Ead should be consistent

with the work of adhesion per area obtained from the adhesion force Fad, i.e. the ratio

Wad,Retr.Curve/ Wad,Rabi should be approximately one. However, that is not the case and

Wad,Retr.Curve is higher than Wad,Rabi for all metal/polymer pairs.

The approach above only considers a single asperity contact. However multi asperity

contact is possible resulting in an increasing contact area and thus a decreasing work of

adhesion per area. An e�ective zone105,106 can be determined, which corresponds to the

surface that principally contributes to the interaction between the microsphere and the

surface (see Fig. 5.7). In order to account for multi asperity contact, the distance AB is



58 Discussion

Figure 5.7: Scheme of the e�ective zone Seff of interaction between a metal surface and
polymer sphere (adapted from Ref. 105).

calculated for each metal/polymer pair and compared with the asperity distance λ2. For

AB the following formula is obtained:

(
AB

2

)2

= R2 − (R−H)2 (5.5)

with H = k1 · rms2 +H0, where k1 · rms2 describes the asperity height above the surface

plane (k1= 1.817).105 Only for DPS/PE the asperity distance is smaller than the length

of the e�ective zone and therefore a double asperity contact is assumed (see Tab. 5.9).

After recalculating Wad,Retr.Curve for DPS/PE, the adhesion values follow the same trend

Sample pair AB λ2 asperity recalculated
Metal/polymer [×10−9 m] [×10−9 m] contact Wad,Retr.Curve [mN/m]

Al-A/ PA6 502 706 single 327
DPS/ PA6 531 595 single 120
Al-A/ PE 503 564 single 81
DPS/PE 541 480 double 99

Table 5.9: Recalculated Wad,Retr.Curve considering the e�ective zone calculated using Eq.
5.5.

than Wad,Rabi, i.e. the work of adhesion per area decreases in the following order: Al/PA6

> DPS/PA6 > DPS/PE > Al-A/PE. That is basically the same trend than observed

for the macroscopic adhesion except that Wad,CA for Al-A/PE is slightly higher than for

DPS/PE.
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However, the conversion of Ead into a work of adhesion per area leads to higher values for

Wad than for the other approaches. The estimation of the contact area for rough surfaces

is not straightforward and Wad,Retr.Curve does not necessarily lead to reliable results due to

wrong assumptions of the contact area. In addition, the jump out distances and thus the

area under the curve depends also on the cantilever sti�ness. Cantilevers with a higher

sti�ness might lead to a smaller area under the retraction curve than softer cantilevers

with lower spring constants. Note that, both lead to the same the adhesion force (pull-o�

force). Cantilevers with similar properties were used, however their spring constants are

slightly di�erent. Therefore, also the comparison of the adhesion energy on a qualitatively

level is not possible here.

Due to both aspects, the di�cult estimation of the contact area and the dependence of

the adhesion energy on the cantilever sti�ness, the approach of converting Ead into a work

of adhesion per area is not taken into account for further discussion. No reliable results

are obtained.

Comparison of macro- and microscopic adhesion results

For a further correlation of macro- and microscopic adhesion properties, the work of

adhesion per area obtained from CA measurements Wad,CA and the Rabinovich model

Wad,Rabi are used. Fig. 5.8 shows the correlation between Wad,CA and Wad,Rabi for the

di�erent metal/polymer pairs.

Figure 5.8: Correlation between macroscopic and microscopic work of adhesion per area
for metal/polymer pairs.

Between metals/PE the microscopically work of adhesion per area is remarkable smaller

than the adhesion on a macroscopic scale. The values for metal/PA6 correlate well, an
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almost perfect correlation is obtained for Al-A/PA6. CA measurements resulted in similar

values for the work of adhesion per area for all studied sample pairs. Values are in the

range of 74.1 to 86.6 mN/m (grey box Fig. 5.8). Microscopic studies seemed to be more

sensitive to the polymer component and revealed larger di�erences between metals/PA6

and metals/PE combinations with values between 48.7 and 89.2 mN/m (shaded box Fig.

5.8). These di�erences in length scale adhesion properties might be explained as follows:

Macroscopically CA measurements are an indirect method to determine the work of ad-

hesion per area. They are not conducted in a dry but saturated atmosphere using a test

liquid. A thin liquid �lm might be present on all surfaces reducing the sensitivity to

(small) di�erences in surface composition and resulting in (a) similar surface energies for

all measured surfaces and (b) consequently macroscopic adhesion properties that are in

the same order of magnitude for all metal/polymer combinations. Whereas AFM force

measurements directly determine an adhesion force on a (sub)microscopic length scale

taking local roughness features into account. Moreover measurements are conducted in

a dry nitrogen atmosphere, i.e. at a RH<5% where capillary forces can be excluded.

The higher sensitivity and the de�ned measurement parameters make it possible to probe

pure interactions at the metal/polymer interface and to di�erentiate between di�erent

interactions. This results in di�erent adhesion properties for metals/PA6 and metals/PE

due to di�erent chemical surface composition of the polymer. Interactions are sketched

in Fig. 5.9.

5.4 Conclusion

In this chapter, the adhesion of polyamide 6 (PA6) and polyethylene (PE) towards an

aluminum alloy (Al-A) and a dual phase steel (DPS) were studied by contact angle (CA)

measurements and atomic force microscopy (AFM) measurements. Compared to standard

adhesion tests, the combination of the two methods allowed to determine the adhesion

properties on a macro- and (sub)microscopic scale in a non destructive way. The surface

energy of metal and polymer components including the polar and dispersive parts were

obtained from CA measurements using the OWRK method. Values are further related

to a macroscopic work of adhesion per area. Independently from the macroscopic values,

a work of adhesion per area on a microscopic length scale was calculated from measured

AFM adhesion forces. Roughness e�ects are considered using the Rabinovich model.

The work of adhesion per area of the studied metal/polymer systems scaled the same

on both length scales. That was: Al-A/PA6 > DPS/PA6 > Al-A/PE, DPS/PE. The
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Figure 5.9: Scheme of interactions between metal and polymer surfaces measured by CA
and AFM (not to scale).

adhesion was found to be dominated by the polymer. The main results can be summarized

as follows:

(1) The lower adhesion for PE towards the metal surfaces is explained by dominating van

der Waals attraction forces whereas for PA6 also attractive polar forces, e.g. hydrogen

bonding forces, contribute to the adhesion towards metals. (2) For the polar polymer PA6

and metal surfaces the macro- and microscopic work of adhesion per area resulted in a

good agreement. For the non-polar PE and metals a discrepancy was found with a lower

work of adhesion per area on the micro- than macroscopic scale. That can be explained by:

(3) The (saturated) atmosphere in contact angle measurements which led (a) to adhesion

properties in the same order of magnitude for all metal/polymer combinations with only

slight tendencies and (b) to a higher work of adhesion per area for the non-polar PE/metal

pairs compared to results from AFM measurements. Whereas, (4) AFM measurements

were conducted in a de�ned measurement atmosphere making it possible to distinguish

better between polar and non-polar interactions and e.g. exclude contributions from

capillary forces.

The presented multiscale approach is useful to study the adhesion properties of technical

metal/polymer hybrids in a non-destructive way on di�erent length scales. The work

of adhesion per area obtained from the two methods scaled the same for the di�erent

polymer/metal pairs and absolute values were in the same order of magnitude. However



62 Conclusion

with AFM force measurements it was possible to determine adhesion characteristics more

precisely. In this way di�erent adhesion mechanisms depending on the chemical nature

of the polymer could be identi�ed.



Chapter 6

Thermal and corrosion (in)stability of polyamide 6

studied by broadband dielectric spectroscopy∗

Abstract

This chapter investigates the thermal and corrosion (in)stability of polyamide 6 (PA6)

using broadband dielectric spectroscopy. Samples are studied in a wide frequency (10−2 -

107 Hz) and temperature range (153 - 453 K). The dielectric spectra can be decomposed

into two local relaxation modes, two segmental modes and a high temperature conduc-

tivity/ Maxwell-Wagner-Sillars process. The latter is assigned to the blocking of charge

carriers at interfaces between amorphous and crystalline phases of PA6. After the thermal

test procedure, the PA6 sample shows no changes in the dielectric spectra. However, after

the corrosion test two main changes are observed: (1) A higher activation energy for the

local β- relaxation process and (2) an increased intensity of the MWS/conductivity pro-

cess which is shifted to lower temperatures. It is argued that the changes in the dielectric

spectra are caused by remaining salt ions in the sample. The salt ions or complexes inter-

act with the polar amide groups and/or the intrachain hydrogen bonds between them and

hinder the rotational motion of the β- process. Moreover, they enhance the conductivity

of the sample and shift the MWS/conductivity process to lower temperatures. Supple-

mentary, wide-angle X-ray scattering (WAXS) measurements are performed to evaluate

the crystalline structure of the samples. The degree of crystallinity is not a�ected by the

test procedures leading to the conclusion that changes in the dielectric spectra are not

due to structural changes in the sample.

A comparative study with non-polar polyethylene (see Chap. 7) reveals that the incor-

poration of the salt ions during the corrosion test can be traced back to the polarity of

polyamide 6.

6.1 Introduction

Polyamide 6 (PA6) is widely used in the �eld of engineering thermoplastics due to ex-

cellent mechanical properties and easy processability.145�147 It �nds a broad variety of

applications, e.g. in metal/polymer hybrids (PMH) for the automotive industry where

∗Similar content was presented in: M. Füllbrandt, S. Wellert, R. von Klitzing, and A. Schönhals,
Polymer, 2015, doi: 10.1016/j.polymer.2015.08.016
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the use of plastics increases with the demand to reduce weight and increase fuel e�ciency.

Pure PA6 and hybrid parts have to pass so called accelerated performance tests. That

includes a thermal and corrosive test in order to verify their durability and life expectancy

under end-use environments. However, not much is known about the in�uence of such

tests on the (performance) properties of the polyamide component down to a molecular

level.

In this chapter, the (in)stability of polyamide 6 towards a thermal and corrosion test

procedure is investigated using broadband dielectric spectroscopy (BDS). The dielectric

behaviour before and after the tests is analysed in detail. In addition, wide-angle X-ray

scattering (WAXS) measurements are performed to evaluate the crystalline structure of

the polymer samples. BDS is a powerful tool to evaluate the di�erent molecular mobili-

ties and conductivity phenomena in polymer samples in a non-destructive way. PA6 and

its composites have been extensively studied by dielectric spectroscopy.147�155 Polyamides

have a rather complicated dielectric behaviour due to their complex structure includ-

ing semi-crystallinity and a great strength of interchain forces due to hydrogen bonding

between amide groups.147 Moreover, polyamide is a polar polymer and tends to absorb

water leading not only to a plasticization e�ect, i.e. a decrease of the glass transition

temperature, but also to changes in the local mobilities.154,156. The plasticization e�ect

is explained by the loosening of the hydrogen bond network due to intercalation of water

which binds to the amide groups of the polyamide and replaces the amide-amide hydrogen

bonds.156 As a consequence the chain mobility is increased allowing the long range seg-

mental motions (α- relaxation) to take place at lower temperatures. The e�ect of water

on polyamide properties is well documented in literature.151,154,156�160 In general, three

main mechanism related to molecular motions are observed in the dielectric spectra of

polyamides: Two local motions in the lower temperature regime, the γ- and β-relaxation,

and the α- relaxation at higher temperatures related to the glass-rubber transition of the

amorphous phase. In addition, at temperatures above the α- transition an interfacial po-

larization, a so called Maxwell-Wagner-Sillars (MWS) polarization, can be observed. The

origin is the trapping of free charges at boundaries between crystalline and amorphous

regions.151,154,161�163 However, at higher temperatures also conductivity e�ects play a role

and therefore both, the MWS process and conductivity phenomena, contribute to the

high temperature dielectric response.
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6.2 Results

6.2.1 Dielectric spectra of PA6

Dielectric experiments were performed in a temperature range from -120 to 180 ◦C. First,

a heating scan was carried out from 25 to 180 ◦C, followed by a cooling scan from 180

to -120 ◦C and �nally a second heating scan from -120 to 180 ◦C was performed. The

temperature was changed stepwise in steps of 5 K in the range -120 to 40 ◦C and 100 to

180 ◦C. Between 40 and 100 ◦C the temperature was change in steps of 3 K. A frequency

scan was carried out isothermally. In the following only data from the second heating cycle

(-120 to 180 ◦C) are discussed. Three-dimensional (3D) plots of the real and imaginary

part, ϵ′ and ϵ′′, of the complex dielectric permittivity ϵ∗ versus frequency and temperature

are presented in Fig. 6.1 for the reference sample before the thermal and corrosion test,

PA6Ref .

Within the studied frequency and temperature range the main relaxation processes iden-

ti�ed are:

1) The γ- relaxation detected at temperatures between -120 and -20 ◦C. It is mainly asso-

ciated with the local motion of the chain segments (−CH2− sequences) involving dipolar

amide groups.147,151,154,155

(2) The β- relaxation observed between -65 and 20 ◦C. It is more related to the local

motion of the polar chain segments (−NH − CO−) involving water molecules hydrogen

bonded to the free NH groups.155,156,161,164

(3) The segmental α- relaxation occurring between 40 and 125 ◦C. It is related to the

glass-rubber transition of PA6 and can be decomposed into a �wet� and �dry� α- relax-

ation, αwet and αdry.151,154,155 It is assumed that the αwet- relaxation is related to the glass

transition of PA6 domains plasticized with water whereas the αdry- relaxation corresponds

to the glass transition of �dry� PA6.

(4) The MWS/conductivity process visible in the high temperature regime between 55

and 180 ◦C arising from the drift motion of charges and charge carriers blocked at the

interphase between amorphous and crystalline regions and conductivity e�ects.161�163

The four processes are typically for polyamide samples and could be observed for all

studied samples.

The isochrononal graph at 1 kHz, Fig. 6.2, shows the temperature dependence of ϵ′ and

ϵ′′ for PA6Ref , PA6T (after thermal test) and PA6C (after corrosion test). Di�erences

between the three samples are noted, especially in the higher temperature regime, where

the MWS/conductivity process is located. However, the peak is superimposed by electrode
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(a)

(b)

Figure 6.1: 3D plot of ϵ′ (a) and ϵ′′ (b) versus frequency and temperature for PA6Ref .
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(a)

(b)

Figure 6.2: Temperature dependence of ϵ′ (a) and ϵ′′ (b) for PA6Ref (black squares),
PA6T (red circles) and the PA6C (blue triangles) at a frequency of 1 kHz.
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polarization e�ects and can therefore not be clearly extracted in the permittivity spectra.

Using the complex electric modulus formalism the MWS/conductivity process is visible

as a peak in the imaginary part M ′′ of the complex dielectric modulus M∗. M∗ is related

to ϵ∗ as follows:117

M∗ =
1

ϵ∗
= M ′ + iM ′′ (6.1)

M ′ =
ϵ′

ϵ′2 + ϵ′′2
and M ′′ =

ϵ′′

ϵ′2 + ϵ′′2
(6.2)

A 3D plot of M ′′ versus frequency and temperature for PA6Ref is shown in Fig. 6.3a.

The MWS/conductivity process can now be identi�ed as a peak in the higher frequency

regime. Fig. 6.3b shows the temperature dependence of M ′′ at a constant frequency of

1 kHz for PA6Ref , PA6T and the PA6C . After the corrosion test a pronounced change in

the higher temperature regime of the dielectric spectra is observed which will be analysed

in more detail in the following. Moreover, the β-relaxation of PA6C is shifted to higher

temperatures. The sample PA6T seems to have a similar dielectric behaviour than PA6Ref .

6.2.2 Analysis of isothermal dielectric data

In order to evaluate the individual relaxation processes quantitatively, the isothermal data

from BDS are analysed by model functions. The γ, β and α- relaxation peaks are well

described using a Cole-Cole function130 (see Chap. 3.3, Eq. 3.24). Conduction e�ects are

treated by adding the following contribution to the dielectric loss: σ0/[(2πf)
sϵ0 (for more

details see Chap. 3.3).

The MWS/conductivity peak is analysed using the model function of Havriliak-Negami

(HN function)131,132 as described in Chap. 3.3. Using the modulus it reads:

M∗(ω) = M∞ +
∆M

(1 + (iωτHN)β)γ
(6.3)

where ∆M = M∞ −MS.165,166

Fig. 6.4 shows examples of such �ts to the relaxation processes of PA6Ref and PA6C at

a given temperature for each process in the measured frequency window. From the �t

parameters such as the relaxation rate fp and the dielectric strength ∆ϵ are obtained.

The α- relaxation peak of polyamide is a superposition of at least two relaxation pro-
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(a)

(b)

Figure 6.3: (a) 3D plot of M ′′ versus frequency and temperature for PA6Ref . (b) Tem-
perature dependence of M ′′ for PA6Ref (black squares), PA6T (red circles) and PA6C
(blue triangles) at a frequency of 1 kHz.
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(a)

(b)

(c)

Figure 6.4: Isothermal scans (ϵ′′, M ′′ vs frequency) at di�erent �xed temperatures for
PA6Ref and PA6C . A characteristic temperatures for each process is chosen at which the
process is visible in the measured frequency window. (a) γ- and β- relaxation, (b) αwet-
and αdry- relaxation and (c) MWS/conductivity process. Symbols are the experimental
data and full lines represent the total �t. The di�erent contributions are indicated by
dashed and dotted lines.
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cesses, a �wet� and �dry� α- relaxation (αwet and αdry- relaxation). The αwet- relaxation

corresponds to segmental modes of the wet or plasticized domains of the sample and de-

pends on the moisture content of the polymer. The αdry- relaxation can be attributed

to the �dry� domains of the material. It should be independent of the moisture con-

tent and characteristic for the PA6 sample.154 For PA6C the MWS/conductivity process

is shifted to lower temperatures and merges with the α- relaxation process. Therefore

only the αwet- relaxation process could be �tted reliable. Detailed studies about the seg-

mental motions in polyamides in dependence on the water absorption can be found in

literature.150,151,154,156,167,168 In this study, the MWS/conductivity process and the local

relaxation mode seem to be the most sensitive processes to the respective test. Therefore

they are considered for further discussion.

6.2.3 WAXS spectra of PA6

Figure 6.5: WAXS pattern for PA6Ref , PA6T and PA6C . The grey shaded region denotes
the 2θ- range 15◦ to 30◦ taken for crystallinity estimation with two peaks at around 2θ=
21.5◦ and 24.5◦ (PA6Ref ). The inset displays the broad peak at a scattering angle around
2θ= 2.4◦ (referred to PA6Ref ).

Fig. 6.5 shows the WAXS spectra recorded for the di�erent PA6 samples. The scattering

patterns of the three samples are nearly identical. At low scattering angles (2θ<2◦) the

patterns show a decrease of the scattered intensity with increasing scattering angle. The

lack of any form and structure factor signatures in the small angle region suggests the
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absence of mesoscopic structures in the PA6 samples. However, large aggregates can exist

in the samples but are not detectable in the selected range of scattering angles. At larger

scattering angles a broad maximum occurs at around 2θ= 2.4◦ (see inset Fig. 6.5). The

scattering pattern in this region is typical for randomly oriented aggregates with a broad

size distribution. This maximum is accompanied by a a steep dip in the scattered intensity.

This dip rises up to two strong peaks in the wide angle scattering region. The further

analysis focuses on the changes in the crystalline structure. The degree of crystallinity

is determined from the areas under the crystalline and amorphous portions from WAXS

spectra in the range 2θ= 15 to 30◦ (see Fig. 6.5). The following equation is used:169

XC = IC/(IC + IA)× 100 (6.4)

where XC is the degree of crystallinity in percent and IC and IA are the integrated

intensities corresponding to the crystalline and amorphous phases, respectively. The

WAXS pattern can be decomposed into two peaks due to the crystallites and a broad

amorphous halo corresponding to the amorphous regions of the polymer by �tting them

to Gaussian curves.169 IC is the area under the two crystalline re�ections and IA the area

under the amorphous halo. The scattering curves and the corresponding pro�le analysis

are shown in Fig. 6.6. All curves show two sharp re�ections at around 2θ= 21.5◦ and

Figure 6.6: WAXS pattern for PA6Ref , PA6T and PA6C with data analysis. The dashed
and dotted lines represent the individual peaks (crystalline and amorphous), the full line
through the data points is the sum of the crystalline and amorphous contributions.
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24.5◦ corresponding to the α- form of PA6.169�171 The degree of crystallinity XC for all

Sample Degree of crystallinity
XC [%]

PA6Ref 25.9
PA6T 24.1
PA6C 23.7

Table 6.1: Degree of crystallinity XC obtained from WAXS measurements.

PA6 samples is given in Tab. 6.1. For PA6T and PA6C XC is slightly lower compared

to the reference sample PA6Ref . However, di�erences are within the experimental error.

In summary one can say that the crystalline structure of the polyamide sample does not

change signi�cantly after the thermal or corrosion test.

6.3 Discussion

6.3.1 The local motions: γ- and β- relaxation

From the �tting of the isothermal data to the Cole-Cole function (see Fig. 6.4a) the

relaxation rate fp is obtained. It is plotted versus reciprocal temperature in Fig. 6.7 for

PA6Ref , PA6T and PA6C . For the β- and γ-relaxation the temperature dependence of

logfp follows the Arrhenius equation indicating a thermal activated behaviour:

fp(T ) = f∞exp

(
−EA

kbT

)
(6.5)

where f∞ is the pre-exponential factor that corresponds to the relaxation rate at in�nite

temperature, EA is the activation energy of the process and kb is the Boltzmann constant

(kb= 1.381x10−23 JK−1).30,118 The �t parameters are reported in Tab. 6.2.

Sample β-relaxation γ-relaxation
EA log(f∞[Hz]) EA log(f∞[Hz])

[kJ/mol] [kJ/mol]
PA6Ref 49.6 13.2 35.4 13.1
PA6T 52.0 13.8 40.1 14.3
PA6C 75.7 17.7 39.2 14.1

Table 6.2: Parameters obtained from Arrhenius �t for PA6 samples.

The activation energies EA of the γ- relaxation are between 35 and 40 kJ/mol. That

is comparable to literature values for neat PA6 samples.147,154,155. For PA6T and PA6C
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Figure 6.7: Relaxation map for PA6Ref (black squares), PA6T (red circles) and the PA6C
(blue triangles). The solid lines are Arrhenius �ts to the data. The �t parameters are
reported in Tab. 6.2.

slightly higher activation energies were found than for the reference sample. The reason

for the increase of about 5 kJ/mol is not fully understood yet. It might be a hint for a

slight sti�ening of the backbone and might be also related to the changes observed for

the β- relaxation as discussed in the following. The Arrhenius plots of the β- relaxation

show signi�cant di�erences in the slope of the linear dependence for the various PA6

samples (see Fig. 6.7). These di�erences are quanti�ed by the activation energies obtained

from the �ts. For PA6Ref and PA6T similar values for EA were found (49.6 and 52.0

kJ/mol, respectively), whereas PA6C showed a strongly increased EA for the β- mode

(75.7 kJ/mol). The β- relaxation is related to the local motion of the polar chain segments

(−NH − CO−) involving water molecules hydrogen bonded to the free NH groups.

The increase in EA after the corrosion test might be explained by remaining salt ions

and/or complexes that interact with the polar groups and interchain hydrogen bonds.

The �uctuations are hindered and the energy barrier increases.

Another quantity extracted from the �tting of the isothermal data is the dielectric strength

∆ϵ. It is proportional to the number density of dipoles involved in the relaxation process.

∆ϵ is plotted versus temperature in Fig. 6.8 for the γ- and β- relaxation mode. For both

relaxation modes ∆ϵ does not change after the test procedures. That means the intensity

of the local modes is neither in�uenced by the thermal nor the corrosion test. Generally

the dielectric strength decreases with temperature (∆ϵ ∝ 1/T) as observed for the γ-

process. However for the β-relaxation the ∆ϵ increases slightly with temperature from

0.2 to 1.0. The increase of the dielectric strength with temperature for the β-relaxation

is a phenomena known from literature but however is not well understood yet.117
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Figure 6.8: Dielectric increment, ∆ϵγ (top) and ∆ϵβ (bottom), for PA6Ref (black
squares), PA6T (red circles) and the PA6C (blue triangles). Dashed lines are guide to
the eyes.
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6.3.2 The MWS/conductivity process

For the MWS/conductivity process the temperature dependence of logfp is curved when

plotted versus 1000/T (see Fig. 6.9). It can be described by the Vogel-Fulcher-Tammann

(VFT) equation:172�174

fp(T ) = f∞exp

(
−A0

T − T id
0

)
= f∞exp

(
−DT id

0

T − T id
0

)
(6.6)

where f∞ and A are constants and T id
0 is called ideal glass transition or Vogel temper-

ature which is found 30-70 K below the thermal glass transition temperature.118 The

fragility parameter D provides a useful quantity to classify glass forming systems.175 For

Figure 6.9: Relaxation map for PA6Ref (black squares), PA6T (red circles) and the
PA6C (blue triangles). The solid lines are VFT �ts to the data. The �t parameters are
summarized in Tab. 6.3. The inset shows the derivative of logfp according to Eq. 6.7.
The lines are linear regressions to the corresponding data.

Sample MWS/conductivity process
log(f∞[Hz]) A0 [K] T id

0 [K] D = A0/T
id
0

PA6Ref 8.5 394.0 238.3 1.7
PA6T 8.8 443.7 232.3 1.9
PA6C 8.2 239.3 266.3 0.9

Table 6.3: Parameters obtained from VFT �t for PA6 samples.

a more detailed analysis of the temperature dependence of the relaxation rates a deriva-

tive method is applied.117,176 The derivative of the relaxation rate with respect to T is

calculated as follows: [
d(logfp)

dT

]−1/2

= A−1/2(T − T0) (6.7)
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Plotting [d(logfp)/dT ]
−1/2 versus T results in a straight line for a VFT behaviour as

shown in Fig. 6.9 (inset) for all experimental data. That proofs that the temperature

dependence of the relaxation rates is VFT-like indicating cooperative motions related to

glassy dynamics. From the derivative technique T0 can be estimated by linear regression.

It is similar to T id
0 obtained from the VFT �t. For PA6Ref and PA6T similar values for

T0 are obtained. For PA6C T0 increases of about 30 K compared to the reference sample.

Since T0 is related to the glass transition temperature Tg, one can conclude that not only

the local motions (β- relaxation) are a�ected by the remaining salt ions in the sample,

but also the segmental motions leading to an increased Tg after the corrosion test.

The intensity of the MWS/conductivity process, ∆MMWS, is plotted versus temperature

in Fig. 6.10. As expected, ∆MMWS decreases with temperature for all PA6 samples.

Moreover it is higher for PA6C than for the other two samples due to the increased

conductivity as discussed above.

Figure 6.10: ∆MMWS for PA6Ref (black squares), PA6T (red circles) and the PA6C (blue
triangles).

It is assumed, that the change in the intensity and position of the the MWS/conductivity

peak after the corrosion test is only due to the remaining salt ions in the sample. However,

changes in the crystalline structure of the polyamide sample can also lead to a shift of

the MWS peak to lower frequencies. The relaxation time of the MWS process τMWS

is proportional to the mean crystallite distance in the material.117,176 The crystalline

structure of the samples was investigated using wide-angle X-ray scattering (WAXS) (see

Sec. 6.2.3). As shown the crystalline structure of the polyamide samples does not change

signi�cantly after the thermal or corrosion test. Concerning the MWS/conductivity peak

one can conclude that the di�erences in intensity and position of the peak after the
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corrosion test are thus reduced to a higher conductivity in the polymer sample due to

remaining salt ions.

6.4 Conclusion

In this chapter, the (in)stability of polyamide 6 (PA6) towards a thermal and corrosion

test was investigated by means of dielectric spectroscopy. Supplementary, wide-angle X-

ray scattering (WAXS) measurements were carried out in order to obtain information on

the crystalline structure of the samples. For all PA6 samples two local relaxation modes,

the γ- and β- relaxation, and a segmental α- relaxation could be identi�ed. In addition

a high temperature response due to a MWS process combined with conductivity e�ects

was observed. For further analysis the local relaxation modes and the MWS/conductivity

peak were evaluated.

After the thermal test, the PA6 sample showed a similar dielectric behaviour than the

non-treated PA6 reference sample. However, after the corrosion test, that involves a salt

spray test, two main changes in the dielectric spectra were observed: a shift of the β-

relaxation to higher temperatures and an increased intensity of the MWS/conductivity

process with a shift to lower temperatures. The changes in the dielectric spectra are

caused by remaining salt ions in the sample. The ions enhance on the one hand the

conductivity of the sample and on the other hand they can interact with the polar groups

and interchain hydrogen bonds of the polyamide. The latter e�ect led to a shift of the

β- relaxation to higher temperatures and an increased activation energy. The increased

conductivity due to the salt ions evoked the shift of the MWS/conductivity peak to

higher frequencies (lower temperatures) since its relaxation time is inversely proportional

to the conductivity. Moreover, the relaxation time of the MWS process is proportional

to the mean crystallite distance in the material. In order to exclude that a change in the

crystalline structure was the reason for the observed changes in the MWS/conductivity

peak, WAXS measurements were carried out with the result that the crystalline structure

of the PA6 samples was not in�uenced by the test procedures. The di�erences in intensity

and position of the MWS/conductivity peak after the corrosion test could therefore be

reduced to a higher conductivity in the polymer sample due to remaining salt ions.

In the next chapter, the results for a comparative study with polyethylene (PE) are

presented.



Chapter 7

Corrosion (in)stability of polyethylene studied by

broadband dielectric spectroscopy

Abstract

In analogy to polyamide 6 (see Chap. 6), the corrosion (in)stability of a high density

polyethylene (HDPE) is investigated by means of dielectric spectroscopy. Samples are

studied in a wide frequency (10−2 - 107 Hz) and temperature range (153 - 373 K). Polyethy-

lene (PE) is a non-polar polymer. The dielectric response of PE is weak because (a) the

chain backbone (−CH2− groups) is symmetrical and carries only a weak dipole and (b)

HDPE has a high degree of crystallinity reducing the amorphous phase where most of the

motions discussed here mainly originate. The weak measured dielectric losses are due to

impurities. Moreover by oxidation processes a small number of carbonyl groups can be

formed which have a dipole moment.

The dielectric spectra of PE before and after the corrosion test can be decomposed into

two relaxation modes; a β- relaxation due to segmental motions in the amorphous regions

and a γ- relaxation assigned to local motions in the amorphous region of polyethylene.

Compared to the polar polyamide 6 discussed in Chap. 6, no changes are visible in the

dielectric spectra of PE after the corrosion test. Obviously, the uptake of salt ions during

the corrosion test depends on the polarity of the polymer.

7.1 Introduction

A prerequisite for the probing of molecular motions using dielectric relaxation spec-

troscopy are dipoles. Thus, as mentioned, the dielectric response of polyethylene is weak

because the chain backbone (−CH2− groups) carries only a weak dipole. Di�erent struc-

tural and morphological modi�cations were performed in order to investigate the molecu-

lar relaxations in non-polar polyethylene. A possible way to overcome the weak dielectric

response and intensify dielectric losses is to introduce polar groups, e.g. by oxidation

or chlorination of the polymer chain,177,178 assuming that a small number of carbonyl or

chlorine groups does not a�ect the molecular motions in polyethylene. Other methods

are thermal treatment, irradiation or ageing.179 In this way, the relaxation processes in

polyethylene and the corresponding molecular origins are well understood.117,178,180 The
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(crystalline) α- relaxation is due to molecular motions within the crystals. The β- relax-

ation is associated with the glass transition temperature in the amorphous regions. It is

similar to the α- relaxation discussed for polyamide in Chap. 6. The temperature de-

pendence of the relaxation rate follows the Vogel/Fulcher/Tammann law172�174 indicating

glassy dynamics. At lower temperatures the γ- relaxation can be observed due to local

motions in the amorphous region of polyethylene. As typical for local motional processes,

the temperature dependence of the γ- relaxation is Arrhenius-like.

In this work non-modi�ed high density polyethylene is investigated. The dielectric re-

sponse is expected to be weak and the above mentioned processes might not be detectable.

However, at the same time that means possible changes in the dielectric spectra due to

the corrosion test are more easily detectable .

7.2 Results

7.2.1 Dielectric spectra of PE

Dielectric experiments were performed in a temperature range from -120 to 100 ◦C. First,

a heating scan was carried out from 25 to 100 ◦C, followed by a cooling scan from 100

to -120 ◦C and �nally a second heating scan from -120 to 100 ◦C was performed. The

temperature was changed stepwise in steps of 5 K in the range -120 to 25 ◦C and in steps

of 3 K between 25 and 100 ◦C.

A frequency scan was carried out isothermally. In the following only data from the second

heating cycle (-120 to 100 ◦C) are discussed. Three-dimensional (3D) plots of the real

and imaginary part, ϵ′ and ϵ′′, of the complex dielectric permittivity ϵ∗ versus frequency

and temperature are presented in Fig. 7.1 for the reference sample before the corrosion

test, PERef . The dielectric response of polyethylene is small compared to polyamide (see

Chap. 6) because the CH2 groups carry only a weak dipole moment.117 The isochrononal

representation for ϵ′ and ϵ′′ at a �xed frequency of 90 kHz for PERef and PEC , before

and after the corrosion test, is shown in Fig. 7.2. Both samples reveal two relaxation

processes, the γ- and the β- relaxation. No conductivity phenomena are detected. The

γ- relaxation visible at lower temperatures is assigned to local motions in the amorphous

region of polyethylene.177,178 The process located at higher temperatures corresponds to

the so-called β- relaxation which is related to segmental �uctuations in the amorphous

regions of PE.176 It should be noted, that the nomenclature of the relaxation processes for

polyethylene is di�erent compared to PA6. The β- relaxation is due to segmental motions
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(a)

(b)

Figure 7.1: 3D plot of ϵ′ (a) and ϵ′′ (b) versus frequency and temperature for PERef .
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(a)

(b)

Figure 7.2: Temperature dependence of ϵ′ (a) and ϵ′′ (b) for PERef (black squares) and
PEC (blue triangles) at a frequency of 90 kHz. The small observed di�erences between
the two samples are within the experimental error.
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in the amorphous regions similar to the α- relaxation discussed for polyamide in Chap.

6.117

The isochronal graphs at di�erent �xed frequencies for PERef are shown in Fig. 7.3. As

Figure 7.3: Temperature dependence of ϵ′′ for PERef at di�erent frequencies between
0.01 and 950 kHz

expected, the peak of the β- relaxation is shifted to higher temperatures with increasing

frequency

7.2.2 WAXS spectra of PE

Fig. 6.5 shows the WAXS spectra recorded for PERef and PEC . The scattering patterns

of the two samples are nearly identical. The patterns show a strong increase in of the

scattered intensity at lower scattering angles with a broad maximum at around 2θ= 2.0◦

(see inset Fig. 7.4). The scattering pattern in this region is typical for randomly oriented

aggregates with a broad size distribution. Similar to PA6 the this broad maximum is

accompanied by a a steep dip in the scattered intensity rising up to two strong peaks

in the wide angle scattering region. The further analysis focuses on the changes in the

crystalline structure. The crystallinity was determined in the 2θ- range between 20◦ and

30◦.
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Figure 7.4: WAXS pattern for PERef and PEC . The grey shaded region denotes the 2θ-
range 20◦ to 30◦ taken for crystallinity estimation with two peaks at around 2θ= 23.1◦

and 25.5◦ for PERef and 2θ= 23.4◦ and 25.8◦ for PEC . The inset displays the broad peak
at a scattering angle around 2θ= 2.0◦ for PERef .

7.3 Discussion

7.3.1 The segmental β- relaxation

It should be noted that the order and range of ϵ′ and ϵ′′ is low and a further detailed

analysis of the isothermal graphs is not possible. However, the peak position logfp of the

β- relaxation can be extracted from the isochronal graphs and is plotted versus reciprocal

temperature in Fig. 7.5 for PERef and PEC . For comparison a relaxation map of the β-

relaxation for a low density polyethylene (LDPE) taken from Ref. 178 is added to the

graph.

As expected the temperature dependence of logfp is curved when plotted versus 1000/T

and can be described by the VFT equation (see Chap. 6, Eq. 6.6) The �t parameters

are summarized in Tab. 7.1. For PERef and PEC similar values for T id
0 are obtained with

Sample β- relaxation
log(f∞[Hz]) A0 [K] T id

0 [K] D = A0/T
id
0

PERef 12.1 238.2 219.2 1.1
PEC 13.8 319.1 211.2 1.5

Table 7.1: Parameters obtained from VFT �t for PE samples.
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Figure 7.5: Relaxation map of the β- relaxation for PERef , PEC and a LDPE taken from
Ref. 178. The solid lines are VFT �ts to the data.

slightly lower values for PEC than PERef . T id
0 is related to the glass transition temperature

Tg leading to the conclusion that the segmental motions are not a�ected by the corrosion

stability test.

7.3.2 The crystalline structure of PE

WAXS was used to investigate the crystalline structure of PE before and after the corro-

sion testing. The crystallinity is evaluated from di�raction patterns by resolving multiple

peak data into individual crystalline peaks and an amorphous halo. The two sharp peaks

in the range 2θ= 20◦ to 30◦ correspond re�ections along the (110) and (200) planes, re-

spectively.181,182 The broad peak under these peaks with a maximum around correspond

to the amorphous halo. The degree of crystallinity XC is calculated from the ratio of

the area under the two crystalline peaks to the total area of the spectrum (see Chap. 6,

Eq. 6.4). The scattering curves and the corresponding pro�le analysis are shown in Fig.

7.6.

Sample Degree of crystallinity
XC [%]

PERef 56.1
PEC 57.6

Table 7.2: Degree of crystallinity XC for PERef and PEC obtained from WAXS.

The degree of crystallinity XC for the two PE samples is given in Tab. 7.2. Both samples

show a degree of crystallinity between 56 and 58 % corresponding to literature values for
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Figure 7.6: WAXS pattern for PERef and PEC with data analysis. The dashed and
dotted lines represent the individual peaks (crystalline and amorphous), the full line
through the data points is the sum of the crystalline and amorphous contributions.

HDPE.179 For PEC XC is slightly higher compared to the reference sample PERef . How-

ever, di�erences are within the experimental uncertainty leading to the conclusion that,

as expected, the crystalline structure of PE is not in�uenced by the corrosion testing.

7.4 Conclusion

In this chapter, the dielectric behaviour of polyethylene (PE) was investigated before and

after a corrosion stability test. Polyethylene is a non-polar polymer without any functional

groups. The dielectric response of pure PE is small and changes in the dielectric spectra

due to the corrosion test should be detected easily. Wide-angle X-ray scattering (WAXS)

measurements were carried out in order to obtain information on the crystalline structure

of the samples. Two relaxation processes are revealed, a local γ- and a segmental β-

relaxation. However, no conductivity phenomena are visible neither before nor after the

corrosion test. The two samples, PERef and PEC , do not show any signi�cant di�erences

in their dielectric behaviour. WAXS measurements showed that the crystalline structure

of the PE samples was not in�uenced by the corrosion testing. In conclusion, one can say

that the dielectric properties of PE are not a�ected by the corrosion stability test. The

non-polar PE seems to be stable/inert towards the test. Compared to the polar PA6,

no salt ions remain in the sample after the corrosion test. That leads to the conclusion

that the uptake of salt ions during the corrosion test might be related to the polarity of

polyamide 6.



Chapter 8

Multiscale adhesion behaviour of metal/polymer

hybrids after a corrosion test

Abstract

In this chapter, the adhesion properties after the corrosion stability test for the two

DPS/polymer hybrids, DPS/PA6C and DPS/PEC , are discussed. Only the polymeric

component is exposed to a corrosion stability test since metals are in general corrosion

protected, e.g. using zinc coatings. In analogy to the adhesion studies described in Chap.

5, the work of adhesion per area is determined from contact angle (CA) measurements

and atomic force microscopy (AFM).

For DPS/PA6C both, the macro- and microscopic work of adhesion per area, increase

compared to values for the reference hybrid DPS/PA6. In comparison for DPS/PEC the

macroscopic work of adhesion per area does not change signi�cantly, only the microscopic

work of adhesion per area increases compared to the reference hybrid DPS/PE. The results

from contact angle measurements (macroscopic work of adhesion per area) support the

previous dielectric studies showing that PE is stable or inert against the corrosion test

whereas PA6 attracts and incorporates salt ions. The strong increase of the microscopic

work of adhesion per area for both hybrids, DPS/PA6C and DPS/PEC , might be explained

by measurements di�culties due to deformed and salt �contaminated� microspheres. That

makes the interpretation of the AFM data di�cult or even impossible.

8.1 Introduction

The adhesion between metals and polymeric materials plays a major role in many indus-

trial �elds for example in lightweight constructions. Polyamide 6 (PA6) and polyethylene

(PE) are widely used as engineering thermoplastics e.g. in metal/polymer composite

structures.

In Chap. 5 fundamental adhesion studies between di�erent metal/polymer combinations

were carried out in order to gain more knowledge on the adhesion mechanisms at the

metal/polymer interface on di�erent length scales. As discussed in Chap. 6, hybrid struc-

tures have to pass several standard tests for approving their durability and life expectancy

under end-use environments. That includes a corrosion stability test as described in Chap.
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4.3 (see Fig. 4.5). The in�uence of such a test on the polymer properties and dynam-

ics down to a molecular level was investigated using broadband dielectric spectroscopy.

Results were presented in Chap. 6 and 7 for polyamide 6 and polyethylene, respectively.

Metals are in general corrosion protected, e.g. by a zinc layer.3

Based on the results presented in the previous chapters the adhesion behaviour for the

DPS/polymer hybrids after the corrosion stability test is investigated. Results are com-

pared to the adhesion behaviour before the corrosion testing described in Chap. 5. More-

over, the results are related to the �ndings from the dielectric studies of bulk PA6 and

PE (Chap. 6 and 7).

8.2 Results

8.2.1 Appearance of polymeric microspheres after a corrosion test

The polymeric microspheres after corrosion testing were characterized using SEM. SEM

images of PA6C and PEC microspheres attached to a cantilever are presented in Fig. 8.1

and 8.2, respectively.

Figure 8.1: SEM images∗ of di�erent PA6C microspheres attached to a cantilever. Sam-
ples are coated with a 5-10 nm carbon layer.
∗recorded at ZELMI, TU Berlin

Compared with SEM images taken before the corrosion test (see Chap. 4.2, Fig. 4.4) the

following changes are observed: (1) The PA6 microspheres look distorted and salt crystals

are visible at the surface of the sphere. (2) The PE microspheres seem to be slightly

distorted as well, however no salt deposition is observed. The surface looks similar than

the one of the reference samples (Fig. 4.4). Due to the observed salt deposition, polymeric

microspheres and plates were cleaned in Milli-Q water before micro- and macroscopic

adhesion measurements.



Chapter 8 Adhesion studies after corrosion testing 89

Figure 8.2: SEM images∗ of di�erent PEC microspheres attached to a cantilever. Samples
are coated with a 5-10 nm carbon layer.
∗recorded at ZELMI, TU Berlin

8.2.2 Macroscopic adhesion properties after a corrosion test

Macroscopic adhesion properties are obtained from contact angle measurements. PA6C
and PEC polymer plates were cleaned in Milli-Q water for 10 min in the ultrasonic bath,

subsequently dried in the oven at 60 ◦C for 4h under vacuum. After this procedure the

samples were cleaned in pure ethanol for 10 min using an ultrasonic bath and subsequently

dried with nitrogen. The contact angle was determined as described in Chap. 3.2.

In Tab. 8.1 the surface energy, γS, of DPS, PA6, PE and PA6C and PEC (after the corrosion

test) are listed. γS was determined using the OWRK method as described in Chap. 3.2.

The values for DPS, PA6 and PE (reference samples before corrosion testing) are taken

from Chap. 5.2. The surface energy of both polymers changes after the corrosion test.

Sample Total surface energy Dispersive part γd
S Polar part γp

S

per area γS [mN/m] [mN/m] [mN/m]
before corrosion

DPS 40.9 ± 3.3 31.2 ± 1.2 9.8 ± 2.1
PA6 42.5 ± 3.1 37.0 ± 0.7 5.5 ± 2.4
PE 38.3 ± 2.0 36.5 ± 0.4 1.8 ± 1.5

after corrosion
PA6C 50.9 ± 0.4 44.8 ± 0.3 6.1 ± 0.1
PEC 36.5 ± 0.4 35.0 ± 0.2 1.5 ± 0.2

Table 8.1: Total surface energy per area γS with dispersive and polar part for DPS, PA6,
PE and polymer samples after the corrosion testing, PA6C and PEC . γS is determined
from CA measurements using the OWKR method.

For polyethylene γS slightly decreases from 38.3 to 36.5 mN/m whereas for polyamide 6

γS increases from 42.5 to 50.9 mN/m after the corrosion test.
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The macroscopic work of adhesion per area Wad,CA is calculated and reported in Tab. 8.2.

For theoretical details see Chap. 3.2. For DPS/PAC Wad,CA increases due to the higher

Sample pair Work of adhesion
(Metal/Polymer) per area Wad,CA [mN/m]
before corrosion

DPS/ PA6 82.6 ± 6.7
DPS/ PE 75.9 ± 6.4

after corrosion
DPS/ PA6C 90.2 ± 3.9
DPS/ PEC 73.8± 4.5

Table 8.2: Macroscopic work of adhesion per area Wad,CA for DPS/polymer hybrids
before and after corrosion testing.

surface energy of PA6C compared to PA6. For DPS/PEC Wad,CA slightly decreases due

to the lower surface energy of PEC compared to PE. However the di�erence is small and

within the experimental error.

8.2.3 Microscopic adhesion properties after a corrosion test

Microscopic adhesion properties are obtained from AFM force measurements. Force mea-

surements were conducted before and after washing the microspheres with Milli-Q wa-

ter. The results are a summary of measurements using di�erent polymeric microspheres.

Therefore the normalized adhesion force Fad/R is plotted.

Adhesion force between DPS and PA6C

The normalized adhesion forces for DPS/PA6C are shown in Fig. 8.3. Force data are plot-

ted in a histogram and �tted with a Gaussian line. The corresponding mean normalized

adhesion force Fad/R and the standard deviation σ are summarized in Tab. 8.3. Data for

the reference hybrid DPS/PA6 (taken from Chap. 5.2.2) are listed as well.

Parameter DPS/PA6C DPS/PA6
before washing after washing

Normalized adhesion
force Fad/R [N/m] 0.0136 0.1228 0.0887

Standard deviation σ [N/m] 0.0068 0.0673 0.0268

Table 8.3: Results from AFM force measurements for DPS/PA6C , before and after wash-
ing of the microsphere with H2O, and DPS/PA6.
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Figure 8.3: Normalized adhesion force Fad/R histogram obtained from AFM force map-
ping for DPS/PA6C before and after washing of the polymeric microsphere with H2O.
The solid line is a Gaussian �t to the data.

Before the washing of the microspheres, the adhesion forces are small and the distribution

is quite narrow even if higher forces are observed as well (but do not contribute to the

Gaussian �t). Compared to the reference hybrid DPS/PA6 the mean normalized adhesion

force is around 6.5 times smaller. After washing of the microspheres with H2O Fad/R

increases and the distribution becomes broader. The mean normalized adhesion force is

now around one magnitude higher than before washing and 1.4 times the value of the

reference sample DPS/PA6.

Adhesion force between PE and metal surfaces

The normalized adhesion forces for DPS/PA6C are shown in Fig. 8.4. Force data are plot-

ted in a histogram and �tted with a Gaussian line. The corresponding mean normalized

adhesion force Fad/R and the standard deviation σ are summarized in Tab. 8.4 including

the data for the reference hybrid DPS/PE (taken from Chap. 5.2.2).

In case of DPS/PEC the di�erence between Fad/R before and after washing of the micro-

spheres is not that signi�cant. Before washing, the adhesion forces are slightly higher and

the distribution is broader. Similar to DPS/PAC higher forces are observed but neglected

when �tting to a Gaussian curve. After washing of the microspheres with H2O Fad/R
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Figure 8.4: Normalize adhesion force Fad/R histogram obtained from AFM force map-
ping for DPS/PEC before and after washing of the microsphere with H2O. The solid line
is a Gaussian �t to the data.

Parameter DPS/PEC DPS/PE
before washing after washing

Normalized adhesion
force Fad/R [N/m] 0.1005 0.0896 0.0471

Standard deviation σ [N/m] 0.0315 0.0146 0.0007

Table 8.4: Results from AFM force measurements for DPS/PEC , before and after wash-
ing of the microsphere with H2O, and DPS/PE.
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slightly decreases and the distribution becomes narrower. The mean normalized adhesion

force of DPS/PEC is around twice the value of the reference hybrid DPS/PE.

For further analysis only adhesion force data after washing of the microsphere are used.

In order to relate the adhesion force to a work of adhesion per area Wad roughness e�ects

of the metal substrate have to be considered.

8.3 Discussion

In order to compare macro- and microscopic adhesion properties, AFM force data are

converted into a microscopic work of adhesion per area. For more details see Chap. 5.3.

AFM data are analysed using the Rabinovich model (Eq. 3.9) accounting for roughness

e�ects of the metal substrates. The resulting work of adhesion per area is indicated

as Wad,Rabi. The roughness characteristics of the metal surfaces are listed in Tab. 8.5.

Results for Wad,Rabi are summarized in Tab. 8.6.

Metal sample Surface characteristics
rms2 [nm] λ2 [nm] r2 [µm]

DPS (III) 1.37 455.34 2.61
(adhesion studies PA6C)

DPS (IV) 1.38 521.47 3.40
(adhesion studies PEC)

Table 8.5: Roughness features of DPS substrates obtained from AFM imaging. The
radius of asperity r2 is calculated using Eq. 3.10.

Work of adhesion DPS/ DPS/ DPS/ DPS/
per area Wad [mN/m] PA6 PA6C PE PEC

obtained from:
CA Measurements, Wad,CA 82.6 90.2 75.9 73.8

AFM (Rabinovich model), Wad,Rabi 73.5 123.1 54.1 72.6

Table 8.6: Macroscopic and microscopic work of adhesion per area for DPS/polymer
hybrids before and after corrosion testing.

For DPS/PAC the microscopic work of adhesion per area Wad,Rabi increases by around 50

mN/m compared to the reference hybrid DPS/PA6. That is mainly due to the higher

adhesion force measured between DPS and PA6C . It is qualitatively consistent with

the �ndings for the macroscopic work of adhesion per area Wad,CA that also increases

for DPS/PA6C compared to the reference hybrid. However the increase of Wad,CA for

DPS/PAC is smaller and only around 8 mN/m.
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For DPS/PEC Wad,Rabi increases by around 19 mN/m compared to the reference hybrid

DPS/PE due to the higher adhesion force measured between DPS and PEC . This trend

was not observed on the macroscopic scale, where similar values of Wad,CA were found for

DPS/PE and DPS/PEC . Note that the slight decrease of around 2 mN/m after corrosion

testing is within the experimental uncertainty.

Dielectric studies revealed that polar PA6 incorporates salt during the corrosion test

whereas non-polar PE does not. SEM images of the polymeric microspheres showed that

salt was also deposited on the surface of PA6 spheres but not on the surface of PE spheres.

Polymer plates and spheres were washed with H2O before adhesion measurements in or-

der to remove salt residues from the surface. However, possible incorporated salt is not

removed by such a washing process and remains in the polymer bulk phase. The macro-

scopic work of adhesion per area was only slightly in�uenced by the corrosion treating.

As expected, PE did not show any signi�cant changes in surface energy supporting di-

electric studies that PE is stable or inert against the corrosion test. The surface energy

of PA6 increased after the corrosion stability test. The increase could be explained by

salt residues in the sample or even on the surface if the washing process is incomplete.

The strong increase of the microscopic work of adhesion per area is not fully understood

yet. In general, the measurements of the adhesion forces after the corrosion test were

unsteady and the reproducibility worse compared to AFM measurements presented in

Chap. 5. Thus the AFM data are not necessarily reliable. Besides salt residues on the

surface, a main reason for the measurement di�culties might be the deformation of the

microspheres after the corrosion test. A fact which is not or cannot be considered in

further analysis of the AFM force data.

8.4 Conclusion

In this chapter, the adhesion properties of metal/polymer hybrids were discussed after

exposing the polymeric component to a corrosion stability test. The work of adhesion per

area between polyamide 6 (PA6) and a dual phase steel (DPS) as well as between polyethy-

lene (PE) and DPS were studied by contact angle (CA) measurements and atomic force

microscopy (AFM). The macroscopic work of adhesion per area, Wad,CA, was obtained

from CA measurements using the OWRK method. The microscopic work of adhesion per

area, Wad,Rabi, was obtained from measured AFM adhesion forces. Roughness e�ects are

considered using the Rabinovich model.
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For DPS/PAC the macro- and microscopic work of adhesion per area,Wad,CA andWad,Rabi,

increased compared to the reference hybrid DPS/PA6. However, the absolute change was

not consistent, since the increase ofWad,Rabi was around 6 times higher than ofWad,CA. For

DPS/PEC the macroscopic work of adhesion per area stayed more or less constant, whereas

the microscopic work of adhesion per area increased by around 19 mN/m compared to

the reference hybrid. Due to the increase in Wad,Rabi, Wad,CA and Wad,Rabi were the same

in absolute numbers for DPS/PEC .

Dielectric studies showed that polar PA6 incorporated salt during the corrosion test

whereas non-polar PE did not (see Chap. 6). Relating this �ndings to the here pre-

sented adhesion results, the following conclusions can be drawn: (1) SEM images of the

polymeric microspheres showed that salt was deposited on the surface of polar PA6 spheres

but not of PE spheres. (2) The surface energy of PEC did not show any signi�cant changes

compared to the the reference sample supporting dielectric studies that PE is stable or

inert against the corrosion test. Whereas the surface energy of PA6C increased after the

corrosion stability test. The increase could be explained by the remaining salt ions in the

sample and/or salt residues on the surface due to an incomplete washing process.

The strong increase of the microscopic work of adhesion per area for both, DPS/PA6C
and DPS/PEC , might be explained by measurements di�culties due to deformed and salt

�contaminated� microspheres. That makes the interpretation of the AFM data di�cult

or even impossible. Therefore, AFM results after the corrosion stability test should be

evaluated critical.
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Summary and Outlook

Metal/polymer hybrid structures are increasingly used in industrial applications espe-

cially due to the associated weight savings. Understanding the adhesion mechanisms at

the metal/polymer interface and evaluating the service life expectancy of the hybrid parts

is of high importance. This thesis comprises separate studies on the following issues: (1)

The multiscale adhesion behaviour of industrial commonly used material combinations

of metals and polymers, the in�uence of surface roughness and polymer polarity on the

adhesion properties/ strength. (2) The service life expectancy of the polymers or hy-

brids, respectively and the resultant property changes and its correlation to the adhesion

properties.

In the �rst part (Chap. 5), the adhesion of polyamide 6 (PA6) and polyethylene (PE)

towards an aluminium alloy (Al-A) and a dual phase steel (DPS) were studied by contact

angle (CA) measurements and atomic force microscopy (AFM) measurements. Compared

to standard adhesion tests, the combination of the two methods allowed to determine the

adhesion properties on a macro- and (sub)microscopic scale in a non destructive way. The

work of adhesion per area of the studied metal/polymer systems scales the same on both

length scales: Al-A/PA6 > DPS/PA6 > Al-A/PE, DPS/PE. The adhesion was found to

be dominated by the polymer. Absolute values are the same order of magnitude for both

length scales. However, with AFM force measurements it was possible to determine adhe-

sion characteristics more precisely and to di�er between the metal/polymer combinations.

In this way di�erent adhesion mechanisms depending on the chemical nature (polarity)

of the polymer could be identi�ed. The surface roughness of the metal substrates was

successfully modelled using the Rabinovich approach.

The second part of the thesis (Chap. 6 and 7) dealt with the service life expectancy of

the polymer component. The (in)stability of polyamide 6 (PA6) and polyethylene (PE)

towards a thermal and corrosion test was investigated by means of dielectric spectroscopy.

Supplementary, wide-angle X-ray scattering (WAXS) measurements were carried out in

order to obtain information on the crystalline structure of the samples. For all PA6 sam-

ples two local relaxation modes, the γ- and β- relaxation, and a segmental α- relaxation

could be identi�ed. In addition a high temperature response due to a MWS process com-

bined with conductivity e�ects was observed. The corrosion test, that implied a salt spray

test, caused two main changes in the dielectric spectra of PA6: A shift of the β- relax-

ation to higher temperatures and an increased intensity of the MWS/conductivity process

with a shift to lower temperatures. The changes in the dielectric spectra were caused by
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remaining salt ions in the sample. The ions enhance on the one hand the conductivity of

the sample and on the other hand they can interact with the polar groups and interchain

hydrogen bonds of the polyamide. The increased conductivity due to the salt ions evoked

the shift of the MWS/conductivity peak to higher frequencies (lower temperatures) since

its relaxation time is inversely proportional to the conductivity.

The dielectric spectra of polyethylene (PE), a non-polar polymer without any functional

groups, revealed two processes: a local γ- and a segmental β- relaxation. However, no

conductivity phenomena were visible neither before nor after the corrosion test. Signi�cant

di�erences in the dielectric behaviour of PE before and after the corrosion test were not

observed.

The crystalline structure neither of PA6 nor of PE was in�uenced by the testing proce-

dures. This was shown by WAXS measurements. Conclusive for the dielectric studies,

one can say that the non-polar PE seemed to be stable/inert towards the test compared

to the polar PA6. Here, salt ions remained in the sample after the corrosion test. The

uptake of salt ions during the corrosion test might thus be related to the polarity of the

polymer.

The in�uence of the corrosion stability test on the multiscale adhesion behaviour was

investigated in Chap. 8 using the same approach than described in Chap. 5. Adhesion

properties of DPS/PA6 and DPS/PE hybrids were studied by CA measurements and

AFM after exposing the polymeric component to a corrosion stability test. For DPS/PA6

the macro- and microscopic work of adhesion per area increased after the corrosion test

compared to the reference hybrid. For DPS/PE the macroscopic work of adhesion per

area stayed more or less constant, whereas the microscopic work of adhesion per area

strongly increased compared to the reference hybrid. Dielectric studies showed that polar

PA6 incorporated salt during the corrosion test whereas non-polar PE did not. In fact,

the surface energy of PE changed only insigni�cantly after the corrosion test supporting

dielectric studies that showed PE was stable or inert against the corrosion test. The

surface energy of PA6 increased after the corrosion stability test. The increase could be

explained by remaining salt ions in the sample and/or on the sample surface. The strong

increase of the adhesion forces in AFM measurements and thus the increased microscopic

work of adhesion per area for both, DPS/PA6 and DPS/PE, might be explained by

di�culties in AFM measurements due to deformed and salt �contaminated� microspheres.

That made the interpretation of the AFM data di�cult or even impossible. Therefore

AFM results after the corrosion stability test should be evaluated critical.

As an outlook based on the dielectric results presented in Chap. 6 and 7, future dielectric
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studies of metal/polymer hybrid structures are of interest for revealing not only bulk

properties, but also interfacial properties. The future measurements could address the

in�uences of the remaining salt ions in the polymer sample (polyamide) on interfacial

properties of the hybrid. These measurements would not only include the metal/polymer

interface but also possible interfaces within the polymer if reinforced polymers are used.

In this context, the ageing characteristics of the polymer and the hybrid component as a

whole, possible polymer degradation processes and the corrosion behaviour of the metal

at the interface are of special interest.

Moreover, the current work has shown that with a combination of methods the adhesion

behaviour of industrially used metal/polymer hybrids can be characterized on di�erent

length scales. Di�erent adhesion mechanisms were revealed. As an outlook, a wider range

of polymers could be studied. Such a study would allow understanding the in�uence of

polymer modi�cations in order to �nd the optimum adhesion towards metals. Also, as

a comparative study the adhesion behaviour in existence of a primer or other adhesives

between metal and polymer could be of interest. Moreover, AFM measurements in a re-

verse way using a polymer substrate and metal microsphere could be of interest and could

deliver useful insights concerning the adhesion mechanism between the two components.
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