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Abstract 

Flexible electronics is an upcoming market within the electronics business. Biaxial stretched 
Polyethylene Terephthalate (PET) foil is a material that is being used as a substrate for mak
ing fl exible electronics. The manufacturing process of fl exible electronics involves many steps 
of printing electronic layers with high temperature and humidity changes which causes the 
substrate to deform. For accurate ali gnment of these electronic layers its essential to model 
the substrate material. Microstructure and deformation mechanisms of the substrate foil are 
unknown and needed as input for the material model. In this work the microstructure of 
biaxi al stretched PET is characteri zed by using microscopie measurement techniques. 

In a brief review, a li st of potential microscopie techniques is presented. These techniques were 
re-examined for use on biaxial stretched PET foil used as a substrate for fl exible electronics. 
Most techniques from the li st were found not suited to characterize the microstructure of 
biaxial stretched PET foil. Techniques like SAXS/ WAXS, AFM phase and HarmoniX did 
provided some information about the microstructure and selective chemica! etching was used 
to reveal the residual stress within the PET foil. The outcome of these techniques was then 
further analyzed. This analyzing included image processing by global and local digit al image 
correlation and comparing results of the different techniques. A final representation of the 
expected microstructure was proposed. 
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Chapter 1 

lntroduction 

Today's electronic business market is making a shift from conventional silicon based elec
tronics to printed thin-film fl exible electronics. The market of these electronics is in 2010 
$1.92611 and will be $55.lbn in 2020, according to market analysis company IDTechEx. Ini
tially photovoltaics, OLED and e-paper displays (shown in figure l.l a) grow rapidly, followed 
by thin film transistor circuits, sensors and batteries. The growing market of this relatively 
new technology makes it an interesting research topic for many businesses. 

(a) OLED (b) fl exible photovoltaic ( c) e-paper display 

Figure 1.1: Examples of fl exible electronics 

Holst Centre is an independent open-innovation R&D center that develops generic technolo
gies for Wireless Autonomous Transducer Solutions and Systems-in-Foil (SiF). The program 
of SiF focuses on the production of fl exible electronics with a transparent polymer substrate. 
At Holst Centre several polymers are examined to serve as a possible substrate for flexible 
electronics. Mechanica! and thermal properties together with the casts makes polyethylene 
terephthalate (PET) one of the prime candidates to be used as a substrate for flexible elec
tronics. 

The technology of making flexible electronics is clone by lithography on foil. Lithography 
consists of making a pattern of electronic conductors on a substrate surface. The pattern 
consists of multiple layers. At Holst Centre the production of flexible electronics is clone 
on a roll-to-roll process (Figure 1.2). Roll-to-roll production processing makes it possible to 
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2 CHAPTER 1. INTRODUCTION 

Figure 1.2: Holst Centre Roll-to-Roll research line (executive report 2008, Holst Centre, 
Eindhoven). 

produce high quantities of flexible electronic at a low cost. 

The roll-to-roll process starts with a roll of polymer substrate foil. This roll is unrolled 
and the polymer substrate enters the printing area. During the unrolling, the substrate is 
loaded under tension. After printing of one electronic layer, the substrate can be printed 
again in the same production line or rolled back onto a roll for printing in a new production 
line. 

An important issue in making electronics in genera} is the accurate alignment of the mul
tiple electronic layers. During the printing of a single layer, high temperatures are need to be 
used while the substrate is under tension. This causes the substrate to deform in a complex 
manner. Unknown deformations during a production step makes it impossible to obtain accu
rate alignment of the next layers. It is therefore important that deformations of the substrate 
during production are researched and modeled, such that the deformations can be predicted. 
This can improve the production process and therefore useable for high-end electronics, that 
need accurate alignment of complex electronic patterns. 

To model deformations of the substrate as a function of the thermo-mechanica} loading dur
ing production the polymer has to be fully characterized. This characterization takes place 
on several scale lengths. The productions conditions in which the foil is printed can cause 
mechanica} and morphological changes on the micro-scale as well as the macro-scale. A single 
multi-scale model that includes information on the macro-and micro-scale has to be created 
in order to improve the production process. To obtain the information on the micro-scale 
level, the morphology of the material has be known. The morphology on micro-scale level 
may be obtained by using microscopie characterization techniques. The goal of this thesis is 
to obtain this micro-scale morphology. 

PET is widely used for all kind of products and therefore also widely researched. Previ-
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ous research on the structure and behaviour of PET is presented fir st in this report because 
knowing the material is of great importance for applying and analyzing the microscopie tech
niques. Various ways of producing PET influence the fin al structure of the materi al and 
t herefore an own research on the material that Holst Centre uses as possible substrate is 
needed. A li terature research in finding techniques t hat could be used to characteri ze the 
PET is described next. While some microscopie techniques have been used to characterize 
PET, other techniques have been used the characteri ze other semi-crystallin e polymers. The 
findings of t he lit erature research provide a li st of techniques used in this work. Measure
ments with these techniques together with new techniques are presented next. The findings 
of the measurements describe the benefits and disadvantages of each individual technique. 
An analysis of the obtained results from the different techniques is performed next. Analysis 
on the results of the techniques is needed because most information of t he measurements is 
not directly visible by only looking at the direct outcome of the measurement. This analysis 
contains image processing, coupling of techniques and using analytica! models to explain the 
outcome of some results. 
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Chapter 2 

Material 

2.1 lntroduction 

Holst Centre uses polyethylene terephthalate (PET) as a polymer substrate for printing fl exi
ble electronics. The polymer substrate has to meet certain requirements. PET is commercially 
available in many forms (uniaxial stretched, biaxial stretched, fill ers included, with or without 
top layers, etc .. ). At Holst Centre, research on different types of polymers has been clone. 
Certain types of PET are possible candidates to be used as polymer substrate. The material 
that is currently in research at Holst Centre is biaxial stretched PET with a thin (± 80nm) 
acryli c layer on top. However , an extra layer on top of the PET causes problems for most of 
the microscopie measurement techniques. To solve the problem, DuPont Theijin Films ( who 
is the manufacture of the polymer foil used by Holst Centre) has directly been contacted and 
they supplied non-commercial PET foil with the same production process as the foil used at 
Holst Centre, but without the extra top layer. This material is call ed MelinexOD PET. Some 
properties of the foil, given by DuPont Theijin, are shown in table 2.1. 

The morphology of PET foil is determined by the production process as is shown in the 
publication of Gohil[l]. During different stages of the product ion of the foil, the polymer is 
crystallized and oriented. The fir st step in the research is finding information about the ma
teri al. Therefore the crystallin e structure of PET is described fir st and then the production 
process. 

2.2 Crystalline structure of polyethylene terephthalate 

PET is a semi-crystalline polymer with crystal and amorphous phases. The monomer of PET 
has been determined in the publication of Daubeny et al[2] by using X- ray diffr action pat
terns of drawn PET fibr es. The crystallin e phase of PET can be described by the chemical 
unit cell, -CO.C5H4.CO.O.(CH2)2O-. The unit cell is triclinic with a = 4.56.A, b = 5.94.A, 
c = 10.75.A, 0: = 98.5°, /3 = 118°, 'Y = 112° as shown in figure 2.la. The positions of the 
molecules within the unit cell is shown in fi gure 2.lb. The forces between the molecules are all 
nonnal Van der Waals connections. The relative high melting temperature of the crystalline 
phase of PET, 255 - 260°C, is due to the rigidity of the aromatic ring and is therefore higher 
in comparison with aliphatic polyesters. The c-axes of PET (which is the position of the 
monomer in the unit cell ) has a tilt ed angle of about 5°. 

5 



6 CHAPTER 2. MATERIAL 

Table 2.1: Material properties of biaxial stretched MelinexOD PET from DuPont Theijin 

Properties 
Value 

Unit 
Machine Transverse 
direction direction 

Thickness 125 µm 
Area Yield 5.7 m'î./kg 
Upper Melt temperature 255-260 oc 
Relative Density 1.4 -
Coefficient of thermal expansion (between 20 and 50°C) 19*10-6 16 * 10-5 cm/cm/°C 
Shrinkage ( after 5min at 150°G) 1 0.5 % 
Tensile strength at fracture 20 20 kg/mm'2 
Elongation at fracture 125 80 % 

The crystalline structure of PET plays an important role in the configuration of polymer 
chains during and after production. However, by just knowing the unit cell and atoms of the 
monomer it is not possible to predict the morphology of PET after its production and PET 
also consist of amorphous phase regions. These phase regions consist of the same polymer 
without the order of an unit cell. The amorphous phase is different after every production. 
The lack of order makes is difficult to characterize the microstructure. 

c=l0.7SA 

(a) Triclinic unit cel! of PET in 
which the monomer is positioned 
with a tilted angle of 5°. The 
unit cell displays the minimum 
distance between the monomers 

(b) Atomie configuration of 
PET (monomer) determined by 
Daubeny[2] 

Figure 2.1 

2.3 Production process 

The production of biaxial oriented PET foil is done by melt extrusion. The melt is rapidly 
quenched from the extrusion temperature. A subsequent heating and stretching process of the 
film creates a thin and biaxial stretched foil. At the end of the production, the foil gets a final 
heat setting treatment. The different stages of the process can be seen in figure 2.2a and 2.2b. 
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The PET resin is extruded at about 280°C through a fl at die onto a cold quenching drum. 
This gives the material an amorphous glassy film. The foil is t hen preheated above the glass 
transiti on temperature (T9 �~� 70°C) typically at 70°C - 90°C and passed through two sets of 
nip rolls. The second set of nip rolls operates at two to six times faster speed than the first 
set such that the film is stretched longitudinally. The difference in speed introduce a stretch 
of À=3.5 - 3. 75 in the machine direction (MD). The film is oriented in de MD direction and 
has a crystallinit y of about 20%. 

The semi-crystallin e and uniaxially oriented film is then stretched in the transverse direc
tion (TD) with a stretch of À=4.25 - 4.5, see fi gure 2.2b. The stretching is clone by imposing 
a deformation on the outer edges of the foil. By stretching in the TD direction, the thickness 
is better controll ed. The foil has now high mechanical properti es in both directions. Inter
nal stresses can still cause the foil to shrink if heated above the temperature at which it is 
stretched. In order to make the foil more stable for future fl exible electronic:s manufacturing 
steps at higher temperatures, the foil is heated at temperatures in the range of 150°C - 230°C, 
while still laterally restrained (figure 2.2b). The crystallinity inc:reases to about 45 - 55%. 

1 
PET powder 

�~� 280°( 

Mach in e direct ion str etc he Q_ 
between 70° C and 90° C 

Slow nip Fast nip 

V 

Slow rolls fast roll s 

zoomed 

(a) Production stage of the melt extrusion of PET 

'”� PET film 

. • l 1 

Transverse 
direc t1on 
slre tched 
be twee n 70° C 
and 90°C 

r 

Heat 

-=~· 
be1wff!!\ t lSO'Cto [ ,., 

Take up 
roll 

(b) Production stage of stretching and subsequently heating 
of the PET film after the foil was created by the melt extru
sion process as shown in subplot 2.2a 

Figure 2.2 
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2.3.1 Crystallization 

As mentioned above, during the production of PET, the polymer is partially crystallized. 
The crystallization process for polymers in general is described in the book of Polymeren [3]. 
The transition from liquid melt (beginning of the production) to solid crystal (partially end 
product) is mainly driven by the thermodynamica! state variable G, the free enthalpy. 

G = U-TS+pV = H-TS (2.1) 

were U is the internal energy, T is the absolute temperature, Sis the entropy, pis the pressure, 
V is the volume and H = U + pV is the enthalpy. The free enthalpy is different for crystal 
and liquid at a certain temperature. This is schematically shown in figure 2.3. The second 
law of thermodynamics tells us that the free enthalpy is preferred go to a minimum. So below 
T m the crystal structure state is the preferred condition. 

G 

î 
liquid 

crystal 

Figure 2.3: Schematic representation of the free enthalpy with increasing temperature for a 
liquid and crystal structure 

The difference in free enthalpy between the liquid state and the crystal state can be described 
by: 

(2.2) 

were b..Gv is the difference in free enthalpy per volume unit and A = -f 1rr3 b..Gv is the volume 
of a nucleus with radius r multiplied with the difference in free enthalpy which describes the 
loss of free enthalpy during crystallization. B = 41rr21 the surface of nucleus multiplied with 
the interface energy, 1 which describes the gain of free enthalpy due to forming of an interface. 

At the critica! radius, r c, the nucleus will grow and crystals are created. From this point 
of view the highest value of b..Gv will provide the largest driving force for nucleation. So tem
peratures far below T m are preferred for creating nucleus. On the other hand a nucleus has 
to grow. Polymer chains need movement in order to grow. The highest movement is during 
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high temperatures close to Tin- The difference in forming and growing of nucleuses is shown 
in figure 2.4. The temperatures during the production causes the material to crystallize. 

V 

î 
nucleus 
forming speed 

crystallizat ion speed 

nucleus grow 
speed 

T,,, �~� T 

Figure 2.4: Schematic representation of the temperature dependency of nucleus forming speed 
and the nucleus grow speed which are combined the crystallization speed 

The crystalli zation of PET during the production cannot only be explained by temperature 
induced crystallization. Polymers with temperatures above the melting temperature are vis
coelastic liquids. A solid is formed due to cooling and can be amorphous, crystallin e or 
semi-crystalline, depending on the molecular structure and the cooling rate. Polymers with 
a regular structure are able to crystallize. Crystalliz ation during cooling continues until the 
polymer reach it s glass transition temperature. The glass transition temperature is the tem
perature at which the polymer molecules lose their mobility and are " frozen" . For PET the 
melt can be cooled rapidly for recrystallization to take place because the crystalli zation speed 
between T9 and Tm is high, see fi gure 2.4. 

Amorphous PET can crystallize when it is deformed just above the glass transition temper
ature. During the deformation, the materi al is a mixture of an amorphous melt and a solid 
with a crystalline structure. Orientation in the melt accelerates the phase transition. Crys
talli zation during deformation is referred as strain-induced crystalli zation. Strain-induced 
crystallization is orders-of-magnitude faster than spontaneous thermal crystallization[4, 5]. 
The forming of a crystal structure is influenced by many variables. The resulting crystal 
structure can therefore vary from lamell ar structure to spherulite and 'Shish-kebab'. 

2.3.2 Heatsetting 

During the production process of the film s, the material undergoes molecular ali gnment, 
strain- and temperature-induced crystallization. The resulting rapid crystallization during 
stretching of the material causes the formed crystallin e domains to contain many lattice and 
conformational defects. These defects can be partially eliminated by a heatset , i .e., annealed 
under lateral constraint at a temperature below the melting point. 

The morphology changes during the heatset. The amorphous chains who were oriented during 
stretching, gain mobility due to thermal energy. The constraint during annealing causes new 
secondary crystals to preferably grow in the direction perpendicular to the film plane. The 
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new secondary crystals are normally smaller in size and have usually a lamellar morphology 
with crystal orientation perpendicular to chain-extended crystals formed during stretching[l]. 
Different heatset temperatures give different crystal grow and therefore different morphology, 
which is also the case in the production proces of MelinexOD PET foil. 

2.4 Discussion and Conclusion 

The crystalline structure and production process of PET sections give a insight in the ma
terial. The crystalline structure section gives only basic information about crystalline PET. 
This information makes it not possible to predict or calculate the morphology directly. It can 
only be used as a guidance for explaining results from experiments. The production process 
section provides information about the forming of the material and shows that PET can be 
different for different production conditions. Variables like the free enthalpy, nucleus radius 
and interface energy, are unknown. Also the exact influence of strain on the crystallization 
process is unknown. Therefore the morphology can not be described by only looking at the 
production parameters. To create smaller crystalline structures, the manufacture of the foil 
can use nucleation agents. The addition of nucleation agents changes the crystallization pro
cess as describe above. Manufactures often reserve the information of additional nucleation 
agents for commercial reasons. It is expected that MelinexOD PET also contains nucleation 
agents. 

The production of biaxial stretched PET involves many processes that influence the mor
phology of the material. The 'normal' thermodynamical driven crystallization is only apart 
of the complex crystallization that occurs. The structures is therefore hard to predict from 
analysis of the production methods, but has to be re-examined by microscopie measurement 
techniques. 



Chapter 3 

Review of polymer microstructure 
characterization techniques 

3.1 Introduction 

A lot of research has been done on characterization of polymers. Starting in the 60's research 
on characterization of polymers concentrated on using advanced microscopie measurement 
techniques. The information of the microscopie structure of polymers provided new insides 
in the mechanica! and thermal behaviour of polymers. Semi-crystalline polymers were also 
characterized by using microscopie measurements techniques in the past. In the case of semi
crystalline polymers the distinction between the two phases, crystallin e and amorphous, can 
be important to characterize the mechanica! behaviour. The two phases mainly differ by 
density, ori entation and mechanica! behaviour. For characterization these devi ations in prop
erties can be used. 

Creating contrast with microscopie measurement techniques is the most chall enging part 
when characterizing polymer material. Different techniques provide different types of con
trast. Surface information as well as bulk averaged material information can be obtained 
by several techniques. The bulk averaged information can be examined by techniques like 
Differential Scanning Calorimetry (DSC), tensile tests and ATR-IR. DSC measures the differ
ence in the amount of heat required to increase the temperature of a sample and a reference 
sample as a function of the temperature from which information like crystallinity, melting 
temperature and glass transition temperature can be obtained. Tensile testing can be used 
to measure the mechanical properties (like elastic modulus) for different in-plane angles and 
conditions (like high temperatures or humidity). ATR-IR uses infrared light in combination 
with the internal reflection of the sample to determine properties like crystallinity. However , 
this part of the characterization (which concentrates more on the macro-scale properties and 
are not reall y microscopie characterization techniques) of biaxial stretched PET is done by 
somebody else and that work is still in progress. X-ray diffraction is also not a microscopie 
technique but this technique can obtain important information like apparent crystal size and 
averaged spacings between stacked lamell ar crystals. This can be important for finding the 
microstructure of MelinexOD PET and is therefore also treated in this work. The question is 
whether the microstructural techniques, used in the past, can also be used to characterize t he 
microstructure of the PET studied in this work. It is therefore important to investigate which 

11 
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techniques have been used to characterize the microstructure of polymers and to analyse what 
information was obtained from these techniques and what the limitations are of the different 
techniques. 

For each technique the working principle of the different microscopie techniques is explained 
first. Next, some previous work by other researchers on polymers with the different techniques 
from literature is described. The working principle in combination with previous work, re
sults in some advantages, disadvantages and limitations of each technique. The sequence 
of the different techniques is: X-ray diffraction, polarization microscopy, secondary electron 
microscopy, selective chemica! etching, transmission electron microscopy, atomie force mi
croscopy, HarmoniX and in-situ experiments. Finally, a genera! discussion/conclusion about 
the findings of the different techniques is presented. 
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3.2 Characterization techniques 

3.2.1 X-ray Diffraction Techniques 

13 

X-ray diffraction uses X-rays to obtain structural information of a material [6 , 7, 8]. The 
X- rays consist of light with a short wavelength (order of 0.1nm) and is therefore capable of 
obtaining information at small length scales. The diffr action of X- rays by mat ter results fr om 
a combination of scattering of X-rays by electrons in the sample and interference between 
the waves as a result of the scattering. Figure 3.1 illu strates an incident X-ray beam, with a 
constant wavelength, phase and direction, that is scattered by electrons at different positions 
(A and C) with the same scattering angle, 0. When the path difference, BC+CD, is n times 
the wavelength, constructive interference occurs. The principle is described by the Bragg 
equation 3.1. From this interference, d-spacings within the matter can be obtained. 

2dsin 0 = n>. (3.1) 

Figure 3.1: Bragg's law 

X-ray diffraction (XRD) techniques cover a broad area of scattering techniques. Within the 
fi eld of XRD, small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) 
are mostly used to obtain information of polymer structures. SAXS and WAXS both rely on 
the same working principle but gather different information. With SAXS/WAXS the sample 
is placed perpendicular to the incident X-ray beam. The beam goes through the sample while 
interacting with the electrons. With SAXS only small diffraction angles are measured whereas 
with WAXS, the wide angles are captured. The wide angles provide information about the 
apparent crystal size while the small angles can provide information about the spacings be
tween stacked lamellar crystal structures. 

Daubeny et al[2] used X-ray diffraction the determine the unit cell of PET. More commonly 
is the use of X-ray diffraction to determine the percentage of crystallinity in polymers. In 
the publication of Johnson[9] X-ray diffraction is used as a precise method to determine 
the crystallinit y of PET for various crystallization conditions. The diffraction data provide 
results as shown in fi gure 3.2. Special techniques within the fi eld of X-ray diffraction can 
provide specific information. One of those technique is small- or wide-angle X-ray scattering. 
Rao et al[lü] used small- and wide-angle X-ray scattering to determine the relationship be
tween microstructure and toughness of biaxial oriented semicrystalline PET. The crystallin e 
morphology of PET, determined by the diffraction techniques, provided a simplifi ed 3-D mi
crostructure. 
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X-ray diffraction techniques can be very useful to obtain crystalline information of poly
mer material. The results of X-ray diffraction techniques are difficult to analyse. Properties 
of the material have be known and the exact interaction of the X-ray with the material can 
be hard to understand. 

%º� 
l;i 30 
ffi ... 
i: 20 
111 

�~� 10 ... 
111 
Ik: 

POLYETHYLENE TEREPHTHALATE 
PARTIALLY CRYSTALLINE 

-· --~ .... ·'.- ... 
' ' :a1 , a,. 

BACKGROtH> SCATTERING 

4 28 32 36 

�~� OFFRACTION ANGLE 128) 

Figure 3.2: X-ray diffraction curve of partially crystalline polyethylene terephthalate showing 
the manner of resolving the crystalline and amorphous scattering effects [9]. 
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3.2.2 Polarization Microscopy 

Polarization microscopy combines the use of in polarized li ght with birefringent materi
als [11 , 12]. Light travels fr om it s source through a polarizer which makes the li ght plane
polarized. This li ght then interacts with a birefrin gent material and produce two polarized 
waves which are in mutually perpendicular planes. The two wavefronts are call ed ordinary and 
extraordinary. The interaction of the material with the two wavefronts creates a difference in 
velocity between the two. When t he wavefronts leave the material a phase-shift between the 
wavefronts is created due to the velocity difference. The two waves are recombined by using 
an analyzer. An analyzer is a second polarizer which combined the waves with constructive 
and destructive interference. The whole proces is schematically shown in figure 3.3. 

Polarized Light Microscope Configuration 
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Figure 3.3: Schematic overview of polarization microscopy, with li ght going through a po
larizer enters the birefrin gent sample and then passes through the analyzer and at the end 
detected by a camera systern [12] . 

Polarization microscopy has the advantage to be a non-destructive and simple method. Sam
ple preparation is usuall y limit ed. A disadvantage is that the li ght travels through your sample 
and therefore the sample has to be transparent. The sample can also not be too thick because 
then the li ght will refr act (because of the refractive index of the material, t he li ght travels 
under an angle). To make thin samples, a microtome can be used. This instrument is capable 
of cutting thin slices of your material (ranging from 80 - 300 nm). The disadvantage of the 
microtome is the plasti c deformation of the material during cutting. This can cause changes 
of the microstructure within the material. Another disadvantage of polarization microscopy 
is that the information is leveled out over the thickness. Leveling out can mean that informa
t ion is lost. Information can also be lost with low resolution. Optica! li ght microscopy has a 
limi ted resolut ion of 300nm as is shown by the formula for the smallest detail ~-~2

; = 321nm. 
Where >. is the wavelength of li ght and NA the numerical aperture. 

Crystal morphology studies with polarization microscopy for different polymers can be found 
in lit erature. Spherulite crystal structure of poly(ethylene terephthalate)/montmorillonite 
clay nanocomposite via in situ polymerization was investigated by Wan et al [13] . The use of 
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polarization microscopy revealed the crystal structure, as can be shown in figure 3.4a. In the 
publication of Zhao et al [14] a structural analysis of poly(butylene adipate)(PBA) banded 
spherulites was reported. The spherulites in the PBA were made visible by using polariza
tion microscopy. The results are shown in figure 3.4b. Also the publications of Tahara et 
al [15],Tsuji et al [16] and Tang et al [17] uses polarization microscopy to visualize structures 
within polymer. 

Most results of polarization microscopy shows spherulites at a rather large scale. The shape 
of the spherulite ( circular) make them easy to recognize under light microscopy. Lamellar 
crystals and small crystals ( < lµm) are not found in literature, this is due to the limited 
resolution of optical microscopy. 

(•) 

(b) 

(<) 

(a) PET isothermally crys
tallized at 226°0 (a) lmin 
(b) l.5min (c) 60min of 
crystallization [13]. 

(b) PBA spherulites with differ
ent crystal structures (a) f3 crys
tal structure (b) a and f3 crys
tal structure ( c) a crystal struc
ture [14]. 

Figure 3.4: Polarization Microscopy pictures 
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3.2.3 Secondary Electron Microscopy 

Scanning electron microscopy (SEM) uses electrons instead of light to collect surface infor
mation of a sample [18]. Electrons (primary electrons) are created by electron gun. These 
electrons form a small source and by using electromagnetic lenses, the electrons are bundled 
into a very small beam. The whole system works in vacuum, because of several reasons of 
which one is the limited interaction of the electrons with gas molecules ( which can cause 
scat tering and therefore loss of intensity of the beam). At the sample the electrons internet 
with the sample and a beam-sample interaction is created. This interaction can have several 
effects. For instance, the electron itself returns from the sample and is collected by a back 
scattered electron (BSE) detector. It is also possible that the electron causes a release of sec
ondary electrons from the sample which are detected by a secondary electron (SE) detector. 
When this happens, also x-rays are released due to the energy equilibrium of an atom. All the 
different interactions and products give information of the specimen. A complete scheme of 
these interactions is shown in figure 3.5. Contrast with secondary electrons is mainly created 
by edge effect and orientation contrast, see figure 3.6. Edge effect indicates that at an edge 
more electrons are able to come out of the sample. The difference of number of electrons 
that can escape, can be visualized. Orientation contrast is created because the detector is 
placed at one side of the sample. Electrons that come out of the edges facing away from 
the detector, will mostly not reach the detector which creates a difference in the number of 
detected electrons. Contrast with back sc:attered electrons gives possible information of the 
c:omposition of the material. Increase in atomie: number of a c:omposition, will monotonically 
increase the proportion of backscattered elec:trons. 

~•e 'Tl H !J' AJ)luf"ijl 
1( -:,~~ 

C ~ l'\OOoll..lm,,..t,e-e,,-<.e 

hg!'!! , 

Figure 3.5: interaction "products" in electron-sample interaction in which the primary beam 
'shoots' elec:trons on the sample and interaction products of these elec:trons are the "products". 

The big advantage of SEM is the resolution whic:h is in theory very high (few nanometers). 
SEM only provides information of the top surface whic:h can be a disadvantage. Another 
disadvantage is the possibility of charging. Charging happens when the number of emit
ted electrons is lower then the number of primary elec:trons and the electrons can not be 
transported through the sample. Charging means that electrons are built up in the sample 
which can cause the electron beam to deflect. Charging mainly happens with non-conductive 
materials and limits the resolution. To prevent a non-conductive sample from charging, the 
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(a) Orientation contrast principle of 
SEM 
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Electron beam 

(b) Edge contrast principle of SEM 

Figure 3.6: Contrast principles of SEM 

SEM can used in low vacuum mode. The low vacuum mode alow some gas molecules in the 
chamber of the sample. When electrons collide with the gas molecules, the molecules can be 
ionized. Positive ions are accelerated towards the sample and neutralize possible charges of 
the negatively charged electrons. 

Deformations of individual lamellae of linear polyethylene spherulites have been investigated 
by Lee et al[l9]. The polyethylene spherulites were made by melt-pressing; crystallize and 
then quenching. Samples were etched for 1 h at room temperature in a 1 % w /v solution of 
potassium permanganate in a 10:4:1 mixture (by volume) of sulphuric acid, 85% orthophos
phoric acid and water. After etching the sample were gold coated prior to SEM investigation. 
Results are shown in figure 3.7a. Another study performed by Al Raheil[20] uses SEM to 
research the morphology of PET for different crystallization temperatures, where the sample 
were not etched hut again coated with a thin layer of gold. A result from that study is shown 
in figure 3. 7b. 

SEM offers high resolution and detailed surface information. Often thin layers of conduc
tive material have to be applied on the material in order to get good SEM pictures. Also 
treatments (like etching) on the surface of the material are used to create better contrast and 
provide more information. 
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(a) SEM picture of PE in undeformed mate
rial [19]. 

,. 
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(b) SEM picture of the morphology of PET crys
tallized at 215°C for 1 h [20]. 
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Figure 3.7: Scanning electron microscopy images of polymer crystal structures found in lit er
ature. 

3.2.4 Selective Chemica! Etching 

Chemical etching can provide the extra topographic contrast needed for measurements under 
SEM. A chemica) attacks the polymer due to physical , chemical or structural inhomogeneities 
within a material. This can provide an insight in the internal structure of the polymer. In 
generally there are two types of etching techniques known as mild or severe depending on the 
proportion of the original materi al removed during the process [21] . In mild treatments, a 
surface morphology is created of the underlying microstructure due to the etch rate difference 
between the crystalline and amorphous phase. In the severe method, a substantial fraction 
of the material is removed, which does not reveal the microstructure. Chemical etching pro
cesses are difficult to be fully understand. The complexity of the chemical process for the 
etching method makes it important to selecta suitable etching agent fora particular polymer. 
Chemical etching may produce the contrast needed for various microscopie techniques. 

The publications of Sweet et al[22]and Duong et al[23] referred to using a 40% aqueous 
solution of methylamine in selectively degrading of PET. The methylamine preferably at
tacks the amorphous regions. The reaction of methylamine with PET is well documented in 
chemistry books. 

R
1 

GOOR+ H2N R
11 

-+ R
1 

CON H R
11 + ROH (3.2) 

The aminolytic degradation reaction itself is catalyzed by water or any other suitable acid. 
In 40% aqueous Methylamine this is clone by water in which the gaseous amine is dissolved. 
Several reactions of the etchant with PET can cause the morphology to change. Crystalliza
tion is one of those reactions which is common for selective etchant. The publication of Sweet 
and Be11[22] however indicate that a high enough ratio of PET with methylamine can prevent 
crystallization. 

Selective chemical etching technique have been used for several polymers, like nylons [24] , 
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polyolefins [21] and polyesters [25]. After etching away the amorphous material, the crystalline 
structure remains which can be examined e.g. by using SEM. Lu et al[26] used N-propylamine 
to investigate the changes in orientation, crystallization and relaxation of uniaxially drawn 
PET. After etching with N-propylamine SEM pictures were made, which showed that the 
microstructure was made visible, as shown in figure 3.8. The publication of Sweet et al[22] 
investigates the selective etching behaviour of primary amines on PET. They used several 
amines (like methyl-,ethyl- and propylamine) to see which was better to use. The conclusion 
was that 40% aqueous methylamine solution is the best to use, because of the high chemical 
etch rate compared with the other amines. A high etch rate prevented the material to crys
tallize during etching. 

Selective chemical etching can provide a lot of information about the structure of a polymer. 
Multiple etchant can be used for one polymer. The process of etching is used many times, 
but results are still not conclusive. The chemical process together with unknown molecular 
structure can give problems like shown in the publication of Sweet et al[22]. 

15 kV X 10.000 

15 kV x 10,000 

Figure 3.8: Microstructure of PET after etching with n-propylamine (a) 200% elongation (b) 
annealing 140°C for 0.5 h [26]. 
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3.2.5 Transmission Electron Microscopy 

Transmission Electron Mi croscopy (TEM) also uses electrons to obtain structural informa
tion of a material. Electrons with a high acceleration voltage (20kV-200kV) are transmitted 
through a sample. Contrast can be created by absorbtion of electrons in some part of the 
sample. Por polymers, staining is often used to create cont rast. A high density fluid or vapor 
is added to the polymer. This fluid or vapor will only penetrate the amorphous regions of 
the polymer. The difference of electron absorption between the stained materi al and the 
crystallin e phase of the polymer creates the contrast . 

The morphology of poly ( ethylene naphthalene-2,6-dicarboxylate) (PEN) for a wide range 
of crystallinities bas been determined by TEM in the publication of Call eja et al[ 27]. An
nealed PEN film s were selective chemica} stained and then cut into small sli ces by using a 
ultra-microtome. A resul t is shown in fi gure 3.9. More research on polymers by using T EM 
is done in the past as shown for example in [28, 29]. 

Figure 3.9: Well-developed dendritic structure of PEN, crystallized at 165°C for 40 min [27] . 

Advantage of TEM over SEM is the even higher resolution and different contrast. Even if 
you have a really flat sample, contrast can be created between different phases. The major 
disadvantage of TEM analysis is the sample preparation. In order for the electrons to go 
through the material , the sample has to be thin (10-lO0nm). Often a microtome is used to 
create the thin samples. Aft er creating a t hin sample it has to be stained. Creating thin sli ces 
as well as staining can be difficult in practise. The TEM microscopes are also expensive and 
therefore sparse. 
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3.2.6 Atomie Force Microscopy 

Atomie Force Microscopy ( AFM) is a microscopie measurement technique that accurately 
scans a sharp probe with a tip radius of 5-lünm along a surface [18]. In AFM, piezoelectric 
translators are used to apply small displacements for the probe in order to obtain a high 
resolution. AFM comes in various types with the most important types are: 

• Contact AFM 

• Tapping mode AFM 

The two major modes of AFM have been used in the past for research on PET and tapping 
mode AFM has proven to be the best to use [30]. 

Tapping mode AFM uses a cantilever that oscillates near its resonance frequency (100-300 
kHz) and has a vibration amplitude of about 10-20 nm. The oscillating tip of the probe 
reflects a laser beam that is detected by a detector. Deflection of the tip, which is caused by 
interaction of the probe with the sample, causes the laser beam to change signal at the detec
tor which gives a feedback to the controller that sends a current to the piezotranslator which 
translates the probe. The distance between tip and surface is kept constant during scanning 
by this feedback controller. By scanning the pro be over the surface a complete height profile of 
the surface is created. The drive oscillation of the cantilever and the detected oscillation can 
differ in phase by interaction with the material. Different material properties give different 
phase-shifts and therefore the possibility to create a phase-shift image. The whole principle 
of tapping mode AFM is schematically shown in figure 3.10. 

Figure 3.10: Schematic set-up of tapping-mode AFM; with above the feedback mechanism of 
a laser deflection on an oscillation probe and beneath the interaction of an oscillation probe 
with material which can cause a different phase-shift for different materials. 

The coupling between morphology and height profile for polymers has been done in the pub
lication of Dinelli et al[30]. There biaxially stretched PET were scanned by contact AFM 
(C-AFM) and non-contact AFM (NC-AFM) . The conclusion was that NC-AFM gave better 
results. Another interesting finding was that 'hillocks' appeared which were assumed to be the 
crystals of the PET, shown in figure 3.11. More research was needed to prove this hypothesis. 
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More research on polymer structures by AFM are shown in several publications like [31 , 32]. 

0.1 0.2 0.3 ).4 

Figure 3.11: NC-AFM image of PET film with 'hillocks' of 20 nm diameter [30]. 

Tapping mode AFM has a high spatial resolution ( < 1 nm), is non-destructive and needs 
minimum sample preparation (only a clean surface). However, the results can contain several 
possible artifacts. The shape of the tip that is used for scanning can produce topographic 
artifacts. Also scanning settings (high speed, too low or too high controller feedback) can 
cause topographic artifacts. These artifacts can change for every scan without knowing this 
on forehand; its therefore important to make multiple scans and to really think about the 
results from AFM scans before drawing any conclusions. The AFM scans twice over one line 
which is called the trace and retrace. The trace and retrace can be used to exclude some of 
the possible artifacts. That results of AFM sometimes be diffi cult to interpreted is shown in 
the publication of Dinelli et al[30]. 
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3.2. 7 HarmoniX 

Tapping-mode atomie force microscopy, as described before, is one of the most common used 
AFM imaging method. The tip, used in tapping-mode AFM, experiences attractive and re
pulsive farces that depends on the mechanica! properties of the sample. These farces result 
in a nonlinear dynamic behaviour of the cantilever[33, 34]. To extract material properties 
form this nonlinear dynamic behaviour has proven to be difficult. Therefore a special can
tilever has been designed by Veeco to obtain the material properties from the sample and is 
called the torsional harmonie cantilever (THC). The THC has a tip with an offset from their 
longitudinal axis (Figure 3.12). The tip-sample interaction with a THC creates farces that 
excite torsional vibrations who depends on the material properties. The spatial resolution of 
the THC is at nanoscale. The cantilever can be modeled as a continuum mechanica! element 
with multiple vibration modes. Follow the framework used by M. Stark, which treats the 
tip-sample interaction as a feedback force on the cantilever displacement[35]. The dynamic 
system of this tip is explained in appendix 8.1. 

Figure 3.12: SEM picture of a HarmoniX probe tip with some contamination in the middle 
of the cantilever end. 

The technique of the HarmoniX system was relatively new when this work started so no pub
lications were found with any relevancy to this work. At the end of this work a publication 
by Schön et al[36] examined the surface elastic moduli of silica-reinforced rubbers and rubber 
blends. Some results of that research are shown in Figure 3.13. 

The tip of the HarmoniX system is langer and vibrates at a lower frequency (50-60 kHz) then 
normal AFM tapping-mode tips, which makes the system more sensitive to external vibra
tions. The technique is also relatively new and therefore little is known about the limitations 
and practical use. 
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250 nm 

SGPa 

Figure 3.13: Height (a, b, c) corresponding DMT modulus (d, e, f) images as obtained by 
HarmoniX. Samples: SBR filled with Ultrasil 7005; (a, d): 5 phr Ultrasil 7005; (b, e): 10 plu 
Ultrasil 7005, and ( c, f ): 20 phr Ul trasil 7005; scan sizes: 5x5µ.rn [36] 

3.2.8 In-situ Experimentation 

In-situ experiments can play an important role in the characterization of semi-crystalline 
polymers. The deformation mechanisms of the material can be visualized by in-si tu experi
ments that can map and deform the microstructure. On of the possibilities found in lit erature 
of doing in-situ experiments is with AFM. The publication of Thomas et al[37] <lid an in-situ 
investigation of crazing in polybutene spherulit es under tensile drawing. Polybutene consists 
of large spherulites which can easily be visualized by AFM . The AFM scans were made be
tween different appli ed strains and the results are shown in figure 3.14. 

Figure 3.14: AFM amplitude images from the core of a polybutene spherulite for strains of 
E = 0%, 6%, 10%, 15% [37] 
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The combination of using a high resolution microscopie technique like AFM and doing tensile 
tests can be very useful for the characterization of material. The possible downsize is that 
AFM needs a vibration free surface in order to scan the surface (because of the interaction 
of surface and tip) and a tensile stage can be quit coarse and is not designed to be vibration 
free. 
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Table 3.1: Li st of techniques found in l iterature 

Technique A vail ability Strength W eakness expected 
useful-
ness 

X-ray diffraction limited ex- many details processing results, bulk medium 
(SAXS/WAXS) ternal acces (averaged) structure 
Polarization Mi- unli mited simple resolution ± 300nm medium 
croscopy acces 
SEM unli mited resolution ± 1-5nm aften surface treatments high 

acces needed 
Selective Chemical unlimited contrast enhancing diffi cult to control high 
Etching acces for SEM 
TEM li mited ex- resolution ± 0.l nm sample preparation high 

ternal acces 
AFM topographic unli mited resolution ± l nm diffi cul t interpretation high 
image acces 
AFM phase image unli mited Quali tative mate- diffi cult interpretation high 

acces ri al properties 
HarmoniX unli mited Quantitative mate- new technique, li ttle is high 

acces rial properties known 
In-situ Experimen- unli mited visualization defor- combinat ions of ' rude' high 
tat ion acces mat ion experiments wit h sen-

sitive characterization 
technique 

3.3 Conclusion 

The results fr om the techniques described above are not always consistent. Assumptions are 
sometimes introduced in order to support the conclusion of a research. These assumptions 
indicate t hat the characterization of polymer by t hese technique can be difficu lt . 

The different techniques that provided information about the microstructure having its ad
vantages and disadvantages. For polarization microscopy the simpli city is an advantage but 
low resolution a disadvantage. SEM and TEM provide both high resolution but sample prepa
ration could be needed. AFM is another technique that offers high solut ion but the results 
can be diffi cult to interpret. X-ray diffract ion provides information about the bulk material 
but again are the resul ts difficu lt to interpret. Table 3.1 gives a list of all the characterization 
techniques found in literature (and suitable for this work) together with the availabil i ty and 
important qualiti es. The different techniques are used in an attempt to reveal t he microstruc
ture of MelinexOD PET film. The findi ngs of measurements with the different techniques are 
presented in chapter 4. 



28 CHAPTER 3. REVIEW OF TECHNIQUES 



Chapter 4 

Experiments and analysis on the 
microstructure of MelinexOD PET 
foil 

4.1 Introduction 

The literature research provided a li st with all, in the present research, possible microscopie 
techniques used to characteri ze semi-crystalline polymers. The microscopie characteri zation 
of semi-crystalline polymers in the past proved to be difficult and the results were not always 
definite. The outcome from lit erature can be used as a guide for this research. The different 
techniques are re-examined in this chapter with respect to the usefulness for characterization 
of , specifi call y, the MelinexOD PET foil. Table 3.1 shows the list in which the techniques 
that carne out of the lit erature research are qualified. By starting with relatively simple 
microscopie techniques, a better understanding of the microstructure of MelinexOD PET foil 
can be created. The results of these experiments can lead the tri gger to examine the material 
by other techniques. 

4.2 Techniques 

4.2.1 Polarization Microscopy 

4.2.1.1 Methodology 

Experiments were performed with an Olympus BX51 optica! microscope in combination with 
LC-PolScope Imaging system from CRJ Instruments. The LC-PolScope system consists of 
a liquid crystal polarizer as analyzer. The system can measure for each pixel in the image, 
quantitatively, the retardance (optical phase-shift) and slow axis direction (azimuth). The 
azimuth gives the orientation and the retardance the difference in phase due to the interaction 
of li ght with the foil. Results of the polarization microscope wit h different magnifications are 
shown in figure 4.1. The colour values gives the azimuth value and the retardance is given 
by the intensity of the colours. If crystal structures were visible by polarization microscopy, 
multiple colours and intensiti es would appear (similar to figure 3.4). 

29 
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(a) 5x (b) lOx 

(c) 20x (d) lOOx 

Figure 4.1: Combination of retardance with azimuth results from PET for objectives of (a) 
5x (b) lüx (c) 20x (d) l00x 

4.2.1.2 Results and Analysis 

In the present results is approximately one colour with one intensity shown for different mag
nifications. The localized larger differences in colour or intensity in the images are artifacts 
due to damage of the surface (red arrows in figure 4.1). The same damages was also seen 
in normal brightfield contrast mode. The black spots in the images are areas where the 
software could not calculate any values. The obtained results only give a global orientation 
and individual crystals are not visualized. There are two possible reasons why crystals are 
not visualized. The first reason is the limited resolution. If the crystal are smaller then the 
maximum optical resolution (321nm), they would not be seen by this technique. The second 
reason is that the contrast (optical phase-shift and azimuth) is created by polarized light going 
through the entire thickness of the foil (which is 125µm in the case of MelinexOD PET foil). 
When crystal structures are present in different layers within the thickness of the foil, the 
resulting contrast is averaged over this thickness (leveled out). The resulting colour shown in 
the images represent the averaged orientation present over the thickness of MelinexOD PET. 

A method that prevents leveling out is by making the samples thinner, which can be done by 
using a microtome. With a microtome, thin slices ( of around 100nm) of the material can be 
made. The disadvantage of using a microtome is the possibility of high plastic deformation 
at the interface surface of the sample. An 100nm thick microtome sample was made (at 
Eindhoven University Technology department of Chemical Engineering and Chemistry) and 
analyzed by polarization microscopy, but no additional information was obtained. This gives 
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an indication that the crystal structure of MelinexOD PET foil is smaller then the optical 
resolution or smaller then the thickness of the microtome samples (100nm). Higher in-plane 
resolution techniques have to be used in order to obtain information about the microstructure 
of MelinexOD PET. 

4.2.2 Scanning Electron Microscopy 

4.2.2.1 Methodology 

A higher resolution techniques but still relatively simple is SEM. The SEM used for this 
research was the Quanta600 FEG-ESEM from FEI. High vacuum with a low acceleration 
voltage of 500-lO00V was used. The low voltages were used to prevent charging of the 
MelinexOD PET foil (even though it is non-conductive). Also higher acceleration voltages in 
the low vacuum mode were used. Both high vacuum as low vacuum SEM results of MelinexOD 
PET are shown in fi gure 4.2. 

4.2.2.2 Results and Analysis 

The SEM results for high vacuum or low vacuum show no features that illustrate crystal or 
amorphous structures (some dust particles on the surface are present and used to focus the 
SEM). More images of different samples at several magnifications were made but non showed 
any features. The resolution was around 3 nanometers. The SE images illustrate no contrast 
besides contamination, which means that the edge effect contrast and orientation contrast, 
between different microstructural features, are insufficient. This usually happens when the 
surface has a very low roughness (lower then the resolution). The exact order of roughness can 
not quantitatively be determined by SEM. Also in BSE there is no contrast, which indicates 
that the two phases of MelinexOD PET consist of the same composition and deflect almost 
the same amount of primary electrons back to the BSE detector. The lack of contrast means 
that SEM is not possible of revealing microstructural information of MelinexOD PET without 
any treatments on the foil. Applying a thin layer of conductive material on the MelinexOD 
PET could increase the resolution of SEM but an extra layer will only decrease the roughness 
and therefore decrease the contrast. Chemical etching can be used to increase the contrast 
and is further explained in the next section. The high resolution that was obtained even for 
the untreated non-conducting MelinexOD PET foil (figure 4.2c), means that SEM can be 
used to visualize results from other experiments, like chemical etching. 
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(a) SE detector with acceleration voltage 
500V in high vacuum with scale bar of 30µm 

(c) SE detector with acceleration voltage 
5kV in low vacuum with scale bar of 2µm 

(b) SE detector with acceleration voltage 
lkV in high vacuum with scale bar of 0.3µm 

(d) BSE detector with acceleration voltage 
of 5kV in low vacuum with scale bar of 3µm 

Figure 4.2: SEM pictures of MelinexOD PET with red circles indicate features that are in 
focus (poorly visible in the print). Unfortunately no <lust particle was imaged in figure 4.2b 
because the magnification was too high and the electron beam either destroyed the contami
nation or charged it. For this image the same principle was used as for the rest but a higher 
magnification was applied after focussing. 

4.2.3 Selective Chemical Etching 

4.2.3.1 Methodology 

A solution of 40% aqueous methylamine was used for selective chemical etching. The results 
from etching were examined with the Quanta600 FEG-ESEM from FEi. The same conditions 
apply as described in section 4.2.2.l. Chemica! etching was performed in a fume cupboard 
with protective clothing to prevent the risk of skin burning or inhalation. A high volume ratio 
of PET to Methylamine(l:2500) was used in order to _prevent crystallization during etching. 
The samples were first weighted, in a Mettler Toledo XS105 Dual Range Analytica! Balance 
with a maximum capacity of 419 and resolution of 0.0lm9 or 1209 with a resolution of 0.lm9, 
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in order to determine the weight loss during etching. Various etching times were used to 
compare results. The SEM images of various etching times are shown in figure 4.3. 

4.2.3.2 Results and Analysis 

The SEM images of different etch times show different kind of features. For short etch times 
only cracks at the surface appeared (figure 4.3a 4.3b). Longer etch times reveal 'strips' that 
occasionally curl (figure 4.3c 4.3d). After more then 29 hours of etching a 'brick ' like pat
tern was observed (figure 4.3e 4.3f). The 'strips' and cracks appear at a certain angle from 
the MD-direction. The features seen in t he SEM images for different etch times are diverse. 
The features all appear to be rather too big to be crystals. Research in lit erature [38] [39] 
gave a plausible explanation that residual stresses dominate the etching proces and not the 
underlying microstructure of the material because residual stress makes chemical etching not 
selective anymore. Therefore, unfortunately SEM with chemica! etching cannot be used to 
visualize microstructural features. 

These residual stresses can also be important to know in order to predict deformations dur
ing roll-t o-roll processing of the MelinexOD PET foil. The presence of residual stress in 
MelinexOD PET foil will therefore be further investigated in chapter 5. 
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(a) lh etched (b) 3h etched 

(c) 15h etched (d) 19h etched 

(e) 29h etched ( f) 43h etched 

Figure 4.3: SEM pictures of methylamine etched MelinexOD PET with for various durations. 
The images show various features from cracks (figure 4.3a,4.3b) to 'strips' (figure 4.3c,4.3d) 
and 'bricks' (figure 4.3e,4.3f). 
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4.2.4 Transmission Electron Microscopy 

4.2.4.1 Methodology 
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Selective chemica! etching did not provide the extra contrast needed for SEM. As explained in 
section 3.2.5 TEM also uses electrons but creates contrast by a different principle and could 
therefore be useful. The TEM analysis is performed at Eindhoven University Technology 
department of Chemica! Engineering and Chemistry. A FEi Tecnai 20 TEM microscope was 
used to perform the TEM measurement. 70nm thick samples were prepared with a Leica 
Ultracut S microtome. The samples were stained with Ru0 4 vapor. This method is the 
common performed procedure for TEM of PET and used in the past by Haubruge et al[40]. 
The result of the TEM measurement is shown in fi gure 4.4. 
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Figure 4.4: TEM image of a 70nm thick sample of MelinexOD PET stained with Ru0 4 vapor. 

4.2.4.2 Results and Analysis 

The dark pixels should represent the amorphous phase and the light pixels the crystalline 
structure of MelinexOD PET. Small features in the order of 1-5nm are shown in the figure. 
Features of that size properly does not represent the microstructure because the information 
in the picture is leveled out over the thickness (70nm). This TEM image therefore illustrates 
no recognizable features that represent a lamellar structure. The samples were 70nm thick 
and if the assumpt ions that the microtome causes no plastic deformations at the surface 
and ~he staining method works are correct , then the crystal present in MelinexOD PET 
are much smaller then 70nm. The resolution of TEM is not the issue. The procedure to 
prepare a sample is diffi cult. Aft er preparation wi th a microtome the thin sli ces can contain 
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plastic deformations at the surface. These deformations can influence the results of TEM. 
The measurement with TEM were performed by somebody else which means that there was 
limited control of how the measurements were clone. More time with TEM could improve the 
chance of obtaining good results hut was not possible in this work. Another technique that 
is capable of obtaining high resolution information of MelinexDO PET and creates contrast 
for crystal structures needs to be found. 

4.2.5 SAXS/WAXS 

4.2.5.1 Methodology 

No crystal structures are seen so far therefore SAXS/WAXS measurements can give an indica
tion at what dimension the crystal structures should be visible. SAXS/WAXS measurements 
were performed in the European Synchrotron Radiation Facility (ESRF), located in Grenoble. 
The ESRF operates the most powerful synchrotron radiation source in Europe. The measure
ments were performed by Luigi Balzano. Simultaneously 2D SAXS and 2D WAXS patterns 
at the Dutch-Belgium beamline (DUBBLE, CRG BM26) were measured. The size of the 
beam was 1 x 0.3 mm2 and the X-ray wavelength was 1.24 À. Results of the measurements 
for SAXS and WAXS are shown in figure 4.5. 
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Figure 4.5: X-ray diffraction results of MelinexOD PET from measurements at the ESRF 
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Figure 4.6: WAXS intensity versus scattering angle plot 

4.2.5.2 Results and Analysis 
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The results of SAXS and WAXS measurements show the intensity of X-rays at certain posi
tions from the beam spot. These results are further analyzed below. 

WAXS The WAXS image can be converted to an 1D intensity versus scattering angle 
plot as is shown in figure 4.6. The WAXS results show several intensity peaks for different 
scattering angles. The peaks represent a repeatedly organized structure for small spacings (in 
the order of Angstroms), in polymer also known as crystals. From these peak the apparent 
crystal size (ACS) can be calculated by using the Scherrer equation [6]: 

ACS= K>. 
f3w cos0 

( 4.1) 

with K = 0.9 being the proportionality factor, (3 the full-width at half-maximum and À = 
0.124nm being the wavelength of the X-ray. Peak fitting is needed to subtrac:t the c:rystalline 
peaks from the 1D intensity plot and eventually calculate the ACS. Pearson VII peaks were 
used for the fit [41] and the result of the fit is shown in figure 4.7. Multiple crystalline peaks 
were needed to fit the data. The different peaks represent different reproduced spacings 
( d-spacing) which represent different planes within the unit cell of PET. The fitted peaks 
in combination with Scherrer's equation can be used to calculate the ACS for the different 
d-spacings and the results of this calculation are shown in table 4.1. A further analysis of 
relating the unit cell planes with the d-spacings in the material requires a level of expertise 
beyond the scope of the current project, however such an analysis may still be performed in 
the future. The differences in ACS is related to the orientation of the individual chains of 
MelinexOD PET. The WAXS results also contains information, like percentage of crystallinity. 
The crystallinit y can be calculated by using: 

C 
x= C+A (4.2) 

with C is the area of the crystalline profile and A is the area of t!1e amorphous profile. The 
result of this calculation is a crystallinity of 42%. However in this work only a small portion 
of total WAXS scan was measured. Therefore a small portion of the total diffraction rings has 
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been used. This means that if the material has a global orientation (which is demonstrated 
in section 4.2.1), the values of crystallinity can be unreliable. Also determining which peaks 
from the peak fitting represent crystal structures is difficult. The very small peaks are not 
characterized as crystalline. 
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Figure 4.7: Peakfit with WAXS data of MelineexOD PET film. For this fit are PearsonVII 
peaks used 
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Table 4.1: Apparent crystal size of MelinexOD PET for different scattering angles and with 
different d-spacings 

1 Peak number 1 20 peak (degree) 1 d-spacing (nm) 1 ACS (nm) 1 

2 13.43 0.53 10.38 
3 14.47 0.49 6.58 
5 20.11 0.35 4.06 
7 26.89 0.26 5.22 

SAXS The SAXS results also contain information about the morphology. The crystalline 
long period, D , which represents the distance between stacked lamellar crystals, can be de
termined from SAXS measurements. The 2D SAXS data is divided by detector response and 
background scattering. The detector response is integrated in radial direction which results 
in an 1D SAXS profile (shown in figure 4.8). The 1D SAXS profile shows the intensity plotted 
against the scat tering vector q. The scat tering vector is defin ed as: 

2rr 4rr 
q = - = - sin0 

D À 
(4.3) 

When looking at figure 4.8 the peak is at a maximum when q c::::: 0.49. This means that the 
most represented averaged long period is ±13nm. The width of the peak indicates that there 
is quit some spread in present long periods. The range of the long period according to the 
peak is 10 - 21 nm. 

12 

10 

I 8 

>, -ën 6 
C 
Q.) -C 

4 

2 

0 
0.3 0.35 0.4 0.45 0.5 0.55 0.6 

q [nm-1
] 

Figure 4.8: SAXS profile of MelinexOD PET with q is the scattering vector 

The number of measurements with SAXS/WAXS is limited because of the limit ed time avail
able at the ESRF, and the dependence on a speciali st to perform the measurements. The 
interpretation of results is difficu lt [41] and the microstructure information resulting from this 
technique will therefore mainly be used as a guidance for other results. It can be concluded, 
that the SAXS and WAXS results contain detailed information about the morphology of the 
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material. It is indicated that the crystal structure present in MelinexOD PET is in the order 
of some nanometers. Previous performed measurements in this work ( e.g. with SEM and 
TEM) did not reveal information about the microstructure, therefore these SAXS/WAXS 
results cannot be verified at this stage. 
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4.2.6 Atomie Force Microscopy 

4.2.6.1 Experiments 
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Veeco diDimension V with Nanoscope V controller was used to perform AFM scans in tapping 
mode on the MelinexOD PET. The used probe is made of Si and has a cantilever with ; length 
is 125µm, width is 35µm, thickness is 4.5µm and with a tip radius of < 5nm and height of 
14 - 16µm. The t ip oscillates with a fr equency of 200 - 400kH z. Height and phase images 
of 256x256 pixels are the results of these scans and can be seen in figure 4.9. The phase 
and height plots are obtained simultaneously. Different scan sizes and settings were used to 
capture all possible features and exclude scanning artifacts. 

4.2.6.2 Results and Analysis 

The height scan of scan size 4x4µm shows a fl at surface with a maximum roughness of around 
8nm. This means that the conclusion of the SEM measurements, that the surface has a low 
roughness, is validated and the reason for almost no contrast with SEM. The height scan of 
the scan size l x lµm shows no recognizable features that properly represent the microstructure 
of MelinexOD PET. The features seen in this image have an area of around 50nm. If these 
feat ures represent the microstructure then TEM should made them also visible, whereas this 
was not the case. A height scan with the scan size of 0.5x0.5µm shows the same features as 
the previous scan sizes with the same size. The height scans at all the scan sizes are consistent 
and all showed the same features. 

The contrast created by the phase plot is more diffi cult to analyse. Material properties 
as stiffness are included in these plots, but diffi cult to subtract (see section 3.2.6). The phase 
scan of the scan size of 4x4µm illu strates no visible features. The phase scan of the scan 
size of l x lµm illu strates some features but not very clear. The phase scan of the scan size 
of 0.5x0.5µm illu strates features with sizes of 2 - 20nm which have the same length scale 
as the results of SAXS/WAXS. A direct overlap of the phase plots with the height profile 
( which sometimes indicates that the phase plot could be an artifact of the height profile) 
is only slightly seen at small scan sizes. The consistency of the measurements for different 
controller setting, scan speeds, scan sizes and scan angles, indicates that artifacts are not the 
issue of the created contrast with AFM phase scans. For the small scan size (0.5x0.5µm) the 
scanning rate was low ( which prevents artifacts in phase plots by the height profile) . The link 
between height and phase image could exist because there is a difference in density between 
the two phases of semi-crystalline polymer , so there could also be a difference in height at the 
surface between the two phases. To validate the results of AFM , another technique is needed 
to compare. 
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(a) Height contrast with scan size of 4x4µm (b) Phase contrast with scan size of 4x4µm 

1.5 

(c) Height contrast with scan size of lxlµm (d) Phase contrast with scan size of lxlµm 
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(e) Height contrast with scan size of 0.5x0.5µm (f) Phase contrast with scan size of 0.5x0.5µm 

Figure 4.9: AFM results of MelinexOD PET with height contrast in namometers and phase 
contrast in degrees 
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4.2.7 HarmoniX 

4.2. 7.1 Methodology 
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HarmoniX can be used to compare results with AFM . HarmoniX can provide the same infor
mation as AFM but has an extra mode. Veeco diDimension V with Nanoscope V controller 
with HarmoniX mode was used to create images that can be compared with t he AFM phase 
images. The HarmoniX probe is made of 0.01 -0.025 Ohm-cm Antimony doped in Si and has 
a cantilever with ; length is 300 - 305µm, width is 25 - 35µm and thickness is 4 - 4.5µm and 
a tip offset of 17 - 19µm. Measuring with the HarmoniX tip proved to be diffi cult. Results 
of some scans with the HarmoniX system are shown in figure 4.10. 

(a) Height contrast with scan 
size of l x lµm 

( d) Height contrast with scan 
size of 0.5x0.5µm 

(g) Height contrast with scan 
size of 0.2x0.2µm 
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(b) Phase contrast with scan 
size of l x lµm 

( e) Phase contrast with scan 
size of 0.5x0.5µm 

(h) Phase contrast with scan 
size of 0.2x0.2µm 

(c) DM'l'Modulus contrast 
with scan size of l x lµm 

(f ) DMTModulus contrast 
with scan size of 0.5x0.5µm 

(i) DMTModulus contrast with 
scan size of 0.2x0.2µm 

Figure 4.10: HarmoniX results with height in nanometers, phase is degrees and DMTModuli 
in GPa 
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4.2.7.2 Results and Analysis 

HarmoniX height scan images of a scan size of lxlµm show the same features as with nor
mal AFM. For a scan size of lxlµm little is shown in the phase image and DMTModulus 
image (which shows the Young's modulus). When lowering the scan size to 0.5x0.5µm and 
0.2x0.2µm the same features in HarmoniX phase seem to appear as in the normal AFM phase 
images. This is logic because HarmoniX phase and AFM phase have the same working prin
ciple but use different types of tips. Seeing the same features reinforce the statement that 
the phase image contrast is not a scanning artifact. 

The HarmoniX modulus images for scan sizes of 0.5x0.5µm and 0.2x0.2µm also illustrate 
small features. These features were consistent and reproducible. The features are less clear 
then in HarmoniX phase or AFM phase. This can be subscribed to the fact that the Har
moniX modulus, that is used to map the elastic modulus of the material, seems to have a low 
signal-to-noise ratio, which is also seen in HarmoniX modulus scans of calibration samples. 
The sensitivity of the system in combination with the small scale scans made it difficult to 
obtain elastic modulus measurements of the MelinexOD PET. The exact DMTModulus val
ues have quite some spread ( due to the low signal-to-noise ratio) but are mostly in the region 
of 1.5-2.5 GPa. The elastic modulus of MelinexOD PET samples stretched in a tensile stage 
was around 5-6 GPa so the modulus found by HarmoniX is in the same range. The values of 
the modulus that the HarmoniX system indicate could encounter some interaction of the two 
phases and could therefore be more close to each other. 

Coupling the AFM phase to HarmoniX modulus The results of AFM phase obtained 
in section 4.2.6 were consistent and showed mainly two distinguish values of phase shift. The 
disadvantage of AFM phase is that the data is qualitative and therefore hard to couple with 
the material properties. The elastic modulus values obtained by HarmoniX modulus provides 
a better relation with the material properties of MelinexOD PET. The features visualized in 
the HarmoniX modulus images represent different elastic moduli which can be related to two 
phases with the crystalline phase having a higher moduli then the amorphous phase. However, 
the HarmoniX results are less apparent than AFM phase because of its low signal-to-noise 
ratio. 

A comparison between the two techniques would provide a more reliable assumption that 
AFM phase also visualize the same features as seen in the more quantitative HarmoniX mod
ulus results. Comparison between the AFM or HarmoniX phase and HarmoniX modulus 
images is clone by linear sealing of the scale bar until a visual optimum is reached between 
brightness of HarmoniX phase and HarmoniX modulus. The result of sealing can been seen in 
figure 4.11. The resul t of the linear sealing of the scale bar shows some corresponding between 
features in the HarmoniX phase and HarmoniX modulus image. There is nota complete cor
respondence between the two images, but this can be described to the fact that the HarmoniX 
modulus signal contains more noise then HarmoniX phase signal. Still, the assumption that 
HarmoniX phase and HarmoniX modulus images visualize the same features is becoming 
more apparent. The supposed crystalline phases of the unscaled HarmoniX modulus results 
(higher elastic modulus) correspond with the darker areas of the AFM or HarmoniX phase 
images. It gives therefore more certainty that AFM phase and HarmoniX phase and modulus 
are capable of visualizing the microstructure of MelinexOD PET foil. 
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Figure 4.11 
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4.2.8 In-situ Atomie Force Microscopy 

4.2.8.1 Methodology 

The features seen in section 4.2.6 and 4.2. 7 were supposed to represent the microstructure. 
To fortify these results, an extra characterization method was performed. A special designed 
micro-tensile stage can put under the AFM to perform in-situ experiments. These experi
ments can acumilate the fact that the features seen by AFM phase and HarmoniX modulus 
behave like two different phases and represent the microstructure. Mechanica! deformation 
of individual phases in semi-crystalline polymer has been researched in the past [42]. Several 
mechanism could take place, like elastic deformation of the amorphous phase or inter-lamellar 
rotation. 

Micro-tensile stage Micro-tensile stage from Kammrath & Weiss was used to preform a 
tensile test (figure 4.13). The tensile stage was designed to be used in combination with the 
Veeco diDimension V scanning probe microscope. For improved use, extra components were 
designed. Special designed calmp-supports were created to higher the sample in the tensile 
stage and also to determine the middle of the tensile stage. A higher sample gave the necessary 
space for the optica! camera of the AFM. A support in the middle of the micro-tensile stage 
was created to stable the scanning contact area and again determining the middle of the 
tensile stage. Both parts are seen in picture 4.12. The complete set-up under the AFM is 
shown in figure 4.14. 

(a) Clamp support part for the 
micro-tensile stage to higher the 
sample 

(b) Scan support part for the 
micro-tensile stage to support the 
sample in vertical direction 

Figure 4.12: New designed parts for in-situ AFM experiments with a micro-tensile stage from 
Kammrath & Weiss 
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(a) Image of the micro-tensile stage with the new parts in place 

(b) Zoomed image of the micro-tensile stage with the new parts installed 

Figure 4.13: The micro-tensile stage from Kammrath & Weiss with additional components of 
d amp support and scan support 
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(a) Picture of the complete set-up of in-situ AFM with below the micro-tensile 
stage that is coupled with a motorized positioning stage 

(b) Zoomed picture of a lightened sample with above the scan pro be holder 
and on the left the camera 

Figure 4.14: In-situ AFM set-up 
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Sample geometry The sample of MelinexOD PET foil used in the in-situ AFM experiment 
is shaped in such a way that the elongation is homogeneous over a relative large area. A dog
bone shape is ideal for this kind of testing. The samples are created by pressing with a 
dog-bone shaped mal. The mal has sharp edges which minimi ze the plastic deformations 
at the edges of the sample. The testing was clone around the middle of the sample so the 
influence of plastic deformation during making of the samples is kept at a minimum. 

Global displacement and strain measurement An optical camera of the AFM was 
used to track the global displacement of the sample. The camera has a resolution of l. 5µm. 
Copper nano-particles (diameters of around 500nm) were used to create a pattern which was 
seen by the optica! camera. Global digitale image correlation (DIC) software [43] was used 
compare the opt ical images of different appli ed strains and to find the global displacement 
fi elds. The working principle of global DIC is briefl y described in appendix 8.3. The motorized 
positioning stage of the AFM was used follow this global displacement. The resolution of this 
stage is 2µm with repeatabilit y of 4µm and 6µm in,respectively, X and Y-direction. Camera 
images with a fi eld of view of 288x216µm (figure 4.15) were used to track a scanning area 
of l x lµ m. The optica! images aft er scanning with AFM and aft er an applied elongation 
were used in the global DI C software. Results are shown in fi gure 4.16, were the by global 
DIC images corrected have a black border so the entire deformation is seen. This procedure 
gave strain values of 1.49, 3.44, 5.35 and 9.08% in the tensil e direction. The strain level of 
t he first ('undeformed' with pre-tension) image is approximated by looking at the force and 
displacement of the micro-tensil e stage and gives a value of 0.5%. 

Figure 4.15: Camera image of the AFM with the clark parts being the nano-particles 

In-situ AFM scans The area tracking provided enough indication of the displacement 
and the same scan area was found for all t he different strains. The MelinexOD PET foil had 
to relax for 20 minutes before scanning with the AFM. The relaxation of the MelinexOD 
PET prevented movement of the sample during scanning wit h the AFM , which could cause 
addit ional scan artifacts. A normal AFM t ip was used instead of the HarmoniX tip, because 
the HarmoniX tip was to sensitive for external vibrations when used in combination with the 
micro-tensil e stage. AFM scans of 4x4µm were made to track features from previous scans 
in order to find the same scan area of l x lµ m. When the correct area was found, scans of 
l x lµm within the global scan area of 4x4µm with high resolut ion (512x512) were performed. 
However, the scanned area of l x lµ m did not correspond with the selected area. This created 
an offset in x- and y-direction for every new scan. The offset could not be corrected and 
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(a) GlobalDIC result of 1.5% strain in tensile 
direction 

(c) GlobalDIC result of 5.4% strain in tensile 
direction 

(b) GlobalDIC result of 3.4% strain in tensile 
direction 

( d) GlobalDIC result of 9.1 % strain in tensile 
direction 

Figure 4.16: Corrected camera images with GlobalDIC. The field of view of the camera image 
is surrounded by a black border. The camera images are deformed and translated in such 
a way that they all have features at the same place. The result of that deformation and 
translation gives the strain values and displacement. 

the result is that every scan has an offset from its previous scan as is shown in figures 4.17 
and 4.18 were the results of in-situ AFM experiments are shown. 
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(a) Height contrast of 0.5% strain (b) Height contrast of 1.5% strain 
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( c) Height contrast of 3.4% strain (d) Height contrast of 5.4% strain 

4 

(e) Height contrast of 9.1% strain 

Figure 4.17: In-situ AFM height contrast images with a scan size of l x lµm with height 
contrast in nanometers and phase contrast in degrees 
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(a) Phase contrast of 0.5% strain (b) Phase contrast of 1.5% strain 
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(c) Phase contrast of 3.4% strain (d) Phase contrast of 5.4% strain 
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(e) Phase contrast of 9.1 % strain 

Figure 4.18: In-situ AFM phase contrast images with a scan size of lxlµm with height 
contrast in nanometers and phase contrast in degrees 
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4.2.8.2 Results and Analysis 

In-situ AFM scans for different strains were made. The area tracking provided enough infor
mation to track small scan area's. The scanning itself gave some problems with external noise 
when using the combination of micro-tensile stage and AFM, therefore it was not possible 
to use the HarmoniX tip. In-situ AFM height and phase plots were made instead. Further 
analysis on t he results have to prove if the scans really reveal the deformation mechanisms 
on the micro-level of MelinexOD PET foil. The in-situ AFM experiments can hopefully pro
vide more lucidity in the visualization of t he microstructure by AFM phase and HarmoniX 
modulus. 

When accurately analyzing (by visual) the images in figure 4.17 and 4.18 it can be indi
cated that t he in-situ AFM images have all kind of global deformations. To still use t hose 
images the global deformations are removed by global DIC software. Every in-situ AFM 
phase images was compared by GlobalDIC wit h the first undeformed AFM phase image. For 
subtracting the global deformation fields by GlobalDIC a non-linear degree of fr eedom in 
tensile direction was needed. This non-linear degree of freedom indicates a non-linear strain 
profile. This profile probably exists due to the fact that the displacement of the scanning 
probe of the AFM is non-linear in the transverse scanning direction. After finding the result
ing global displacement fi elds for the region of interest an extrapolation of these displacement 
fields was used to apply the global displacement fields for the entire image ( and not only for 
the region of interest). A extra black border at the sides made a possible to visuali ze the 
entire image. 

Microfluctuation analysis The in-situ AFM phase images probably includes visualization 
of local deformations is which microfluctuations of the features are included. Microfluctuations 
can be visualized by comparing the in-situ AFM results without global deformation and 
individuall y tracking small area's of t he microstructure. The global deformations are removed 
by using GlobalDIC. The microfluctuations can be found by searching for features that change 
during the different applied strains. Figure 4.19 shows the results of some microfluctuations. 
The search of microfluctuations proves to be difficult because of the limi ted resolution and 
unknown AFM phase scanning errors. lts hard to distinguish errors with microfluctuation. 
An attempt is made by comparing the complete in-situ AFM image serie and to see if the 
feature prior and after the microfluctuations reveals no big changes, which limi ts the chance 
of representing an scanning error. 

The found microfluctuations indicate that deformations mechanisms are present in the in-situ 
AFM phase images. Littl e can be said about the flu ctuation itself because of the possible 
influence of scanning errors, therefore more analysis on the in-situ AFM scans is needed. 
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(a) 0.5% strain (b) 1.5% strain 

(c) 3.4% strain (d) 5.4% strain 

(e) 9.1% strain 

Figure 4.19: In-situ AFM phase images with some microfluctuations of the features for dif
ferent strains after corrected with GlobalDIC. Red arrow indicate a microfluctuation that 
occurred prior to the AFM scan. Before and after the fluctuation no big changes of the 
feature was seen. 
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Volume ratio analysis The results of the microfluctuation analysis part showed the pos
sible presence of deformation mechanisms in the in-situ AFM phase images. To strengthen 
those results it can be useful to look at the volume fr action of darker and lighter contrast 
values within the in-situ AFM phase images. During the in-situ tensil e test, material with 
a lower stiffness wil deform more easily. Amorphous material has a lower stiffness then the 
crystalline material so the amorphous material is expected to deform the most during a tensile 
test. This approach has been used in the past by De Cupere et al [44]. As stated in sec
tion 4.2. 7.2 the darker area's could represent the crystalline phase and the lighter area's the 
amorphous phase. The differences between the two phases in AFM phase are represented by 
grey values. Histogram plots of the grey values for the in-situ AFM phase images were made. 
These plots were fitt ed with the use of two Voigt peaks, with each peak represent one phase. 
At least two peaks were needed because the histogram showed two different slopes at each 
side of the main peak. The Voigt peaks represent the two phases with each having a spread 
for measurement errors and phase values. The results of the fits are shown in figure 4.20. 
Peak one of the fit has a small er area then peak two, because volume fraction of the total <lark 
area's is smaller then that of the lighter area's. The center of each peak is located around 
the same contrast value for the in-situ AFM phase images of different strains. When plotting 
the peaks needed for the fit of the different strains, a trend for increasing strains seems to 
appear as shown in fi gure 4.21. This trend seems to shows t hat for a increase of the appli ed 
strain, t he second peak increases and the fir st peak decreases. When plotting the relative 
area of peak one against the strain it is clear that the area of the second peak increases with 
increasing strain. So the area of the li ghter peak (higher brightness values) in the phase plots 
increases. During the tensil e tests a increase of light area's is shown which means that li ght 
area's behaves more like amorphous material. This result seems to be qualit atively consistent 
with the result of section 4.2.7.2. If the amorphous phase will only deform during the tensile 
test, then the resulting relative volume fraction of peak one would be 0.248 for a strain of 
9.1 %. This is much higher then in the present analysis. One of the possible reasons for this 
difference is the possibili ty t hat the interface between amorphous and crystalline regions can 
be accounted as crystalline materi al. Also out of plane movement of the two phases can be 
a possible reason. Another reason can be a 'phase-transit ion' in the measured data. When 
the phases are stretched, the individual chains be further separated and more likely to be 
accounted for being amorphous. 
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Figure 4.20: Histogram plots with contrast values of in-situ AFM phase scans for different 
strain values. The values are fitted with two Voigt peaks. 
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Figure 4.21: Resulting Voigt peaks for the different strains of the peak fit of the histograms 
with peak one and peak two. 



4.2. TECHNIQUES 

a, 0.26 
C: 
0 

"' 
�~� 0.24 
ë 

"' [I> 

: 0.22 
> 
�~� 
ai 
a: 0.2 

0.02 0.04 0.06 0.08 
Strain H 

(a) Peak area for low brightness values 

57 

0.1 

Figure 4.22: Peak area versus strain of the Voigt peaks for low and high brightness values 
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Local strain field analysis Results obtained by the in-situ AFM experiments can also be 
analyzed by concentrating on the local strain fields which represent the deformation mecha
nisms of the material. The original results from the in-situ AFM experiments contain local 
and global strains as well as possible AFM scanning errors. All the data together makes it 
difficult to focus on the local strain field. The same images as used in the microfluctuation 
section (processed by Global DIC) are used. 

Local DIC software was used for local strain field analysis. The zone of interest size cho
sen for the local strain analysis was ±1/25 of the image size with a overlay of ±62%. The 
results of local strain field analysis for in-situ AFM phase and height are shown in figure 4.21 
with strain values in tensile direction. The local DIC analysis between height and phase 
show some differences. The area's with similar strain differ sometimes in size, which means 
that there are some differences in what the AFM phase image and height image illustrate. 
The strain areas have a size of around 50 - 100nm. Localization of strain at a larger length 
scale then the microstructural features can be a possible explanation for the strain areas to 
be bigger then the proposed microstructure. Multiple microstructural features together can 
'weaken' an area. The underlying microstructure can influence the deformation behaviour 
of the scanned microstructure. This influence can cause that the deformations are seen at 
a bigger scale length then the microstructure. The strain areas seen in figure 4.21 do not 
directly contradict the assumption that the features seen in the AFM phase images represent 
the microstructure. 

(a) Starting in-situ AFM height image with a (b) Starting in-situ AFM phase image with a 
strain bar in the upper right corner which rep- strain bar in the upper right corner which rep-
resent the strains in tensile direction resent the strains in tensile direction 
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(c) Strain fi eld of the in-situ AFM pha5e image in (d) Strain fi eld of the in-situ AFM height image 
tensile direction for appli ed strain of 1.5% in tensil e direction for applied strain of 1.5% 

( e) Strain fi eld of the in-situ AFM phase image in (f) Strain field of the in-situ AFM height image 
tensil e direction for appli ed strain of 3.4% in tensile direction for applied strain of 3.4% 
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(g) Strain field of the in-situ AFM phase image in (h) Strain field of the in-situ AFM height image 
tensile direction for applied strain of 5.4% in tensile direction for applied strain of 5.4% 

(i) Strain field of the in-situ AFM phase image in (j) Strain field of the in-situ AFM height image 
tensile direction for applied strain of 9.1 % in tensile direction for applied strain of 9.1 % 

Figure 4.21: In-situ AFM phase and height images after being analyzed by local DIC for 
strain in tensile direction. 
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4.3 Conclusion and Discussion 

All the different techniques that were found in lit erature are tested. Starting with the sim
plest technique was the best way to do. Unfortunately provided the relative simple techniques 
(polarization microscopy and SEM) no conclusive results of any microstructure. These tech
niques showed that the microstructure can be complex and therefore hard to reveal. Selective 
chemica! etching <lid not provide the extra contrast for SEM as suspected, however it could 
still be possible to obtain information of MelinexOD PET from this technique. A further 
analysis on selective chemical etching is done in the next chapter. 

A more complex technique like TEM <lid also provide no conclusive information about the 
microstructure of MelinexOD PET. Experiments with TEM can be complex and because of 
the very limited acces to TEM it was not possible to obtain more results with this technique. 
This means that TEM could be capable of revealing the microstructure but was not possi
ble in this work. The other more complex techniques as SAXS/WAXS, AFM and HarmoniX 
and in-situ AFM provided information about the possible microstructure of MelinexOD PET. 

The different results from the experiments give an indication that the two phases of MelinexOD 
PET are shown by AFM phase plots and HarmoniX modulus plots, but it has to be remem
bered that all the individual results include possible errors. Some results, like the in-situ 
AFM experiment and WAXS/ SAXS come from one data set, this means that possible error 
in these results is not leveled. The coupling between AFM phase and HarmoniX modulus is 
done by visualization of the results. The volume ratio of the two phases indicate that the 
amorphous region gains in volume. The peaks used to fit the histograms of the results are 
not perfect. For very low contrast values not a very good fit with two peaks was possible for 
all the different in-situ AFM phase images. For a comparison between the different fits this 
is not a big problem. Al so the type of peak chosen for the fit is arbitrarily and the type of 
peak that fits the data the best was chosen. Different types of peaks with maybe different 
limitations could result in a different conclusion. At the end most results correspond to each 
other and make individual results of the techniques more plausible. 
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Chapter 5 

Experiments and analysis on the 
residual strain of MelinexOD PET 
foil 

5.1 Introduction 

The experiments with 40% aqueous methylamine as a selective chemica! etchant for the 
MelinexOD PET gave not the results as expected. Instead of removing amorphous mate
ri al from the PET, the top layer of the materi al cracked. Some research in li terature revealed 
that the cracking could be a result of residual stresses within the materi al, but never used 
t his cracking to investigate t he residual stress. An attempt is made to use the information 
of selective chemica! etching to provide a possible insight of the residual stresses within the 
MelinexOD PET. The fir st part of the analysis is to show that internal stresses are the cause 
for cracking of the top layer . Once t his is proven, several models are used to explain the 
features seen in section 4.2.3.1. The results and use of the models is not always arbitrary, be
cause the interaction of the etchant with the material is complex and therefore hard to model. 

Etch t imes correspond to weight loss as is shown in fi gure 5.1. In the beginning of the 
etching process only cracks appear at which the etch rate is low, as is shown in figure 4.3. 
Aft er some hours 'strips' appear and come off which increases the etch rate. After 29 hours a 
smaller brick pattern appears at which the etch rate is lower, see figure 4.3. This weight loss 
gives information about the depth from the original surface of t he materi al. 

63 
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Figure 5.1: Weight loss for different etch times of the MelinexOD PET foil 

5. 2 Analysis 

5.2.1 Surface strain 

Experiments with the material under strain were preformed to check if the cracks really occur 
due to internal stress. The addition of an known applied strain should change the direction of 
the cracks. Some results for etching under strain are shown in figure 5.3. The unconstrained 
sample show cracks with a different angle to the machine direction (MD) then an constrained 
sample. The angle to the machine direction (MD) for unconstrained samples stays the same 
for different etch times. The change of direction of the cracks proves that the cracks appear 
due to stress. The change in angle contains information about the surface residual strain of 
the foil. Figure 5.2 shows the schematic situation of the residual strains and applied strain. 
With Êr,TD , Êr,MD being the residual strain in MD and TD, 0 the angle and ÊMD the applied 
strain in MD . Using the formulas 5.1 until 5.4, the surface residual strain in MD and TD can 
be calculated from the results shown in figure 5.3. The values of these calculated residual 
strains are shown in table 5.1. 

Êrl = Êr,TD + Êr,MD (5.1) 

Êr2 = Êr,TD + Êr,MD + ÊMD (5.2) 

and (5.3) 

(5.4) 
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Figure 5.2: Strain angle echting 

Table 5.1: Average surface residual strain 

Experiment number Applied strain [%] Angle [0 ] 
surface residual strain [%] 
MD TD 

1 0 20.6 - -

2 1.0 35.3 1.13 3.01 
3 3.0 52.5 1.22 3.24 
4 15.0 78.9 1.19 3.18 

Average 1 - 1 - 1 1.18 ±0.04 1 3.14 ±0.12 

Unfortunately only the surface residual strain can be calculated by using a applied strain. 
When applying any extra strain t he material fractures around 3 hours of chemica! etching. 
For other ways of obtaining the residual strain over the thickness of the material, the selective 
chemica! etching images in figure 4.3 may be reviewed. The curling of the 'strips' give an 
indication that there is a stress gradient present within the strips. Also t he crack pattern 
contains possible information about the residual stress. Therefore, three different methods 
for trying to obtain the residual strain are discussed below. 
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(a) unconstrained (b) 1.0% strain applied in MD 

(c) 3.0% strain applied in MD (d) 15.0% strain applied in MD 

Figure 5.3: SEM pictures of 3h etched samples with different strains 
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5.2.2 Bending of a flat plate 

The curvature of the 'strips' (as shown in figure 4.3d) indicates that there is a stress gradient 
over the thickness of the 'strips'. The theory of bending of flat plates has been used in the 
past to subtract stress gradients [45, 46] of the curvature of flat plates. The theory of bending 
of a flat plate states that when applying a moment on both sides of a plate the total averaged 
stress over the thickness of a flat plate has to be equal to zero. This theory assumes that the 
deflection c5 is smaller then the height of the plate ( visualized in figure 5.4). Like bending 
also removing of a top layer will cause that the total stress will not be zero anymore and a 
curvature is created. In the case of biaxial stressed plates its a bit more complicated. There 
are multiple ways to analyse this principle of curvature. The curvature of the strips can be 
used or a top layer can be removed and the curvature of the resulting material provides the 
necessary information. 

M M 

Figure 5.4: Schematic representation of bending of a flat plate with the deflection c5, h the 
thickness of the material and M the applied momentum 

5.2.2.1 Bending of the 'strips' 

Bending of the 'strips' can be analyzed by applying a momentum at all the four edges of a flat 
plate which created a curvature in two directions. The result of such a analyses can be found 
in the book of Timoshenko et al [45]. The resulting formula to calculate the stress profile in 
a plate is shown in equation 5.5. The stress values can only be used as gradient (because it 
is unknown if the whole strip is also contracted) and a linear profile is used. For simplicity 
the material is assumed to behaves linear-elastic during bending and the stress is related to 
the strain by use of Hooke's law. 

(5.5) 

were z is the distance from the midplane, Ethe elasticity modulus and l/rx, l/ry the curva
ture of the neutral surface in x and y direction, respectively. 

Results of the curvature of the strips in both directions are shown in figure 5.5. The ra
dius of the curvature perpendicular to the crack-direction (figure 5.5d5.5e) was determined 
by formulas shown in appendix 8.2. The distances in the pictures do not exactly represent the 
real lengths because the images are not perpendicular to the curvature. Estimated improved 
values were used in the determination of the radius. The resulting residual strain gradients 
from the calculation gave strain values in the range of 60%. These strain gradient values are 
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several orders higher the fracture strain and therefore not realistic. The high strain gradient 
values can not be explained by degradation of the material. If the etchant would lower the 
stiffness of the top layer of the strips by degradation then this would result in lower residual 
strain in the top layer. Lower residual strain would cause less curvature. If the etchant would 
introduce an extra strain during etching then the results in table 5.1 would also be propor
tional lower. A possible explanation has to be determined by looking at mechanisms which 
determines the etching process. If the etchant prefers to 'attack' regions with higher residual 
stress then figure 5.6 can show the possible explanation for the extreme curvature of the 
strips perpendicular to the main crack direction. The curvature in the main crack direction 
can be left out of the equation, but then still the residual strain gradient is around 7% over 
a thickness of 8µm and does not seems to correspond with the results found in section 5.2.1 
(keeping in mind that the intergraded residual strain over the thickness of the foil is equal 
to zero). Without knowing exactly how the chemical etchant interacts with the MelinexOD 
PET it is hard to obtain result of the residual stress by looking at the curvature of the 'strips'. 

TU/e i=.-=: 

(a) Curvature perpendicular to 
the main crack direction for 15h 
etching 

(b) Curvature perpendicular to 
the main crack direction for 19h 
etching 

TU/e = = 

(c) Curvature perpendicular to 
the main crack direction for 24h 
etching 

( d) Curvature in the main crack 
direction for 15h etching 

(e) urvature in the main crack di
rection for 19h etching 

Figure 5.5: SEM pictures of etching with 40% aqueous Methylamine for various time dura
tions. 
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Figure 5.6: Schematic representation of possible explanation for the curvature perpendicular 
to the main crack direction of the 'strips' with the gray area's represent the higher residual 
strain profile of that region and possible preferred to be etched at a higher etch rate. 

5.2.2.2 Removing of a top layer 

By removing a layer of material, the resulting stress is non zero and a curvature is created. 
The paper of Treuting [46] did an analysis of biaxial residual stress in sheet material by 
removing the top layer and measuring the curvature of the remaining plate. The assumptions 
were that: 

• The material shows linear-elastic behaviour in pure bending. 

• The elastic constants are the same throughout the material. 

• The stress should not vary in the plane of the sample. 

• Removal of the surface layer should not disturb the stress in the remaining material. 

The result for calculating of the stress is shown in formula 5.6 and visualized in figure 5.9. 

-E 
O'x(z1) = 6(1 - z;2) 

(( zo+ z1)
2 

[ d4>;;;1
) + v d<j>J;;i)] + 4(zo + z1)[<t>x(zi) + v</>y(zi)] - 2 J [<l>x (z) + v</>y(z)]dz) 

(5.6) 

with <Px ,<Py the curvature in x and y direction, respectively . 

(a) Element showing layer to be 
removed 

.. c. ·(~ L ' '~ ::,.;, 
M, 

(b) Cross section showing dis
placement of midplane 

Figure 5. 7: Schematic representation of the analyses of removing a top layer by Treuting [46]. 

There is chosen to remove the top layer by etching. In order to use this method only one side 
of the material is aloud to be etched. A special damp was used to prevent chemical etching 
form both sides of the MelinexOD PET foil. Results of etch times versus material thickness 
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are shown in figure 5.8. The etch rate is much lower then without the clamp, see figure 5.1. 
The reaction of the clamp material (steel) with the etchant is the possible reason. When 
examining the etch results by SEM, cracks appear at the side of the foil were it is supposed to 
not etch (see figure 5.9). It can therefore be concluded that using chemical etching to remove 
top layers of MelinexOD PET is not easy to do and other methods for removing top layer 
have to be found. 
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Figure 5.8: Thickness of MelinexOD PET for different etch times when chemical etched with 
Methylamine from one side 

(a) SEM image of the etched side after 45h 
of etching 

(b) SEM image of unetched side after 45h of 
etching 

Figure 5.9: SEM images of chemical etching only one side by using a special clamp 
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5.2.3 Shear lag model 

The cracking of the top layer shown in the different results can be used to obtain residual 
stresses in these layers by using the shear lag model. The shear lag model was originally used 
to explain the strength of paper and other fibrous materials, by Cox [47] and later used for 
explaining the interface stress of a thin film deposited on a substrate [48, 49]. Residual stress 
in the film as well as in the substrate was later on added by Yanaka [50], which resulted in a 
description for the maximum stress in the top layer shown in formula 5.7 and figure 5.10. 

Grips of the instrument 

/ Cracks 

71 ·----------· �~� 
(al Close-up 

z 

X 

(b) 

Figure 5.10: (a) A two-dimensional model for a layered substrate in the tensile test after 
multiple cracks have been induced in the film by applying an extra stress. (b) A detail model 
of stress distributions around a cracked segment of the film , where af , Ti and À are the tensile 
stress in the film , the interfacial shear stress, and the load transfer length, respectively [50] 

(5.7) 

with 

(5.8) 

(5.9) 

(5.10) 

where �~� and �~� the residual strains averaged over the thickness of the substrate and film , 
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respectively. L the distance between the cracks and the thickness of substrate and film are b 
and d, respectively. Et, Es and Gs are the material parameters for, respectively, the film and 
substrate. 

For the present investigation, Et = Es = E and Gs = G because film and substrate are 
assumed to have the same materials properties. Ëc and ifc are the average applied stress 
and strain over the composite (substrate plus film) and equal to zero when not applying any 
external stress, i.e. for the present experiment. Then the resulting maximum stress becomes: 

(5.11) 

= (2G(d + b) )-
1
/
2 

À b2Ed (5.12) 

Most parameters in the equation are known. The residual strain in the film , l1j, is calculated 
in section 5.2.1. This information, together with the fact that: 

~b + 0d = O (5.13) 

results in a known failure stress of c,t(L/2) = 3.3MPa. This failure stress is assumed to be 
constant when used in the under the same etching conditions and E1j can be calculated by 

(5.14) 

Images of different crack spacings for different etch times are shown in figure 5.11. For all 
the etch times the patterns are not very uniform. Therefore averaged values of the spacing 
between cracks were used. The thickness of the film is hard to measure because its unknown 
if the etching process removed any top layer of the film. By SEM measured values were used. 
For longer etch times, spacings between the strips occur and small cracks in the substrate 
appear. The exact mechanisms that cause these phenomenon are unknown and also not in
cluded in the model. 

The values of the shear lag analysis for the different etch times are shown in table 5.2. The 
residual strain profile is fitted through the calculated residual strain values. The total inte
grated residual strain has to equal zero. An exponential function (shown in formula 5.15) has 
been used to describe this possible residual strain profile. The result of this profile together 
with the calculated points is shown in figure 5.12. 

lj = (1/1.9) ln(-z/23) with z = (0: 62.5) (5.15) 

The residual strain profile is created during the production process of MelinexOD PET. A 
possible explanation for the residual strain profile over the thickness of MelinexOD PET could 
be related to a difference in crystallinity over the thickness. lt is not exactly understand how 
the residual strain profile relates with crystallinity but it has been shown before that the 
crystallinity of commercial PET can change over thickness [51]. 
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(a) 3h etched with methylamine (b) 5h etched with methylamine 

(c) 10h etched with methylamine (d) 19h etched with methylamine 

Figure 5.11: SEM pictures of etched PET for different etching times with crack lines 

Table 5.2: Residual average strain in the top layer 

Etch time [hr] Distance from surface [µm] Averaged residual strain [-] 
3 0.25-0.75 3.4% (taken from section 5.2.1) 
5 1-3 1.7% 
10 4.5-7.5 0.7% 
19 9.5-17.5 0.3% 
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Figure 5.12: Residual strain profile in main crack direction with measured data the average 
strain over the thickness of the cracked top layer 
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5.3 Conclusion and Discussion 

Residual strain is introduced during the fabrication of the foil. This strain can have an 
important effect on the mechanical properties of the material. With the use of selective 
chemical etching an attempt was made for finding the residual strain in the thickness of 
the material. Different analyti cal models were used to try explaining the results shown by 
chemical etching of MelinexOD PET. The models were not originally created for chemical 
etching. Some extra assumptions were needed in order to use the models. It is shown that 
not all the models provide good answers and can therefore not be used. The shear lag model 
approach provided so far the most information about the residual strain over the thickness of 
the material. It can be concluded that the complexity of chemical etching is hard to model 
but some information about the possible residual strain profile is obtained. 
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Chapter 6 

Conclusion and Discussion 

Biaxial stretched Polyethylene Terephthalate (PET) foil is used as a substrate foil for making 
flexible electronics. Deformations of the foil during the production of fl exible electronic layers 
have to be predicted in order to improve the productions proces. The microstructure of biax
ial stretched PET has to be known. This work concentrated on revealing the microstructure 
by using microscopie measurement techniques. 

A lit erature research was done for finding experimental techniques that are used in the past 
to characterize the microstructure of semi-crystalline polymers. This research provided a list 
with the techniques that have been used in the past. By examining the lit erature it became 
clear that obtaining results of the microstructure for semi-crystalline polymers with the dif
ferent techniques can be difficult. 

Experiments on MelinexOD PET with the different techniques were performed. In polar
ization microscopy it was illustrated that a global orientation is present within the material 
but individual crystals could not be visualized because of the limited resolution and leveling 
out over the thickness. SEM revealed that the roughness of the material was very low and 
limit ed the contrast principles of the technique. TEM indicated that crystals in the material 
must be much smaller then 70nm. SAXS / WAXS indicated that the crystals in the bulk mate
rial have a size of 3- lünm with spacing of 10-21nm which means that only high resolution 
techniques are capable of revealing the microstructure. AFM showed that it was possible 
to visualize structures at the length scale determined by SAXS/WAXS that could represent 
the microstructure. The results of AFM were supported by HarmoniX images. In-situ AFM 
experiments provided extra information about the possible behaviour of the microstructure 
found by AFM and HarmoniX and strengthen the assumption that the microstructure was 
made visible by the different techniques. The clarification of the possible microstructure of 
MelinexOD PET was done by using different analytica! approaches, which enhanced the final 
conclusion of the microstructure. The approaches itself were not always unambiguous. For 
example the analysis of the in-situ AFM experiments where only one data set was used and 
the volume ratio analysis was done by arbitrarily chosen peaks. Selective chemical etching 
revealed the possible residual strain profile over the thickness of the materi al. The shear lag 
model used to obtain this profile was originally not designed for explaining results of chemi
ca! etching and therefore extra assumption were made. These assumptions can influence the 
results of the model but could not be verified with results from literature. 
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The conclusion of this work is a description of the microstructure at the surface and residual 
strain profile over the thickness of MelinexOD PET which is schematically shown in figure 6.1. 
The figure shows the microstructure of MelinexOD PET that consists of crystalline and amor
phous regions with the size of the crystal regions in order of 3 - 10nm. The deformation of 
the foil is mainly determined by the stretching of the amorphous phase (from the volume 
ratio analysis) and deformation areas are in the order 50 - 100nm. The overall crystallinity 
in the material is around 40%. The result of this work provides a good understanding of what 
kind of information the different microscopie characterization techniques can provide about 
the possible microstructure of MelinexOD PET. 

Figure 6.1: Possible visualization of the microstructure of MelinexOD PET with a surface 
morphology (clark areas represent the crystalline areas) and residual strain profile over the 
thickness 



Chapter 7 

Recommendations 

The research of the micro-characterization of MelinexOD PET was mainly focussed on finding 
the correct technique that is capable of revealing the microstructure with the possibility of 
doing in-situ experiments which include tensile testing, humidity and temperature changes. 
The fin al findings of the in-situ AFM experiments showed that in-situ AFM is possible 
technique to use. The recommendations will focus on the findings of this work. 

• Extra data sets of in-situ AFM experiments can be used to support information about 
the microstructure. Analyzing of the results can be done in the same manner as de
scribed in this work. 

• New in-situ AFM experiments with temperature and humidity changes to characterize 
the material even more. 

• Reference material with simil ar production parameters hut a known microstructure can 
be useful to compare and calibrate the analyzing approaches used in this work. Such 
a material was not available during this research, but is current ly created by an other 
researcher. 

• More experiments with TEM are needed to provide information about the crystal struc
tures in the plane of the surface and thickness of the material. The short time on the 
TEM made it not possible to perform the extra experiments needed. For TEM experi
ments of in-plane crystal structures thin sli ces of the surface have to be created. With 
microtomy this proved to be diffi cult and other approaches have to be researched. 

• Removing of a surface layer of the material is also needed for extra information about 
residual strain profile over the thickness of the material. The use of chemica! etching 
for removing this layer proved to be diffi cult and better methods have to be found. 

• Finding new techniques of AFM that are capable of mapping material properties of 
polymers with high accuracy. AFM is still a relative new technique and new methods 
for using this technique are still under investigation. 

• The complexity of selective chemica! etching made it difficult to analyse the results fr om 
this technique. Even more study on this topic can provide better assumptions for the 
models used in this work. 
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Chapter 8 

Appendix 

8.1 Dynamic system HarmoniX 

The cantilever can now be represented by a linear system with two external forces: tip-sample 
and driving force. 

w( x, y, t) = G f (x, y, t) (8.1) 

with G is a transfer function and w(x , y, t ) is the cantil ever displacement. The combining 
external forces are f( x, y, t) = !dri ve+ ft ip · C is the optical detection system and Sx and Sy 
are the horizontal and vertical detector signals. So the cantilever displacement is given by: 

(8.2) 

Directly link the photodetector signal with the slope of the cantilever: Cx = 0~ and Cy = /y 
which results in: 

S = CG(fdrive + f tip) 

sx = CxGxUdrive + ft ip) = HxUdrive + ft ip) 

and 

Sy = CyGy !tip= Hy !t ip 

(8.3) 

(8.4) 

(8.5) 

Transferring the signal in transfer function Hy(w) (by reali zing that Sy is only contributed by 
the tip-force) results in: 

w'!j/Kr 
Hy(w) = Coptical 2 2 + . /Q wT -w iwwr T 

(8.6) 

where w is the angular fr equency, wr is the torsional resonance frequency,Qr and Kr are 
the quality factors and effective spring constant of the torsional resonance and Coptical is a 
multiplier that corresponds to the bending angle of the cantilever for a unit tip displacement 
in the torsional mode. 
Two important parameters of the transfer function Hy are the bandwidth and gain. Band
width is limi ted by wr and the gain is described by Copticat/ Kr. The torsional vibrations 
provide over a larger bandwidth, a higher sensitivity. The higher sensitivity is due to the 
larger Coptical. The momentum arm in torsional direction is much smaller then in the length 
of the cantilever , which results in a lower effective spring constant Kr in torsional direction. 
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8.2 Curvature by mean of the are of a circle 

TU/e E :=. 

(a) SEM image of residual stress (b) circle with black part being a 

Figure 8.1: curling residue after etching 

The radius (of which the stress can be calculated) of figure 8.la can be calculated with 
basic geometry using figure 8.lb. 

ICEIIEDI = IAEIIEBI 
IAEI = IABI 

2 

ICEI = IABl2 
4IEDI 

IAOI = ICEI + IEDI 
2 

IAOI = IABl2 IEDI 
8IEDI + 2 

(8.7) 

(8.8) 

(8.9) 

(8.10) 

(8.11) 
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8.3 Digital Image Correlation 

Digital image correlation (DIC) is typically used to find the displacement field between two 
images, a reference image f( x) and the a deformed image g(x) with a displacement field u(x). 
In general DIC wants to minimize: 

min [fz
01 

(f(x) - g(x + u(x))) 2dx] (8.12) 

Strain field 

Figure 8.2: Principle of DIC. 
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8.3.1 Local DIC 

For local DIC the image is divided into small zone of interest(ZOI) that together represent 
the total image. For each ZOI the displacement is being determined (by using relative simple 
shape functions) and the mean displacement at the middle of this ZOI is the output of local 
DIC. With this technique small fluctuations of the ZOI can be determined which means that 
local deformations can be seen. The problem described in formula 8.12 is solved for relatively 
simple u(x). For local DIC usually the displacement in x of the ZOI is described by: 

(8.13) 

where ao is the translation in x, a1x is the constant strain in x direction. 

8.3.2 Global DIC 

Global DIC software was used to determine the global displacements of images for different 
strains. The entire image is now ZOI and more complex shape function are used to describe 
the displacement fields. In order to find this di~placement field u(x) the problem described in 
formula 8.12 has to be solved. If only concentrate on the x-component then the displacement 
field ü(x) can be described by a translation part and a deformation part: 

(8.14) 

where Uxr is the translation part and the rest the deformation part. The problem can be 
rewritten as a shape function with different components: 

(8.15) 

this shape function can be used to solve the problem in formula 8.12. In the software of 
Jan Neggers the shape function is determined by using combination of simple shape function 
which can be chosen. These simple shape functions can be described as: 

(8.16) 

Variable c.p determines what kind of shape functions are used to fit the data, with a en b 
being the different orders in the different directions of the shape functions (x,y,z). For the 
correlation of the camera images a translation (a and b equal zero for x and y-direction), 
constant strain was used (a = 1 and b = 0 for x-direction and a = 0 and b = 1 for y-direction) 
and some shear (a = 1 and b = 0 for y-direction). The more complex images of in-situ AFM 
needed an extra higher order function (a = 0 and b = 2 for y-direction). 
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