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Summary

Modern engineering materials are frequently built up from different components like
combinations of polymers and metals. The adhesion between these various materi-
als at the interface is crucial and often the weak link. Examples include laminates,
coated materials, and composites like Aral, Glare and pre-coated steel. Adhesion
in these material systems is responsible for their performance and reliability in ex-
treme conditions, but is also extremely complicated involving various interdependent
length scales. The ability of the laminate to withstand repeated various mechanical,
thermal, chemical/physical treatments, depends on a variety of quantities like inter-
facial free energy, thickness, modulus, yield stress, post yield behavior and fracture
toughness. Usually the interface between materials is not a sharp boundary, but can
be more realistically regarded as an interphase, which is a transition zone between
the surface and the bulk having a finite volume and a distinct gradient in properties.

Polymer-coated metal laminates (pre-finished metal sheets) used in can making
are one example of modern engineering materials, which are advantageous over the
conventional can making process as the polymer coating acts as environmentally
friendly lubricant, as a protection of the metal against corrosion, also reducing the
number of processing steps and times. The Draw and Wall-Ironing (DWI) process
for metal forming is a process in which a sheet of polymer-metal laminate is deep
drawn, followed by a wall-ironing step to form a thin walled cylindrical product, re-
ducing the total thickness of the laminate to one-third of the original thickness. The
polymer coating on the metal substrate is bound by a intermediate adhesion layer
of Cr/CrxOy. During mechanical forming processes, the laminates are exposed to
high pressures and temperatures resulting in large localized deformations. Despite,
the purpose of the processing operation is to give them their desired shape and size,
without fracturing and loss of adhesion. At the same time the intermediate adhe-
sion layer during the DWI processes does not remain intact, due to the continuous
formation of new polymer and metal surfaces at the interface.

The mechanical properties of the polymer (PET in this case), the metal (steel)
and their interface together determine the strength of the laminate. Polymer and
steel greatly differ in their mechanical behavior, especially in their plastic deforma-
tion, and the laminate behaves quite differently compared to the individual materials
under similar loading conditions. Hence it is not only important to study the me-
chanical behavior of the individual bulk materials, but also to study their combined
deformation behavior. The aim of this research is to obtain knowledge on how a
constituent material could be tailored to improve the performance of the laminate,
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and to study the forming limits of the laminates, where the relation between the
thermal history, microstructure and mechanical behavior is crucial.

Being a semi-crystalline polymer, the microstructure, and thus the mechani-
cal properties, of PET is subject to variations depending on thermal processing.
Furthermore, during forming, the polymer also has to undergo high compressive
stresses. This is also greatly responsible for altering the microstructure of this semi-
crystalline polymer. In this work, we carried out a detailed investigation of PET
(poly-ethylene terephthalate), studying the development of the microstructure as a
function of crystallization temperatures before and after uniaxial compression. This
leads to the proposition of a three phase model for the microstructure, comprising
of the crystalline phase, the true amorphous phase (mobile amorphous) and the
rigid amorphous phase, which is subsequently employed in correlating the intrinsic
mechanical behavior of PET.

During deformation of the laminates, the supported PET can be loaded in a
macroscopically uniform fashion to larger strains than a free film can: the phe-
nomenon of necking i.e. macroscopic localization of strain, is circumvented. This is
only possible because of the load bearing adhesive bonds at the interface. Knowledge
of the nature of chemical species at the interface and of the conformations of the
polymeric coating in the region near the interface is an important aspect to arrive
at understanding of the ultimate deformation behavior of polymer-metal laminates.
A Reflection-Absorption spectroscopic technique was used to study the structure
of PET at the interface, by carrying out a detailed investigation of crystallization
behavior and uniaxial loading of free-standing and supported PET films. Confor-
mations of steel supported PET films are found to be different from those in free
PET film due to the constraints set by the interface.

Positron Annihilation was employed to detect the position of the interface in
PET-metal laminates, and to study the possibilities to detect the initiation of de-
lamination during loading.

During forming processes, the modes in which the interface deforms are operative
at various interacting length scales, in both the materials. Failure of either material,
polymer or metal, could lead to the ultimate failure of the laminate. Knowledge
of the mode of initiation and propagation of the failure mechanism is essential to
understand the adhesion/delamination performance of the laminate. Hence we stud-
ied the different plastic deformation mechanisms active in a laminate on loading, by
performing and recording in-situ deformation experiments using various microscopic
techniques covering various length scales and contrast modes, and trying to correlate
them with the deformation mechanisms of bulk PET and steel substrates.



Samenvatting

Geavanceerde materialen bestaan steeds vaker uit combinaties van verschillende
componenten, zoals bijvoorbeeld metalen en polymeren. Voorbeelden van commer-
cieel verkrijgbare composieten zijn Aral, Glare en Hylite. Polymeer-gecoate metalen
platen die worden gebruikt bij het vervaardigen van bijvoorbeeld frisdrank blikjes
zijn een voorbeeld van een succesvolle toepassing van dit soort materialen. De poly-
meerlaag functioneert als milieuvriendelijk smeermiddel tijdens het omvormproces
van de plaat, waarvoor bovendien minder proces-stappen nodig zijn. Het omvormen
van blik gebeurt in een zogenaamd Draw Wall-Ironing proces, waarbij het laminaat
wordt diepgetrokken en vervolgens verstrekt tot een cylindervormig product. De
dikte van het laminaat wordt tijdens dit proces gereduceerd met een factor drie.
Tijdens deze vervorming en verdere processtappen, waarbij hoge temperaturen en
drukken een rol spelen, moeten metaal en polymeer blijven hechten. De mechanis-
che eigenschappen van metaal en polymeer, en hun adhesie op het grensvalk, spelen
daarbij een cruciale rol. Het doel van het werk gepresenteerd in dit proefschrift is
te zoeken naar de limieten van de vervormbaarheid van dit soort laminaten, in het
bijzonder laminaten van PET en staal. Daartoe wordt de relatie tussen thermische
geschiedenis, microstructuur, en mechanisch gedrag van zowel de basismaterialen als
de laminaten onderzocht. PET is een semi-kristallijn polymeer met een microstruc-
tuur die afhangt van de thermo-mechanische geschiedenis en die het mechanisch
gedrag bepaalt. In dit werk is een systematische studie uitgevoerd naar de invloed
van kristallisatie omstandigheden en mechanische vervorming op de microstructuur
van PET. Het bleek dat de microstructuur van glas- en smeltgekristalliseerd PET
verschilt op zowel spherulitisch als op lamellair niveau. Er werd gevonden dat een
drie-fasen model, dat het polymeer beschrijft met een kristallijne fase en twee amorfe
fases, een ’mobiele’ en een ’starre’, nodig is om een aantal afwijkende gedragingen
van PET te begrijpen. Het bleek verder dat, tijdens uniaxiale compressie van glas-
gekristalliseerd PET, de kristallen voor een groot deel kunnen verdwijnen en plaats-
maken voor een amorfe structuur die weliswaar geen translatie-symmetrie meer bezit,
maar wel een hoge fractie trans-conformaties, kenmerkend voor een kristallijne fase.

De mechanische eigenschappen van de componenten in het laminaat zijn van be-
lang tijdens de verwerking ervan tot producten, maar ook tijdens het uiteindelijke
gebruik. Er bestaan significante verschillen tussen de eigenschappen van de basis-
materialen en die van de resulterende laminaten. Het grensvlak tussen polymeer
en metaal speelt hierbij een belangrijke rol. Door middel van FTIR werd vast-
gesteld dat de structuur van PET bij het grensvlak verschilt van die in de bulk. Met
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een aantal microscopische technieken, toegepast tijdens vervorming, werden defor-
matiemechanismen in de basismaterialen en de composieten onderzocht. Zowel de
binding aan het grensvlak als de opruwing ervan (die overeenkomt met de opruwing
van een vervormd metaaloppervlak) tijdens vervorming blijken van invloed te zijn op
de uiteindelijke eigenschappen van de laminaten. Verschillen in gedrag tussen glas-
en smeltgekristalliseerde PET lagen suggereren dat het grensvlak voor de smelt-
gekristalliseerde lagen zwakker is. Tenslotte werd een aanzet gegeven tot de bestud-
ering van de initiatie van delaminatie aan het grensvlak met behulp van positron
annihilatie.



Chapter 1

Introduction

1.1 Problem description

Modern engineering materials are frequently built up from different individual com-
ponents, each component fulfilling a specific requirement in the finished product.
Generally, they vary greatly in their material properties, like e.g. in composites,
laminates, coatings, sandwich layers, etc. Their applications include the packaging
and electronic industry, that make use of wear/corrosion/heat resistant coatings,
etc. Adhesion across the interface is a key element in obtaining optimum perfor-
mance of these assemblies which, depending on their application, have to undergo
various tough or mild, chemical, physical, or mechanical treatments. These class of
materials offer enormous challenges, testing technologies to the limit, by providing
better, improved, or more reliable performance under extreme conditions.

In this thesis, we have focused on one of these tailor-made materials, used in
the food packaging industry: polymer coated metal laminates. Polymer-metal lami-
nates are being increasingly used in the high-tech packaging industry for beverages,
gradually capturing the conventional canning industry. The conventional canning
methods such as the three-piece cans having a cylindrical body and two ends, are
welded together, and are fabricated using Draw-ReDraw (DRD) and Draw Wall-
Ironing (DWI) production processes. More recently DRD and DWI cans consist of
two parts only. First, the cylindrical part along with the bottom end and, second,
a separate top part. Conventional DWI is a technique where a thin metal sheet is
subjected to a deep drawing step followed by several wall-ironing steps depending
on the required height of the can followed by degreasing, lacquering, and curing.

New developments in DWI processing technology focus on the use of polymer
coated metal laminate sheets where, before the forming processes via deep drawing
and wall-ironing, a polymer film PET (poly ethylene terephthalate) is coated on
to electro-chemically coated steel, ECCS, by a co-extrusion step. ECCS has a thin
coating of metallic chromium followed by a chromium-oxide layer, both together not
thicker than 14 nm, which acts as an adhesion layer between steel and PET. The
laminate is the material of choice over plain steel sheet due to the fact that the poly-
mer not only acts as the environmentally friendly lubricant during the fabrication of



2 Chapter 1

cans, but also offers protection against corrosion of the substrate steel. It therefore
can be considered as an environmentally friendly, emission free and sterilizable coat-
ing. PET is the chosen polymer for its aesthetics and because it does not impart
any flavour or odour to the packaged food product and, most importantly, it is FDA
approved. Depending on the packaged product (food and/or beverages), the coating
must be able to withstand temperatures ranging from 63 ◦C for 45 mins upto 121◦C
for 90 mins.

During forming processes like draw-walling and wall-ironing, the polymer-metal
laminate has to undergo high deformations at high deformation rates and high hy-
drostatic pressures for a short duration of time. Temperature fluctuations occur
when passing under the punch and die. These extreme forming process conditions
result in large localized strains, the formation of new interfaces and the build up of
internal stresses at the interface. It is of crucial importance in this instance that the
adhesion between the polymer and the metal is strong enough to endure such drastic
forming conditions and, giving a end-product-can with a required shape and size,
at the same time it should maintain good adhesion for the function intended (also
during sterilization). It is evident that the mechanical properties of the polymer,
the metal and the interface together determine the strength of the laminate.

1.2 Interface and interphases

Polymers and metals greatly differ in their material properties and responses to
similar conditions, such as plastic deformation, stress, surface energies, dissipation
mechanisms, among other material parameters. When put together to form a lam-
inate, they behave quite differently than either of the two materials, under similar
conditions. When deforming a laminate, the mechanical response of bulk materials
as well as the interaction potential at the interface, has to be taken into account.
Adhesion is of crucial importance, since it dictates the deformation of the lami-
nate and its ultimate performance. The mode of adhesion is an important aspect
in understanding the deformation mechanism of a laminate. An interface is not a
sharp boundary between the two materials, but can be more realistically regarded
as ”interphase” which is the transition zone between the surface of the substrate
and the bulk of the polymer adhering to the substrate having finite volume and
distinct physical gradients in properties. The definition of interphase and boundary
is indefinite. Its structure and properties are the most important factor in deter-
mining the properties of the polymer-metal laminate. If between the polymer and
metal, a chemical or molecular interaction is involved, the selectivity of adsorption
is dictated by not only their chemical nature but also by the geometric accessibility
of the surface.

A polymer molecule can be bonded to a metal in more than one site and yet not
need to attach all its segments. The strength of a polymer is dictated by the strength
of inter-chain Van de Waal’s forces. In polymers, 75-100% of total cohesion energy
is contributed by dispersion forces. The total force of adhesion between phases de-
pends on the single bonds associated with the type of intermolecular and interatomic
interactions across the interface, the number of interaction sites and range of bonds.
Comparing the range of intermolecular forces to the interaction of H-bonds, other
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weaker forces are nearly negligible given the presence of the surface oxide and -OH
layers on the metals. Hence H-bonds play a significant role in adhesion.

1.3 Adhesion and delamination

The fraction of the segments of a polymer chain, attached to the surface, and the
configuration of the polymer chain, are directly related. This means that the larger
the fraction of the chain attached, the flatter the chain configuration. The fraction
of the chain segments and the number of chains attached to the surface maintain
a balance in the strength of adhesion between metal and polymer. These are some
of the physical aspects which, in combination with the chemical bonding, play an
important role in adhesion. Adhesion, or the lack of it, is crucial in laminates,
and it is often rather the weakest link for their optimum function. The laminates
in question have to undergo severe physical, chemical and mechanical treatments
during forming and, unless the adhesion between them is very good, this could lead
to the failure by debonding (delamination). The most common method of failure of
the adhesion in coatings is fracture initiation and propagation at the interface and
hence this requires to be inhibited.

A uniform interface provides the simplest geometry for fracture propagation by
providing some external energy source, to overcome the fracture threshold. If the
crack encounters a rough interface surface, its propagation is restricted by the en-
ergy of dispersion at the roughened edges. A greater external energy is required to
overcome the planar fracture threshold. Hence roughening the substrate improves
the adhesion performance and can be achieved by chemical etching of the surface.
Chemical etching results in a change in the topography of the surfaces, before ad-
hesion of the surfaces, hence improving their geometric accessibility. Presence of
internal stress also can rapidly cause delamination and hence destroy the adhesion
of the two surfaces.

1.4 Poly(ethylene terephthalate), a complex coating material

As mentioned earlier, polymers and metals greatly differ in their material properties
and responses to loading conditions like in their plastic deformation, stress, surface
energies, dissipation mechanisms, among other material parameters. When put to-
gether to form a laminate, they, moreover, behave quite differently compared to
the response of either of the two materials, under similar conditions. Knowledge
of this behavior is important to understand the processes that occur at the inter-
face between the two materials, and to improve the quality of the assemblies in
extreme deformation conditions as in this high-tech industrial application of food
and beverage packaging industry.

Since the poly-metal laminates are replacing conventional plain metal products,
the polymer together with the metal has to go through the same processing and
manufacturing conditions which were initial applicable for the metal only. Further,
during sterilization of the cans, the product has to withstand high temperatures.
Although these processing conditions may appear to be practically applicable for
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the metal, for PET these conditions are testing the limits. PET is a slowly crys-
tallizing, semi-crystalline polymer, whose mechanical behavior is dictated by its
microstructure, while the processing conditions are ultimately responsible for the
microstructure. So the question arises, what would be the response of PET in these
forming and sterilization processes, with respect to its microstructure and bonding
at the interface? How will the exposure to various temperature treatments, high
pressures and compressive stresses, alter the microstructure and the ultimate me-
chanical response of PET? What effect would this have on the deformation behavior
and/or adhesion of the laminate, especially when the microstructure is altered?

Hence it is important to understand the relation between the microstructure and
mechanical behavior of PET, with respect to changing conditions of temperature,
deformation rates and compressive strains. This information is necessary not only
to understand the deformation behavior of the coating, but also help in predicting
the behavior of the coating during laminate deformation. This knowledge would,
moreover, assist in improving the quality of the assembly during extreme deformation
conditions.

1.5 Survey of the thesis

After a short introduction in chapter 1, in chapter 2 the crystallization behavior of
the bulk films and supported films of PET on a metal substrate is studied employing
experimental techniques at different length scales using FTIR - segmental level,
WAXS/SAXS - lamellar level and birefringence microscopy - microscopic scale.

Next we investigate the mechanical behavior of the bulk materials, in chapter 3.
An attempt is made to establish a relationship between microstructure and mechan-
ical properties of a semi-crystalline PET, varying the microstructure by crystallizing
from the glass or the melt, at different temperatures. In chapter 4, a quantitative
method to determine the crystalline, rigid amorphous and mobile amorphous frac-
tions, from the heat capacity, is applied in a series of PET samples crystallized from
the glass or the melt.

In chapter 5, vibrational spectroscopy is employed to compare the conformation,
orientation and relaxation behavior of free and supported PET films during plas-
tic deformation. Further, in chapter 6, the Positron Beam Annihilation technique is
used to obtain complementary physical information on different materials and study-
ing initiation of delamination. Finally, in chapter 7, different microscopic techniques
are employed to obtain a coherent picture of the laminate deformation mechanisms
active the interface, during deformation.

Some conclusions are summarized in the last chapter.



Chapter 2

Microstructure of glass- and
melt-crystallized PET1

2.1 Introduction

Poly-Ethylene Terephthalate (PET) is used in various applications (such as packag-
ing and textiles) because of its desirable mechanical, optical, thermal and chemical
properties. The polar nature of PET also makes it an excellent material for achiev-
ing adhesion with metals. Hence PET is increasingly used as a protective coating on
metal substrates in the packaging and automotive industries. In these cases, PET
may have to undergo various thermo-mechanical treatments during manufacturing,
such as film extrusion, lamination, plastic deformation (e.g during wall-ironing) and
possibly sterilization. As PET is a semi-crystalline polymer, the thermal processing
history is crucial in determining its microstructure, which to a large extent deter-
mines the mechanical behavior. For any study to the forming limits of laminates,
the relation between thermal history and microstructure of PET is, therefore, of
crucial importance.

2.1.1 Microstructure

Semi-crystalline polymers has an intricate hierarchical microstructure. Roughly,
three relevant length scales can be identified, molecular, lamellar and spherulitic, all
of which are subject to control [1]. In general, a description in terms of two different
phases, an amorphous phase and a crystalline phase, suffices. However, it has been
established that many semi-crystalline polymers, including PET, do not fit into
this scheme, with experimental evidence pointing to the existence of a third phase.
Sticking to a two phase description for the moment, discussion of the structure of
PET is best started with reference to the crystalline phase.

On a segmental scale the structure of PET is determined by the conformations
of the C-C and CH2-O bonds in the ethylene glycol group, and the conformation

1Reproduced in part from:

Microstructure of glass- and melt-crystallized PET.

R. Rastogi, W.P. Vellinga, O.L.J.v Asselen, H.E.H. Meijer, in preparation.
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of the ester groups. The ethylene glycol fragment may exist in trans T, or mirror
images of gauche G, depending on the rotation around the C-C bond. The CH2-O
bond of the glycol may rotate, and the two conformational isomers are designated
as gauche g, and trans t. The ester groups may occur in trans TB , and cis CB . In
a perfect crystal all conformations are trans and the resulting unit cell is triclinic,
with unit cell dimensions, a = 4.56 Å, b = 5.94 Å, c = 10.75 Å, and α = 98.5◦,
β = 118◦, γ = 112◦ as revealed by X-rays [2; 3; 4].

In the amorphous state G, CB and g are present along with the trans conformers.
Štokr et al. [5] give estimates for the population of the conformations. For the
ester conformations they find that the ratio of the number densities of TB :CB , is
roughly 0.5:0.5. The ratio of conformers, t :g, is 0.74(± 0.07):0.26(± 0.07) and T :G,
is 0.085:0.915. A schematic representation of the conformational isomers of PET are
shown in figure 2.1.

O O

O

O

CH2

O

O

C

HH

t

CH2
O

O

C

H

H

g

O

H

HH

H
O

C

T

O

H
HH

H
O

C

G

CBTB

OO

OO
n

O
O

O

O
n

Amorphous PET Crystalline PET

Figure 2.1: Schematic representation of the conformational isomers of PET.

In semi-crystalline polymers, the amorphous and crystalline states coexist, with
the crystalline phase confined to stacked layers separated by amorphous regions,
”lamellae”. The mean thickness of these crystalline layers, the ”crystal thickness”, is
indicated with Lc, the mean thickness of a crystalline and amorphous layer together
is called the ”lamellar thickness” or ”long period” and is indicated with Lc+a.

During polymer crystallization a part of a random coil in the supercooled melt, or
superheated glass, that attaches to a crystal has to straighten out. Due to the large
entropic barrier associated with this process, thermodynamic equilibrium is never
reached, and Lc reflects the kinetics of the growth process. The size with the highest
growth rate at a certain Tc will prevail. The growth of such lamellae is initiated at
various sites on a nucleus and proceeds radially, forming spherulites. These grow
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until they impinge, forming more or less well-defined polygonal boundaries. The
overall rate of crystallization is determined by the nucleation rate and the crystal
growth rate [6].

2.1.2 Crystallization

Crystallization of PET is a subject well-covered in literature, and has attracted re-
newed attention lately [7]. PET has a glass transition temperature (Tg) of 70◦C and
a melting temperature (Tm) of 270◦C. Thus at room temperature, the amorphous
part of semi-crystalline PET is a glass.

For PET the crystallization rate is zero at Tg and at Tm and shows a maximum
at Tmax ≈ 175◦C, refs [8; 9]. The molecular weight influences the magnitude of the
crystallization rate, but not the position of the maximum: decreasing Mw increases
the crystallization rate. The nucleation rate increases with undercooling (Tm-Tc), as
is shown in figure 2.2 [6]. As the spherulite size is dictated primarily by the nucleus
density [1] it depends on Tc, and decreases rapidly with increasing undercooling.

PET turns out to crystallize slowly and it can be quenched from the melt to
a glassy state, for cooling rates upward from 5 K/s [7]. It is therefore possible to
start crystallization from the glass (glass-crystallization, Gl) as well as from the
melt (melt-crystallization, Me). Phillips et al. studied glass-crystallization [8] and
melt-crystallization [10] of PET in some detail.

Generally crystallization is considered to depend on Tc only. A well-known the-
oretical result is that Lc is inversely proportional to the undercooling Tm-Tc, which
has been corroborated for PET in a number of experiments [1; 8; 11].

The arguments leading to this relation involve the straightening of part of a
polymer chain with length Lc and it’s subsequent attachment to the growth face of
a crystal.

Moreover, crystals formed at high Tc are known to have a higher internal per-
fection, lower energy fold surfaces, and a smaller incidence of tie molecules. At high
Tc, the crystallization rate is high enough to sustain adjacent reentry during chain
folding and chains may be deposited into crystals with few interruptions, resulting
in few tie molecules, partly via disentangling of the melt by the reeling-in process.

At low Tc, due to sluggish chain mobility and the rigid chain backbone, the folds
generated are large, there is little adjacent reentry. Since the mobility of the chains
is restricted at low Tc, the chains are thought to deposit in such a way that the
end-to-end distance does not differ too much from that in the glass. Findings in
literature on glass- and melt-crystallization of PET show behavior in accordance
with this general picture [8; 10].

Crystallization at high undercoolings yields a high nucleus density, and therefore
results in small spherulites. The spherulites may be poorly defined, and lamellae
that initiate in one spherulite may end up in a neighboring one without recognizing
inter-spherulitic boundaries. At low undercoolings the critical nucleus size is very
large. A low nucleus density and large spherulites result.

2.1.3 Melt-crystallization versus glass-crystallization

The structure that forms during crystallization depends to a first approximation
on the prevailing kinetics at Tc. However, since the semi-crystalline structure is
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Figure 2.2: Crystal growth rate of PET vs. crystallization temperature, taken from [8]
(left). Nucleation density as a function of temperature, taken from [6] as studied
for isotactic PS and isotactic PP (right).

never at thermal equilibrium, the whole thermal history may be expected to be of
importance.

There are a number of, fairly recent, studies investigating the effect of the
cooling rate from melt to glass on the structure of PET during subsequent glass-
crystallization [7]. In fact it was shown that for different cooling rates, leading to
amorphous structures below Tg that were inseparable in Small Angle X-ray Scat-
tering (SAXS), glass-crystallization at fixed Tc resulted in differences in Lc+a, for
annealing times up to (roughly) the time of primary crystallization. Consider-
ing melt- and glass-crystallization, similar differences may be expected since glass-
crystallization invariably involves an extra cooling and heating step below Tc at a
certain rate.

For differences on a spherulitic level consider a sample, cooled from the melt
at some specific cooling rate to Tmax. At temperatures above Tmax relatively few
nuclei will have formed, since nucleation is the rate limiting step, and the bulk of the
nuclei will form at Tmax. On the other hand, on heating from the glass at an equal
rate, many nuclei will have formed below Tmax already, that will start growing at
Tmax. A large difference in nucleus density and spherulite size may, therefore, be
expected between glass- and melt-crystallized samples crystallized at the same Tc.



Microstructure of glass- and melt-crystallized PET 9

This difference is expected to be more pronounced for a Tc above Tmax.

Studies in literature directly comparing the microstructure of glass- and melt-
crystallized PET at any particular temperature Tc, i.e. GlTc and MeTc samples
of any polymer are scarce. Figure 2.2 shows results for isotactic PS, that clearly
indicates that a huge difference in nucleation density may occur between Gl and Me
samples.

Whether such a difference in density of nucleation sites may be accompanied
by structural differences at the lamellar or segmental scale is not a-priori clear.
However, the results in [7] do indicate that such a situation might occur.

2.1.4 Aim

As has been indicated above a rather detailed picture of the crystallization of PET
does exist. Also, it has been realized that the structures obtained by glass- and
melt-crystallization may be quite different. However, side-by-side comparisons of
the microstructure of glass- and melt-crystallized PET at a single crystallization
temperature Tc and at different length scales (segmental, lamellar, spherulitic) are
not available. To provide such a comparison is one of the aims of this chapter.

To this end, a number of melt-crystallized and glass-crystallized samples were
prepared for a range of crystallization temperatures, below as well as above Tmax,
as shown in figure 2.3. Treatment GlTc results in glass-crystallized samples and
MeTc in melt-crystallized samples at a particular temperature Tc. The microstruc-
ture was studied at the three length scales mentioned, using Fourier Transformed
Infrared spectroscopy FTIR (segmental), Wide and Small Angle X-ray Scattering
WAXS/SAXS (lamellar) and birefringence microscopy (spherulitic).

Furthermore comparisons between bulk PET and laminates were carried out to
investigate whether the metal substrate influences the crystallization of supported
films. Another aim of this study was, therefore, to establish whether similar treat-
ments of supported films would lead to similar microstructures as obtained in bulk
PET, because, as was indicated earlier, our eventual interest is in the mechanical
behavior of PET, supported by metal substrates.

This chapter is organized as follows. The experimental set-up and techniques are
discussed in section 2.2, subsequently the results obtained for bulk PET, 2 µm thin
free-standing film, and the supported films (of 4 µm and 0.5 µm) are discussed in
section 2.3, before conclusions follow in section 2.4.

2.2 Experimental

2.2.1 Sample preparation

The PET was obtained from Eastman and has a Mw of 52000 g/mol and Mn of
26000 g/mol. Bulk samples were injection moulded in the shape of cylindrical rods
with a diameter of 7 mm. The samples were, subsequently, dried in an oven at T
> Tg overnight, wrapped in thick Al foil and re-placed in the oven. The Al foil
was coated with Teflon tape to prevent adhesion of PET to the foil. Gl samples
were crystallized by placing the samples in a preheated oven at the desired Tc for
10 minutes before quenching to room temperature. Me samples were heated to T >
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Figure 2.3: Temperature treatments for bulk PET and thick (4 µm) supported films.

Tm for 15 min, before crystallizing at Tc for 10 minutes and subsequently quenched
(figure 2.3).

The following values of Tc were used for Gl and Me samples: 80◦C (Gl80, Me80),
120◦C (Gl120, Me120), 135◦C (Gl135, Me135), 170◦C (Gl70, Me170), 210◦C (Gl210,
Me210) and 250◦C (Gl250, Me250). Transmission FTIR spectra and birefringence
micrographs were obtained from microtomed bulk samples with a thickness between
2µm and 5µm.

Free-standing films of PET were prepared by casting from a solution of PET in
1,1,1,3,3,3, hexafluoro 2-isopropanol, (1:15, w:w) on Teflon sheets. PET films cast
in this way could be easily peeled off to give free standing films and were found to
be amorphous, unoriented, with a thickness of approximately 2 µm.

Supported films were prepared by spin-coating a PET solution on polished in-
terstitial free steel substrates. The substrates were polished to prevent diffuse scat-
tering of the incident radiation. Spin-coating resulted in semi-crystalline coatings
after evaporation of the solvent. To obtain amorphous coatings the laminate was
briefly heated to Tm, and then quenched to 20◦C. Various samples were prepared
with thickness (d) ranging from 0.5 µm to 8 µm. The thickness of samples with d
> 2 µm was measured using thickness fringes in FTIR spectra, (see section 2.2.3),
using:

d(cm) =
∆m

2(υ̃1 − υ̃2)(n2 − sin2θ)
1

2

(2.1)

where υ̃1 and υ̃2 are frequencies in cm−1 of the first and the ∆m + 1 peak (or
valley) of the fringing pattern; n, θ, and ∆m are the refractive index of the film, the
incidence angle and the number of peaks (or valleys) between υ̃1 and υ̃2, respectively.
The thickness of samples with d < 2 µm was measured using profilometry, after
carefully scratching off part of the coating. Samples with d < 1µm showed a surface
roughness of ±200 nm.

The thick (4 µm) supported PET films (”thick laminates”) were crystallized in
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Figure 2.4: Temperature treatment given to 2 µm PET free-standing film and 0.5 µm PET
film supported on steel.

a similar way as bulk PET. These laminates were crystallized in a Linkam oven
preheated to the required Tc, and held for 10 min before quenching to room temper-
ature. Glass-crystallized laminates (Gl) were heated from room temperature to Tc,
and melt-crystallized laminates (Me) were cooled from T > Tm. Two different Tc’s
were chosen on both sides of Tmax, i.e. 135◦C and 210◦C. Reflection-Absorption
Fourier Transformed Infrared (RA-FTIR, see section 2.2.3) spectra of the laminates
were obtained. The Me laminates show partial dewetting of the PET when held at
T > Tm during the crystallization treatment, resulting in thick and thin regions.

Thin 2 µm free-standing PET film and 0.5 µm PET supported film (”thin lami-
nates”), were crystallized using a Linkam hot stage while carrying out in-situ FTIR
spectroscopy. The crystallization treatment employed is shown in figure 2.4. Thin
supported as well as thin free films were heated slowly from glass, and held at var-
ious Tc’s 50◦C, 80◦C, 100◦C, 120◦C, 135◦C, 170◦C, 210◦C, and 250◦C, (GlTc) for
5 minutes before recording FTIR spectra, followed by heating to the molten state,
and subsequently slow cooling to room temperature, giving melt-crystallized films
(Me). FTIR spectra of the free-standing PET films were obtained in transmission
and of the 0.5 µm supported films with RA-FTIR. No dewetting of the PET was
observed during these heating treatments.

2.2.2 X-ray scattering

Simultaneous WAXS and SAXS studies have been performed on beamline ID2 at
the European Synchrotron Radiation Facility (ESRF). WAXS was used to determine
the crystallinity χc of semi-crystalline samples, SAXS to determine the long period,
Lc+a, and the combination of WAXS and SAXS to determine Lc. The size of
the beam was 300 x 300 µm2, the X-ray wavelength was 0.1 nm and the sample-
to-detector distance for SAXS measurements was 5 m. Simultaneous 2D-SAXS and
1D-WAXS patterns were recorded. The high-resolution powder diffraction beamline,
ID11-BL2 at ESRF, equipped with a 2D-CCD detector was used to obtain high
resolution WAXS patterns for crystallinity measurements. The angles in WAXS on
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both beamlines were calibrated using HDPE and silicon powder. Using the FIT2D
program developed within ESRF, 2D X-ray patterns were transformed into one-
dimensional patterns by integration along the azimuthal angle.

Figure 2.5 shows an example of a WAXS profile of an amorphous (A) and semi-
crystalline PET sample (C). The amorphous halo was measured from a quenched
sample in the glassy state. Spectra are baseline corrected between angles of 9◦ and
25◦. Subsequently, the amorphous halo is scaled so as to achieve equal intensity as
the semi-crystalline spectrum at a 2-theta angle of 14◦. The scaled amorphous halo is
then subtracted from the semi-crystalline spectrum, effectively removing scattering
caused by the amorphous fraction in the semi-crystalline PET. The integrated area
below the curve so obtained is due to scattering by the crystalline fraction only.
The ratio of this area to the area before subtraction of the scaled amorphous halo
is taken as the relative crystallinity χc as calculated from WAXS:

χc =
C − A

C
, (2.2)

with C the total area beneath the curve, A the area of the scaled amorphous
halo, and C-A the area assigned to the crystalline fraction.
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Figure 2.5: Subtraction of the amorphous halo from WAXS pattern.

The scattering angle is calculated from the position of the scattered intensity
on the detector and the sample-to-detector distance which was accurately obtained
using a Lupolen sample.

The crystalline long period Lc+a, the average repeat distance, e.g. the distance
between the centres of two lamellae was determined from SAXS measurements. The
2D-SAXS data were divided by the detector response obtained from illumination
of the Cu source and the background scattering was subtracted. Intensities were
normalized to account for changes in intensity of the incident beam on the sample.
From the peak position q of the SAXS profiles Lc+a is calculated:

Lc+a =
2π

q
. (2.3)
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Lc can now be determined (implicitly assuming a two-phase microstructure)
according to:

Lc = Lc+aχc. (2.4)

2.2.3 FTIR spectroscopy

FTIR spectroscopy was performed using a Biorad UMA-500 microscope, coupled
to a Biorad FTS 6000 FTIR spectrometer. The microscope was fitted with a 15x,
all-reflecting on-axis Schwartzschild objective and a wideband Mercury-Cadmium-
Tellurium detector. The objective was used in reflection mode with an incidence
angle of 60◦. A rectangular aperture was used to eliminate stray light. The area
measured was about 40 x 40 µm2. Mid-infra red spectra were recorded with a
resolution of 2 cm−1, co-adding 100 scans.

One of the main uses of FTIR spectroscopy is to study polymer structures at the
segmental level. Since crystallization in PET results in partial conversion of the cis
and gauche (G, GB , g) conformers that are present in the amorphous phase to the
associated trans (T, TB , t) conformers, FTIR may be used to monitor the trans-
formation. A great deal of information is available regarding the interpretation of
spectral changes associated with thermal crystallization of PET [5; 12; 13; 14](some
key results are shown in table 2.1).

Band assignments
A number of bands at 1454 cm−1, 897 cm−1, and 1370 cm−1 are associated with
the G conformer. On crystallization, their counterparts assigned to T conformers,
appear at 1471 cm−1, 848 cm−1, 1340 cm−1, respectively. The position of the trans
conformer band T at 1340 cm−1 has been found to differ between cold-drawn (1339
cm−1) and thermally crystallized samples (1343 cm−1) [14].

The band at 1044 cm−1 assigned to g conformers, shifts to 972 cm−1 assigned to t
conformers. A number of overlapping strong absorption bands in the region between
1050-1300 cm−1 is also associated to these conformers. They are discussed in detail
by Cole et al. [14]. These bands are often subject to saturation in transmission and
to severe distortion in Reflection-Absorption (section 2.2.3) and are therefore not
discussed in the present study.

The band at 1018 cm−1 is indicative of in-plane ring vibrations associated to
the presence of CB conformers. The band assigned to TB conformers appears at
1024 cm−1 on crystallization [14]. On crystallization a weak band at 1386 cm−1

assigned to ring C-H in-plane vibration associated to TB may appear, that easily
goes undetected in amorphous PET as it is hidden under the 1370 cm−1 band.

Out-of-plane vibrations at (875 cm−1, 726 cm−1) all associated with CB , are
very close to bands associated with TB at 873 cm−1 and 725 cm−1, respectively.

A (weak) chain folding peak may appear at 990 cm−1 in thermally crystallized
samples, and is associated with highly ordered structures.

The 1410 cm−1 band assigned to ring-in-plane vibrations is known to show shifts
depending on the structure of PET. Cole et al. [14] have recently stated that this
1410 cm−1 band shifts towards higher wave numbers (1412 cm−1) in highly ordered
thermally crystallized PET and towards lower wave numbers (1409 cm−1) in drawn



14 Chapter 2

Absorption bands Conformations A (cm−1) C (cm−1)

CH2 bending T 1471 1471
G 1454

Ring-in-plane def. CB 1412
CB 1410

Ring CH in-plane def. TB 1385

CH2 wagging T 1340 1343
G 1371

Glycol C-O stretch, asym. t 972 972
g 1044

Ring C-H in-plane def. TB 1024 1024
CB 1018

Chain folding G - 990

CH2 rocking T 848 848
G 898

Ring C-H out-of-plane def. TB 873 873
CB 875

Ring C-H + C=O out-of-plane def. TB 726 726
CB 730

Table 2.1: PET FTIR bands most frequently referred to in this chapter. Band positions
are assigned to vibration modes, and to the associated conformers. In hypo-
thetical purely crystalline PET (C) only trans conformers would occur. All
band positions shown have been deduced from spectral decomposition (Cole et

al. [14]). In amorphous PET (A) trans and cis/gauche conformers occur. Part
of the cis/gauche conformers transform to trans conformers on crystallization.
Note that the band position of some trans conformer bands depends slightly on
whether they are found in highly ordered crystalline material or in material with
a substantial amount of cis/gauche transformers. The band associated to chain
folds has no logical place in this scheme and was placed in the C column. Bold
text indicates the dominant peaks in amorphous and crystalline PET.

PET. In the present study the area of this band at 1410 cm−1 is taken as an internal
standard to normalize IR spectra. This reference is widely applied in literature [13;
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14; 15]. Wall et al.[16] present extensive experimental evidence that this band is
insensitive to variations in the amount of the amorphous and crystalline fractions.
In spite of showing subtle changes, it is still regarded as the best peak available for
use as a reference peak.

Since some of the peaks are indicative of crystalline ordering, a qualitative mea-
sure of crystallinity may be defined using the intensity of a trans peak. T peaks are
most sensitive, since they occur in the lowest fraction in amorphous samples. As a
qualitative measure of crystallinity the ratio of peak area of the band at 1340 cm−1

to that of the reference band at 1410 cm−1, I1340/ I1410 was used [15].

RA-FTIR spectroscopy

FTIR spectra of supported films were obtained in Reflection-Absorption) mode [17;
18]. RA-FTIR is not as straightforward as transmission FTIR, the interpretation of
the RA-FTIR spectra is complicated by peak shifts and distortions. The main reason
for the complications are the rapid changes in the refractive index for wavelengths
close to absorption peaks and the significant contribution of the refractive index to
the reflectivity. Furthermore, interference of radiation reflected from the air-polymer
interface and from the polymer-metal interface leads to thickness fringes.

These effects have been studied in some detail by Pacansky et al. and Allara
et al. [19; 20] and, more recently, by Brogly et al. [21]. Some quite general results
were obtained as well as more specific results for PMMA. However, studies for PET
are lacking and an adequate assessment of the effects for PET can only be obtained
after performing similar calculations.

So, in order to judge whether a comparison of experimental RA-FTIR spec-
tra with transmission FTIR spectra is possible, some calculations were carried out.
Starting from measured values of the complex refractive index n̂p of amorphous and
semi-crystalline PET, transmission FTIR spectra and RA-FTIR spectra were calcu-
lated. From these calculations it could be decided which differences in experimental
spectra might be attributed to physical differences in the PET (e.g. structural or
chemical differences) and which to essentially optical effects.

The complex refractive index of the polymer n̂p is defined by:

n̂p(ω) = np(ω) + ikp(ω). (2.5)

np(ω) and kp(ω) of amorphous and semi-crystalline PET were obtained from a
Kramers-Kronig transformation of specular reflection spectra of PET bars [14]. For
the metal the complex refractive index is defined by:

n̂m(ω) = nm(ω) + ikm(ω), (2.6)

where nm(ω) and km(ω) were interpolated from data given for Fe in [22].
Dropping the wavelength dependence for the sake of clarity, the reflection co-

efficients rp
ij and rs

ij at an interface between media i and j for radiation with ~E
parallel (p) and perpendicular (s) to the plane of incidence are given by the Fresnel
equations:
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rp
ij =

n̂i cos θj − n̂j cos θi

n̂i cos θj + n̂j cos θi

, (2.7)

rs
ij =

n̂i cos θi − n̂j cos θj

n̂i cos θi + n̂j cos θj

. (2.8)

The cosines can be evaluated using Snell’s law, that reduces to the following in
case of a stack in which the first layer is air with real refractive index na =1 and the
angle of incidence is θ:

cos θi =

√

1 − (
na sin θ

n̂i

)2 (2.9)

The reflection coefficients for an air-polymer-metal combination are calculated
using equations 2.8 and 2.9

rs
apm =

rs
ap + rs

pme2iβ

1 + rs
apr

s
pme2iβ

, (2.10)

and from equations 2.7 and 2.9

rp
apm =

rp
ap + rp

pme2iβ

1 + rp
apr

p
pme2iβ

, (2.11)

where

β = (
2π

λ
)dn̂p cos θp (2.12)

and d is the polymer film thickness and λ wavelength of incident radiation. The
reflectance for the s and p components is calculated from equations 2.10 and 2.11
and multiplying the amplitude with its complex conjugate yields

Rs = (rs
apm)(rs

apm)∗, (2.13)

Rp = (rp
apm)(rp

apm)∗, (2.14)

and the total reflectance R is obtained from

R =
Rs + Rp

2
. (2.15)
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The transmission coefficients at an i,j interface are given by:

tpij =
2n̂i cos θi

n̂i cos θi + n̂j cos θj

(2.16)

tsij =
2n̂i cos θi

n̂i cos θj + n̂j cos θi

. (2.17)

For the transmission through an air-polymer-air stack (a free polymer film) one
finds:

tsapa =
tsap + tspaeiβ

1 + rs
apr

s
pae2iβ

(2.18)

tpapa =
tpap + tppaeiβ

1 + rp
apr

p
pae2iβ

. (2.19)

The transmittances for a free polymer film are calculated according to:

T s = (tsapa)(tsapa)∗, (2.20)

T p = (tpapa)(tpapa)∗, (2.21)

and

T =
T s + T p

2
, (2.22)

completely analogous to the reflectances. A comparison between calculated and
measured transmission and reflection-absorption spectra is performed in section
2.3.2.

2.3 Results and discussion

2.3.1 Bulk PET

Birefringence micrographs of the Gl135, Me135, Gl210 and Me210 samples, shown
in figure 2.6, are illustrative of the differences at the spherulitic level between the
two sets of samples. Glass-crystallization has resulted in a higher nucleation density
(and smaller spherulite size) than melt-crystallization at the same Tc.

Figure 2.8 and table 2.2 show values of χc, determined with WAXS, and Lc,
determined with WAXS and SAXS, for the Gl and Me bulk samples. In both Gl and
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Me135

Gl210

Gl135

Me210

Figure 2.6: Birefringence micrographs of microtomed bulk Gl and Me samples crystallized
at 135◦C and 210 ◦C.

Me samples the WAXS patterns of the samples annealed below 120◦C are similar to
that of the amorphous samples: no significant increase in χc is encountered. Above
120◦C, χc gradually increases with increasing Tc in the Gl as well as the Me samples.
It reaches a maximum in Gl250 at 52%. However, Me250 shows a very low value
of χc, around 4%, most probably primary crystallization was not completed in this
particular sample.

WAXS patterns of the crystalline fraction in the Me135, Gl135, Me170, Gl170,
Me210, and Gl210 samples are shown in figure 2.7. At increasing Tc the peak
widths decrease, indicating an increasing correlation length. Excluding Me250 for
reasons mentioned earlier, all Me samples show higher correlation lengths than the
Gl samples at any given Tc.

Also, at any given Tc, Lc and χc are higher in the Me samples. In conclusion the
crystalline fraction in the MeTc samples consists of larger and more highly ordered
crystals, compared to the GlTc samples.

Normalized FTIR spectra of the same samples, shown in figure 2.9, are in agree-
ment with these findings. In both Gl and Me samples, for Tc below 120◦C, the T
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Figure 2.7: WAXS spectra for bulk PET samples, Gl120 and Me120, Gl135 and Me135,
Gl170 and Me170 , and Gl210 and Me210.

and G conformer content is similar to that of amorphous PET. For Tc above 120◦C
the number of T conformers increases. This is clear from the appearance of the 1471
cm−1, 1386 cm−1, 1342 cm−1, 1024 cm−1 and 972 cm−1 absorption bands arising
due to thermal ordering as described in section 2.2.3. Figure 2.11 shows a clear
linear relation between χc determined from WAXS and the ratio I1340/ I1410 (see
table 2.3), indicating that the FTIR spectra of these thermally crystallized samples
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Figure 2.8: χc vs. Tc (left) and Lc vs. difference between Tc and Tm (right), for bulk Me
and Gl samples. Determined from WAXS and SAXS.
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Gl Me
Tc(

◦C) χc(%) Lc+a (nm) Lc (nm) χc(%) Lc+a(nm) Lc (nm)
80 2 - - 5.1 - -
120 30 11.5 3.5 33 12.6 4.1
135 34 12.3 4.2 38 14.6 5.6
170 33 12.9 4.3 40 14.2 5.7
210 44 12.5 5.4 48 14.3 6.9
250 53 14.7 7.7 4 - -

Table 2.2: χc, Lc+a and Lc for glass-crystallized (Gl) and melt-crystallized (Me) bulk PET,
as determined from WAXS and SAXS. See figure 2.7 and 2.8.

can be used to quantitatively determine the crystallinity.

Difference spectra were generated, subtracting a spectrum of amorphous PET
from Gl and Me spectra, see figure 2.10. In these difference spectra the T and t
bands are more clearly visible and an increase in intensity is observed with increasing
Tc, for both Gl and Me samples, resulting from thermal ordering. However it seems
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Figure 2.9: FTIR spectra of bulk glass-crystallized (top) and melt-crystallized samples
(bottom), for wave number range 1300-1600 cm−1 (left) and 800-1060 cm−1

(right). Spectra are vertically displaced for clarity.
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Figure 2.10: FTIR difference spectra (subtracting amorphous spectrum) of bulk Gl (top)
and Me (bottom) samples.

impossible to differentiate the glass-crystallized from melt-crystallized PET at any
Tc with FTIR.

In conclusion birefringence microscopy as well as WAXS and SAXS were able
to differentiate between the GlTc and MeTc samples. The microscopic result shows
a much higher nucleation density for the GlTc samples. The WAXS and SAXS
results for the GlTc and MeTc samples show that the average Lc+a, χc and Lc

are always larger for the MeTc samples. The measured spectra in FTIR and the
changes occurring on increasing crystallinity are in accordance with literature. It was
established that a quantitative value for the crystallinity can be derived from FTIR,
based on the excellent correlation with the WAXS results. However, it appeared to
be impossible to differentiate between GlTc and MeTc PET samples on a segmental
scale with FTIR.

The microscopic result can be readily understood, assuming that nuclei once
formed are stable up to Tc where the bulk of the crystal growth takes place. The
differences on the lamellar level are remarkable. Like the difference in nucleation
density they must find their origin in the difference in thermal history. However,
within the limits of the nucleation and growth picture for polymer crystallization
there seems to be no clear reason for a difference to occur during growth.
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Figure 2.11: Correlation between I1340/ I1410 from FTIR spectra and χc from WAXS, for
bulk Gl and Me samples.

2.3.2 RA-FTIR on supported PET films

As RA-FTIR is a readily available and simple technique, it would be of great value to
establish the relation between transmission FTIR results on bulk PET and RA-FTIR
results on supported films. As was discussed in section 2.2.3, RA-FTIR spectra for
supported PET-films and transmission spectra of free standing PET-films have been
calculated and compared. As a basis n(ω) and k(ω) for an amorphous free film and
a highly crystalline film obtained from a Kramers-Kronig transformation of specular
reflection spectra were used. The basis spectra used for the calculations are shown
in figures 2.12 and 2.13. Comparison of the basis spectra with calculated spectra
for a 2 µm free-standing film and a 1 µm supported film quickly shows some major
effects as seen in figures 2.14 and 2.15. First, peaks with high k are most severely
affected, in the case of PET this means the C=O peak at 1725cm−1, two groups
of peaks between 1300 cm−1 and 1100 cm−1, and the isolated peak at 725 cm−1.
These peaks invariably shift toward lower wavenumbers. It is interesting to note,
and this seems to have been missed in literature so far, that the effects are more
severe for groups of peaks than for isolated peaks. In groups of peaks invariably the
lowest wave number peaks are affected more than would be expected for isolated
peaks with the same k. This is due to the fact that around the absorbing peaks,
n (and therefore it’s effect on the reflection) decreases as 1/∆λ, and k as 1/∆λ2.
This effect can clearly be seen in the basis spectra, where groups of overlapping
peaks are better resolved in the k spectrum as compared to the n spectrum, and
groups of peaks lead to differences in n for a single peak. As for peaks with lower k
values it is clear that they are not affected as much. For example the important pair
of peaks at 1410 cm−1 and 1340 cm−1 clearly can still be used as an indicator of
crystallinity as should be evident from a comparison of the spectra for the amorphous
and semi-crystalline layers. However, from two more detailed views (comparing a
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free film with a supported film, and supported films of different thickness) of the area
between 1450 cm−1 and 1300 cm−1, as shown in figure 2.16, it becomes clear that
the peak heights and positions may be somewhat influenced by the optical effects,
and are probably best ignored in the comparison of spectra of supported films with
spectra of free films. For the comparison of spectra of supported films, films of equal
thickness should preferably be considered.
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Figure 2.12: The basis k and n spectra of amorphous PET used for calculating the reflection
and transmission spectra.

2.3.3 Thick supported films

Birefringence micrographs for the laminates are shown in figure 2.18. The spherulite
size in the Gl and Me laminates clearly is very different, a situation similar to that
in the bulk samples. The spherulites in the Gl135 laminate are actually too small
to be detected by birefringence microscopy, although a high crystalline fraction is
recorded. The Gl210 sample shows spherulites with sizes of around 1 µm. The
average spherulite sizes in the Me samples on the other hand are 5-7 µm for the
Me135 and 10-15 µm for the Me210 sample. In contrast to the Gl samples, the Me
samples show partial dewetting and the spherulites show a variation in size near the
dewetted zones. The values quoted above for the Me samples, reflect approximate
sizes of spherulites in the thickest regions.

RA-FTIR spectra of glass and melt-crystallized PET films supported on polished
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Figure 2.13: The basis k and n spectra of semi-crystalline PET used for calculating the
reflection and transmission spectra.

IF steel are shown in figure 2.17. The spectral changes indicative of the conversion
of the gauche and cis conformers to trans conformers, as described in section 2.2.3,
are clear, moreover for these layers it seems possible to distinguish between Me and
Gl samples with FTIR.

Tc(
◦C) I1340/ I1410

Bulk PET Laminates
Gl Me Gl Me

80 0.34 0.33 - -
120 0.83 0.82 - -
135 0.87 0.77 1.14 1.18
170 0.91 - - -
210 1.102 1.18 1.13 1.08
250 1.27 0.35 - -

Table 2.3: I1340/ I1410 for glass- and melt-crystallized PET, bulk and thick (4 µm) sup-
ported films.
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Figure 2.14: Calculated spectra of amorphous PET, 2 µm film without reflecting surfaces
(top), 2 µm free-standing film in transmission (middle) and 0.5 µm supported
film on steel substrate (bottom).

Comparison of Gl and Me laminates.

In the Gl135 laminate, the ring-in-plane deformation band appears at 1410 cm−1,
whereas in the Me135 laminate it is present at 1412 cm−1. I1340/ I1410 values for
the laminates are compared with those of the bulk samples in table 2.3, indicating
a high amount of trans conformers in all the thick laminate samples. In the Me135
and Me210 laminates, a high intensity and a shift to 1343 cm−1 indicates that the
crystals are better ordered, as compared to the Gl135 and Gl210 laminates in which
this band is positioned at 1341 cm−1. This observation is in line with the 990 cm−1

chain folding band, that shows up as a weak isolated band in the Me135 laminate
and as a weak shoulder in the Gl135 laminate. In both Gl210 and Me210 laminates,
it is present as a weak band, but it is better developed in the Me210 laminate.

Also, the 1386 cm−1 band is more prominent in the Gl210 and Me210 laminates,
when compared with the Gl135 and Me135 laminates. The ring-in-plane deformation
band in the Gl210 laminate is recorded at 1019 cm−1, but in the Me210 laminate
this band is found at 1022 cm−1. In the Me210 laminate it is not a sharp peak and,
probably due to the presence of both gauche (1018 cm−1) and trans (1024 cm−1)
isomers, it has shifted towards the higher wave-number.

In conclusion, the observations on thick supported films, as far as they can be
compared, are qualitatively similar to those on bulk PET. However, in contrast to
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Figure 2.15: Calculated spectra of semi-crystalline PET, 2 µm film without reflecting sur-
faces (top), 2 µm free-standing film in transmission (middle) and 0.5 µm
supported film on steel substrate (bottom).
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Figure 2.16: Calculated spectra of amorphous (left) and semi-crystalline (right) of PET
supported films supported on steel, with varying thickness from 0.5-2 µm,
showing subtle changes in the position of the peaks arising due to optical
effects.
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Figure 2.17: FTIR spectra of thick (4 µm) supported Gl and Me films. Gl135 and Me135
(top), and Gl210 and Me210 (bottom). Spectra are vertically displaced for
clarity.

the situation for the bulk samples, in this case FTIR evidence seems to indicate a
more perfect crystalline ordering in MeTc samples as compared to GlTc samples,
and also a more perfect ordering in the Tc = 210◦C samples as compared to the Tc=
135◦C samples.

2.3.4 Free-standing PET films

FTIR transmission spectra of an initially amorphous 2 µm thick free-standing PET
film were recorded, at different Tc during the annealing treatment shown earlier
in figure 2.4. The spectra in figure 2.19 were chosen to show the changes due
to crystalline ordering. The spectral changes are again in agreement with those
described in section 2.2.3. In the Gl film an increase of absorbance is observed in
the bands associated with T conformers at 1471 cm−1 and 1341 cm−1 and with the t
band at 972 cm−1, as well as a decrease in the bands of the associated G conformers
at 1454 cm−1, 1371 cm−1 and the g band at 1044 cm−1. A very high fraction of all
crystals will melt below Tm. Judicious heating to just below Tm results in a film in
which the intensity of bands specific to trans conformers is comparable to that in
amorphous PET, while the film is still in-tact. On slow cooling from this situation,
to below Tg, spectral changes show the development of crystallinity in the Me film.

Table 2.4 gives values of the ratio I1340/I1410 cm−1 for all Gl free-standing film
and the single Me free film.

The Me film shows a much higher I1340/I1410 ratio than the Gl films, and the
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Me135

Me210Gl210
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Figure 2.18: Birefringence micrographs of thick (4 µm) supported Gl and Me films (lam-
inates). Gl135 (top left) and Me135(top right), Gl210 (bottom left) and
Me210(bottom right) from glass (left) and melt (right).

Tc(
◦C) I1340/ I1410

PET free film Thin supported film

Gl50 0.12 0.12
Gl80 0.18 0.14
Gl135 0.62 0.56
Gl210 0.72 0.68
Gl275 0.32 0.16
Me 1.17 0.69

Table 2.4: I1340/ I1410 for glass- and melt-crystallized PET, for Gl and Me crystallized 2
µm PET free film, 0.5 µm PET supported film from RA-FTIR spectra.

chain folding band at 990 cm−1, associated with efficient ordering is also observed.
Peaks associated with ring C-H in-plane deformation at 1386 cm−1, together with
t band at 1024 cm−1, characteristic for crystalline PET, are more prominent in the
Me film. This indicates that the crystals in the Me film show more perfect ordering
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Figure 2.19: FTIR transmission spectra of 2 µm free-standing films: amorphous (bottom),
Gl135 (middle) and Me (top). Spectra are vertically displaced for clarity.

than the Gl films.
In conclusion, the Gl films behave much like the bulk. The Me film which is

slowly cooled from the melt, attained a high crystalline fraction, also similar to bulk
PET, and it can be stated that the free film shows crystallization behavior similar
to bulk PET.

2.3.5 Thin supported films

RA-FTIR spectra of the thin laminates are shown in figure 2.20 and the I1340/ I1410
ratios are given in table 2.4.

Initially, the sample is amorphous. Above Tg, as crystallization proceeds, an
increase of bands associated with trans T conformers at 1471 cm−1, 1340 cm−1 and
with t conformers at 972 cm−1 is observed. The band at 1017 cm−1 appears to
shift to 1019 cm−1 and it’s width increases with increasing Tc. These effects are
attributed to a decrease of g band at 1017 cm−1 and a simultaneous increase of the
t band at 1023 cm−1. These bands are associated with ring in-plane vibrations of
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Figure 2.20: RA-FTIR spectra of thin (0.5 µm) supported PET film (laminate), amor-
phous (bottom) Gl135 laminate (middle) and Me laminate (top). Spectra are
vertically displaced for clarity.
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the amorphous and crystalline fractions, respectively. No bands at 1386 cm−1 and
990 cm−1 are detected in the Gl laminates. The sample is then heated to the melt
and cooled slowly to obtain a melt-crystallized (Me) PET laminate. The spectrum
of the Me laminate shows a high fraction of trans conformers when compared with
the Gl laminate. The shift of the absorption band of the glycol trans conformers
from 1340 cm−1 to 1342 cm−1 indicates the presence of a more ordered structure
of trans conformers in the Me laminate as compared to its Gl counterpart. A weak
band at 990 cm−1 associated with chain folding is also recorded in the Me laminate.

So FTIR shows a lower conversion of cis/gauche to trans isomers in the glass
crystallized samples compared to the melt crystallized PET.

Comparison of the free-standing film with the thin supported film, shows remark-
able differences. Though both films received the same heat treatment, the amount
of trans conformers at 1471 cm−1, 1340 cm−1, 972 cm−1 are substantially lower in
the thin supported film than in the free film. In the free film, the 1024 cm−1 band
is well developed while in the thin laminate it is recorded only as a shoulder. This
shows that the conversion of the conformational isomers in the supported film is
partially restricted, which could be attributed to the presence of the metal interface.

2.4 Conclusions

On thermal crystallization of bulk PET at any temperature Tc, melt crystallization
leads to larger spherulites when compared to glass crystallization. At the lamellar
scale, crystals in the melt-crystallized samples are larger, and more perfectly formed
as evident from the better resolved WAXS patters, and show higher Lc as evident
from combined WAXS-SAXS data. This suggests the role of nucleation density in
structure development at the lamellar scale. However, at the segmental scale no
differences were observed between the two different methods of crystallization at
any particular Tc.

Similarly, in supported films we observe that Me samples result in the formation
of larger spherulites, compared to Gl samples at any one Tc. At the segmental scale,
melt crystallization leads to the formation of a higher fraction of trans conformers,
when compared to their glass-crystallized counterpart.

When comparing the crystallization behavior of thick and thin films, certain dif-
ferences are noted, indicating that the thickness of the supported films in laminates
also influences their crystallization behavior. In thick films the crystallization be-
havior of the chains does not deviate from the behavior of the bulk polymer, but
with closer proximity of the polymer chain to the metal (thin supported films), the
crystalline ordering of the polymer chains (according to the bulk crystal structure) is
partially restricted. These differences are attributed to the presence of the PET-steel
interface.

In the thin supported films, differences were noted between glass and melt-
crystallization, since melt crystallization results in higher ordering, when compared
to glass crystallization, at any one particular Tc.

We note that the conclusions on the supported films depend, in part, on the com-
parison between RA-FTIR and transmission FTIR spectra. From the simulations,
it was concluded that spectra of well-separated low k (absorption) bands may be
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useful in this regard. It was found that in groups of closely spaced bands, the ones
at the low k end might be particularly prone to spectral distortion.

We also note that a linear relationship between I1410/I1340 and χc was established
for the bulk PET samples.
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Chapter 3

The three-phase structure
and mechanical properties of
PET1

3.1 Introduction

Poly(ethylene terephthalate) (PET) is a semi-crystalline polymer found in numerous
applications in the form of films of different thickness, crystallinity and orientation.
PET is frequently used in photographic films, electrical applications and food packag-
ing and more recently, also in pre-coated steel. During processing and manufacturing
of these products, PET may undergo various thermo-mechanical treatments such as
extrusion, drawing, blow-moulding etc. The microstructure and relevant mechanical
properties of PET during these processes are interdependent.

3.1.1 Mechanical behavior

In the past, several extensive studies have been performed to investigate the rela-
tion between structure and mechanical behavior in semi-crystalline PET, and semi-
crystalline polymers in general. The basic problem that arises in the understanding
of the deformation behavior of semi-crystalline polymers is in the interpretation of
the generally used ”two-phase” model. This two-phase model distinguishes a high-
density crystalline phase and a low-density amorphous phase. The elastic moduli of
the material are then related to the volume fraction of the crystalline phase. How-
ever, the dependence of large strain material parameters such as yield stress and
strain hardening modulus on the crystalline fraction is not well understood as of
yet. A number of detailed studies have been performed on polyethylenes and ethy-
lene based copolymers [23; 24]. For example, in polyethylenes a range of crystal

1Reproduced in part from:

The three-phase structure and mechanical properties of PET.

R. Rastogi, W.P. Vellinga, S. Rastogi, C. Schick, H.E.H. Meijer, submitted to: Journal of Polymer

Science: Polymer Physics.
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thicknesses has been obtained, either by dissolving the polymer in a solvent or by
crystallizing the material from melts at elevated pressures and temperatures.

G’sell et al. [25; 26] studied a number of thermoplastic polymers, constructing
true stress-strain curves from video-controlled tensile experiments at a local constant
strain rate. Their studies demonstrated that strain hardening follows the Gaussian
relationship proposed by Haward [27; 28]. This is somewhat analogous to the rubber-
elastic response, in the sense that the strain hardening modulus is proportional to the
entanglement density. As an example, the strain hardening in amorphous polycar-
bonate up to high draw ratios [29] and in cross-linked PS/PPO blends (measured in
compression) [30] can be explained along these lines. However, quite unlike the rub-
ber modulus, the strain hardening modulus decreases with T . For strain-hardening,
Tervoort et.al. [29] showed that the deformation is adequately described by a Neo-
Hookean response. Van Melick et al. [30; 31] investigated the issue in more detail
and found the strain-hardening modulus indeed to be proportional to the number of
entanglements per chain and its negative temperature dependence to be caused by
temperature dependence of the stress-induced ”melting” process (which is yielding),
breaking the secondary bonds. As a consequence, also the distance to Tg influences
the strain-hardening modulus slightly.

This description of the strain hardening modulus has been found to be valid
for many thermoplastic polymers. Particularly, Smith and Lemstra [32] studied
the influence of chain entanglements on drawability of ultra high molecular weight
polyethylenes. The maximum attainable draw ratio was found to increase with
decreasing initial polymer concentration in solution crystallized films and was dis-
cussed in terms of a reduced entanglement density in the solid state. True stress-
strain curves showed that the strain hardening modulus of melt crystallized films
was significantly larger than that observed for solution-crystallized films. Schrauwen
et al. [33] studied the strain-hardening of a number of semi-crystalline polymers in
more detail. They confirmed the proportional relation between the number of en-
tanglements per chain and strain-hardening.

Concerning the yield stress in semi-crystalline polymers; experiments all point
in the same direction showing yield stress to be linearly related to crystal size Lc.
From a theoretical point of view Flory et al. [34] were the first to propose such
a proportional relationship between crystal size and yield stress, and assigned this
to a process of partial melting and recrystallization. While Mandelkern et al. [35]
showed the relation to be linear, with no influence of molecular weight or spherulitic
structure. Later, Young [36] developed a model in which yield stress is determined
by the energy to nucleate screw dislocations within the crystalline lamellae, resulting
in a relation between lamellar thickness and yield. Good correspondence between
experiment and predictions by this model have been presented by various authors
e.g. [23; 37; 38]. Seguela [39] further proposed that the molecular scale mecha-
nism for nucleation and propagation of dislocations relies on thermally activated
conformational chain twist defects. Schrauwen et al. [33] confirmed these findings,
explained the double yield behavior, but did put emphasis on the role of kinetics,
which is thus far absent in the models.

As far as PET is concerned a variety of experimental and analytical investiga-
tions, only a few of which are mentioned here, have examined the effects of tem-
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perature, deformation rate and state of deformation on the mechanical properties.
Early work by Marshall and Thompson [40], and Thompson [41] on the continuous,
heated drawing of initially amorphous PET examined the sensitivity of necking and
the corresponding natural draw ratio on deformation temperature (20-80 ◦C) and
draw speed (5-70 cm.s−1). It was shown that the draw ratio increases with decreas-
ing temperature and increasing speed. Rapid draw speed deformations resulted in
large strain-hardening of the material which was attributed to the development of
strain-induced crystallization as evident from X-ray scattering.

Ward [42], examined the cold drawing of PET at room temperature over a range
of deformation conditions and for different initial crystalline fractions, cross-linking
and pre-orientations. A simple model assumed that the drawn fibers consist of an
aggregate of mechanically anisotropic units that were aligned by drawing. However,
Boyce et al. [43] showed that below Tg, in uniaxial compression for a range of tem-
peratures and strain rates, a deformation of the order of ∼ 1.5 in true strain does
not result in strain-induced crystallization.

3.1.2 Crystallization behavior

PET crystallizes slowly which means that it can easily be obtained with widely
differing microstructures. The overall rate of thermal crystallization is determined
by the nucleation rate and the crystal growth rate at any particular crystallization
temperature Tc. At the spherulitic level, the spherulitic diameter is dictated by the
volumetric nucleation rate (nuclei per unit volume per unit time) [1]. Nucleation in
turn, greatly depends on the thermal history and Tc.

When crystallizing from the melt, a polymer has to be undercooled substantially
to initiate nucleation. With increasing undercooling (Tm-Tc) [6] the number of nuclei
increases, reaching a maximum at the glass transition temperature Tg.

On crystallization from the glass, a large number of nuclei are formed. The
number of nuclei formed when crystallizing from the glass decreases with increased
superheating (Tc-Tg). This has been depicted in [6] using an example of isotactic
polystyrene. The thermal history (ageing below Tg, and cooling rate from melt) of
the glassy polymer before crystallization, plays an important role during crystalliza-
tion due to the fact that ageing results in the formation of tiny domains of short
range order. These ordered regions may act as precursors to nucleus formation dur-
ing subsequent crystallization [44; 45]. So, differences in the nucleation density can
be obtained for a polymer depending on whether crystallization commences from
glass or melt, at a particular Tc. This difference in microstructure might result in a
different mechanical response, for a polymer crystallized at that Tc.

Extensive work has been carried out by Groeninckx et al. [11; 46; 47] study-
ing the mechanical behavior by varying the crystalline fraction. They report on
the influence of thermal history on the morphology, melting, and thermal stabil-
ity of PET, by crystallizing and annealing PET at various temperatures above the
crystallization temperature. The morphology, and also the viscoelastic properties
of the samples annealed after glass-crystallization, differs drastically from that of
isothermally crystallized samples at any particular temperature [48].

Various independent studies, employing different experimental techniques such
as Fourier Transform Infra-Red (FTIR) spectroscopy [14], Temperature Modulated
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Differential Scanning Calorimetry (TM-DSC), [49; 50; 51], and X-ray scattering
[3; 52] have shown that a two-phase model does not provide an accurate descrip-
tion of the microstructure of PET. The amorphous phase has been shown to consist
of two fractions, the ”true” or Mobile Amorphous Fraction (χMAF) and the Rigid
Amorphous Fraction χRAF that possesses partial order, and that is positioned be-
tween the MAF and the crystalline regions. In the following, the volume fractions
of MAF and RAF will be indicated with χMAF and χRAF respectively.

The models describing the mechanical properties of semi-crystalline polymers
mentioned above rely on the two-phase model of semicrystalline polymers and should
not be directly generalized to three-phase polymers such as PET, essentially because
the mechanical properties of the RAF are unknown. These models adopt an over
simplistic approach to adequately explain various properties like oxygen permeability
[53], mechanical behavior [54], heat capacity [49; 51; 55; 56], and complex melting
behavior [11] of various polymers like PET, PEN, PHB, PEEK etc.

3.1.3 Aim

So far no attempts have been made to bridge the relationship between microstructure
and mechanical behavior of PET taking into account its three-phase microstructure,
and the present study sets out to do that in the following way:

A range of samples was made by crystallizing at a fixed temperature Tc, be-
tween the glass-transition temperature Tg and melt temperature Tm, starting either
from glass or melt. It was anticipated that χRAF could be varied in this way since
the resulting microstructure (vide Groeninckx [47]) is very different. These samples
are then thoroughly characterized for their microstructure at different microstruc-
tural levels using optical microscopy, WAXS/SAXS, and FTIR, and subsequently
deformed in uniaxial compression. Finally the microstructure resulting after uniax-
ial compression is again thoroughly characterized.

3.2 Experimental

3.2.1 Sample preparation

PET used for the present studies was obtained from Eastman and had Mw of 52,000
g/mol. Bulk samples were injection moulded in the shape of cylindrical rods having
a diameter of 6 mm. Samples obtained after injection moulding were amorphous. In
order to remove all influence of processing histories (like orientation from injection
moulding), the samples were subsequently placed in an oven at 80◦C for 24 hrs
before any crystallization treatment was carried out. Before crystallization, the
samples were wrapped in Teflon coated aluminum foil. Glass-crystallized samples
were prepared by placing the amorphous samples directly in a preheated oven at the
desired temperature, Tc, for 10 min, before quenching in water to room temperature.
Melt-crystallized samples were prepared by heating the samples to the melt (300◦C),
and subsequently cooling to the desired crystallization temperature, Tc. The samples
were left at Tc for 10 min and then quenched to room temperature. The following
values of Tc were used for glass- and melt-crystallized samples: 80◦C, 120◦C, 135◦C,
170◦C, 210◦C, and 250◦C as shown in figure 3.1. For comparative studies a slowly
cooled sample was prepared by leaving the sample for 10 min at 300◦C in the oven,
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Figure 3.1: Temperature treatment given to the bulk PET when crystallizing from glass or
melt at a particular crystallizing temperature Tc.

and simply switching off the oven, thus cooling the samples to room temperature at
a very slow rate (about -0.01 K/s).

3.2.2 Crystallinity and lamellar structure

The crystalline fraction χc was determined using WAXS. The crystalline long period,
Lc+a, the average repeat distance, i.e. the distance between the centres of two
lamellae was determined from SAXS measurements, and the combination was used
to determine Lc according to:

Lc = Lc+aχc. (3.1)

3.2.3 Compression experiments

Uniaxial compression experiments were performed on a servo-hydraulic MTS Elas-
tomer testing System 810. Cylindrical specimens were compressed at a constant
logarithmic strain rate of 10−2s−1 between two parallel steel plates, at room tem-
perature. An initial specimen height-to-diameter ratio of unity was maintained to
avoid buckling of the samples. Further, to minimize any friction between the samples
and the plates, and to provide uniform deformation, a thin film of teflon was placed
between the plates and the sample. Moreover, the tape was lubricated with extra
soap-water mixture. Displacement, and load were recorded as a function of strain.
Displacement of the steel plates was measured using an Instron extensometer. All
the samples were compressed to λ = −5.

3.2.4 FTIR spectroscopy

FTIR spectroscopy was performed using a Biorad UMA-500 microscope, coupled
to a Biorad FTS 6000 FTIR spectrometer. The microscope was fitted with a 15x
magnification, all-reflecting on-axis Schwartschild objective. A rectangular aperture
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was used to eliminate stray light. The area measured was about 40 x 40 µm2.
The microscope was fitted with a wideband Mercury-Cadmium-Tellurium detector.
Mid-infra red spectra were recorded in transmission with a resolution of 2 cm−1,
co-adding 100 scans. Microtomed samples of bulk PET (before and after uniaxial
compression) with a thickness of around 3 µm were used to record transmission
spectra.

The area of the absorption band at 1410 cm−1, associated to the ring in-plane
deformation, is taken as an internal standard. The use of this band as a reference is
widely applied in literature [14; 13; 15] to normalize spectra for variation in sample
thickness.

Various previous studies on PET have shown that the main conformational
change involves the ethylene glycol segment of the molecular chain, which in amor-
phous PET exists predominantly in the gauche (G) form. In crystalline PET, only
the trans (T) conformers of the ethylene glycol moiety exist. The peak area of the
1340 cm−1 band indicates the content of the trans conformers of the ethylene glycol
moiety, and increases with increasing crystalline fraction in bulk PET. The quanti-
tative value trans conformers (T) is measured by determining the ratio of peak area
of the absorption band at 1340 cm−1, to that of the reference band at 1410 cm−1,
I1340/ I1410 [15].

3.2.5 DSC measurements

Specific heat capacity was obtained utilizing a PerkinElmer Pyris Diamond DSC
equipped with an Intracooler II and nitrogen as purge gas. The samples of 6 mm
diameter were cut into disks of about 1 mm thickness. The disks were wrapped
in about 5 mg aluminum foil and measured at heating at 20 K/min from 25◦C to
290◦C. Specific heat capacity was calculated from three measurements - (i) sample
measurement, (ii) empty run and (iii) sapphire - as usual. For all measurements 5 mg
aluminum was present at the sample side and the reference oven was empty. Crys-
tallinity was determined according to the procedure recommended by Mathot [57].
From the specific heat capacity of the sample, the crystalline, and the liquid PET [55]
χMAF was obtained at 100◦C as described in [49]. χRAF is the remaining fraction,

χRAF = 1 − χMAF − χc (3.2)

Uncertainty for the different fractions is about ±5%.

3.3 Results and discussion

3.3.1 Microstructure of glass- and melt-crystallized PET

Distinct microstructural differences between the two sets of glass- and melt-crystallized
samples are observed on the spherulitic and lamellar level. Figure 3.2 shows birefrin-
gence micrographs prepared from microtomed thin sections of four samples crystal-
lized at Tc 135◦C and 210◦C, from glass and melt (Gl135, Me135, Gl210 and Me210).
The GlTc samples show a higher nucleation density, and smaller spherulites, as com-
pared to the MeTc samples. The samples crystallized at the higher Tc, Gl210 and
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Figure 3.2: Birefringence micrographs of microtomed bulk Gl and Me samples crystallized
at 135◦C and 210 ◦C.

Me210 show bigger spherulites and lower nucleation density as compared to the
samples crystallized at the lower temperature (135◦C).

Table 3.1 summarizes the characteristics measured at the lamellar scale, crys-
tallinity χc, long period Lc+a and crystal thickness Lc for each of these samples.
It is to be noted that the crystallization time, 10 min, was kept the same for all
samples.

From table 3.1 it is clear that the Gl80, Me80 and Me250 samples show a very
low χc. It is assumed that for these samples the crystallization time was too short
to complete primary crystallization. The SAXS intensity for these samples was not
sufficiently developed to determine Lc+a (and Lc). The table also shows that in the
glass-crystallized samples, χc and Lc increase with increasing Tc. A slight increase in
Lc+a is noticed on increasing Tc from 120◦C to 135◦C, Lc+a remains nearly constant
between Tc= 135◦C and 210◦C, while Gl250 shows a substantial increase in Lc+a,
χc and Lc.

The melt-crystallized samples also show an increase in χc and Lc+a with increas-
ing Tc, in the range of 120 to 210◦C. Lc+a shows a slight increase on increasing Tc
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Glass-crystallized Melt-crystallized
Tc(

◦C) χc(%) Lc+a(nm) Lc(nm) χc(%) Lc+a (nm) Lc(nm)

80 2 - - 5 - -
120 30 11.5 3.5 33 12.6 4.1
135 34 12.3 4.2 38 14.6 5.6
170 33 12.9 4.3 40 14.2 5.7
210 44 12.5 5.4 48 14.3 6.9
250 53 14.7 7.8 4 - -

Table 3.1: Relative crystallinity χc, long period Lc+a and crystal thickness Lc for glass-
and melt-crystallized PET, as determined from WAXS and SAXS.

from 120◦C to 135◦C. It remains nearly constant for Tc between 135◦C and 170◦C.
A significant increase in crystallinity, long period and thus average crystal thickness
is observed with increasing crystallization temperature from 170◦C to 210◦C.

A comparison between glass- and melt-crystallized samples shows that for the
same Tc, Lc is larger for the melt- than for the glass-crystallized samples. This
difference is not anticipated, as Lc is usually regarded to be a function of Tc, and
determined by the kinetics of chain-folding. However, as was discussed earlier, dif-
ferences in lamellar structure between samples annealed at a single Tc but with
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Figure 3.3: WAXS spectra for glass- and melt-crystallized PET before compression for Tc

= 120◦C, 135◦C, 170◦C, and 210◦C.
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Figure 3.4: Intrinsic mechanical behavior of glass-crystallized PET measured in uniaxial
compression, as a function of isothermal annealing temperature Tc.

differing thermal history of the glass or melt, have been reported in literature.

Apart from the difference in Lc, other significant differences in the microstruc-
ture at the lamellar level exist between the glass- and melt-crystallised samples. In
general, WAXS peaks are better resolved in the melt-crystallized samples than in
the glass-crystallized samples for the same Tc, as is clear from figure 3.3.

3.3.2 Intrinsic mechanical behavior of glass- and melt-crystallized PET

The intrinsic stress-strain behavior (measured in uniaxial compression) of the glass-
and melt-crystallized PET samples as a function of Tc is shown in figures 3.4 and
3.5, respectively. Amorphous PET initially shows an elastic response which is fol-
lowed by yield (at the yield stress σy) which marks the onset of plastic deformation.
Subsequently one finds strain softening characterized by the minimum stress after
yield σs (or by the ratio ky = σy/σs) followed by strain hardening, characterized by
the strain hardening modulus Gr. Parameters of the mechanical behavior for the
samples discussed here, σy, σy/σs and Gr derived from the curves are presented in
table 3.2, and in figure 3.6.

In glass-crystallized PET similar values for the strain hardening modulus and
yield stress are found for Tc up to 120◦C. Between Tc=120◦C and 135◦C, σy shows a
large increase, see figure 3.6(b), which is accompanied by a simultaneous decrease in
strain hardening modulus, figure 3.6(d), and a decrease in strain softening. Figure
3.6(a) clearly shows a sudden jump in σy on increasing Tc as a function of the
crystalline fraction.

The samples Me80 and Me250 with low crystallinity, (χc= 5%), show a low yield
stress, a pronounced strain softening, and high strain-hardening modulus. The Me
samples crystallized between 120◦C to 210◦C show an appreciably higher yield stress,
that is again accompanied by a decreased strain softening and Gr. The sample cooled
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Figure 3.5: Intrinsic mechanical behavior of melt-crystallized PET measured in uniaxial
compression, as a function of isothermal annealing temperature Tc.

slowly from melt shows a high crystallinity, 57%, and is brittle. On compression,
this sample broke into pieces even before the yield point was reached.

At this point we will briefly discuss the most obvious trends in the mechanical
behavior, and point out where existing theories fail to account for the observations.
The central observation discussed here is that whenever the crystallinity increases,

Glass-crystallized (Gl)
Tc(

◦C) χc(%) σy(MPa) Gr(MPa) ky=σy/σs

80 2 64.7 ±0.6 15.6 ±3.7 1.6
120 30 60.9 ±3.3 12.2 ±0.9 1.5
135 34 82.0 ±1.7 9.8 ±5.1 1.2
170 33 81.7 ±1.2 6.3 ±1.1 1.1
210 44 82.1 ±1.0 6.2 ±0.6 1.1
250 53 85.8 ±2.6 8.7 ±3.1 1.0

Melt-crystallized (Me)
Tc(

◦C) χc(%) σy(MPa) Gr(MPa) ky=σy/σs

80 5 68.2 ±0.5 10.6 ±0.8 1.5
120 33 82.0 ±4.0 9.4 ±2.1 1.1
135 38 82.8 ±0.4 8.5 ±0.9 1.0
170 40 86.8 ±1.9 8.7 ±1.9 1.0
210 48 86.3 ±1.2 10.2 ±2.1 1.0
250 4 67.3 ±0.2 10.1 ±1.7 1.6

Table 3.2: σy, Gr and σy/σs of glass- and melt-crystallized PET; average and standard
deviations, n=3.
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Figure 3.6: Characteristics of mechanical deformation behavior of PET crystallized from
the glass (squares) and from the melt (circles), obtained from uniaxial compres-
sion tests. For each thermal treatment three samples were used to obtain the
yield stress and strain hardening values and their standard deviations. Data
from table 3.2.
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both strain hardening modulus and strain softening decrease.

As was discussed in the introduction, it has been established that in amorphous
polymers the strain hardening modulus is related to the number of entanglements per
chain. More recently it has been argued (based on measurements on semi-crystalline
PE, PP and PET) that the strain hardening modulus of semi-crystalline polymers is
governed by the same quantity, in this case the number of entanglements per chain
in the amorphous phase [33].

So, the decrease in strain hardening modulus with increasing Tc suggests a de-
crease in entanglement density. It is well-known, and in fact also shown here, that
with increasing Tc, Lc+a and Lc increase. Thus a chain will be more free to reel-in
from the melt and reorganize within the same crystal, and this will result in the
formation of more perfect and larger crystals along the lateral and thickness direc-
tion. When given sufficient time for crystallization, crystallinity increases with Tc,
and this increase in crystallinity, and crystal thickness, results in a simultaneous
decrease in entanglement density. This results in a decrease in the possibility of the
same chain being shared with different crystals. Crystalline ordering together with
reeling-in consequently results in a decrease in the number of entanglements per
chain in the amorphous domains. The decrease in strain hardening modulus with
Tc, especially clear for the glass-crystallized samples, is accompanied by an increase
in yield stress: both are a consequence of the increase in crystallinity.

However, examining the data in more detail, the sudden jump in yield stress and
the sudden drop in strain hardening between Gl120 and Gl135 cannot be explained
by the relatively small difference in crystallinity and crystal size between these sam-
ples. In this respect it is again worthwhile to emphasize the differences between Gl
and Me samples crystallized at the same Tc.

Me80 and Gl80 show a low yield stress and high strain hardening modulus, a be-
havior which can be correlated to the low crystalline fractions and high entanglement
density. An increased crystallinity is accompanied by an increase in the yield stress
for both glass- and melt-crystallized samples for Tc from 135◦C to 210◦C and for
Gl250. Lc+a and Lc values of MeTc are always slightly higher than those of the GlTc

samples. This may explain the slightly higher yield stress for the melt-crystallized
samples compared to the glass-crystallized samples.

Interestingly, Me120 and Gl120 show quite similar crystallinity, but their me-
chanical response is rather different. The glass-crystallized sample shows a much
lower yield stress and higher strain-hardening modulus, and this large difference in
mechanical behavior cannot entirely be explained by the differences in crystallinity,
long period and crystal thickness, which in Gl120 are 30%, 11.5 nm and 3.5 nm,
respectively, and in Me120, 34%, 12.6 nm and 4.1 nm, respectively.

So, broadly speaking, the microstructural differences that were encountered be-
tween Gl and Me samples crystallized at the same Tc are accompanied by significant
differences in mechanical behavior as summarized in figure 3.6. Gl120 stands out,
showing an unexpectedly low yield stress, strong strain-softening and high strain
hardening modulus.

We recall that our expectations were based on a two-phase model that is known
to be an oversimplification. So, to investigate this unexpected behavior we have
engaged in a more detailed morphological study of the materials, before as well as
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after, uniaxial compression.

3.3.3 Microstructure before uniaxial compression: RAF

As was discussed in the introduction, recent findings have shown conclusively that
the amorphous phase in PET consists of a rigid amorphous fraction and a mobile
amorphous fraction. For thermally crystallized PET such as discussed here, this has
been shown by DSC. DSC can in fact provide quantitative values for the mobile
and with equation 3.2, rigid amorphous fraction. The RAF is formed together with
crystals on crystallization. The chain mobility of the RAF is, therefore, constrained
at temperatures higher than Tg. Therefore it is anticipated that the RAF will
have a higher specific volume than the mobile amorphous fraction and, as a result,
will be more compressible than the MAF, while its behavior in shear is unknown.
Table 3.3 shows χc, χRAF and the χMAF in the glass- and melt-crystallized samples
as determined by DSC. It is to be noted that the χc determined by DSC is in close
agreement with the χc determined by WAXS.

Temp Glass-crystallized (Gl) Melt-crystallized (Me)
Tc(

◦C) χc χRAF χMAF χc χRAF χMAF

80 3 11 86 - - -
120 32 33 35 29 24 47
135 31 21 48 34 28 38
210 39 21 40 - - -
250 49 18 33 2 11 87

Table 3.3: Crystalline fraction (χc), rigid amorphous fraction (χRAF) and mobile amor-
phous fraction (χMAF) in glass- and melt-crystallized PET as determined by
DSC before compression.

3.3.4 Microstructure after uniaxial compression: WAXS/SAXS

WAXS patterns of four compressed samples Me135, Gl135, Me210 and Gl210 are
shown in figure 3.7. When these are compared to the WAXS patterns before compres-
sion (figure 3.3), it is clear that the structure of all samples has changed appreciably
after compression. A number of aspects deserve attention.

First, the drop in the overall intensity indicates a loss in crystallinity, and this has
been quantified in tables 3.3 and 3.4 and figure 3.8. The table shows the crystallinity
calculated from this set of WAXS patterns as well as the relative difference in crys-
tallinity before and after uniaxial compression (∆χc/χc). SAXS studies performed
on the compressed samples show that the average long period, Lc+a, increases on
compression, also shown in table 3.8. Part of this increase in Lc+a may be due to the
decrease in crystallinity that implies an increase of the amorphous fraction. Because
the specific volume of the amorphous fraction is larger than that of the crystal, this
causes an increase in the long period.

Second, broadening of the peaks in the WAXS patterns is clear and suggests a
decrease in the correlation length of the crystal unit which may arise due to break
up of the crystallites. The preferential decrease in the intensity of peaks associated
with defined planes in the unit cell, (11̄0, 11̄2̄, 100, 103̄), is assigned to a preferential
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direction of the lattice deformation, a result of the shear component present during
compression tests.

Finally, it is obvious that the melt-crystallized samples are less affected than the
glass-crystallized samples. This loss of crystallinity on compression has not been
reported before, and calls for an explanation. In terms of the increase in long period
it is similar to the melting behavior at high temperatures and it might be called
’disordering on uniaxial compression’.

Glass-crystallized (Gl)
Tc(

◦C) χc(%) -∆χc/χc(%) Lc+a(nm) Lc(nm)
80 0 - - -
120 4 88 - -
135 11 69 13.8 1.5
170 12 65 - -
210 17 62 16.6 2.8
250 32 40 - -

Melt-crystallized (Me)
Tc(

◦C) χc(%) -∆χc/χc(%) Lc+a (nm) Lc(nm)
80 3 - - -
120 9 73 - -
135 12 69 18.4 2.2
170 13 67 - -
210 17 44 19.8 3.4
250 2 - - -

Table 3.4: Relative crystallinity χc, long period Lc+a and crystal thickness Lc for glass-
and melt-crystallized PET after uniaxial compression to λ = −5. ∆χc/χc(%) is
the relative decrease in crystallinity after uniaxial compression. Compare with
table 3.1.

One would like to establish what determines this loss in crystallinity on uniaxial
compression. A hurdle in doing so is the fact that the nature of the experiment has
led to a small data-set, especially for the melt-crystallized samples. We, therefore,
focus on the glass-crystallized samples in the following, in which, as it turns out,
the microstructural parameters are not independent. Roughly the crystallinity and
Lc increase with Tc while χRAF decreases with Tc. The fact that the relative loss in
crystallinity ∆χc/χc increases for an increase in χRAF is, therefore, directly related
to the fact that it decreases for increasing Lc, and decreasing crystallinity, as becomes
clear from the data presented in tables 3.3 and 3.4. Table 3.4 and figure 3.8 show
that ∆χc/χc is largest (90%) for the sample Gl120, which has the highest χRAF and
the lowest Lc. Gl135, Gl210, and Gl250 show progressively smaller ∆χc/χc.

So it turns out that the sample with the highest χRAF and the smallest Lc,
Gl120, shows the greatest relative loss in crystallinity, by a rather wide margin.
Interestingly, this was also the set of samples that showed a peculiar combination
of high crystallinity and low yield stress as discussed in section 3.3.2. For example
the crystal dimension is defined, not only by the thickness, but also by the lateral
direction. It can be anticipated that samples having a higher χRAF are likely to have
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Figure 3.7: WAXS spectra for glass and melt-crystallized PET after compression for Tc =
120◦C, 135◦C, 170◦C, and 210◦C.

a smaller crystalline fraction both along the lateral and thickness direction. We recall
that for the determination of the crystal thickness we made use of the simple two
phase model, as illustrated in figure 3.9. While considering the three phase model,
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Figure 3.8: Relative decrease in crystalline fraction -∆χc/χc as a function of χRAF in uni-
axially compressed glass-crystallized PET, showing how the increase in χRAF
results in higher loss of crystalline fraction.
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the crystalline phase constitutes the crystalline core, while RAF constitutes part of
the transient zone between the crystalline core and the MAF. Thus a higher χRAF

also means a larger transient zone, resulting in a smaller crystalline core than that
determined by the two phase model. Thus the true value of the crystal thickness,
Lc*, is less than the one determined by using the two phase model, Lc.

Lc*

Lc+a

La

Lc

RAF

Figure 3.9: The two-phase model (bottom) employed for calculation of the crystallinity and
Lc of the PET samples. The three-phase model (top) proposed for determining
the accurate value of crystal thickness Lc*, also accounting for the RAF (shaded
area), while the Lc+a remains the same.

Moreover, a comparison between the peak widths of the WAXS patterns of the
samples Gl120 and Gl135 suggests that the WAXS peaks of the Gl135 are sharper
than those of the Gl120. In summary, the Gl135 possesses bigger crystals along
the lateral and thickness direction compared to the Gl120. A higher χRAF means
a smaller crystalline core, higher surface free energy - thus a more unstable crystal
structure. It can be stated that the smaller crystals, obtained from the glass at
120◦C, will be more easy to deform (on compression) because of the easy unfolding
of chains within the crystal via slip planes. The easy deformation of small crystals,
surrounded by RAF, leads to an easy disappearance of crystals, and their diffusion
in the glassy phase when compressed. This causes an overall drop in crystallinity.

3.3.5 Microstructure after compression: FTIR

Extensive studies in literature [5; 58; 14] have shown that in amorphous PET, the
ethylene glycol moiety exists predominantly in the gauche conformation, while in
crystalline PET it exists only in the trans conformation. As discussed earlier in
the introduction, the 1340 cm−1 band is associated to the CH2 wagging vibration
mode of the trans conformers of the ethylene glycol moiety. A shift in the peak
position towards a higher wave number (1342 cm−1) indicates that the ethylene
glycol segment is present in a particularly well ordered structure, such as in thermally
crystallized PET.
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Figure 3.10: FTIR spectra of Gl210, before and after compression, together with the dif-
ference spectrum. Spectra have been vertically displaced for clarity.

In figure 3.10, FTIR spectra of Gl210, before and after compression, are illus-
trated. A difference spectrum is also shown to more clearly observe the changes
in peak positions between the two spectra. The spectrum of uncompressed Gl210
shows several absorption bands which are associated with crystalline PET, such
as 1471 cm−1, 1024 cm−1, 972 cm−1, 898 cm−1, and 874 cm−1. These bands are
associated with vibration modes of various trans conformers of the glycol and tereph-
thalate moiety of the PET chain. The integrated peak areas of the 1471 cm−1 and
1342 cm−1 are shown in the table 3.5, along with I1342/ I1410 values of the Gl210
and Me210, before and after compression. This absorption band at 1471 cm−1 is
associated with the CH2 bending of the ethylene glycol segment.

Comparing the situation before and after compression with the help of the differ-
ence spectrum, a substantial drop in intensity of the bands associated with crystalline
PET is clear. This is quantified in table 3.5.

The 1342 cm−1 band shows not only a decrease in peak intensity, but also a shift
in position to 1340 cm−1, indicating that the ordered structure, obtained on thermal
crystallization, is partially lost on compression. A well-developed band at 1471 cm−1

is reduced to a shoulder, with a simultaneous increase in the band at 1454 cm−1

(associated with CH2 bending of its conformational isomer, gauche conformers). The

Before compression After compression
Sample Tc(

◦C) I1471 I1342 I1342/I1410 I1471 I1342 I1342/I1410
Gl 135 0.11 2.98 1.0 0.03 2.15 0.73

210 0.17 3.37 1.14 0.06 2.54 0.86
Me 135 0.13 3.00 1.01 0.04 2.87 0.93

210 0.17 3.49 1.20 0.09 2.8 0.98

Table 3.5: Integrated peak area of trans conformers absorption bands obtained from trans-
mission FTIR spectra. A decrease in peak area is observed after compression,
indicating a reduction in the trans conformer fraction. The decrease of the
I1342/I1410 ratio indicates a resultant decrease in the relative crystallinity.
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bands at 972 cm−1 and 874 cm−1 show a decrease in intensity and also a broadening
of the peak. These changes are more pronounced in the glass-crystallized samples
than in the melt-crystallized samples.

So, the spectral changes indicate a loss in crystallinity and also that the remaining
crystalline fraction, formed on thermal crystallization, becomes more disordered.

However, whereas WAXS results indicate a major drop in crystallinity on uniaxial
compression, FTIR results would indicate a much smaller loss of crystallinity. From
WAXS an approximate 67% drop in crystalline fraction in the Gl135, Me135, Gl210
and Me210 is observed, but this drop would only be 20-25% were it calculated from
IR spectra.

This large difference indicates that the loss in crystallinity and of long range
translational order on uniaxial compression, occurs without complete loss in confor-
mational (trans) order at the segmental level.

3.3.6 Relation between microstructure and mechanical behavior on uni-
axial compression

A number of issues deserve further discussion at this point. First we briefly repeat
the rationalization of the loss of crystallinity from a microstructural point of view.
Subsequently, the peculiar yield and hardening behavior of Gl120 is revisited. Finally
we discuss possible causes for the decrease in strain softening.

The differences in crystallinity, lamellar thickness, and crystal thickness, for the
glass-crystallized sample at 120◦C when compared to the other samples, are not
enough to explain this remarkable loss in crystallinity on compression. However,
χRAF is comparatively much higher than found for the other samples.

A simple consideration of the specific volume in RAF alone cannot explain the
distinct deformation behavior (yield point, strain softening, strain hardening) be-
tween the samples crystallized at 120◦C and 135◦C.

We recall that for determination of Lc we have made use of a simple two phase
model, where the crystalline phase constitutes of the true crystalline core and part
of the RAF. Thus a higher χRAF also means a smaller true crystalline core. More-
over, a comparison between the peak width of the WAXS patterns of the samples
crystallized from glass at 120◦C and 135◦C, shows that the WAXS peaks of the
sample crystallized at 135◦C are sharper than that of the sample crystallized at
120◦C. This also refers to bigger crystals along the lateral dimension in the samples
crystallized at 135◦C. Thus the samples crystallized from the glass at 135◦C possess
bigger crystals along lateral and thickness direction. A higher χRAF means a smaller
crystalline core, higher surface free energy - thus a more unstable crystal structure.
Therefore, using the three phase model, it has been shown that the crystal size de-
creases with decreasing Tc. As stated earlier, the yield stress is directly proportional
to the crystal size. The apparent crystal thickness, Lc, obtained from the two phase
model, is higher than the true Lc* value, determined from the three phase model.
The difference between Lc and Lc* is dependent on the χRAF content. Since the
χRAF content in the 120◦C glass crystallized sample is much higher, the Lc* will
be much lower than the determined Lc. This explains the unexpectedly low yield
stress for the 120◦C glass crystallized sample. Since the χRAF decreases consider-
ably with increasing Tc, from 120◦C to 135◦C, the difference between Lc and Lc*
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also decreases. This explains the higher yield stress for the samples crystallized at
135◦C and above.

The reduction of the strain softening in the samples crystallized at 135◦C strongly
suggests that less volume of amorphous material is involved during deformation, or
the amorphous phase is less deformed. Such deformation behavior can be achieved
by a sequence of deformation events on a microscopic scale, i.e. sequential yielding,
which over-shadows the strain softening behavior [59]. The sequential yielding re-
quires a re-consideration of heterogeneous micro-structure (crystalline fraction, RAF
and MAF). For example the crystal dimension is defined, not only by the thickness
but in lateral direction also. It can be anticipated that samples having a higher
χRAF are likely to have the smaller crystalline fraction, both along the lateral and
thickness direction. On deformation, the stress concentrates within areas where
the stress distribution is most non-homogeneous (non-homogeneous microstructure
distribution), causing yielding at those points. As these particular areas undergo
strain softening, followed by local strain-hardening, other non-homogeneous areas
will undergo yielding, ultimately leading to sequential yielding.

3.4 Conclusions

In this chapter the importance of taking into account the three-phase microstructure
of PET in order to understand it’s mechanical behavior was investigated. Samples
with widely differing three-phase microstructures were prepared with this aim in
mind. Based on the observations made, the following conclusions are drawn.

For a crystallization time of 10 min, on glass-crystallization, a sudden increase
in yield stress together with a decrease in strain-hardening and strain-softening is
observed between Tc’s from 120◦C to 135◦C. This increase in σy is too large to be
explained by the increase in χc and Lc.

WAXS results prove that PET on uniaxial compression to λ = −5, shows a
considerable loss in crystalline fraction. This effect has not been encountered before.
FTIR results in combination with WAXS results suggest that during this loss in
crystallinity on uniaxial compression, short range conformational order is retained,
while long-range structural order is lost. Heat capacity measurements, using DSC,
indicated that the Gl120 has a high χRAF. This suggests that the two-phase model
used to interpret X-ray data for obtaining values of χc and Lc, needs reconsideration,
and that the true value of Lc* is smaller than the calculated value of Lc. Crystal size,
both in the thickness direction and lateral directions seems to play an important role,
hence the effect of loss of crystallinity on uniaxial compression seems to be largest for
the samples glass-crystallized at low temperature, in particular the Gl120. Therefore,
the effect seems to be related to a low value of Lc* and high χRAF.

Considering the strain-hardening modulus, Schrauwen et al. [33] showed that
the strain hardening modulus remains the same for amorphous and glass crystallized
PET samples. His samples from the glass were crystallized by annealing below 120◦C
and he suggested that the network density in the amorphous phase, thus the number
of entanglements per chain, determines the strain hardening modulus, which remains
independent of the annealing time. Contrary to their observations, in the present
study a remarkable decrease in the strain hardening modulus is observed once the
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glass-crystallized material is crystallized at temperatures above 120◦C. It is also of
some importance that the samples used in the present study have a lower molar mass
(Mw of 52,000 g/mol) than the samples investigated by Schrauwen et al. [33] (Mw

of 76,000 g/mol), making them more sensitive for reeling-in. The glass-crystallized
samples show a strain hardening modulus that is dependent on the entanglement
density, which decreases with increasing Tc. The entanglement density is likely to
decrease with decreasing nucleation density and higher chain mobility at higher Tc.
Further the reduction in strain-softening behavior observed can be explained by
considering sequential yielding.

We conclude that in the interpretation of the phenomena reported here it was
necessary to take the three-phase structure of PET, including the rigid amorphous
fraction, into account. We expect this to hold for other semi-crystalline polymers,
where RAF is prominent, like e.g. PHB, PBT, PEN, PEEK, etc.

A thorough comparison between the mechanical behavior of the glass- and melt-
crystallized PET, cannot be made with the limited data on melt-crystallized PET
presented here. More work needs to be done to establish crystallization times nec-
essary to obtain stable morphologies in melt-crystallized samples.



Chapter 4

Structure development in
uniaxially compressed glass-
and melt-crystallized PET1

4.1 Introduction

In chapter 3, the microstructural and mechanical properties of glass- and melt-
crystallized PET were compared. Interestingly, it was shown that on uniaxial com-
pression to a true strain of 5 a considerable loss in crystallinity may occur in PET. It
was established that PET with a small Lc, and a high fraction of the rigid amorphous
phase was especially prone to show this behavior. For example, samples crystallized
from glass at 120◦C for 10 minutes, having initial crystallinity χc of 32%, with an
Lc of 3.5 nm and a rigid amorphous phase content χRAF of 33%, showed a loss in
crystallinity ∆χc/χc of approximately 90%.

From FTIR it became clear that the loss in crystallinity occurred in a peculiar
way, because the deformed material showed a high content of trans conformers to-
gether with a low crystallinity. One might assume that material with such peculiar
microstructural properties may show thermal behavior quite distinct from that of
the uncompressed material, and it is that difference in behavior that the current
chapter aims to illustrate and clarify. In brief, reorganization processes in the un-
compressed and uniaxially compressed melt-and glass-crystallized PET have been
studied and compared, using DSC and simultaneous SAXS/WAXS.

The chapter is organized as follows. A brief introduction covers the experimental
techniques and the microstructure of PET, with an emphasis on the rigid amorphous
phase. Experimental data on DSC runs at constant heating rate on uncompressed
PET are shown next. These measurements cover melt- as well as glass-crystallized
PET, crystallized at various crystallization temperatures, Tc, both below as well as

1Reproduced in part from:

Structure development in uniaxially compressed glass- and melt-crystallized PET.

R. Rastogi, W.P. Vellinga, S. Rastogi, D. Mordvintsev, C. Schick, H.E.H. Meijer, submitted to

Macromolecules
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above the temperature of maximum growth rate. The DSC data are then compared
with results from simultaneous WAXS/SAXS that allow us to discuss in some more
detail the reorganization processes that lead to latent heat contribution in the DSC
scans. Subsequently, with the insight gained, we turn to similar investigations of
uniaxially compressed PET, and finish with discussion and conclusions.

4.1.1 Origin of the Rigid Amorphous Fraction (RAF)

The morphology of semi-crystalline polymers is often described as a lamellae stack
of crystalline and non-crystalline layers. This so-called ’two phase model’ is applied
for the interpretation of X-ray diffraction data as well as for heat of fusion or density
measurements. However, it is well known that several mechanical properties, as well
as the relaxation strength at the glass transition temperature, cannot be described
by such a two-phase approach, as discussed by Gupta [60]. From standard DSC
measurements [61], dielectric spectroscopy, shear spectroscopy [62], NMR [63], and
other techniques probing molecular dynamics at the glass transition (α-relaxation)
temperature, the measured relaxation strength is always smaller than expected from
the fraction of the non-crystalline phase. The difference in mobility is caused by
different conformations of the chains as detected by IR [14] and Raman-spectroscopy,
or due to spatial confinement because of the neighboring lamellae. To explain the
disagreement between the expected values of relaxation strength and the measured
values, Takayanagi and coworkers [64] and Wunderlich and coworkers [61] proposed
a three-phase model. In their approach, the non-crystalline phase is subdivided in
one part that does contribute, and a second part that does not contribute to the
relaxation strength at the glass transition temperature. In addition, Wunderlich
and coworkers distinguished between a mobile and a rigid fraction of the polymer.
The rigid fraction consists of the crystalline phase and that part of the amorphous
phase that does not contribute to the glass transition. This results in a ’three phase
model’ consisting of the crystalline (CRF), the rigid amorphous (RAF) and the
mobile amorphous (MAF) fractions.

Though the existence of RAF seems to be experimentally well demonstrated,
probing of the properties of this part is under investigation. One of the most im-
portant questions is: what is the chain packing in the RAF and how does it differ
from that in the regular MAF. It is also interesting to know whether the chain
packing in RAF is defined by the crystallization conditions (crystallization temper-
ature, nucleation density, pressure etc). Schick et al. [65] demonstrated that RAF
in semicrystalline PET does not exhibit a separate glass transition temperature, in
the entire temperature range up to the melting temperature, Tm, while the param-
eters of sub-Tg relaxation for RAF and MAF are essentially the same. Recently,
using temperature-modulated DSC, Schick et al. [49] also showed that similar phe-
nomena take place for several other polymers such as bisphenol-A polycarbonate
and poly(3-hydroxybutyrate). No changes in the amount of RAF, χRAF, occurred
in the temperature range between crystallization and the glass transition tempera-
tures. Therefore, they suggested that the amorphous chains, constrained between
the crystalline lamellae in PET, become effectively vitrified upon crystallization, de-
spite a high temperature, while the remaining amorphous chains located between
the lamellae stacks continue to be in the liquid state. Therefore, the crystalliza-
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tion temperature, Tc, has to be considered as an effective vitrification temperature
for RAF. Devitrification of RAF then should occur upon melting of the crystalline
lamellae, consisting of the lamellae stacks.

If this hypothesis is right, the specific volumes, characterizing RAF and MAF,
have to be essentially different below Tc. Figure 1 exhibits a sketch to illustrate this
point. This sketch basically shows a hypothetical thermal expansion behavior asso-
ciated with RAF and MAF for PET, crystallized at some arbitrary crystallization
temperature, Tc. Above Tc, in the state of equilibrium melt, only one phase occurs,
i.e. the specific volumes for RAF and MAF are the same. If vitrification of RAF
occurs at Tc, the slope of specific volume versus temperature for this fraction should
change at Tc, and become the one, which is a characteristic of the glassy state in the
temperature interval below Tc. In turn for MAF, the slope of specific volume versus
temperature, below Tc, should continue to be the same as for equilibrium melt and
change only at the real Tg. Therefore, if room temperature (25◦C) is considered
as the reference, the specific volume for RAF at 25◦C must be larger than that for
MAF. The same reasoning would lead to the anticipation that the specific volume
of RAF will be a direct function of Tc.
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Figure 4.1: Representation of the volume-temperature relationship for rigid amorphous and
mobile amorphous phases for PET.

4.2 Experimental

4.2.1 Determination of χRAF by DSC

Differences in the molecular mobility are used to distinguish between MAF and
RAF of a semi-crystalline polymer. According to Wunderlich’s definition, only two
states are discussed. Namely, the fraction of the non-crystalline phase, which con-
tributes to the glass-transition, normally observed as a step change in heat capacity,
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at temperatures slightly higher compared to the fully amorphous polymer, and a
second fraction, which does not contribute to it. In this way only two parts de-
scribe a possibly very complex situation with respect to molecular mobility. All
gradients or gradual changes in molecular mobility between the crystal and the melt
are neglected. Also the question whether the polymer chains in the RAF have a
conformation close to that of the crystal or close to that of the melt is neglected.
Of course, these conformations are the reason for the differences in molecular mo-
bility and, consequently, for their assignment to the RAF or to the MAF. Actually,
there is no generally accepted theory of the glass transition and, therefore, at the
moment it is not possible to relate conformation, or changes in conformation, with
the contribution of particular parts of the polymer to the glass transition. Assum-
ing the molecular processes responsible for the increase in heat capacity of a liquid
compared to that of a glass, are cooperative with a correlation length of about 2
nm, a distinction between regions of nm size which do, or do not, contribute to the
heat capacity step at the glass transition can be made.

Accepting such a simplified picture, the heat capacity of a semi-crystalline poly-
mer can be described as a superposition of the heat capacity cp,L, of the mobile
amorphous fraction (χMAF) contributing to the step change in heat capacity at Tg

and the solid fraction (χS) not contributing to the step change of heat capacity at
Tg. For polymers the heat capacity of the glass often equals that of the crystal, cp,S .
For the total heat capacity one finds:

cp,b(T, t) = χS(T, t)cp,S(T ) + χMAF(T, t)cp,L(T ) (4.1)

where χS = 1 - χMAF and cp,b(T, t) is the base-line heat capacity, that corre-
sponds to the heat necessary to increase the temperature of the sample without
changing crystallinity. In other words, it is the heat capacity without any contribu-
tion from latent heats.

Let us assume to be able to measure the base-line heat capacity as function
of temperature or time. The base line heat capacity is the superposition of the
heat capacities of the different fractions as discussed above. For the three fractions,
χMAF, χRAF and χc, of a semi-crystalline polymer we obtain:

cp,b(T, t) = χRAF(T, t)cp,RAF (T ) + χc(T, t)cp,c(T ) + χMAF(T, t)cp,L(T ) (4.2)

and with

1 = χRAF(T, t) + χc(T, t) + χMAF(T, t) (4.3)

and

cp,RAF (T ) = cp,c(T ) = cp,S(T ) = cp,glass(T ) (4.4)



Structure development in uniaxially compressed glass- and melt-crystallized PET 57

Temp Glass crystallized Melt crystallized
Tc(

◦C) χc χRAF χMAF χc χRAF χMAF

80 3 11 86 - - -
120 32 33 35 29 24 47
135 31 21 48 34 28 38
210 39 21 40 - - -
250 49 18 33 2 11 87

Table 4.1: Crystalline fraction χc, Rigid amorphous fraction χRAF and mobile amorphous
fraction χMAF in glass and melt crystallized samples as determined by DSC.

the χRAF can be determined from:

χRAF(T, t) =
cp,b(T, t) + χc(T, t)[cp,L(T ) − cp,S(T )] − cp,S(T )

cp,S(T ) − cp,L(T )
(4.5)

For most polymers cp,S (T ) and cp,L (T ) are available from the ATHAS data bank
or can be measured. The temperature or time dependent crystalline fraction χc(T ,t)
can be obtained from the enthalpy changes during calorimetric measurements.

4.2.2 DSC

The instrument used was a PerkinElmer Pyris 1 DSC. Samples of approximately
5 mg were wrapped in aluminium foil, weighing approximately 5 mg. The samples
were heated at a rate of 20 K/min. Prior to measurements, DSC was calibrated using
indium and zinc for temperature, and sapphire, for heat flow. The heat capacity
was determined from a three curve algorithm: sample, empty pans and sapphire
measurements.

4.2.3 X-ray diffraction studies

Crystalline fraction χc was determined using WAXS. The crystalline long period,
Lc+a, the average repeat distance, i.e. the distance between the center of two lamel-
lae, was determined from SAXS measurements. Lc was determined from a combi-
nation of WAXS and SAXS data. Both the techniques are described in detail in
chapter 2, section 2.2.2. For the uncompressed samples the X-ray wavelength used
was 1 Å, while for the compressed samples it was 0.7 Å.

4.3 Results and discussion

4.3.1 Uncompressed PET

DSC of glass-crystallized PET
A heating scan of Gl80 (figure 4.2) that initially has a very low crystallinity, shows
the anticipated glass transition followed by well-defined crystallization and melting
peaks. Gl120, Gl135, Gl210 and Gl250 show the glass transition, which is followed
by a small endothermic peak and the final melting peak at approximately 265◦C
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(figure 4.3). The position of the small melting peak depends on Tc, that is the small
peak shifts to higher temperatures for increasing Tc. In Gl210 the small endothermic
peak has moved close to the final melting peak and in Gl250 it has merged with that
peak and is visible as a shoulder.

50 100 150 200 250
-1

0

1

2

3

4

5

c p
(J

/g
K)

T (°C)

Figure 4.2: DSC scans at 10 K/min for Gl80 sample. The straight lines show the heat
capacity for liquid, cp, L and crystalline cp,S , PET from ATHAS data bank.

Another feature is the position of Tg. The experimental observations are that Tg

shows a strong dependence on the crystallization conditions. For example, the poorly
crystalline Gl80 shows a Tg significantly lower than the samples that are crystallized
at higher temperatures, with as other extreme Gl120 (figure 4.4). Considering the
wide spread in the shift of Tg with Tc, no further comments are made here.

DSC of melt-crystallized PET

The melt-crystallized samples on heating show qualitative similarities to that of the
glass-crystallized samples, but also some significant differences, figure 4.5.

Compared to Gl120 and Gl135 the melt-crystallized samples Me120 and Me135
show a poorly defined, Tc dependent, small melting peak before the final melting
peak. In Me120 it is reduced to a shoulder, marking the end of a range in which
gradual melting occurs, and in Me135 it is only slightly more evident. The position
of the peak differs from the position in the glass-crystallized samples and it occurs
at a lower T for Me120 as well as for Me135.

Me210 does show a small endothermic peak as a shoulder in the main melting
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Figure 4.3: DSC scans at 10 K/min for the Gl120, Gl135, Gl210 and Gl250 samples. Arrows
show a small endothermic peak that shifts with varying crystallization temper-
ature. The straight lines show the heat capacity for liquid and crystalline PET
from ATHAS data bank.

peak, at higher temperatures than in Gl210. However, Me210 shows a rather com-
plex behavior, that includes a broad endotherm just above Tg, followed by a broad
exotherm before the small endothermic peak and, finally, the main melting peak.
The occurrence of the exotherm is reminiscent of the Gl80 sample (and of Me250,
see below) and suggests that some primary crystallization still occurs in this sam-
ple. This is definitely the case in Me250, that has a very low crystallinity and, of
course, behaves much more like Gl80. Similar to the poorly crystalline Gl80 in the
series of glass-crystallized samples, Me250 has the lowest Tg, see figure 4.7. This
suggests that the mobile fraction of the amorphous phase is more relaxed in Me250
compared to Gl80. Also the onset of crystallization occurs at lower T in Me250, and
the crystallization peak is sharper than in Gl80 see figure 4.7. This indicates that
the formation of nuclei as well as their growth occurs more easily in Me250 than in
Gl80.

Microstructural changes during heating run of glass-crystallized PET

The DSC traces have been mainly interpreted in terms of processes accompanied
by latent heat: melting and crystallization. One of the accessible quantities in
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Figure 4.4: DSC scans at 10 K/min for the Gl80 and Gl135 samples, showing the posi-
tion of the Tg in both the samples. The position of Tg shifts towards higher
temperatures in sample crystallized at 135◦C. The straight lines show the heat
capacity for liquid and crystalline PET from ATHAS data bank.

WAXS of PET is its crystallinity. Since any changes in crystallinity would lead to
latent heat contributions to cp(T, t) in DSC, a series of WAXS spectra during a
heating run may provide independent data to verify the interpretation of the DSC
data. Simultaneous SAXS data provide information on the accompanying structure
development at a lamellar scale. Starting with the glass-crystallized samples, it is
clear that all the samples (except for the poorly crystalline Gl80) show a monotonous
decrease in crystallinity during the heating runs, figure 4.8 (bottom). The rate
of decrease dχ/dT , however, shows discontinuities (visible as cusps in the plots
of crystallinity vs. T ), or rapid transitions from high to low rates of decrease.
Figure 4.8 (top), shows -dχ/dT for Gl120, Gl135, Gl210 and Gl250. To determine
dχ/dT , the values for χc were smoothed using a moving median filter with kernel
3 and, subsequently, a moving average with kernel 2. The data processing seeks to
compromise between noise reduction and retention of sharp features. The derivative
of a linear interpolating function to the resulting data gave dχ/dT . Plotted as
-dχ/dT a direct comparison with the DSC data can be made.

First we note that at Tg, -dχ/dT does not seem to show significant changes,
except perhaps in Gl120. This is in accordance with the fact that the changes in cp

are expected to be dominated by the glass transition itself, and not by latent heat.
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Figure 4.5: DSC scans at 10 K/min for the Me120, Me135, Me210 and Me250 samples.
The position of a small endotherm in Me120 and Me135 samples is shown by
the small arrow.

Concentrating on Gl120 for the moment, above Tg, -dχ/dT starts increasing slowly,
indicating that part of the crystalline structure is melting. As in Gl120, in Gl135
and Gl170 this increase shows a small jump, but at higher temperatures. In Gl120
this increase continues, up to a sharp drop. After this drop -dχ/dT increases again,
up to a second smaller drop, just before the main melting peak sets in. The graphs
for the other samples show a qualitatively similar behavior, with this difference, that
the drops move to higher T for higher Tc, and are gradually lost in the melting peak.
In Gl250 none of the two drops is apparent any longer.

Figure 4.10 establishes in more detail the correspondence between the DSC traces
and WAXS crystallinity data for these glass-crystallized samples. As was noted be-
fore, the glass transition does not show up prominently in the WAXS measurements.
The position of the cusps in χ and the drops in −dχ/dT is seen to coincide with the
onset of the small endothermic peak in the DSC trace. The second small drop in
−dχ/dT is indeed accompanied by a small cusp in χ, but the DSC trace does not
seem to show a feature at that position.

The expected relation between crystallinity and DSC having been confirmed, we
can now turn to the microstructural information that the combination SAXS/WAXS
offers. An interesting further insight in the microstructural changes in these samples
can be gained upon plotting the long period vs. crystallinity. Figure 4.10 shows this
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Figure 4.6: DSC scans at 10 K/min for Me135 and Me250 samples, showing the position
of Tg in both samples. The position of Tg shifts towards higher temperatures
in Me135.

for the glass-crystallized samples. All samples show dLc+a/dχc < 0. Moreover, apart
from Gl80 and Gl250, all curves show three ranges of differing dLc+a/dχc, suggesting
three different regimes of microstructural reorganization. This has been emphasized
in figure 4.9 again taking Gl120 as an example. Qualitatively, at temperatures below
T1 in regime I, |dLc+a/dχc| is low, between T1 and T2 in regime II it is high, and
above T2 in regime III it is again low.

The three regimes are also apparent in graphs of Lc vs. χc. It is to be noted
that Lc has been calculated assuming a two phase model, which clearly does not
represent a realistic picture of the morphological structure in PET. However, the
assumption still provides some relevant information, if accounted for with caution.
On heating, in regime 1, dLc/dχc is negative, and it’s absolute value is rather high.
In regime II, dLc/dχc is zero, or perhaps slightly positive for Gl120, and in regime
III, it is again negative with a rather high absolute value.

These observations lead to the following interpretation for the three regimes.

Regime I This regime is characterized by a decreasing χc, slowly increasing Lc+a

and decreasing Lc. At these relatively low temperatures, (roughly: below Tc) one
might expect melting of particulary unstable crystals (with low Lc), that may have
formed on cooling. The regime can not be explained by melting of crystals with low
Lc only, as this would result in an increase of Lc.
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Figure 4.7: DSC scans at 10 K/min for the samples Gl80 and Me250, showing the position
of Tg in both the samples. Tg in the Me250 is lower than in Gl80 sample.
The straight lines show the heat capacity for liquid and crystalline PET from
ATHAS data bank.

Regime II This regime is characterized by a decreasing χc, quickly increasing Lc+a

and Lc that is roughly constant, but may increase slightly (Gl120) or decrease slightly
(Gl210). The correlation of the onset of this regime with Tc indicates that crystals
formed at Tc are now affected. The drop in the rate of change of crystallinity
suggests a comparatively stable population of crystals. A steep rise in long period
with a small decrease in crystallinity, in regime 2, refers to partial melting of the
crystal surface.

Regime III This regime is characterized by a decreasing χc, quickly increasing Lc+a

and quickly decreasing Lc. These characteristics are indicative of complete melting
of crystals formed at the crystallization temperature.

Time resolved SAXS/WAXS of glass and melt-crystallized PET at 210◦C

Heating runs of the uncompressed glass and melt-crystallized samples are shown in
figure 4.11. At room temperature the Gl210 sample has a lamellar thickness Lc+a

(12.5 nm) which is lower than that for Me210 (14.3 nm). On heating, the Lc+a

of the melt-crystallized sample remains constant upto 70◦C, followed by a slight
decrease and increase within a temperature window of 100-200◦C: above 200◦C the
long period increases until complete melting occurs. The slight decrease in the
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Figure 4.8: Gradual change in the crystalline fraction during the heating run (top), together
with the calculated value of -dχc/dT as a function of time. Arrows mark the
position in the cusp in χ and in the drop in -dχc/dT which coincides with the
position of the small endothermic peak in DSC.

long period within the temperature window of 100-200◦C is most likely a result of
the formation of new crystals in the mobile amorphous fraction present in the bulk
sample, together with a reorganization of the pre-existing crystals - a partial melting
and re-crystallization process. The partial melting process is evident from the drop
in crystallinity above 120◦C. The increase in long period above 200◦C is attributed to
a continuous melting process of crystals, in the bulk. The crystalline component, Lc,
shows a gradual, but slow, decrease above 70◦C. This refers to the formation of new
small crystals and a reorganization of previously existing crystals. The contribution
of the RAF in the Lc value, obtained from a two-phase model, is not obvious.
Figure 4.12 shows a series of WAXS patterns recorded for the uncompressed samples
crystallized from glass and melt at 210◦C. No remarkable change in the peak width
is noted while heating the samples from 25◦C to 250◦C. Crystallinity determined
from these set of data are plotted in figure 4.11.

Taking the example of the Me210 sample, we look into the changes in the mi-
crostructure of the other Me samples, which show similar behavior as the Me210.
Inspite of the presence of the three regimes that are also observed in the glass crys-
tallized counterparts, another region is present between the regimes I and II, which
shows a slight drop in Lc+a and a simultaneous increase in average χc, during the
heating run, see figure 4.13. This drop in Lc+a is probably due to the formation of
new crystals.



Structure development in uniaxially compressed glass- and melt-crystallized PET 65

0.00

0.02

0.04

50 100 150 200 250

-0.2

0.0

0.2

0.4

T2
T1

IIIIII

-d
χ c/d

T
(K

-1
)

IIIIII

T (oC)

χ c

0

2

4

c p
J/

(g
K)

Figure 4.9: DSC scan (top-right axis) for the Gl120 sample along with the calculated value
of -dχc/dT as a function of time (top-left axis), together with the data from
WAXS showing gradual change in the crystalline fraction during the heating
run (bottom).

4.3.2 Uniaxially compressed PET

DSC of glass- and melt-crystallized PET
As was mentioned in the introduction it has been shown that all samples (glass- as
well as melt-crystallized) show a considerable decrease in crystallinity on uniaxial
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Figure 4.10: Lc+a vs. χc and Lc vs. χc during the heating run for the glass-crystallized
samples.
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Figure 4.11: Lc+a (diamonds), Lc (circles) and χc (triangles-right axis) vs. T during heat-
ing run for Gl210 (filled symbols) and Me210 (hollow symbols) samples, before
compression. For comments see text.
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Figure 4.12: Gradual changes in the WAXS diffraction pattern of the uncompressed Gl210
(left) and Me210 (right) PET, during the heating run from 30◦C to 245◦C. The
peak width in the WAXS patterns do not show change, but with increasing
temperature the overall area under the WAXS pattern decreases indicating
decreasing crystalline fraction as heating proceeds. The WAXS patterns have
been vertically displaced for clarity.
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Figure 4.13: Lc+a vs. χc and Lc vs. χc during the heating run of melt-crystallized samples.

compression to λ = −5.

On comparing DSC data of the compressed samples that did show considerable
loss in crystallinity, with the uncompressed samples, major differences are observed,
see figure 4.14. On heating these samples, no glass transition is noticed, but a
sudden stress relaxation is observed at Tg, which is followed by a broad exotherm
in the samples. In some samples, especially Gl250 and all Me samples the exotherm
shows two regions. The first one where cp is more or less constant but may show
fine details ends before T = 100◦C. In the second region cp increases smoothly to a
value of solid around 150◦C for Gl120 and Gl135, and around 175◦C for Gl210 and
Gl250. This second region is followed immediately by the onset of melting.

The small peaks prior to the final melting peak, observed in the uncompressed
samples, are no longer present in the compressed samples. The initially poorly
crystalline samples, Gl80 (not shown) and Me250 (figure 4.15) are not as much
affected on compression. In Me250, the first exothermic region as discussed above
seems to be present, although cp does increase in this sample. After this region has
finished, the DSC-data follow the trends of the uncompressed sample quite closely.

An interesting comparison is that between compressed Gl120, that has a very low
crystallinity only after compression, and Gl80 and Me250, that have low crystallinity
already after thermal crystallization. Although the crystallinity as derived from
WAXS is similar in compressed Gl120 and uncompressed or compressed Gl80 and
Me250, compressed Gl120 behaves rather differently on heating: it does not show a
jump in cp at Tg, and it shows a broad exothermic region rather than an exothermic
peak around T = 120◦C. In fact, it behaves completely similar to the other samples
that have shown a considerable loss of crystallinity. So, the non-crystalline material
in the compressed samples has rather different characteristics than the amorphous
phase in Gl80 and Me250. Also, the non-crystalline material in the compressed
samples differs from the non-crystalline material in compressed, initially amorphous,
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samples. In conclusion these observations point out that the non-crystalline material
formed from the crystalline material during uniaxial compression is responsible for
the salient features in the DSC data of the compressed samples.
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Figure 4.14: DSC scans at 10 K/min for the Gl120, Gl135, Gl210 and Gl250 samples, after
compression. Above Tg all the samples show reorganization, and a broad
exotherm ranging from 70-150◦C.

Microstructural changes during the heating run of compressed samples

As with the uncompressed samples, crystallinity measurements from WAXS during a
heating run may be used to single out the latent heat contribution to cp as measured
by DSC. Subsequently plots of Lc+a and Lc vs. χc can be used to study in more
detail the underlying microstructural changes.

−dχc/dT for a limited set of compressed samples are shown in figure 4.16. All
series show qualitatively the same features. At Tg, −dχc/dT immediately decreases
below zero, indicating an exothermic process, and continues decreasing until a min-
imum is reached. After the minimum, −dχc/dT increases and reaches a value of
zero for temperatures around 170◦C, and subsequently continues increasing at ever
higher rates. There are quantitative differences between the curves, most notably in
the position of the onset of the exothermic process, the minimum, and the position
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Figure 4.15: DSC scans at 10 K/min for the Me120, Me135, Me210 and Me250 samples,
after compression. Above Tg all the samples show reorganization, and a broad
exotherm ranging from 70-150◦C.

of the zero transition.

Time resolved SAXS/WAXS studies of glass and melt-crystallized PET

Glass and melt samples crystallized at 135◦C: After compression At R.T, the glass-
crystallized sample has a crystalline fraction of approximately 5 %, Lc+a of 13 nm
and Lc of approximate 1 nm, whereas the melt-crystallized sample has a higher
value of crystalline fraction, approximately 12%, Lc+a of 18 nm, and Lc of 1.5 nm.
These differences are attributed to the difference in nucleation density. During the
heating run, these values remain nearly constant until the glass transition temper-
ature (70◦C) is reached, see figure 4.17. In the melt-crystallized sample, on further
heating, the bulk of the material undergoes a major re-organization process, since
the mobility of the chains increase. Reorganization in the existing crystals causes an
overall gradual increase in Lc and crystallinity. At the same time, the formation of
new small crystals also takes place. Simultaneous growth of these crystals results in
a drop of the average lamellar thickness and increase of the crystalline fraction χc,
until a temperature of approximately 135◦C is reached. Above 135◦C, these values
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stabilize and remain constant until a temperature of 225◦C, above which the crys-
tallinity starts dropping causing the Lc+a value to increase. The value of Lc shows a
gradual increase through out till 250◦C. In glass-crystallized samples, when heated
above 70◦C, the Lc+a value does not change, but the crystalline fraction increases
with increase in temperature. The average crystal thickness increases, indicating
the crystal growth of existing crystals without the formation of new crystals. Above
225◦C the Lc+a value increases, with a drop in crystallinity referring to a melting
process in the sample.

It is to be noted that above Tg, in glass-crystallized samples, Lc+a remains nearly
constant whereas Lc+a decreases substantially in melt-crystallized samples. The
most likely explanation for this difference is the presence of a high nucleation den-
sity in glass-crystallized samples, which results in more stabilized morphological
structures (as has been discussed in chapter 2: i.e. the glass-crystallized samples
have a more stable morphology).

Glass and melt samples crystallized at 210◦C: After compression On heating
the melt-crystallized samples, as shown in figure 4.18, an initial drop in Lc+a with
a consecutive increase in the crystalline fraction Lc is observed. The drop in Lc+a

occurs just above Tg, 70◦C, suggesting the formation of new small crystals. Already
existing crystals also undergo re-organization. When combined with a simultaneous
formation of new crystals, an explanation for the substantial increase in crystallinity
can be provided.

Similar to the melt-crystallized samples, in the glass-crystallized samples also
no change in Lc+a is noticed below Tg. Above Tg, Lc+a decreases, suggesting a
reorganization process in the already crystallized material. A small increase in Lc,
above 70◦C, refers to thickening of already existing crystals. As heating continues
further, above 130◦C, in both glass- and melt-crystallized samples the Lc+a and
Lc do not show remarkable change until a temperature of 210◦C is reached. Above
approximately 210◦C, while Lc+a increases, the crystallinity decreases, referring to a
continuous melting process. Figure 4.19, shows a series of WAXS patterns recorded
for the compressed samples crystallized from glass and melt at 210◦C. Unlike for the
uncompressed samples, remarkable changes in the peak width is noted just above
Tg, while heating the samples from 25◦C to 275◦C. Crystallinity determined from
these set of data are plotted in figure 4.18.

In comparison with the glass-crystallized samples, the decrease in Lc+a above
Tg is relatively less in melt-crystallized samples. An explanation for this difference
exists in the origin of the difference in nucleation density, which is relatively higher
in the glass, compared to the melt crystallized samples. On comparing the changes
in Lc+a of the Gl135 with the Gl210 samples, a considerable reorganization above
Tg in the Gl210 is observed. We again attribute this difference to the presence of
a high nucleation density at 135◦C compared to 210◦C, see figure 2.6 in chapter 2.
The high nucleation density facilitates the stabilization of morphology.

4.4 Conclusions

Heat capacity measurements carried out using DSC, were employed to obtain quan-
titative values of χRAF for PET samples crystallized from glass and melt at various
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Figure 4.16: -dχc/dT as a function of time for the Gl135, Me135, Gl210 and Me210 com-
pressed samples.
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Figure 4.17: Lc+a (diamonds), Lc (circles) and χc (triangles-right axis) vs. T during heat-
ing run for Gl135 (filled symbols) and Me135 (hollow symbols) samples, after
compression. For comments see text.
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Figure 4.18: Lc+a (diamonds), Lc (circles) and χc (triangles-right axis) vs. T during heat-
ing run for Gl210 (filled symbols) and Me210 (hollow symbols) samples, after
compression. For comments see text.
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Figure 4.19: Changes in the WAXS diffraction pattern of the compressed Gl210 (left) and
Me210 (right) PET, during the heating run from 30◦C to 245◦C. With increas-
ing temperature, the various peaks start resolving, with an initial increase in
the crystalline fraction above 70◦C, followed by a decrease in crystalline frac-
tion after 200◦C. The curves have been vertically displaced for clarity.

Tc’s. It was observed that with increasing Tc, the χRAF decreases while χc in-
creases. Glass crystallized samples do not show major reorganization compared to
melt crystallized samples suggesting a more stable morphology.

Uniaxial compression leads to a remarkable loss in crystallinity. Structural or-
der of the crystals is lost at the lamellar level, while as observed previously using
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FTIR spectroscopy, the conformational order prevails to a great extent. Properties
of these peculiar non-crystalline material were investigated using DSC and simulta-
neous WAXS-SAXS during heating, and compared to that of ”normal” amorphous
PET. Heat capacity measurements of uncompressed and uniaxially compressed sam-
ples greatly differs together with the microstructural reorganization during the heat-
ing run. During the heating runs, the amorphous fraction formed from the crystalline
fraction after compression, shows a different microstructural reorganization, when
compared to the fraction that was already amorphous before compression. More-
over, the behavior also differs from compressed initially amorphous material. The
disappearance of small peaks during DSC heating runs of compressed samples is a
consequence of an easier shear induced deformation of small crystals compared to
the bigger crystals.

During the heating process of the compressed samples, above Tg the χc and Lc

increase remarkably accompanied with a simultaneous decrease in the Lc+a, while
the peaks in WAXS patterns get well resolved, indicating crystal growth. Above
the temperature of 225◦C, the melting process sets in with a gradual decrease in
crystallinity and increasing Lc. When compared to the heating run of the uncom-
pressed samples, a gradual and continuous decrease in crystallinity is observed, while
only slight changes in Lc and Lc+a are observed showing three different regimes of
microstructural changes. No special changes were observed in the WAXS patterns
during heating. The three different regimes of microstructural changes could be
correlated to the changes taking place during heat capacity measurements.

Reorganization in compressed samples results into an increase in crystallinity
followed by an overall decrease in long period and average crystal thickness. Melt
crystallized samples not having a fully developed morphology, give a mixture of
crystals formed from the melt ordering on further cooling and a part that quenches
to a glass. This mixed morphology shows major reorganization on heating from
room temperature.
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Chapter 5

Conformational changes
during plastic deformation of
PET films1

5.1 Introduction

Polymer coatings may provide protection to an underlying metal substrate in various
ways. They not only act as a physical barrier to the surrounding environment,
but also as a chemical barrier, binding to active sites of the metal and rendering
them unavailable to e.g. corrosive reactions or environmental attack [66; 67]. The
mechanical behavior of the individual materials, together with the adhesion at the
interface, dictates the deformation limits of these laminates. The adhesion between
the polymer and metal at the interface is crucial and often the weak link for their
performance and reliability in extreme conditions (for example during forming and
processing or due to environmental circumstances). Usually an interface is not a
sharp boundary, but realistically regarded as an interphase: a zone in the immediate
vicinity of the interface, having a finite volume and a distinct gradient in properties
of the polymer.

Polymer-coated metal laminates are being increasingly used in forming processes
in the food and beverage packaging industry. During forming, these laminates have
to undergo extreme deformation conditions (high temperatures, pressure and strains)
and have to maintain adhesion.

On stretching an amorphous free-standing polymer film below Tg, macroscopic
localization of the strain takes place, resulting in the formation of a neck. However,
during deformation of the same film now supported in a polymer-steel laminate
below Tg, the polymer may be able to deform in a macroscopically uniform way,
circumventing the macroscopic necking phenomenon. This is only possible due to

1Reproduced in part from:

Conformational changes during plastic deformation of PET films.

R. Rastogi, W.P. Vellinga, O.L.J.v Asselen, H.E.H. Meijer, in preparation.
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the load bearing adhesive bonds at the interface, which shows that bonding at the
interface may have a rather dramatic influence on the macroscopic behavior.

Furthermore, there exists a possibility that near the interface, the polymer mi-
crostructure may differ from its equilibrium bulk microstructure due to the inter-
actions with the metal and the restrictions that influence the mobility of the poly-
meric chains. For this reason in the present study we investigate the conforma-
tional changes that take place in a polymer film that is a component of one such
polymer-metal laminate during uniaxial tensile deformation. The systems studied
are poly(ethylene) terephthalate (PET) films coated on Interstitial Free steel (IF)
substrates. The behavior of a free PET film on uniaxial loading is compared to that
of a PET in a PET-IF laminate.

Fourier Transformed Infra-Red (FTIR) spectroscopy can be used as a tool to
study the structure of polymers and the evolution of that structure during uniaxial
tension at the molecular level. The evolution of the microstructural order, studied
for free-standing PET films and fibres, on drawing has been the subject of many
studies, employing FTIR [68; 69; 70]. It has been established that on drawing of
PET, as the molecules become oriented toward the drawing direction, orientation
may differ between gauche and trans conformers, and changes in conformation from
gauche to trans, as well as strain-induced crystallization may occur. These results
are discussed in some more detail in section 5.3.

In the laminate, the presence of the interface may restrict the mobility of the
polymer chains. Mechanical loading of the laminate would strain the polymer chains
which have a restricted mobility and influence the orientation and relaxation behav-
ior in the laminate. A comparative study of the orientation behavior would provide
differences between the conformations, orientations and relaxations in the free film
and the laminate.

These conformational differences would help in getting an insight into the nature
of the interactions and the structure of PET near the PET-steel interphase region
[18]. The experimental idea is to follow any deviation of the spectra of the free film
with that of the supported film.

5.2 Experimental

5.2.1 Sample preparation

A free-standing films as well as supported films (laminates) were prepared. Free-
standing PET film with thickness d = 250 µm was used, both amorphous and
semi-crystalline (annealing the amorphous film at 135◦C for 10 min). PET-IF steel
laminates were prepared by spin coating a PET solution (from solution of PET in
1,1,1,3,3,3 hexafluoro 2-isopropanol, 1:15 w/w) on the IF-steel substrate.

The IF-steel was polished and cut into tensile bars, dimensions for which are
as shown in chapter 7 in figure 7.3, prior to coating. The substrates were polished
to prevent diffuse scattering of the incident radiation in the FTIR spectroscopy
measurements. Spin coating resulted in semi-crystalline coatings after evaporation
of the solvent. To obtain amorphous coatings, the laminate was briefly heated to
above Tm (275◦C) and immediately quenched to 20◦C. Samples were prepared with
thickness d = 0.5 µm and d = 4 µm. The thickness of samples with d> 2 µm could
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be accurately measured using the thickness fringes in the FTIR spectra using the
formula 2.1:

d(cm) =
∆m

2(υ̃1 − υ̃2)(n2 − sin2θ)
1

2

(5.1)

where υ̃1 and υ̃2 are wavenumbers in cm−1 of the first and the ∆m + 1 peak (or
valley) of the fringing pattern; n, θ, and ∆m are the refractive index of the film, the
incidence angle and the number of peaks (or valleys) between υ̃1 and υ̃2.

The thickness of samples with d < 2 µm was measured using profilometry after
carefully scratching off part of the coating. Samples with d < 1 µm showed a surface
roughness of ±200nm.

In this chapter we report on the following samples:

• ”Thick” amorphous and semi-crystalline supported films, (”thick laminates”),
d = 2 µm.

• ”Thin” amorphous and semi-crystalline supported films, (”thin laminates”),
d = 0.5 µm.

• Free-standing amorphous and semi-crystalline film, d = 250 µm.

The samples were deformed intermittently at low speeds (3 µm/sec) in a DEBEN
Microtest tensile stage, and held at a constant elongations corresponding to approxi-
mate macroscopic strains of 4%, 8%, 12%, 16%, and 22% while reflection-absorption
FTIR spectra were recorded in-situ.

For free-standing films uniaxial loading was carried out during which specular
reflection spectra were recorded at several strains before yield, and inside and outside
of the necked region after yield.

5.2.2 FTIR spectroscopy

FTIR spectroscopy was performed using a Bio-Rad UMA-500 microscope, coupled
to a Bio-Rad FTS 6000 FTIR spectrometer. The microscope was fitted with a 15x,
all-reflecting on-axis Schwartzschild objective and a wideband Mercury-Cadmium-
Tellurium detector. The objective was used in the reflection mode with an incidence
angle of 60◦. A rectangular aperture was used to eliminate stray light. The area
measured was approximately 40 x 40 µm2. Mid-infra red spectra were recorded with
a resolution of 2 cm−1, co-adding 100 scans.

Specular reflection FTIR spectroscopy

The thick free-standing films are too thick to be useful in transmission FTIR since
even the weakest absorbing bands will saturate. However, absorption spectra infor-
mation can still be retrieved from these films using spectra measured in specular
reflection [17]. Absorption spectra were generated from the measured specular re-
flection spectra using Kramers-Kronig transformation.
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Reflection-absorption FTIR spectroscopy
FTIR spectra of the PET-steel laminates were obtained in Reflection-Absorption
(RA-FTIR) mode [17; 18]. This technique is not as straightforward as transmission
FTIR. Interpretation of the spectra is complicated by peak shifts and distortion.
The main reason for these complications are the rapid changes in the refractive index
for wavelengths close to intensely absorbing bands and the significant contribution
of the refractive index to the reflectivity. Interference of radiation reflected from
the polymer surface and the metal leads is another complicating factor. Hence,
supporting calculations have been carried out to be able to interpret the recorded
spectra in section 2.2.3 in chapter 2. Calculated spectra indicated that intensely
absorbing bands, with high k, are most severely affected, together with moderately
absorbing bands that are closely spaced. On the other hand, well isolated bands with
low values of k are much less affected, hence we restrict our discussion to weakly
absorbing bands in the measured spectra.

Characterization of orientation
The characterization of the orientation of specific chromophoric groups of a polymer
molecule can be achieved by means of linearly polarized light FTIR. If the electro-
magnetic wave is linearly polarized then only those vibrations that have a component
of the change in dipole moment parallel to the electric field (or TE wave) will absorb
radiation. If the molecules in a sample are randomly distributed, linearly polarized
radiation passing through the sample will give FTIR absorption spectra that do not
show a dependence on the polarisation direction of the TE wave. If the molecules
in the sample are oriented, e.g. when the polymer sample is stretched, and linearly
polarized light passes the sample with the E vector parallel to the stretching direc-
tion, the molecular vibrations rotated toward the stretching direction absorb more
energy, while those rotated away from the stretching direction absorb less energy
compared to the non-stretched sample. If the polarizer is rotated 90◦ and the E
vector is aligned with the transverse direction the opposite result is obtained. As a
measure for the level of orientation, the dichroic ratio R of an absorption band can
be calculated, as follows:

R =
A‖

A⊥
, (5.2)

where A‖ is the absorption measured with the TE wave polarized parallel to the
stretching direction and A⊥ is the absorption that is measured with the TE wave
polarized perpendicular to the stretching direction. For perfectly oriented material,
the dichroic ratio, R◦ can be obtained as:

R◦ = 2 cot2 α, (5.3)

where α is the angle between the transition moment vector M of the absorption
measured and the chain axis of the polymer. For perfectly oriented materials, α may
be calculated directly from the dichroic ratio by means of equation 5.3. The degree
of orientation can also be described by Herman’s orientation function F, a measure
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Figure 5.1: Schematic representation of uniaxial orientation parameters.

of the average angle θ between the molecular chain axis and the stretching direction
of the film,

F =
3cos2θ − 1

2
. (5.4)

This is illustrated in figure 5.1. When only a certain fraction f of the molecules
is perfectly oriented and the remaining molecules are randomly oriented in three
dimensional space, the relationship between Herman’s orientation function F and
the dichroic ratio R can be expressed as [71]:

F =
(R − 1)

(R + 2)

[

2

(3 cos2 α) − 1

]

. (5.5)

A⊥ and A‖ spectra measured during uniaxial orientation can also be used to
calculate the structural factor spectrum S given by [13; 14]:

S =
A‖ + 2A⊥

3
. (5.6)

This structural factor spectrum eliminates the effects of orientation and enables
one to observe conformational changes during deformation or crystallization. At
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the same time, the Dichroic Difference Spectrum (DDS) can be calculated from the
polarized spectra by [13; 14]:

DDS = A‖ − A⊥. (5.7)

The DDS highlights the effects of deformation on the orientation of specific bands.
In the following, dichroic ratio, structural factor, dichroic difference spectra, and ori-
entation functions, derived from experimentally determined polarized spectra before
and during deformation are shown, comparing results from the free-standing film to
results from supported films.

5.3 FTIR spectrometry on uniaxially oriented PET: a litera-
ture review

In literature, determination of orientation in PET during uniaxial stretching by
means of FTIR spectrometry has been extensively studied, often using bands char-
acteristic of the glycol and terephthalate residue of the PET molecule. These exper-
iments, studying orientation of PET, have been performed as a function of drawing
conditions such as draw ratio, drawing speed and temperature. (The various confor-
mational forms of PET are schematically illustrated in figure 2.1 of chapter 2.) An
attempt has also been made, to interpret these changes in FTIR spectra in terms
of an inhomogeneous stress at the molecular level during drawing, assuming that
certain molecular bonds are more affected than others. Hutchinson et al. [68] stated
that up to the yield point, the elastic strains are concentrated in the glycol segment,
leading to its orientation, while the terephthalate segments show no orientation. Af-
ter yield, the stress decreases and conformational changes take place allowing the
overall network to change. While Matthews et al. on the other hand, interpret the
post-drawing spectral changes, in time, in terms of stress relaxation [72; 73].

5.3.1 Orientation of specific bands

In-plane ring vibration modes of the terephthalic ester moiety at 1578 cm−1 and 1018
cm−1 show positive dichroism on uniaxial drawing [13; 14; 68; 70]. Out-of-plane ring
C-H modes at 874 cm−1and 727 cm−1 have their transition moment vector normal to
the ring plane [14]. These bands show negative dichroism (perpendicular dichroism)
on uniaxial deformation. Strong negative dichroism has also been observed for the
1725 cm−1 band (assigned to the C=O stretching mode). The 1370 cm−1 (gauche,G)
and 1340 cm−1 (trans,T) glycol bands show positive dichroism.

In many studies it has been reported that the 1410 cm−1 band does not show
any dichroism, and the angle α associated with its transition moment is therefore
thought to be close to 55◦ (leading to 3cos2 α− 1 = 0) [71]. However, recent results
have encountered weak dichroism for the 1410 cm−1 band [71]. This will be treated
in the discussion of the experimental results presented below.

For the bands at 1340 cm−1, 1018 cm−1, and 972 cm−1, which are relatively
isolated, it is quite possible to calculate their orientation functions F , since the
angles α are known from literature (see table 1). Values of α for the 1340 cm−1
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band vary from 18◦ to 21◦. Usually it is assumed that α for 1370 cm−1 equals that
of 1340 cm−1.

5.3.2 Quantitative fraction of trans and gauche conformers

From literature [68; 14; 73; 74] it is known that in uniaxial tension, orientation
is associated mostly with trans conformers, because peaks arising from the gauche
conformers show relatively low dichroism. Transformation from gauche to trans
conformers, as evidenced by the relative intensity of the 1370 cm−1 and 1340 cm−1

glycol bands, takes place more effectively in hot drawing above Tg (70◦C), than below
Tg [58]. This development of strain-induced crystallization is not encountered until
a critical draw ratio of 2 - 2.3 is reached [72]. Detailed investigations studying the
increase in crystallinity on drawing were carried out by several authors, employing
various techniques [14; 58; 75; 76; 77]. More recently, a number of studies have been
carried out to study the orientation and relaxation behavior of glycol gauche and
trans conformers at low draw ratios, up to 1.5. [73; 74]. Taking α as 21◦ for the
1370 cm−1 as well as for the 1340 cm−1, band it was found that at a draw rate of 10
cm/min at 85◦C (i.e. above Tg), the orientation function of the trans conformers is
higher than that of the gauche conformers, by a factor of almost 10. The relaxation
of the orientation function in time was found to be comparable for both bands. It was
shown that at these particular temperatures, significant relaxation of both the 1370
cm−1 and 1340 cm−1 bands occurs already at time scales of seconds. Orientation of
the gauche conformers using the 1370 cm−1 band may be difficult to detect because
of three reasons. First, at low draw ratios its orientation is intrinsically lower than
that of the trans 1340 cm−1 band, and second, relaxation leads to a further decrease
of orientation. A third reason is that at high draw ratios transformations occur
of gauche glycol conformers into trans glycol conformers. Similar effects have been
encountered for the C-O stretch mode near 1042 cm−1 that shows low dichroism
compared with the conformational isomers at 972 cm−1 [14].

5.4 Results and discussion

5.4.1 Free-standing films

Both amorphous and semi-crystalline free films undergo macroscopic strain local-
ization on stretching, that is, neck formation. The structural factor spectra of the
amorphous and semi-crystalline free film before elongation and in the neck are shown
in figure 5.2. DDS, for the amorphous and semi-crystalline free films subjected to
uniaxial loading, are shown in figure 5.3. The amorphous free films do not show
dichroism before deformation, whereas the semi-crystalline films do show some ori-
entation. The origin of this orientation on annealing is not clear. As the loading
proceeds in both free films, no substantial spectral changes are observed before
yielding, probably due to relaxation at the time scale of the acquisition time of the
spectrum (approximately 1 min). As soon as the PET film yields, a stable neck is
formed and the PET chains in the neck show an appreciable orientation. Also in
the spectra of the amorphous PET clear transformation of the gauche into trans
conformers is seen by the steep increase of the 1340 cm−1 band.
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Figure 5.2: S spectra of amorphous (left) and semi-crystalline (right) 250 µm PET free-
standing films before elongation and in the neck region. Spectra are vertically
displaced for clarity.

In the free-standing films the spectral region below 1000 cm−1 shows a low signal-
to-noise ratio, and hence could not be used for a comparative study with observations
from literature. Negative (1725 cm−1) and positive dichroism (1340 cm−1, 1018
cm−1, 972 cm−1) and the absence of dichroism for the 1370 cm−1, observed in the
neck in the amorphous and semi-crystalline films, are in accordance with observations
in literature.
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Figure 5.3: DD spectra of an amorphous (left) and semi-crystalline (right), 250 µm PET
free-standing film before elongation and in the neck. Spectra are vertically
displaced for clarity.

5.4.2 Thick laminates

Polarized spectra of the thick laminates (amorphous as well as semi-crystalline)
were recorded in-situ before and during uniaxial loading at different strains. Struc-
tural factor spectra before and after straining are shown in figure 5.4 for the amor-
phous and semi-crystalline PET laminates. Polarized spectra were used to calculate
dichroic difference spectra and are compared in figure 5.6. The metal substrate
starts showing failure at strains > 21% but the polymer coating was still intact. On
uniaxial tensile loading the deformation of the PET in the laminate is dominated
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Figure 5.4: S spectra of an amorphous (left) and semi-crystalline (right) 2 µm PET-IF steel
laminates before and after straining. Spectra are vertically displaced for clarity.

by the underlying metal substrate, and does not undergo macroscopic necking. The
spectral changes recorded in the supported PET film are gradual. In this way it
is possible to study macroscopically uniform deformation of PET beyond the yield
stress at sub-Tg temperatures.

In case of free standing films, at low strains of ≤ 24%, spectral changes are not
detected outside the neck (due to stress relaxation at the time scale of acquisition in
our case) as stated in literature ref [13; 69], but in the laminates dichroism is already
observed at these low strains.

Figures 5.5 and 5.6 show the dichroic difference spectra at various strains for the
amorphous and semi-crystalline thick laminates. Both laminates show a gradually
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Figure 5.5: DD spectra of 2 µm amorphous PET coated steel laminate, at different strains,
0% , 8%, 16%, and 22%. Spectra are vertically displaced for clarity.
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increasing positive dichroism for the 1339 cm−1, 1018 cm−1, 972 cm−1, 1578 cm−1

and 1505 cm−1 bands, whereas negative dichroism is observed for the 1725 cm−1,
874 cm−1 and 730 cm−1 bands. These observations are similar to those observed for
the neck of free-standing PET films.

Discussion

Although the behavior of most bands is in accordance with literature, the behavior
of a number of bands is at odds with what is generally encountered and emphasized
here in the comparison with the results on free-standing films.

In the amorphous laminate the band at 1370 cm−1, associated with G conformers
of the glycol, shows clear positive dichroism. Figure 5.7 shows the dichroic ratio
for the 1340 cm−1 and 1370 cm−1 bands in the amorphous laminate, and these
appear to show the same qualitative behavior. Values for the orientation function
for these gauche and trans bands vs. strain obtained in the present study (assuming
α is 18◦ for the 1340 cm−1 band) are similar to the values obtained by Pellerin
et al. [73] (who take α = 21◦ for both the bands) before relaxation, where free-
standing films were drawn at higher temperatures, 90◦C, i.e above Tg. Values of
the orientation function for the 1370 cm−1 are indeed lower than for 1340 cm−1.
The fact that the orientation of 1370 cm−1 in homogeneous deformation above the
yield strain at sub-Tg temperatures can be measured is interesting. Apparently
during deformation of the laminates below Tg the relaxation is much slower than
at similar homogeneous strains at high temperatures as employed by Pellerin et
al. Although the sub-Tg temperatures may be an important factor, there are also
experimental indications that the interaction with the steel may play a role here, e.g.
the crystallization experiments carried out in chapter 2 [78], where it was found that
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Figure 5.6: DD spectra of 2µm semi-crystalline PET-steel laminate, at 0% , 8%, 16%, and
22% strain. Spectra are vertically displaced for clarity.
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at high temperatures the transformation from gauche, G conformers (1370 cm−1)
to trans, T (1340 cm−1) in the thin laminates is much less than in the free-standing
films.

The dichroic ratio as a function of strain for the thick amorphous and semi-
crystalline laminates is shown in figure 5.7. A clear difference in the general trend
of orientation with strain is observed. Dichroism for the amorphous laminate shows
a higher rate of increase at lower strains, and lower rate of increase at high strains.

In the semi-crystalline laminate two different trends are observed; the rate of
increase in dichroism for 1340 cm−1, 1018 cm−1 and 972 cm−1 bands is low at
strains of up to 10%, increasing steeply after that, while for the 1410 cm−1, 1370
cm−1 and 874 cm−1 bands dichroism follows the same trend as in the amorphous
laminate.

When calculating the orientation functions for the semi-crystalline laminates
from the α values from literature, a similar picture emerges. As shown in figure 5.8,
the orientation function for 1340 cm−1, 1018 cm−1 and 972 cm−1 agree well, where
as those of 874 cm−1 and 1410 cm−1 are completely different. Interestingly, for
the amorphous laminate discrepancies also appear, with 1340 cm−1 and 972 cm−1

showing quite similar behavior and 1018 cm−1, 874 cm−1 and 1410 cm−1 deviating.
(In figure 5.8 ”best fits” can be obtained if α is treated as a free parameter. The
value of α found for 1410 cm−1, 1018 cm−1 and 874 cm−1 would differ drastically
from those reported in literature. This conveys the same message). To rationalize
these trends, it is necessary to discuss the character of these bands.

For the CH2 wagging mode at 1340 cm−1, taking the reported value of 18◦ [14],
the orientation function was calculated for both the amorphous and the semi-crystalline
laminate. Due to the apolar nature of the CH2 bond and the fact that it is unlikely
to be involved in bonding with the metal, the band at 1340 cm−1 is expected to be
insensitive to possible interactions with the metal surface. Hence, the orientation
function of this band is taken as a reference to calculate the transition moment angle
for the other vibrations at 972 cm−1 and 1018 cm−1. Calculated values of α are
shown in the table 5.1, and an increase in the orientation function as a function of
strain for several bands in the thick laminates is given in figure 5.8.

For the semi-crystalline laminate, α for the 972 cm−1 band was found to be 34◦

and for the 1018 cm−1 peak 20◦ was found, in good agreement with α values noted
in literature [14]. However, for the 874 cm−1 and the 1410 cm−1 bands using the
reported values of α, leads to a large discrepancy with the results of the other bands.

In the amorphous laminate the value of α calculated was 39◦ for the 972 cm−1

trans band, deviating slightly from the reported value. Whereas, for the 1018 cm−1

and for 874 cm−1 bands, when using the α value from literature, great deviation
was observed from the orientation function, F, of the other bands. To obtain similar
values of F, α would have to be 62-65◦ for the 874 cm−1 and 48◦ for the 1018 cm−1

band. These calculated values are shown in table 5.1.

This could be explained by considering the nature of various bands. The 1370
cm−1 band is characteristic of a gauche conformer, and is present in the amorphous
phase of both amorphous or semi-crystalline PET. The 1340 cm−1 and 972 cm−1

bands are associated to the trans conformers and although they occur both in the
amorphous ( 10%) [5] and crystalline phase ( 90%) of semi-crystalline PET, but are
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considered to be representative of the purely crystalline phase in semi-crystalline
PET. The 1410 cm−1, 1018 cm−1 and the 874 cm−1 bands are mixed bands, consti-
tuting of both gauche and trans components, and occur in both the amorphous and
semi-crystalline phase, with small shifts in peak positions.

For the semi-crystalline laminate it is clear that 1340 cm−1 and 972 cm−1 bands
show identical behavior, and that the mixed band of 1018 cm−1 behaves similar to
these two bands. Also from the dichroic ratio it is clear that the mixed bands at 874
cm−1 and 1410 cm−1 show a behavior that differs qualitatively (trend in dichroism)
from the previous 3 bands. Combining the behavior with the assignment of the bands
it seems reasonable to assume that the behavior of the 1340 cm−1, 972 cm−1 and the
1018 cm−1 bands are indeed indicative for the behavior of the crystalline component
of the semi-crystalline PET and that of the 1370 cm−1, 1410 cm−1 and the 874 cm−1

bands of the amorphous component. Furthermore the trend in dichroism of the 874
cm−1 and 1410 cm−1 bands in the semi-crystalline laminate is similar to that in
the amorphous laminate, which is in accordance with the explanation given above.
The behavior of the bands that were associated with the crystalline phase, the 1340
cm−1 and 972 cm−1 is quite different in the amorphous laminate, where they are
representative of isolated trans conformers, also in accordance with this explanation.

The behavior of the mixed bands (1018 cm−1, 874 cm−1, and 1410 cm−1) cannot
be understood along these lines. We note that these bands are all related to the
vibrations of the benzene ring. The in-plane ring C-H deformation band at 1410
cm−1 shows significant dichroism at the relatively low draw ratios upto ≈ 1.22 used
here. This band is usually found to show little or no dichroism [14; 16] even at
draw ratios > 2, explained assuming that the transition moment associated to the
band is close to 55◦ which means 3cos2α − 1 = 0. However, a situation similar
to the one reported here, that is appreciable positive dichroism for the 1410 cm−1

band, has been encountered by Cole et al. [71], where it was studied in some more
detail, measuring trichroic ratios of biaxially drawn PET films. They explain the
occurrence of positive dichroism for 1410 cm−1 in a number of their PET samples
by the fact that the PET shows a preferential orientation of the ring planes. The
measurements presented here are certainly consistent with a similar explanation, i.e.
probably the polymer chains in the laminate also show preferential orientation of
the molecular plane of the benzene ring. This explanation would have a bearing on
the behavior of the 874 cm−1 and 1018 cm−1 bands too.

The mixed character of the bands may also be of importance if, as has been
indicated in literature, dichroism of trans conformers is more pronounced than that
of the gauche conformers.

5.4.3 Thin laminates

Polarized spectra of a 0.5 µm amorphous PET-steel laminate were recorded in-
situ with the TE component polarized parallel and perpendicular to the machine
direction, before loading and during loading at different strains. Dichroic difference
spectra are shown in figure 5.10 for the amorphous thin laminate and in figure 5.12
for the semi-crystalline thin laminate. The metal substrate shows ductile fracture
first at a strain of > 20 %, but the polymer did not show failure even on further
stretching up to 24% strain.
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Figure 5.7: Increase in the dichroic ratio with increasing strain for the amorphous (left)
and semicrystalline (right) thick laminates.

absorption band bulk PET 2 µm PET laminates
bands assignment
cm −1 Amorphous Semi-crystalline

1340 CH2 wagging 18◦ [71], 21◦ [58; 73] 18◦ 18◦

1018 ring C-H 20◦ [71] 48◦ 20◦

972 glycol C-O 27◦ [71], 34◦ [58] 39◦ 34◦

874 ring C-H 85◦ [13] 62-65◦ 90◦

Table 5.1: Angle α between the transition moment and the molecular chain from literature
and determined from the thick laminates.

At zero strain the thin semi-crystalline laminate already shows a slight dichroism.
The weak reflection-absorption signal from the thin supported films, together with
the increased scattering due to roughening of the metal substrate, leads to a low
signal-to-noise ratio in the reflected spectra recorded. As a result, the dichroism
in certain weaker bands may not be clearly visible. In the difference spectra of
stretched PET laminates, the main spectral features are observed at the 1340 cm−1,
1410 cm−1 and 1018 cm−1 bands. Gradual orientation of the PET is shown by the
increase in the trans conformers at 1340 cm−1. The 1410 cm−1 band related to the
ring C-H again shows positive dichroism. The dichroic ratios of these bands as a
function of strain are shown in figure 5.11.
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Figure 5.8: Orientation function, F vs. strain for the amorphous (left) and semi-crystalline
(right) thick laminates. For the semi-crystalline laminate the F is calculated
for the 1340 cm−1, 1018 cm−1 and the 972 cm−1 bands using values from
literature. The 874 cm−1 and the 1410 cm−1 bands shows deviation when using
the α values stated in literature. To calculate the F for the amorphous laminate
using literature value, the 1340 cm−1 and 972 cm−1 have good agreement, while
the other 874 cm−1, 1018 cm−1 and the 1410 cm−1 bands, would differ. To
obtain similar F value, α were calculated to be 62-65◦ for 874 cm−1 and 48◦

for 1018 cm−1 band. Approximated α values are shown in table 5.1.

The thin semi-crystalline laminate already shows weak dichroism before strain-
ing, and on straining no specific spectral changes are observed.

5.4.4 Comparison between thick and thin laminates

At a first glance, we observe that spectral changes observed in case of the amorphous
PET thin supported films are similar to those observed in the thick supported films,
indicating uniform, deformation of the thin coated PET film. During loading of the
thin laminate, dichroism is observed for only a few bands and since the signal-to-
noise ratio is lower in the thin laminates, the orientation functions are not calculated
since they would be subject to high error. Together with the orientation of the trans
conformers at 1340 cm−1, the 1410 cm−1 band also shows orientation.

Although similarities with the thick laminate are observed, significant differences
are also noted. An interesting observation is that only positive dichroism is observed
in thin laminates, no negative dichroism is observed, as shown in figure 5.11. A higher
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Figure 5.9: S spectra of an amorphous (left) and semi-crystalline (right) 0.5 µm PET-IF
steel laminate before and after straining. Spectra are vertically displaced for
clarity.
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Figure 5.10: DD spectra of 0.5 µm amorphous PET-IF steel laminate at different strains,
0%, 8%, 16% and 24%. Spectra are vertically displaced for clarity.

degree of orientation vs. strain is observed for the 1340 cm−1 trans conformer band
in the thin laminates when compared to the thick laminates. This indicates that a
difference in orientation behavior is obtained, the orientation on straining increasing
from the bulk PET, to thick laminates, to thin laminates.

In the thick laminate a clear absorbance is observed for the 874 cm−1 C-H out-
of-plane deformation band, which gives rise to negative dichroism, on uniaxial de-
formation. In the thin laminate, only a very low absorption intensity is found at 874
cm−1, certainly when compared to 1410 cm−1 band, compare figures 5.4 and 5.9.
Also no dichroism is detected for this band. A possible explanation for this might
be that there is a preferential orientation of the phthalate ester rings, in such a way
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Figure 5.11: Dichroic ratio vs. strain for the amorphous thin laminate.
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Figure 5.12: DD spectra of 0.5 µm semi-crystalline PET-IF steel laminate at different
strains, 0%, 8%, 16% and 24%.

that the transition moment of the 874 cm−1 vibration is normal to the transverse
electric vector of the IR incident radiation that is normal to the interface, and that
no absorption will take place. To confirm this, spectra should be measured by tilting
the sample. However due to lack in the appropriate equipment, such a spectrum was
not recorded.

A gradient in orientation behavior is observed in laminates, with diminishing
similarity in orientation of various bands from free-standing films to thick laminates
and then thin laminates. This indicates that there is exists a gradient in arrangement
of the molecular chains. The phthalate ester ring (benzene ring) segment of the
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polymer chain appears to have preferential arrangement in close proximity to the
metal surface. As the distance from the metal surface increases, the structural
arrangement of the chains gradually shows similarity with the free films, where the
polymer chain segments are randomly oriented.

5.5 Conclusions

Orientation behavior of amorphous and semi-crystalline PET at sub-Tg tempera-
tures in macroscopically homogeneous deformation was studied. From this study, a
number of conclusions can be drawn: Orientation of glycol gauche conformers (1370
cm−1) was found to be smaller than that of trans glycol conformers (1340 cm−1)
in accordance with literature. In semi-crystalline laminates orientation of trans
bands and gauche bands was found to differ, with trans bands behaving according
to behavior reported previously in literature. Bands characteristic of trans conform-
ers were found to behave differently in crystalline and amorphous PET. Deviations
were found for the mixed gauche-trans bands are attributed to the differences in ori-
entation between the gauche and trans conformers. In the laminates, the fact that
high dichroic ratios are found for certain bands at low draw ratios, when compared
to free films, indicates that relaxation is hindered.

The results obtained here are consistent with the presence of a gradient in struc-
ture of the supported films of PET. Close to the PET-steel interface, the benzene
rings appear to be preferentially aligned with the interface, while further away from
it, they appear to be randomly oriented.
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Chapter 6

Plastic deformation and
adhesion of PET-metal
laminates : A Positron
Annihilation study1

6.1 Introduction

In the present study the focus is on polymer-metal laminates that are employed in
packaging industry. During processing these materials usually are deformed to high
strains at high strain rates. Knowledge of changes taking place in the coatings during
the forming processes as well as of the adhesion in the finished product, is of great
importance. Clearly the relation between microstructure and mechanical behavior
of the polymer coatings is equally of interest and importance for these industrial
applications.

It is well known that parameters of the local free-volume in structurally disor-
dered polymers play a crucial role in determining its physical properties and diffusion
phenomenon [79]. Free volume parameters change even when the polymer is in its
glassy state, where the mobility is highly restricted. The size of the average free
volume and its distribution influence the relaxation spectra, mobility of segments
and various transport phenomena in polymers [80; 81].

The sensitivity of positrons to open volumes makes them useful for the study
of atomic-scale defects and porosity in polymers, and in fact positron annihilation
spectroscopy has been used extensively in determining micro-structural properties of
defects on an atomic scale in many materials [82]. Positron annihilation techniques
have been widely applied to the study of polymers and polymeric coatings. The
technique has been demonstrated of being capable of determining size, distribution

1Reproduced in part from:

Plastic deformation and adhesion of PET-metal laminates : A Positron Annihilation study.

R.E. Galindo, H. Schut, A.van Veen, R. Rastogi, W.P. Vellinga, H.E.H. Meijer, in preparation.
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and anisotropic structure of holes and free volumes in polymers [83]. Also changes
in the physical properties of polymers on exposure to various weathering agents,
showed a good correlation with the annihilation parameters [80; 83; 84]. According
to Mininni et al. [81] the modes of molecular motion that contribute to ductile
behavior and toughness are sensitive to the level of excess volume trapped in the
glassy polymer matrix. Embrittlement was associated with loss of free volume caused
by densification of the amorphous polymers on annealing in the glassy state. Using a
positron beam annihilation technique it is possible to follow defect evolution during
mechanical and thermal testing. However not many studies probing changes of these
physical properties (defects open-volumes) of the polymer coatings on deformation
or under stress, have been carried out.

By controlling the incident energy of positrons, physical entities such as defects
and open volume can be studied, not only near surfaces but also at buried interfaces,
and in fact, the technique has been shown to provide a non-destructive method to
study interfaces [82]. When a mono-energetic positron is implanted from a vacuum
into a polymer film, the positron survives before annihilation either as an unbound
positron, or in the form of a positronium ”atom” (Ps) by picking up an electron
from molecules. Positronium can exist in two forms, depending on the spins of the
electron and positron. They could either possess antiparallel spins existing as para-
positronium (p-Ps) or parallel spins, in which case they exist as ortho-positronium
(o-Ps). The annihilation of p-Ps is by a 2γ process, the annihilation of o-Ps is by a
3γ process and the ratio between both states is 1:3.

In this chapter, results of Doppler Broadening Annihilation Radiation (DBAR)
Positron Beam Analysis (PBA) are presented. Two issues are addressed. Firstly the
detection of buried interfaces in polymer-metal laminates with DBAR is discussed.
Secondly, changes in the accessible physical parameters on uniaxial tensile deforma-
tion of PET coatings on steel and Al are discussed. Moreover, this is studied as a
function of PET microstructure, as it is changed from amorphous to semi-crystalline.

This chapter is organized as follows: section 6.2.2 contains a brief introduction to
the technique and the interpretation of the results; experimental results are discussed
in section 6.3; followed by the conclusions in section 6.4.

6.2 Experimental

The polymers used were PET and PETG, which is a glycol modified non-crystallizing
PET. The PET used for the present studies was obtained from Eastman and has
a Mw of 52000 kg/mol and Mn of 26000 kg/mol. The Mw of PETG is not known,
(but since the above mentioned PET was used for the synthesis of PETG through
an extra processing step, Mw of PETG is assumed to be lower than that of PET).

6.2.1 Sample preparation

Supported films were prepared by spin-coating PET dissolved in 1,1,1,3,3,3, hexaflu-
oro 2-isopropanol on various substrates: Interstitial Free (IF) steel, Electrochemi-
cally Chromium Coated Steel (ECCS), Al and Si (wafer). The IF and some of the Al
substrates were polished; the ECCS, which was rather thin (0.2mm), was left unpol-
ished. Spin coating resulted in coatings with semi-crystalline PET after evaporation
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of the solvent. To obtain amorphous PET (a-PET) coatings samples were briefly
heated to Tm, and quenched to room temperature. Subsequent heat treatments were
employed to obtain well-defined semicrystalline PET (sc-PET) coatings.

Glass-crystallized coatings (Gl-Tc-sc) were heated from room temperature to Tc,
and melt-crystallized coatings (Me-sc) were slowly-cooled from Tm to room temper-
ature. The crystallinity of the Gl coatings was lower compared to the Me coatings.
PETG gave amorphous coated samples. The final thickness of the coatings differed
between 0.3 µm and 4 µm. All samples studied are mentioned in table 6.1. Substrate
dimensions were 10 x 50 mm2.

Laminates were uniaxially deformed in tension in a Deben Microtest tensile stage
at a speed of 0.2 mm/min. Deformation was performed in-situ in a reflection bire-
fringence(polarization) optical microscope.

6.2.2 DBAR data analysis and interpretation

In the present study DBAR is applied using a Variable Energy Positron (VEP)
beam. Measurements of the Doppler broadening of the positron-electron annihilation
radiation are generally characterized by the S (shape) parameter, defined as the ratio
between the central part of the annihilation spectrum and the total spectrum. This
parameter reflects the positron annihilation with valence or conduction electrons,
with low momentum. In general a high value of S indicates positron annihilation
in open volume defects. If the material allows the formation of a positronium state,
this will contribute to the DBAR with a narrow component because of the low
intrinsic moment of the positronium. A second useful parameter for the analysis
of DBAR is the W (wing) parameter, which reflects the positron annihilation with
high momentum electrons, e.g. core electrons. Figure 6.1 schematically shows the
definition of both parameters and the energy windows ∆ES and ∆EW set to define
the integration areas.

Figure 6.1: Schematic definition of the positron annihilation S and W parameters.

The data are analyzed with the aid of VEPFIT [85] and SWAN[86]. VEPFIT pro-
vides an algorithm that simulates the implantation and solves the diffusion equation,
taking into account the trapping and annihilation of the positrons in the material.
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In general, the measured S(E) and W (E) are a sum of the characteristic Si and Wi

values of the trapping layers i weighted by the fraction of positrons trapped in each
layer fi(E), given by:

S(E) =

N
∑

i=1

fi(E)Si (6.1)

W (E) =

N
∑

i=1

fi(E)Wi (6.2)

where

N
∑

i=1

fi(E) = 1 (6.3)

and N is the number of trapping layers. In figure 6.2 the characteristic S-W
values of some reference materials are shown. Both parameters can be combined in
S-W maps with a third variable (i.e., implantation energy, depth, annealing tem-
perature or strain) as a running parameter. With the help of S −W maps, different
positron annihilation sites may be distinguished and characterized. The SWAN pro-
gram allows for determination of such S-W cluster points, the characterization of
annihilation sites, and determines the annihilation fractions of positron at the sites.

All S and W values presented have been normalized with respect to S and W
values of single crystalline Si, having S of 0.578 and W of 0.029.

6.3 Results and discussion

6.3.1 S parameter vs. density of PET

Figure 6.3 shows the value of the S parameter of the PET coatings vs. estimated
density of the coatings. The density of PET increases with increasing crystallinity
[15]. The density of amorphous PET is approximately 1.33 g/cm3 and that of
crystalline PET is approximately 1.44 g/cm3.

From PETG, having density of 1.2 g/cm3, the S parameter decreases subse-
quently to the amorphous PET. The S parameter of the Gl170 sc-PET coating, was
lower than the amorphous sample, and the lowest value is found for the Me-sc-PET.
Since an increase in density is anticipated with increasing crystallinity, and experi-
mentally a decreasing trend in S value is observed, indicating the relation between
free-volume and crystallinity is obtained: an increase in crystallinity results in de-
crease of free-volume. Interestingly, the S parameter of the 0.3 µm PETG film is
much higher than that of the 2µm PETG film, indicating a higher free-volume.
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PET

PETG

Figure 6.2: S − W map indicating reference values for different materials, normalized to
the values of single crystal Si.

Substrate Polymer coating Thickness (µm) Interface

ECCS a-PET 1.5 not detected
Gl170 sc-PET 2.3 not detected

IF steel a-PET 1.2 not detected
Aluminium a-PET 1.5 detected

Gl210 sc-PET 3.2 not detected
Me-sc-PET 4 not detected

Silicon a-PET 1.5 detected

ECCS PETG 2 not detected
IF steel PETG 2 not detected

PETG 0.3 not detected

Table 6.1: Summary of the samples studied.

6.3.2 Interface identification

Two examples of the DBAR experiments for PET coatings on steel are illustrated
in figure 6.4 which shows measurements on PETG-IF and a-PET-ECCS laminates.

The results in figure 6.4 seem to indicate the presence of 3 annihilation sites.
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Firstly the coating surface (1) - having a low S value. It is known from literature that
the polymer surface has a lower S value than the bulk. Secondly, the S parameter
increases toward the S value corresponding to the bulk of the coatings (2) and
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Figure 6.4: S parameter values obtained from DBAR as a function of average positron
implantation energy for a-PET and PETG coatings on ECCS and IF substrates
(a). S − W maps for the same coatings (b). The positron annihilation states
are assigned to 1: surface, 2: coating, and 3: substrate. The drawn solid and
dashed lines represent VEPFIT results.
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subsequently shows a plateau representing the bulk S value. Thirdly, S shows a
gradual decrease towards a lower value, as expected for a steel substrate (3). From
the S-W maps in figure 6.4(b) it is clear that the S-W values are on straight lines
from the surface (1) to the coating (2) and from the coating (2) to the steel substrate
(3) positions. All-in-all these experimental results do not indicate the presence of
the metal-polymer interface: the three annihilation sites, necessary to account for
the results, do not include a site specific to the interface.

An annihilation site specific to the interface is, however, anticipated as the struc-
ture of the interface should be different from that of either bulk PET or the metal. In
fact the experimental results are clarified by hypothesizing that the interface struc-
ture should be relatively open compared to either metal or polymer. This would
mean that the S-W values should be more like those of the PET and metal sur-
faces. As both have a lower S value and a higher W than bulk PET, for all samples
studied, this indicates that for these particular laminates the position of the antici-
pated interface S-W combination is effectively masked by the S-W combination of
the metal substrates, as both the steels also have lower S and higher W parameter
values than the polymer.

This is taken to be the main reason for the fact that the DBAR experiments
performed on these PET-steel samples did not show a clear indication of the polymer-
metal interface. In order to overcome the problems posed by the identification of
PET-steel interfaces with positron annihilation, the possibility of depositing PET
on other substrates has been considered. Good candidates should have a higher S
and a lower W value than steel. From figure 6.2 it can be concluded that Si and Al
fulfill these conditions. Hence PET was deposited on these substrates.

Indeed, in DBAR measurements of a-PET coatings on single crystal Si and pol-
ished Al substrates, the interfaces are now clearly observed, as shown in figure 6.5.
In figure 6.5a, it can be seen that for both a-PET coatings, the S parameter first
reaches the value of the coating (0.96) (2). Then, with increasing implantation en-
ergy, S decreases indicating the presence of the interface before increasing again
towards the substrate S value(4). The S − W maps shown in figure 6.5b make this
observation much clearer. The interface is now characterized by a separate S-W
cluster point (point 3 in the map) very close to the Al surface value of 1.5. This is
indeed consistent with the existence of a more open structure at the interface(3).

6.3.3 DBAR on PET laminates deformed in uniaxial tension

Figure 6.6 shows the evolution of the PET bulk S-parameter as a function of strain.
For clarity, in the figure the S parameter values have been normalized to their
values at zero strain. Small but significant changes in the S value are observed on
straining, and all samples, with the exception of the 0.3 µm PETG-IF sample, show
an increasing S parameter with increasing strain. This increase seems to depend on
the substrate: the highest increase of S is observed in the sc-PET-Al, the increase
in PET-IF is lower.

As this tendency correlates with the S values of the three different substrates,
it may be hypothesized that an explanation for the changes observed in S could be
that an increased proportion of positron annihilation takes place in the respective
substrates due to the appearance of cracks in the coatings.



100 Chapter 6

JLKNM�O M�PRQNS Q�O
T�U V�WXT�U V�YXT�U V�Z[T�U V�\^]�U T�T_]�U T�W_]�U TGY

` a
bcbd
ef ec

T�U V
]�U T
]�U ]
]�U W
]�U g
]�U Y
]�U h
]�U Z
]�U i

j kl

m

j kl

m

n�o�p�q r�s-t u�p�vxw
T h ]3T ]3h W�T W4h g�T

y a
bcbd
ef ec

T�U V�W
T�U V�Y
T�U V�Z
T�U V�\
]�U T�T
]�U T�W
]�U T�Y

z { |8}>~��>�4�3� � � � �>�z { |8}>~��>����� � ��� � � � ��� � �:� � � � � �>�

� w ��w

Figure 6.5: S vs. average implantation energy of a-PET coatings deposited on Si and pol-
ished Al (a). S−W maps for these coatings (b). Different positron annihilation
sites are indicated as 1: surface, 2: a-PET, 3: interface and 4: substrate. Solid
lines represent VEPFIT analysis results.

Relation between laminate strain and S value
Straining the laminate is expected to change the S parameter of the PET layers
in two different ways. Firstly, there may be an effect on the S value of the layers
because the probed free volume may change as a function of strain. Secondly, if
cracks appear, that cover a certain area fraction fs(ε), the measured S value will be
influenced since part of the positrons now annihilate in the substrate. So the effects
on the measured S(E, ε) value is expected to follow:

S(E, ε) = fs(ε)Ss(E, ε) + (1 − fs(ε))SPET(E, ε). (6.4)

If no cracks occur, increasing strain ε is expected to lead to higher values of
S(E, ε) because of increased defect density of the coating (effect 1). If cracks do
occur, the S parameter of the substrate is also probed, which is expected to lead to a
decrease in S(E, ε) if Ss(E, ε) < SPET(E, ε) and an increase if Ss(E, ε) > SPET(E, ε).
This would be the case for all energies E, (effect 2).

Cracks and shear bands in deformation of PET
On uniaxial tensile loading of the laminates, the coatings develop shear bands and
cracks. The morphology of the cracks depends on the physical state of the coatings,
i.e. whether the coating is amorphous or semi-crystalline. For laminates with amor-
phous PET coatings, the deformation of the coating is ductile and the cracks that
are formed are restricted to the coatings, i.e. they do not run through the complete
thickness of the coating and do not expose the underlying metal substrate. For the
laminates with semi-crystalline PET coating, the deformation of the coatings is by
brittle failure and cracks do reach the substrate, exposing it to the positron beam.
This has been studied in detail in chapter 7.

Effect on positron annihilation
So, considering the deformation behavior of the PET-steel laminates, one would
expect the laminates with amorphous PET coating to show the effect 1 only, and
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the laminates with semi-crystalline PET to show both effect 1 and effect 2.

For the laminates with amorphous PET coating, a small increase in S(E, ε) (at
energies E related to the PET coating) is expected due to the increased defects
density in the coating (cracks restricted in the coating). The S(E, ε) increase is
smaller than or of the same order as the differences encountered between the different
types of PET. Indeed this is found in the uniaxially strained samples, as SPET

increases from 0.967 to 0.968 for a-PET-IF steel and from 0.972 to 0.977 for a-PET-
Al laminates.

Substrate PET d(µm) strain(%) S W open
cracks

ECCS a-PET 1.5 0 0.972 1.379 -
16 0.972 1.379 -

sc-PET 2.3 0 0.968 1.413 -
10 0.955-0.940 1.483-1.655 +

IF a-PET 1.2 0 0.967 1.413 -
16 0.968 1.413 -

Al a-PET 1.5 0 0.972 1.413 -
15 0.977 1.379 -

sc-PET 3.2 0 0.968 1.413 -
10 0.953-0.987 1.448-1.241 +

sc-PET 4 0 0.958 1.413 -
12 0.964-0.974 1.413-1.27 +

IF PETG 2 0 0.984 1.345 -
16 0.986 1.310 -

IF PETG 0.3 0 0.997 1.207 -
1 0.997 1.207 -
2 0.997 1.207 -
4 0.997 1.207 -
9 0.997 1.207 -
16 0.991 1.275 -
20 0.991 1.275 -

Table 6.2: S and W before and after uniaxial tensile deformation. (-) indicates that the
coating showed no cracks and (+) indicated cracks were observed on the coating
on stretching the laminates.

For the laminates with sc-PET one would expect potentially a much larger effect,
of order of fs(ε)(SPET −Ss), considering the differences in SPET, SAl and SIF , but
depending on the fs(ε). Figure 6.8 illustrates some microscopic evidence, showing
Me-sc-PET coating on an unpolished Al substrate, which showed extensive brittle
cracking, where a gradient of the S parameter was observed after 12% strain. Results
are shown in table 6.2 and in figures 6.6 and 6.7.

In table 6.2 it is clear that the cracking of the coating indeed leads to the antici-
pated effects. For the Al substrates rather a large increase in SPET is observed and
for the steel substrate rather a large decrease is observed. Figure 6.6 illustrates this
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Figure 6.6: Normalized S vs. strain for PET (top), and PETG (bottom) coatings, de-
posited on different metal substrates.

result, where it can readily be compared for the smaller changes in the amorphous
layers.

Employing equation 6.4, the fraction fs of the crack area exposing the metal sub-
strate, was approximated to be 7% for the laminate of sc-PET on Al and 11% for the
laminate of sc-PET on ECCS, which are reasonable values. Figure 6.7 shows S(E, ε)
as a function of depth for the steel (a) and Al (b) substrates. In accordance with
equation 6.4 it is found that S(E, ε) is higher for all the depths if Al is the substrate.
For the steel substrate initially S(E, ε) is indeed lower, but inside the substrate it is
actually higher, indicating an increased open volume due to the deformation of the
steel.
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Figure 6.7: S parameter plotted as a function of the average positron implantation depth,
for semicrystalline PET coating on ECCS (a), before stretching (0% strain) and
after stretching (10% strain), showing a gradient after stretching. Similarly, S
parameter values of a semi-crystalline PET coating on Aluminium substrate
(b), before (0% strain) and after stretching (12% strain), also show a gradient
on stretching. Solid lines represent the VEPFIT analysis results. S values of
the coatings are normalized to that of single crystal Si parameter.

It should be noted that as the aluminium substrate was not polished before
deposition of the coating, the presence of the interface is not clearly detected. Both
these samples showed extensive cracking of the coating. This is clear from the Me-
sc-PET-Al sample, shown in figure 6.7.

Hence it can be said that the overall change in the S parameter of strained
coatings are a combination of the S parameter of the polymer coating and the
substrate weighted by the fraction of area covered by the cracks.

Figure 6.8: Birefringence microscopy images of the 4 µm sc-PET coating on aluminium
substrate, showing the progressive stages of stretching. 0% strain (left), 5%
strain (middle) and 8% strain (right).

The very thin 0.3 µm PETG coated on polished IF steel showed a different
behavior, and no cracks were observed on the coating as observed microscopically,
even after stretching the sample up to 20% strain. This sample also recorded a
higher S parameter compared to the other PETG coatings, and showed a tendency
of decreasing S value with increasing strain. These samples have a very high open
volume and it appears that the open volume decreases with increasing stretching.
The reason for this is not clear.



104 Chapter 6

6.4 Conclusions

The S parameter shows a relation with the crystallinity of the PET sample. The
higher the crystallinity, the lower the S parameter value obtained. The presence of
the interface was not detected in case when the S parameter of PET and PETG
coatings were lower than that of the steel surface. A substrate with a higher S
value than the polymer surface should be used, such as Si and Al, which are good
candidates to study interfaces with PET/PETG coatings. Roughness of the metal
substrate also plays a role, since an intermediate layer cannot be clearly observed
when the surface of the substrate is rough.

Changes observed in the S(E, ε) parameter as a function of strain, are in agree-
ment with a simple picture that includes a small increase in S caused by increased de-
fect density and a large decrease or increase (depending on whether Ss(ε) < SPET(ε)
or Ss(ε) > SPET(ε)) caused by the appearance of cracks in the coating. The latter
effect was found to be dominant for the semi-crystalline coatings.



Chapter 7

In-situ microscopy of plastic
deformation mechanisms in
polymer-metal laminates1

7.1 Introduction

Polymer-metal laminates are increasingly being opted as the material of choice,
over plain metal, for various industrial application products like food and packaging
industry, auto-motive industry, gas and hydraulic cylinders, etc. For use in the food
and packaging industry, these laminates are employed in the production of food
and beverage cans. The polymer coating for this purpose, accomplishes a number
of functions such as serving as a protection against corrosion, an environmentally
friendly lubrication medium and an emission free coating, during processing of the
cans [87]. At the same time the coating accomplishes an aesthetic function, by
ensuring that the can appears appealing, is chemically resistant, without imparting
any flavor or odor to/from the materials used for food and beverage packaging.
During manufacturing of these products, the polymer-coated metal laminates have
to undergo forming processes such as deep-drawing and wall-ironing, similar to the
processes which are originally employed for the metal. These forming processes are
characterized by large, localized strains, extremely high pressures and production
speeds, high thermo-mechanical stresses, and high deformation rates.

In polymer-metal laminates, the mechanical behavior on deformation of both
materials and the adhesion at the interface determine the overall performance of the
laminate during deformation.

As an example, figure 7.1 illustrates schematically stress-strain curves for uni-
axial tensile deformation for typical PET-steel laminate base materials that have
been investigated. The uniaxial deformation for the separate materials can be di-

1Reproduced in part from:

In-situ microscopy of plastic deformation of PET-metal laminates.

R. Rastogi, W.P. Vellinga, H.E.H. Meijer, in preparation.
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vided into two different regions, the strains at which the material deforms elastically
(homogeneously) and a region where the deformation is plastic and essentially in-
homogeneous. That is to say, the deformation may appear to be homogeneous at a
macroscopic scale, e.g. in the hardening regime, but at some microscopic scale it is
not.

Region 1 : Elastic deformation of polymer
: Elastic deformation of metal.

Region 2 : Elastic deformation of polymer.
: Plastic deformation of metal.

Region 3 : Plastic deformation of polymer.
: Plastic deformation of metal.

str ess
str ess

fo
rc

e
ECCS-PET laminate

straindisplacement
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rc

e

IF steel-PET laminate

1 2 3

1 2 31 2 3

1 2 3

Figure 7.1: Stress-strain curves representative of the base materials used in this study.
Regions ’1’, ’2’, and ’3’ indicate qualitatively differing deformation regimes in
laminate.

When the two materials are assembled to form a composite material, the effective
behavior of the material may be different under similar deformation conditions. One
reason for this has been shown in the same figure 7.1, showing three deformation
regions for the laminate. Region 1 in which both metal and polymer deform homo-
geneously. Subsequently a region 2 in which the metal enters plastic deformation,
while the polymer is still deforming elastically. Finally as the strain increases, both
the metal and the polymer deform non-homogeneously, in region 3. Providing the
adhesion at the interface is sufficient for the laminate to survive deformation in re-
gion 1, deformation of the materials in regions 2 and 3 will differ from that of the
free materials because of the boundary conditions posed on their deformation by
the interface. Two possible major differences in behavior may be expected to occur.
Figure 7.2 illustrates one of these differences. At some scale the inhomogeneity of
plastic deformation has to become apparent in the deformation of the interface. This
is illustrated in the figure by a number of microscopic steps, that might be taken to
be due to single dislocations or to slip bands in the metal. (It is assumed here that
because of the much higher moduli the metal will dominate the deformation of the
interface.) On the scale at which such an inhomogeneity becomes apparent, stresses
and strains near the interface will be distributed inhomogeneously. The resulting
localization of stress and strain may be relieved either by delamination or plastic
deformation or cracking of the supported polymer layer. Which mechanism prevails
depends on the adhesion and the properties of the polymer layer. Since the metal
starts deforming plastically before the polymer, one might expect essentially plastic
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metal polymer

+ :  new interface

Possible shear bands

Figure 7.2: Interface deformation dominated by the metal and may lead to formation of
voids, localized deformation in the PET, and new interface.

behavior of the polymer to be locally triggered by these stress concentrations at
the deforming interface at macroscopic strains that are below the macroscopic yield
strain of the pure polymer. Once the deformation has reached the plastic yield strain
of the polymer the adhesion at the interface may have a quite different effect, because
macroscopic localization (neck formation) of the polymer is impossible. Since the
polymer is intrinsically unstable (intrinsically softening) above the yield strain some
localizing plastic deformation mechanism has to appear throughout the polymer,
but it is not clear which one or at which scale this will manifest itself. Two other
interesting points about the plastic deformation of the interface are the expected
appearance of fresh metal at the interface and possibly the associated appearance of
voids or (precursor) cracks. Clearly, if the atoms appearing at the interface are able
to bond to the polymer, there need not to be voids, but if this is not the case, voids
or cracks must certainly be present, and could be unstable upon further deformation
and initiate macroscopic delamination.

A coherent phenomenological picture of the phenomena related to the plastic
deformation of the interface, during plastic deformation of polymer-metal laminates
and of their consequences for the mechanical behavior is expected to be of consid-
erable importance, from a practical as well as from a theoretical point of view.

As plastic deformation is invariably inhomogeneous, microscopic techniques show-
ing the phenomenology at different length scales are necessary to gain understanding
of the relevant mechanisms involved. This is the approach that has been taken in this
chapter, performing in-situ deformation experiments using various microscopic tech-
niques like, Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM),
Confocal Laser Scanning Microscopy (CLSM), and polarized optical microscopy.
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Furthermore, by systematically altering the bulk properties of the two constituent
materials, the effect of their mechanical properties on the overall behavior has been
investigated.

This chapter is organized as follows. First, the mechanical properties of PET that
has been subjected to various heat treatments are presented. The behavior observed
in tension and compression are discussed and compared based on simple stability
criteria. Subsequently, results from in-situ microscopy during tensile deformation on
the base materials are presented. Then, plastic deformation of PET-steel laminates
is discussed, showing examples of amorphous, glass-crystallized and melt-crystallized
films.

Studies of plastic deformation of polymer-metal laminates are virtually absent
in the literature. A recent paper on coated Al is the exception [88]. The approach
here, relating microscopic deformation mechanisms in the base materials to those in
the laminates, has not been taken before. A number of the microscopic phenomena
encountered are also poorly represented in literature or not at all. In the discussion
of the experimental results relevant literature will be mentioned.

7.2 Experimental

Two types of steel substrates were used, ECCS (Electro-chemically Chromium Coated
Steel) and IF (Interstitial Free) steel. The temper 57 ECCS that was used was 0.2
mm thick steel electro-chemically coated with a 12-14 nm layer of chromium (Cr)
and chromium-oxide (Cr2O3). This Cr/Cr2O3 layer acts as an adhesion layer. ECCS
was cut into tensile bars, but since it was too thin to polish (which leads to non-
uniform thickness along the specimen length), non-polished samples were used for
coating. The IF steel used was a 0.7 mm, macroscopically uniformly deforming steel.
The IF steel was polished and cut into tensile bars prior to coating with the polymer.
Dimensions of the tensile bar are shown in figure 7.3. Two types of PET were used,
a slowly crystallizing PET, and a non-crystallizing, glycol modified PET, PETG.

Figure 7.3: Shape of the steel substrate.

7.2.1 Sample preparation

The shape of the steel substrates is entirely determined by the shapes that the tensile
stage used allows. Apparently the tensile stage was not designed to allow for ISO
norms and, therefore, two different shapes have been used, which are derived from
the ISO 8256:1990(E) type 2 and type 4 [89], see table 7.1.

Laminates were prepared using two different routes starting from the same base
material. The first coating method consists of melting polymer pellets on top of
the metal substrate and, subsequently, press-coating them. The resulting films had
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Type Length, l Width, b x l0 le Radius, r

2 38 10 3 12.5 25 10
4 30 10 6 - 25 25

Table 7.1: Sample dimensions adjusted from ISO 8256:1990(E). All dimensions indicated
are in mm.

a thickness between 10-40 µm. The second method involved dissolving the poly-
mer pellets in 1,1,1,3,3,3 hexafluoro 2-isopropanol [1:15, w:w], and spin-coating or
block-coating the polymer solution onto the substrates at room temperature. Af-
ter evaporation of the solvent, this resulted in semi-crystalline PET layers, which
needed to be heated briefly to above Tm and quenched in water at 20◦C, to obtain
amorphous coatings. Solution casting resulted in a coating thickness varying from
0.5-10 µm. The thickness of the laminates could be accurately measured from FTIR
spectra using interference fringing patterns when the coating thickness was d> 2
µm. For samples with coatings with d < 2 µm, profilometry was employed to accu-
rately measure d, after carefully scratching off part of the coating. Samples with d
< 1 µm, showed a surface roughness of ± 200 nm. For obtaining polymer coatings
with varying mechanical response, the crystalline fraction of the coating was altered,
by crystallizing (heating) the laminate at various temperatures Tc above Tg (70◦)
for 10 minutes and quenching to room temperature. FTIR spectra obtained were
also helpful in determining the crystalline fraction of the coatings since accurately
measured crystalline fractions of bulk PET (using WAXS) was also measured using
FTIR, and a linear relationship was obtained, see chapter 2, (section 4.1, figure 11).

Amorphous PET films were prepared by uniaxial extrusion, having a thickness
of, approximately, 200 ± 10 µm. Samples for tensile testing were cut according to
the ASTM standard (D 1708-59).

7.2.2 In-situ microscopy during uniaxial tensile deformation

The laminates, steel and PET films were loaded in uniaxial tension in a DEBEN 2
kN micro-tensile stage to different strains at room temperature, at a loading speed
of 0.2 mm/min (3 µm/sec). This small tensile stage can be combined with any of
the microscopic techniques mentioned above.

When viewing the samples by polarized optical microscopy, the sample is placed
at a fixed orientation during deformation, with both the polarizer and analyzer at
45◦ to the tensile loading axis of the sample. This arrangement of the sample with
the optical set-up shows optimum sensitivity for viewing the changes in birefringence
taking place during macroscopic straining of the sample. Taking the stress optical
rule into consideration, the birefringence can be correlated to local stress differences.
The intensity transmitted or reflected depends on the orientation and magnitude of
the birefringence with respect to the polarizer-analyzer optical axes.
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7.3 Results and discussion

7.3.1 Tensile behavior of steel

On uniaxial tensile loading, ECCS steel shows macroscopically homogeneous defor-
mation until the tensile strength is reached at a stress of (approximately 440 MPa),
after which ductile failure occurs at a macroscopic strain of approximately 20 %, as
shown in figure 7.4. During preparation of a laminate, the steel has to undergo a
treatment at relatively high temperatures 280◦C, which results in a change of the
mechanical behavior. Even a brief exposure of 3 sec of ECCS, to temperatures as
high as 280◦C was found to result in an increase in yield stress and the appearance
of a yield drop that leads to softening behavior of the material, causing localization
of deformation on straining, see figure 7.4 (left).
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Figure 7.4: left: Behavior of ECCS before and after exposure to 280◦C for 3 seconds.
right: IF steel does not show any change in its mechanical behavior even after
heating at 280◦C for 10 minutes (right) as stress-strain graphs of both aged
and unaged samples fall on top of each other.

IF steel does not undergo a transformation of its mechanical behavior on ageing
or heating treatment. Heating treatment at 280◦C for 10 minutes did not lead to
any change in the mechanical behavior of IF steel, see figure 7.4 (right). IF steel can
be loaded to macroscopic strains > 25% before ductile failure occurs.

7.3.2 Mechanical behavior of PET

A macroscopic approach : stable or unstable necking
Amorphous PET intrinsically shows an elastic response, followed by yielding, which
marks the onset of plastic deformation, strain-softening and strain hardening. The
mechanical behavior of PET has been studied in detail in earlier chapters of this
thesis. On crystallizing this polymer, a three-phase system is formed, see chapters 3
and 4. The polymer comprises of a crystalline fraction and dual amorphous phases,
the ’rigid’ and ’mobile’ amorphous fractions. The quantitative fractions of each phase
and their individual contributions will collectively describe the complete mechanical
behavior exhibited by a semi-crystalline PET. The strain hardening modulus scales
with the entanglement density in the amorphous phase while, on the other hand,
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the yield stress is proportional to the average crystal thickness of the crystalline
phase of the polymer. The most striking transition in mechanical behavior and
microstructure occurs around 120◦C, when crystallizing PET from the glass, since
this temperature signifies the onset of thermal crystallization in the time span of 10
minutes. This transition has a great impact on the intrinsic mechanical properties
of PET, and is thus also an important factor influencing the deformation behavior
of the coating in the laminate.

Analytical approach. Assuming that the mechanical behavior in uniaxial compres-
sion represents the material’s ”intrinsic” mechanical behavior, it is possible to pre-
dict the behavior in uniaxial tension. This is done using an analytical approach as
proposed by Haward [90], for which he applied the Considere’s construction. To
describe the true stress-true strain behavior with out strain-softening, experiments
suggest that a Neo-Hookean description is justified:

σtrue = σy + Gr

(

λ2 −
1

λ

)

(7.1)

where Gr is the strain hardening modulus, λ the elongation l/l0, σtrue the true
stress, and σy the yield stress. Strain in the elastic region is neglected, thus it is
assumed that yield is initiated at a very small elongation, i.e. λ ≈ 1. True stress-
strain curves are plotted in figure 7.5(a), taking an arbitrary value of Gr as 10, and
σyield values as 25, 35, 45 and 55 MPa.

In order to obtain a relation between the engineering-stress σeng, and strain λ,
equation 7.1, needs to be divided by λ, giving:

σeng =
σy

λ
+ Gr

(

λ −
1

λ2

)

(7.2)

The engineering stress-strain curves are shown in figure 7.5(b). The figure shows
that at a low σy (25 MPa), after yield the stress shows a monotonic increase, but
as σy increases, the stress after yield drops, i.e. the material shows strain-softening
subsequent to yielding. This drop in stress after yield, which causes localization,
increases with increasing yield stress.

Considère’s condition for necking requires dσeng/dλ ≤ 0, therefore on differenti-
ating the above equation with respect to λ, we get,

dσeng

dλ
= −

σy

λ2
+ Gr +

2Gr

λ3
≤ 0 (7.3)

Since we assume that yielding takes place at λ ≈ 1, we get, σy/Gr > 3, indicating
that a minimum value of 3 is required to observe necking. Below this value of σy/Gr,
uniform deformation results. Hence a decreasing value of Gr or alternatively an
increasing value of σy increases the chances of localization.

To predict whether, after localization, i.e. after the formation of a neck, stable
neck growth occurs, the following force balance is investigated:
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Figure 7.5: Schematic illustration of the relation between true stress-strain described using
equation 7.1, and the corresponding engineering stress-strain relation, described
according to equation 7.2.

σyA0 =

[

σy + Gr

(

λ2
n −

1

λn

)]

A0

λn

→
σy

Gr

=
λ2

n − 1

λn

λn − 1
(7.4)

with A0 the original cross section, λn the strain in the neck and A0/λn the cross
section in the neck. The deformation is stable when transfer of load takes place from
necked to the non-necked region of the material. Factors like strain rate dependence
are not taken into account to avoid complications. Knowing the values of material
parameters (obtained from uniaxial compression tests), like the yield stress σy and
strain hardening modulus Gr, one can calculate using equation 7.4 what the strain
in the neck will be. The result is plotted in figure 7.6, as solid lines.

Stability of the neck. Can we reach λn? In other words: what is the maximum
stress that the neck can sustain? To be able to predict whether the deformation is
stable or not, a stability criterion for the stable neck formation can be formulated
based on the force equilibrium. Considering that the maximum stress to break σb, in
the neck, to be a factor kb greater than the yield stress, i.e. σb = kbσy, the stability
criterion is given by:

σb = kbσy = σy + Gr

(

λ2
n −

1

λn

)

→
σy

Gr

=
λ2

n − 1

λn

kb − 1
(7.5)

Equation 7.5 is plotted in figure 7.6 as the dashed lines for two different values
of kb, together with the condition for the formation of the stable neck, equation 7.4
(solid line). Three major regions are observed. Regime I signifies uniform defor-
mation on uniaxial tensile loading, before fracture takes place with increasing λ,
given by dashed line. In Regime II, as σy/Gr surpasses the critical value 3, strain-
softening takes place and the material necks. As loading continues, the neck will
grow in a stable way. The beginning of regime III, the point where the two lines
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meet, signifies the transition from from stable neck deformation to brittle localized
failure, since, although necking is initiated, it is unable to reach stable neck growth,
since the dashed line is reached before the solid line. If we compare the two figures
with different values of kb, we observe that with decreasing kb, the transition from
ductile to brittle failure is attained at lower values of σy/Gr and λ. The regime
II wherein the condition for stable neck formation before fracture occurs decreases
dramatically. The value kb depends on the molecular weight of the polymer (number
of entanglements per chain), which increases with increasing Mn.
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Figure 7.6: Stability analysis for material not showing strain-softening employing two dif-
ferent values of kb using equation 7.5: the solid line indicates the condition
for stable neck formation with increasing draw ratio, while the dash line shows
the condition for ultimate tensile strength in the neck with draw ratios. Three
different regimes of deformation are observed, the point where the dashed and
solid lines meet, indicates the draw ratio where neck fractures. Decrease in kb,
indicates that neck fractures at lower draw ratios.

Including softening. The above stability criterion is only valid for polymers that
do not exhibit intrinsic strain-softening behavior, e.g. semi-crystalline polymers for
which the amorphous phase is in rubbery state (above Tg). When the amorphous
phase is present in the glassy state (below Tg), softening needs to be incorporated.
The extent of strain-softening is defined by the difference in σy and strain-softening
plateau σs. Considering σy is a factor ky larger than σs, σy = kyσs, the force
equilibrium between the necked and non-necked zone, equation 7.4, is now given by:

kyσyA0 =

[

σy + Gr

(

λ2
n −

1

λn

)]

A0

λn

→
σy

Gr

=
λ2

n − 1

λn

ky − 1
(7.6)

analogous to equation 7.4.
This relation is represented in figure 7.7, taking two different values of ky. When-

ever intrinsic softening is observed in a material, it always leads to localization of
deformation, and the deformation behavior observed in regime I (homogeneous de-
formation) is lost. Hence the material which shows strain softening, always deforms
by necking, which could be either ductile failure or brittle depending on its mate-
rial parameters σy, Gr, and the extent of strain-softening it exhibits, ky, and its
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breaking stress represented by kb. It is observed that as the difference between σs

and σy increases, i.e. the ky value increases, the ultimate fracture of the material in
uniaxial tension will occur at higher draw ratios, but the range of stable necking in
terms of σy/Gr decreases.
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Figure 7.7: Stability analysis for material showing strain-softening employing two different

values of kb and ky using equation 7.6: solid lines represent conditions for
growth of a stable neck, while the dashed line designates the ultimate elongation
in the neck. As ky increases, the draw ratio for which fracture is observed also
increases.

Mechanical behavior in uniaxial compression. In the present study the mechani-
cal behavior of PET is studied (in uniaxial compression) as a function of different
crystallization temperatures and has been described in detail in chapter 3. Material
parameters like σy, Gr, ky are obtained from those measurements and are given in
table 7.2. The values of ky were calculated by taking the ratio σy/σs, where σs

is the drop in stress after yield obtained from the true stress-strain curves. These
parameters were then employed to predict its mechanical behavior in tension.

Mechanical behavior in uniaxial tension. Uniaxial tensile loading of PET was also
carried out separately and the effect of crystallization procedures on the deformation
behavior and failure are then analyzed in terms of the stability criteria as described
earlier. The stress-strain curves of these measurements are shown in figure 7.8.
Note that, because of necking, the elongation axis has, after macroscopic yield,
no meaning. A comparison can now be made between the measured deformation
behavior in tension of the samples and the predicted behavior.

Firstly from table 7.2, we observe that, with increasing the Tc, and increasing
crystallinity for the samples having a Tc of 135◦ and above, an increase in the σy, and
a simultaneous drop in the strain-hardening modulus Gr, is observed. This causes
an overall increase in the value of σy/Gr above this particular temperature. At first
glance, we observe that all the samples, both the glass and the melt-crystallized
samples, show σy/Gr values which are greater than 3, indicating that in tension, the
material shows softening and should therefore neck. On comparison with the defor-
mation behavior of PET observed in tension, as we see in figure 7.8, this is indeed
the case. An increase in σy/Gr indicates the transition of deformation behavior from
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Figure 7.8: Mechanical behavior for bulk amorphous and glass-crystallized PET, in uniaxial
tension.

stable to brittle failure, which also greatly depends on the values of ky and kb.

Further the value of ky decreases, for Tc of 135◦C and above. This means that
the draw ratio for which failure is observed for crystallized samples decreases with
increasing ky and Tc, as is schematically demonstrated in figure 7.6. An increase in
ky and a decrease in kb substantially decreases the admissible values of σy/Gr, will
also be responsible for the brittle failure of the crystallized samples, see figure 7.9.

This deformation behavior of PET, has also been interpreted in terms of mi-
crostructural differences in the previous chapter 3. During crystallization, the poly-

Glass-crystallized
Tc(

◦C) χc(%) σy(MPa) Gr(MPa) σs (MPa) σy/Gr ky=σy/σs

80 2 65.0 ±0.0 13.5 ±0.4 41.7 ±0.6 4.8 1.56
120 30 60.9 ±3.3 12.2 ±0.9 41.5 ±0.9 5.0 1.47
135 34 81.2 ±0.6 7.3 ±0.8 71.6 ±0.2 11.1 1.13
170 33 81.7 ±1.2 6.3 ±1.1 74.2 ±1.9 12.9 1.10
210 44 82.1 ±1.0 6.2 ±0.6 77.1 ±1.0 13.3 1.07
250 53 85.0 ±2.6 7.1 ±0.2 83.3 ±1.8 11.9 1.02

Melt-crystallized
80 5 68.2 ±0.5 10.6 ±0.8 45.9 ±1.2 6.5 1.49
120 33 82.0 ±4.0 9.4 ±2.1 74.5 ±2.7 8.7 1.10
135 38 82.8 ±0.4 8.5 ±0.9 79.2 ±0.2 9.8 1.04
170 40 86.8 ±1.9 8.7 ±1.9 85.0 ±1.8 10.0 1.02
210 48 86.3 ±1.2 10.2 ±2.1 84.9 ±1.4 8.5 1.02
250 4 67.3 ±0.2 10.1 ±1.7 41.5 ±0.4 6.7 1.62

Table 7.2: Compression test results showing the yield stress and strain hardening modulus
of PET annealed from glass and melt. For each thermal treatment three samples
were used to obtain values and their standard deviations.
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Glass-crystallized
Tc(

◦C) σy(MPa) σb(MPa) λb (-) kb=σb/σy

25 53.9 202 4.4 3.9
120 70.9 ±1.1 110.1 1.26 1.6
135 73.0 ±1.1 119.8 1.16 1.6
170 72.2 ±1.4 124.1 1.22 1.7
210 75.6 ±0.4 139.6 1.11 1.8
275 brittle

Table 7.3: Material parameters obtained from the tensile loading of glass-crystallized PET
samples.
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Figure 7.9: Behavior of amorphous and crystallized PET when loaded in tension: Amor-
phous PET shows neck formation after yield, and fractures at high draw ratios,
while the crystallized sample at 135◦C shows brittle failure as soon as the neck
is formed.

mer chains undergo ordering, resulting in reeling-in of the chains which leads to a
drop in the number of entanglement per chain and consequently a drop in Gr. This
ultimately would be responsible for the transition of the deformation behavior of
crystallized PET from ductile to brittle. In terms of stability analysis, crystalliza-
tion would result in a decrease of the strain to break i.e. σb and hence drop in kb.
This drop in kb greatly reduces the σy/Gr for which a stable neck can be formed.
In amorphous PET, the value of kb = 3.9, and a σy/Gr value of approximately 5
leads to a more stable deformation, a large draw ratio in the neck of approximately
4. Whereas for the crystallized samples, the drop in kb and ky are accompanied
by an increase in σy/Gr, which results in brittle failure at low draw ratios, for e.g.
the glass-crystallized sample at 135◦C, having σy/Gr of 11.1 and ky of 1.13, shows
brittle failure soon after the neck is formed at a draw ratio of approximately 1.2.

Conclusion Applying this analytical approach, we are led to the conclusion all
semi-crystalline PET samples will show brittle failure, soon after the neck is formed.
The use of amorphous PET coating on steel will show a more stable deformation
when the laminate is loaded, although we are, with the values estimated, still in the
regime of no stable neck.
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7.3.3 In-situ microscopy observations

Steel

As was anticipated, that during straining the steel surface roughens, microscopic
evidence for the same is clearly shown in a number of AFM images in figure 7.10, of
an initially polished IF-steel at different length scales and strains. The images show
roughening at the scale of grains and below. Notable features are the slip bands
within grains, and the grain boundaries. The slip bands are usually not straight and
roughly aligned at 45 degrees with the imposed stress. In many grains more than
one slip system can be distinguished. Most of the grain boundaries in the deformed
metal can be easily detected, and some appear as ridges substantially elevated above
the neighboring grains. The evolution of the interface width (or the rms amplitude
of the roughness) is clear from the gray scales next to the changes in figure 7.10.

A number of profiles taken along a single line at the spot indicated in the AFM
micrographs at different strains is shown in 7.11. These profiles show displacements
at the surface due to slip bands. The height difference between two adjacent points
A and B that have been indicated, end up being 120 nm apart after 16% strain.
This indicates that at this length scale the strain concentrations may be very large
indeed, and it would seem that the occurrence of slip bands leads to the highest stress
concentrations at a polymer-metal interface. As slip bands are not obvious in every
grain it is clear that the texture of the metal (grain orientations and misorientations)
plays a role here, and in fact this has been established in a number of fairly recent
papers (see [91] for a useful review).

PET

In uniaxial tension, amorphous PET films first undergo elastic deformation (ap-
proximately up to strains of 4%), followed by yielding and strain-softening that
leads to neck formation. On loading a free-standing PET film in the elastic region,
microscopic surface cracks are formed, on the surface perpendicular to the loading
direction, i.e. along the principal stress axis, see figure 7.12. They can be initiated
by the presence of surface flaws, (e.g scratches caused by handling) at strains as low
as 1% [92; 93]. These microscopic cracks grow in size and number until the yield-
point is reached, after which the film necks. The stress fields at the cracks tips and
surroundings can be recognized in the polarization micrographs shown in figure 7.12,
that also show shear bands originating from the crack tips. In figure 7.13, one par-
ticular region on the surface of a strained PET film is observed using various optical
microscopic techniques and AFM. The AFM micrograph shows that the crack edges
are raised in comparison to the surrounding, and a rather complex 3-dimensional
morphology with a ”taco” like appearance of the crack, that is, with the sides partly
folded over. It is interesting to see that the deformations are not smooth at this scale
and that much of it is concentrated in very narrow (shear) bands. Surface features
with similar morphology have been encountered before in other polymers such as
e.g. PMMA [94], but these appear to be the first AFM images of such structures.

The neck is initiated at the place with highest stress concentration, which then
travels through the length of the sample. Evolution of the neck is a complex phe-
nomenon on the microscopic scale. The changes that take place in the shoulder
region, during the neck formation can be observed microscopically as shown in fig-
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Figure 7.10: AFM tapping mode results showing roughening of polished IF steel substrate
on uniaxial tensile deformation, on two different scales. Grain boundaries are
easily distinguished, as are slip bands in separate grains. A trace along the
line indicated in the top figures with an arrow; is shown in figure 7.11.
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Figure 7.11: Profile of the surface of IF steel surface along a particular path, indicated
in figure 7.10 as measured by AFM. Evolution of height difference between
initially adjacent points A and B is indicated.

Figure 7.12: Progressive stages of initiation and propagation of cracks as observed by bire-
fringence microscopy. Shear bands initiate at the cracks tips and distribution
of stress fields around the cracks are clearly visible. 2D and 3D illustration of
how the crack initiates and evolves.

ure 7.14. When a crack with ”taco” like morphology, comes in the neighborhood of
the shoulder, it opens up at the top over its entire length. In the shoulder the crack
opens even more, and only the bottom core of the crack remains after it passes into
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uniaxial tensionuniaxial tension

Figure 7.13: Optical microscopic images of a region on an amorphous PET film depicting
the surface crack structure. The polarization microscopy image shows the
stress fields associated with the cracks, while an AFM tapping mode height
image of the same area showing a ’taco’ like 3D structure of these surface
cracks.

the neck. After passing through the neck, the surface of the film roughens greatly
and the shear bands although with difficulty are still visible.

Figure 7.14: Evolution of the crack morphology as it passes through the shoulder and into
the neck region (top), together with 2D and 3D illustration of how the crack
evolves (bottom).
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Laminates
PET, both amorphous and semi-crystalline always shows localization behavior, as
we have learned from its mechanical behavior in the previous section. What type
of mechanical behavior is expected from the combination of PET with ECCS or IF
steel, needs to be understood. Macroscopic strain to fracture of both steels (ECCS
and IF) is larger than the macroscopic yield strain for PET, but much smaller than
the strain to break of PET during tensile loading, as is illustrated in figure 7.15.

Region 1, where both metal and PET deform elastically is restricted to very
low strains, and both the steel and PET deform plastically in region 3 soon after
strains of approximately 4%. Of course in this region free PET would neck. In
region 2 the steel deforms plastically while free PET would be expected to deform
elastically. In regions 2 and 3 one might expect to encounter deformation behavior
seemingly unique to the laminate. In region 2, providing the PET adheres, it must
adapt to the highly localized deformation at the interface as shown in figure 7.10.
This may be expected to lead to deformation features in the PET associated with
higher macroscopic strains. In region 3 the supported PET, if adhered, deforms to
a macroscopic strain that is intrinsically unstable in the free PET, and deformation
mechanisms in this region are in that sense unique to the laminate. It is these unique
features that are emphasized in the following.
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Figure 7.15: Stress vs. strain of amorphous and semi-crystalline PET and IF and ECCS
steel in uniaxial compression and tension

Plastic deformation of amorphous PET laminates
In the course of our investigations it was established that the amorphous laminates
(of both PET and PETG) showed essentially the same behavior, regardless of thick-
ness or type of substrate. Samples with d from 1.5-40 µm deform in a similar manner
irrespective of the coating techniques like press-, block- or spin coating. The stages
occurring in the deformation of such laminates are illustrated in this paragraph.
Results of several microscopic techniques are combined. A sequence of reflection
polarization images of an amorphous laminate PET (type 4 geometry) is shown in
figure 7.16. This particular laminate has an ECCS substrate, and due to the shape
of the sample, all deformation regimes that occur from the initial stages of loading
up to ductile fracture of the laminate are visible.
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Figure 7.16: Different stages of straining in an amorphous 22 µm PET-ECCS laminate.
With increase strain, stable cracks are initiated after ECCS undergoes yielding
(A), accompanied by the formation of shear bands and areas where the stress
concentrates (B, C, and D). Subsequent to the fracture of the metal, the
polymer coating undergoes delamination still holding the laminate intact (E).
BC I shows the stable surface crack with shear bands originating from the crack
tips. Distribution of stress fields and intense shear banding in the amorphous
laminate are associated with the deformation of the particular grains of the
underlying metal substrate, BC II-III. At the surface the stress fields get less
conspicuous, as can be seen in BC IV.
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Clearly visible is the position associated with the yield point, up to which point
essentially no birefringence is visible (dark area). Subsequent to metal yielding one
sees; (1) increase in orientation with increase in birefringence of the coating (bright
areas developing) and stress build-up; initiation and growth of stable surface cracks
ending in shear bands much as in the free film (stress fields around the cracks show
lower contrast indicating stress relaxation), see figure 7.16 (A). (2) The occurrence
of inhomogeneous substrate deformation associated with stress concentrations and
shear bands in the supported film, shown in figure 7.16(B, C, D and BC I). (3) And
finally delamination of the layer from the substrate after ductile failure of the metal
substrate has occurred 7.16(E). At this point it becomes obvious that the cracks did
not reach the substrate, and in fact behave completely analogous to those that have
been illustrated for the free film.

A more dramatic illustration of that fact is shown in the 3D CLSM image, fig-
ure 7.17, that images a fluorescent agent that was allowed to penetrate the cracks in
a 25 µm amorphous laminate. Since the fluorescent agent did not appear to reach
the metal substrate, it indicated that these cracks do not run through the complete
thickness of the PET coating and are restricted to the polymer coating itself.

Figure 7.17: Orthogonal view of a 3D CLSM image of crack morphology in the polymer
coating. Crack depth (∼18 µm) is less than the coating thickness (∼25 µm).

A semi 3D view of the stress distribution in the film is shown in the polarization
images in figure 7.16 as BC II-IV, that were obtained changing the focus from the
interface to the middle of a layer and subsequently to the surface. Clearly, volumes
of highly stressed material are related to particular grains. Above these regions, the
PET deforms by the formation of shear bands, and those become less pronounced
at the surface. The metal substrate dictates the deformation of the PET near the
interface.

A more detailed view of the phenomenology of deformation was obtained with
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AFM uniaxially loading PET-IF steel laminates with layers of different thickness in
stages to around 16% strain. Some images representative of phenomena occurring
at different scales are shown in figures 7.18 and 7.19. Birefringence micrographs of
a 2 µm amorphous PET-IF steel laminate, during different stages of straining are
shown in figure 7.22 (left).

Shear bands originating from
crack tips

7.8µm 3.1µm 1.2µm

Large shear bands

Large shear bands Fine shear bands

Figure 7.18: Amplitude tapping mode AFM images, of 2 µm amorphous laminate, at 16%
strain. Indicated are surface cracks, shear bands originating from crack-tips,
”large” shear bands and ”fine” shear bands. Compare with figure 7.16 B, C,
and BC I-IV. Polarization optical images of the same film are also shown in
figure 7.22.

In AFM images of the 2 µm layer at 16% strain, the influence of the metal
substrate is evident at the surface of the film, however the deformation features
observed with polarization microscopy are also visible and have been indicated. One
can clearly see surface cracks, ending in shear bands. From their curved appearance
it is clear that they formed and stabilized in early stages of the deformation and were

20µm 5µm 2µm

Shear bands only associated with the orientation of the slip planes in metal grains

Figure 7.19: Amplitude tapping mode AFM images of 0.5µm amorphous laminate at 16%
strain, indicating that the polymer deforms with the metal, showing the ori-
entations of the different slip planes in the metal. Neither large and fine shear
bands or surface cracks are observed.
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100 µm 100 µm100 µm

Figure 7.20: Birefringence micrographs of 10µm PETG-ECCS laminate, showing initiation
and growth of mode I cracks during progressive stages of loading, and the
stress-distribution around the cracks. The arrow shows a point where a crack
is initiated.

subsequently deformed along with the metal substrate. Straight features some 2 µm
apart and crossing at approximately 90 degree angles are identified as the shear bands
obvious in polarization microscopy. However, observation at a smaller scale reveals
much more closely spaced networks of shear bands. A typical inter-distance is of the
order of 75 nm, which is well below the resolution of the polarization microscope.
Such regions seem to be associated with the highly strained regions above some
grains as in figure 7.16 BC II , and the dense shear banding seems to constitute the
natural mechanism of plastic deformation. Apparently AFM observations of shear
banding are scarce [95] and shear banding at this scale has not been observed before.
In the free film this mode of deformation is not observed because of the intervention
of the neck at these strains. Samples with d varying from 1.5-40 µm showed this

Figure 7.21: Brittle failure observed in amorphous thick PET coatings (prepared by press-
coating), subsequent to formation of unstable channelling cracks. These cracks
span the coating thickness and cause delamination. After the failure of the
metal substrate underneath, the coating undergoes disintegration.



126 Chapter 7

type of ductile deformation of the coating, irrespective of the coating techniques like
press-, block- or spin coating. In AFM images of a 0.5 µm thick film it seems as if
the layer merely conforms to the metal substrate. Surface cracks nor shear bands
are visible.

Since the macroscopic strain to elongation in steel is lower than for PET in the
neck, the polymer survives after the fracture of the metal. After the metal fails,
PET undergoes neck formation.

Unlike in the ECCS steel, where the initial deformation features in the PET are
triggered at the yield point in the metal, more gradual initial changes are observed
during uniaxial loading of PET-IF steel laminates otherwise the deformation is the
same and stable surface cracks appear at a strain of approximately 2%. In sharp
contrast to the essentially ductile deformation of these layers was the deformation
mode of press-coated samples, in which the duration of exposure to high temper-
atures (265-270oC) (in the hot press) was increased from 5 min to 10 min. On
straining these press-coated laminates, cracks were initiated subsequent to yielding
of the metal. As tensile loading progressed, these cracks grew in length and depth
into channelling cracks, often accompanied by intense shear banding, that ultimately
resulted in failure of the coating after the failure of the metal. Several stages of the
process are shown in figure 7.20 and 7.21.

It is likely that during the press-coating treatment, the polymer chains undergo
hydrolysis at high temperatures in the presence of atmospheric water. This could
lead to break-up of the polymer chains resulting in a decrease of entanglement den-
sity. This would consequently lead to the coating unable to take high shear stresses
and would cause brittle failure of the coating and further delamination.

Plastic deformation of semi-crystalline PET laminates

For the semi-crystalline samples the deformation mode is found to depend sensitively
on the deformation mode of the metal substrate, and on whether the PET was glass-
or melt-crystallized. This is illustrated in this section.

Glass-crystallized laminates In accordance with the behavior expected for bulk
PET it was observed that in glass-crystallized laminates annealed for 10 minutes
below 120oC, the coatings remained amorphous, while for annealing temperatures
above 120oC crystallization was significant, and clearly observable crystals appear
in birefringence microscopy. For glass-crystallized semi-crystalline films supported
by IF steel, similar mechanical behavior was encountered for all crystallization tem-
peratures above 120oC.

A series of samples with varying coating thickness (0.5 µm, 2 µm, 3 µm, and 5
µm) were glass-crystallized at 210oC, and deformed in uniaxial tension up to about
20% strain.

An example of a 2 µm laminate is shown in figure 7.22 (right). The undeformed
sample already shows birefringence due to the presence of PET crystals. Wide local-
ized bands of oriented material along the directions of maximum shear stress appear
above the yield strain of the metal, much like those in the amorphous laminates but
without individual strongly localized shear bands showing up. At slightly higher
strains, approximately 1%, but still below the macroscopic yield strain of PET,
groups of mode I cracks appear. The clustering of the cracks clearly shows that
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Figure 7.22: Birefringence micrographs of an amorphous PET-IF steel laminate (left) and
210◦C glass crystallized PET-IF steel laminate (right), showing the initiation
and growth of stable cracks and stress distribution with increasing strain.
Semicrystalline laminate already shows birefringence before straining, due to
the presence of PET crystals.
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their appearance at low macroscopic strains is related to the strain inhomogeneities
and concentrations caused by the polycrystalline metal substrate. On increasing
the strain, more groups of cracks appeared and already existing ones became longer
and wider. Unstable propagation of these cracks, nor unstable delamination was
observed, for thicknesses up to 25 µm. The thinnest layers investigated, 0.5 µm did
not show crack formation, see figure 7.23. AFM images of such a laminate are shown
in figure 7.24, after a strain of 16%.

Σσ pol

Figure 7.23: Birefringence micrographs of 210◦C glass crystallized PET-IF steel laminate,
with varying coating thickness 0.5 µm (left), 2.5 µm (middle) and 4 µm (right),
showing the difference in the crack size and deformation features, after a strain
of 16%.

5µm 2µm20µm

Shear bands in the coating only associated with the orientation of the slip planes
in metal grains

Figure 7.24: Amplitude tapping mode AFM images of 0.5 µm semi-crystalline PET-IF steel
laminate after a strain of 16%. The coating does not show any surface cracks
and appears to deform together with the slip planes of the metal substrate.

Glass-crystallized coatings on ECCS behaved differently, as all coatings, crystal-
lized at varying temperatures, with thicknesses of 2 µm and above showed unsta-
ble, channelling crack growth and delamination. This is illustrated in figures 7.25
and 7.26.

Laminates with varying coating thickness (7, 4, 2, 1 and 0.5 µm) were annealed at
a fixed temperature of 250oC from the glass for 10 minutes. The crystallinity in these
samples was calculated to be higher than 40%. As shown in figure 7.26 on uniaxial
loading, the 7, 4 and 2 µm thick coated PET laminates showed formation of chan-
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Figure 7.25: Strained PET-ECCS laminates observed under cross-polarized light show
the formation of shear bands and stable cracks in amorphous coating (left).
Whereas the semi-crystalline PET coatings annealed at 135◦C, 210◦C and
slowly crystallized from melt, result in formation of unstable channelling cracks
which run throughout the coating thickness, leading to brittle failure of the
coatings and finally delamination on loading.

nelling cracks causing brittle failure of the coating followed by delamination of the
coating before the fracture in the metal. 1 µm coated laminate showed a high den-
sity of small cracks but no delamination was observed. None of the semi-crystalline
coatings showed formation of any shear bands. The 0.5 µm coated laminate showed
only ductile deformation of the coating dictated by the underlying metal, without
any cracks or delamination.

Σσ pol

Figure 7.26: Birefringence micrographs of 210◦C glass crystallized PET-IF steel laminate,
with varying coating thickness 1 µm (left), 2 µm (middle) and 7 µm (right)
after 16% strain. Thick PET coatings show formation of channelling cracks
with brittle failure and delamination, while the thin polymer coating shows
formation of very small stable cracks.

Melt-crystallized laminates Melt-crystallized laminates were prepared, by slowly
cooling the laminates after a briefly exposure to T > Tm, with coating thicknesses
of 0.5 µm, 2 µm, 3 µm, and 6 µm. These coatings develop mode I cracks, which
developed into channelling unstable cracks with increasing strain, ultimately leading
to complete failure of the coating by delamination. Again, the 0.5 µm PET coated
laminate, showed ductile deformation behavior following the non-homogeneous de-
formation with the metal grains in the substrate, with no development of cracks.
Brittle failure together with the delamination of the coating is observed at strains
lower than that observed for the melt-crystallized laminates (< 8%), whereas in
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glass-crystallized laminates no delamination is observed at this strain.

0% 2% 8% 16%Σσ pol

Figure 7.27: Birefringence micrographs of different stages of straining of an 2 µm melt
crystallized PET-IF steel laminate, showing the growth of channelling cracks
and stress distribution with increasing % strain and delamination.

Σσ pol

Figure 7.28: Birefringence micrographs of melt crystallized PET-IF steel laminate, with
varying coating thickness 0.5 µm (left), 2 µm (middle) and 6 µm (right),
showing the difference in the crack size and deformation features, after a strain
of 16%.

Melt-crystallized PET coatings showed brittle failure together with delamination
with both ECCS and IF steel substrates. Irrespective of the mode of deformation
that steel follows, i.e. whether it is macroscopically homogeneous IF steel or inho-
mogeneous ECCS, melt-crystallized PET shows brittle failure and delamination in
both the cases. Although glass-crystallization leads to brittle failure of the coatings
with both ECCS and IF steel, it delaminates only in the inhomogeneously deforming
ECCS laminates. Concentrating on the IF steel for now, the difference in behav-
ior could be correlated to the bulk behavior of PET, since the microstructure of
PET crystals during melt- and glass-crystallization is different. Looking back to
the detailed study of bulk PET carried out in chapter 2, it was found that melt-
crystallization leads to formation of more perfectly formed, larger crystals as com-
pared to glass-crystallization. This indicates, that during the melt-crystallization
process, the microstructure of PET is altered in such a way that the number of
anchor points (attachment sites of polymer chain to metal) of PET with the metal
substrate, are lower than during the glass crystallization. This could well justify the
ease of delamination and coating failure in melt-crystallized laminate at low strains
as compared to the glass-crystallized laminates.
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7.4 Conclusions

The aim of the work performed in this chapter was to obtain a phenomenological
microscopic record of deformation mechanisms in PET-steel laminates in uniaxial
tension and to compare it to those in the base materials. It was anticipated that
deviations from bulk behavior at a certain macroscopic stress should be due to the
interface; due to stress concentrations caused by essentially inhomogeneous plas-
tic deformation of the metal, by void formation initiating delamination or because
macroscopic instabilities are avoided because of adhesion at the interface. From the
examples that were shown it is clear that the deformation of the laminate indeed
shows characteristics that are due to the interface.

The deformation of the coated film, is dictated by the deformation of the un-
derlying metal substrate. Macroscopically a PET film which is coated on uniformly
deforming IF steel shows more uniform deformation, compared to when PET is
coated on ECCS, where the deformation of the coating is uniform only until the
metal yields. After the metal shows yield flag, the polymer shows spontaneous for-
mation of the deformation features like cracks and shear bands. The importance
of metal deformation is highlighted in the case of semi-crystalline-ECCS laminates
when the coatings show failure by delamination, while semicrystalline-IF steel lam-
inates do not delaminate. At the microscopic scale the deformation of both the
laminates is non-homogeneous.

Amorphous coatings show good adhesion to the metal substrate, and do not
delaminate until the metal shows failure. On uniaxial loading they show:

• surface related phenomena, i.e. the formation of surface cracks and shear bands
originating from their tips.

• interface related phenomena, i.e. they show that stress concentrations lead to
a shear banding at different length scales, down to 75 nm inter-distance bands.
Closer to the metal substrate the shear bands that are observed are related
only to the slip planes in the metal grains.

This shear banding mechanism replaces the formation of macroscopic deformation
mechanisms like necking.

In semi-crystalline coatings, the importance of interface deformation shows up
in crack formation at macroscopic strains below the yield strain of PET. Properties
of glass and melt-crystallized laminates are shown to differ drastically. This might
indicate that a different interface structure results from these heat treatments. The
ordering of the polymer chains probably results in a reduction of the bonding-sites
between the polymer chains and the metal, causing a weakening of the polymer-
metal adhesion. This could probably be the main reason for delamination of the
coating on uniaxial tensile loading of melt-crystallized laminates.
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Chapter 8

Conclusions and
recommendations

8.1 Conclusions

In chapter 2 the crystallization behavior of the bulk films and supported films of
PET on a metal substrate was studied employing experimental techniques at differ-
ent length scales using FTIR - segmental level, WAXS/SAXS - lamellar level, and
birefringence microscopy - microscopic scale. The aim was to differentiate between
the crystallization behavior (due to differences in mobility of polymer chains in)
bulk PET and laminates. Thermal crystallization of bulk PET showed that melt-
crystallization leads to the formation of fewer, larger, more perfectly formed crystals,
having higher conformational ordering than glass-crystallized PET. Reflection Ab-
sorption FTIR spectroscopy was employed to obtain spectra of supported PET films
from polymer-metal laminates. However, the signal was subject to distortion from
reflection of the metal. Hence calculations of transmission and reflection-absorption
spectra from metal surface needed to be carried out to justify which absorption
bands were subject to distortion due to interference. Comparison of the basis spec-
tra with the calculated spectra indicated that the intensely absorbing bands and
group of overlapping bands are severely affected, causing a shift in peak position
and peak intensity, due to optical interference from the metal substrate, and showed
a strong dependence on polymer thickness. In supported films crystallization is more
complex. Although thick films show crystallization behavior similar to bulk PET,
mobility and thus crystalline ordering is partially restricted for the polymer chains
which are in close proximity to the metal substrate.

Next we investigated the mechanical behavior of the bulk materials, in chap-
ter 3. An attempt was made to establish a relationship between microstructure
and mechanical properties of a semi-crystalline PET, varying the microstructure by
crystallizing from the glass or the melt, at different temperatures. The variation in
microstructure, before and after uniaxial compression, is followed by Small and Wide
Angle X-ray scattering techniques and FTIR spectroscopy. A three phase model,
considering crystalline, mobile amorphous and rigid amorphous fractions, is applied
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to explain the remarkable variation in yield point, strain-softening and strain hard-
ening for samples crystallized at different temperatures, emphasizing the role of the
rigid amorphous fraction in determining the crystal size. The yield point showed a
relation proportional to the crystal size, both along the lateral and thickness direc-
tion. Strain hardening decreases with decreasing number of entanglements per unit
chain, that is controlled by varying the crystallization temperature. An inhomo-
geneous distribution of the microstructure accounts for the loss in strain softening.
One of the unique observations is the loss of crystallinity on uniaxial compression.
Conformational studies by FTIR confirm the decrease in crystallinity. A strong de-
pendence of the loss of crystallinity with an increase in the rigid amorphous fraction
is observed.

In chapter 4, a quantitative method to determine the crystalline, rigid amor-
phous and mobile amorphous fractions, from the heat capacity, was applied in a
series of PET samples crystallized from the glass or the melt. The crystalline frac-
tion obtained is in good agreement with the crystallinity calculated by WAXS. A
considerable decrease in crystallinity, and an increase in average long period, occur
on uniaxial compression of the samples. The loss in crystallinity showed a relation
proportional to the rigid amorphous fraction, especially in the samples that were
crystallized from the glass. The structural and morphological reorganization of the
samples, before and after uniaxial compression, was followed by time resolved SAXS
and WAXS. Remarkable differences in the reorganization process of the samples,
before and after compression, were observed. For example, uncompressed samples
showed a monotonous decrease in the average long period and crystallinity, whereas
an initial sharp increase in crystallinity above the glass transition temperature was
observed in the compressed samples. The variation in long period depends on the
crystallization conditions. DSC experiments on compressed samples showed a sud-
den relaxation at the glass transition temperature, followed by exothermic (crystal-
lization) and endothermic (melting) events spread over a wide temperature region.

In chapter 5, vibrational spectroscopy was employed to compare the conforma-
tion, orientation and relaxation behavior of free and supported PET films during
plastic deformation. In the laminate, the presence of the interface may restrict the
mobility of the polymer chains. From this study we learned that the high orientation
observed in supported films at low draw ratios, was probably due to the hindered
relaxation of the polymer chains. Moreover, a gradient exist in the structure of sup-
ported films: close to the metal surface the benzene rings appear to be preferentially
oriented and, as the proximity with the metal interface decreases, the polymer chain
segments again appear to be randomly oriented as in the case of free standing films.

In chapter 6, the Positron Beam Annihilation technique was used to obtain com-
plementary physical information on different materials. S and W positron annihi-
lation parameters were determined from the rough measurements of S and W as a
function of positron implantation energy. The VEPFIT analysis program provided
the S and W of the different layers in the laminate system. While the S parameter
is directly related to the free-volume of a material, it was observed that with increas-
ing crystallinity the S parameter value decreased for poly(ethylene terephthalate)
coatings. The SWAN program was an additional program used to identify charac-
teristics annihilation behavior in the different layers of the system. Plotting of S-W
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maps combined with a third parameter such as depth, were used in detection of the
interface. Interfaces could be detected only when the S-W parameters of the metal
substrate were higher than that of the coating. Therefore substrate materials were
varied: steel, silicon and aluminium. During tensile loading of the polymer-metal
laminates, an increase in the S parameter was related to not only the S parameter
of the coating and substrate, but also on the density and size of cracks developed in
the coating.

Finally, in chapter 7, different microscopic techniques were employed to obtain
a coherent picture of the laminate deformation mechanisms active at the interface.
The modes in which the interface deforms are operative at various interacting length
scales, in both the constituent materials. Knowledge of initiation and propagation of
the failure mechanism active was essential to understand the adhesion/delamination
performance of the laminate. Macroscopic and microscopic approaches were em-
ployed to study failure. A macroscopic approach to investigate the deformation in
uniaxial tension based on the intrinsic behavior as measured in compression was
employed. An analytical approach showed that semi-crystalline PET will behave
brittle in tension. This behavior of the bulk polymers showed good correlation with
the behavior observed in the coating during laminate deformation: amorphous PET
coatings showed ductile deformation without loss of adhesion, while semi-crystalline
coatings gave brittle failure. Delamination of the semi-crystalline coated was only
found in melt-crystallized samples, probably due to the reeling-in of the polymer
chains forming highly ordered crystals, and resulting in the reduction of number of
anchor points with the metal. The mechanical behavior of steel of course also influ-
ences laminate deformation: ECCS, which shows yield-flag, initiates brittle failure
of the coating, while macroscopically uniformly deforming IF steel leads to ultimate
failure of the laminate at high draw ratios.

8.2 Recommendations

Loss of crystallinity on compression of semi-crystalline PET is a intriguing phe-
nomenon. A more detailed study of the microstructural changes taking place during
compression, using WAXS, SAXS, and DSC experiments, would be useful to reveal
the amorphisation process of ”disordering during compression”.

The positron lifetime measurements on crystallized PET indicated the presence
of a third phase which has an S parameter value higher than amorphous PET.
Relating this to the RAF, rigid amorphous phase would be useful. On compression,
loss in crystallinity was found, accompanied by a higher loss of structural order,
than of segmental order. This indicates that probably the fraction of RAF increases
in compressed samples. A detailed positron lifetime measurements of compressed
samples would help in supporting this idea.

Modelling of polymer-metal interfaces during deformation is complicated by ex-
treme localization caused by inhomogeneous deformation of the metal. More in-situ
studies are presently needed, maybe using Digital Image Correlation (DIC) and
Confocal Laser Scanning Microscopy (CLSM).

Finally, other semi-crystalline polymers like PEEK, PBT, PBH are known to
have a three-phase microstructure similar to PET. It would be interesting to repeat
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part of the experimental work performed in this thesis using these polymers.
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[13] K. C. Cole, J. Guèvremont, A. Ajji, and M. M. Dumoulin. Characterization of
surface orientation in poly(etheylene terephthalate) by the front-surface reflec-
tion IR spectroscopy. Applied Spectroscopy, 48:1513–1521, 1994.

[14] K. C. Cole, A. Aiji, and E. Pellerin. New insights into the development of or-
dered structure in poly(ethylene terephthalate). Results from external reflection
infrared spectroscopy. Maromolecules, 32:770–784, 2002.

[15] W. L. Chen and S. A. E. A. Jabarin. Subglass-transition-temperature annealing
of poly(ethylene terephthalate). Journal of Applied Polymer Science., 70:1965–
1976, 1998.

[16] D. J. Walls and J. C. Coburn. Influence of uniaxial draw on near-surface struc-
ture in poly(ethylene terephthalate). Journal of Polymer Science: Polymer
Physics, 30:887–897, 1992.

[17] K. Nishikida, E. Nishio, and R. W. Hannah. Selected applications of modern
FT-IR techniques. Gordon and Breach, 1995.

[18] W. Suetaka. Surface infrared and Raman spectroscopy - Methods and applica-
tions. Plenum press, 1995.

[19] J. Pacansky, C. England, and R. J. Waltman. Complex refractive indexes for
polymers over the infrared spectral region: Specular reflection IR spectra of
polymers. Journal of Polymer Science: Polymer Physics, 25:901–933, 1987.

[20] D. L. Allara, A. Baca, and C. A. Pryde. Distortions of band shapes in external
reflection infrared spectra of thin polymer films on metal substrates. Macro-
molecules, 11:1215–1220, 1997.

[21] M. Brogly, S. Bistac, and J. Schultz. Determination of exact absorption be-
haviour in the mid-infrared spectral range of PMMA by FTIR spectroscopy.
Polymer International, 44:11–18, 1997.

[22] Leksina and Penkina. .

[23] M. A. Kennedy, A. J. Peacock, and L. Mandelkern. Tensile properties of crys-
talline polymers: Linear Polyethylene. Macromolecules, 27:5297–5310, 1994.

[24] M. A. Kennedy, A. J. Peacock, M. D. Failla, J. C. Lucas, and L. Mandelkern.
Tensile properties of crystalline polymers: Random copolymers of Ethylene.
Macromolecules, 28:1407–1421, 1995.

[25] C. G’Sell and J. J. Jonas. Yield and transient effects during the plastic defor-
mation of solid polymers. Journal of Materials Science, 16:1956–1974, 1981.



Bibliography 139

[26] C. G’Sell, J. M. Hiver, A. Dahoun, and A. Souahi. Video controlled tensile
testing of polymers and metals beyond the neck point. Journal of Materials
Science, 27:5.31–5039, 1992.

[27] R. N. Haward. Strain hardening of thermoplastics. Macromolecules, 26:5860–
5869, 1993.

[28] R. N. Haward. The derivation of a strain hardening modulus from true stress-
strain curves for thermoplastics. Polymer, 35:3858–3862, 1994.

[29] T. A. Tervoort and L. Govaert. Strain-hardening behavior of polycarbonate in
the glassy state. Journal of Rheology, 44:1263–1277, 2000.

[30] H. G. H. van Melick, L. Govaert, and H. E. H. Meijer. On the origin of strain
hardening behavior in glassy polymers. Polymer, 44:2493–2502, 2003.

[31] H. G. H. van Melick, L. Govaert, and H. E. H. Meijer. Localization phenomena
in glassy polymers : Influence of thermal and mechanical history. Polymer,
44:3579–3591, 2003.

[32] P. Smith, P. J. Lemstra, and H. C. Booij. Ultradrawing of high-molecular-
weight polyethylene cast from solution. Journal of Polymer Science: Polymer
Physics, 19:877–888, 1981.

[33] B. A. G. Schrauwen, R. Janssen, L. Govaert, and H. E. H. Meijer. Intrinsic
deformation behavior of semi-crystalline polymers. Paper submitted to Macro-
molecules, 2003.

[34] P. J. Flory and D. Y. Yoon. Molecular morphology in semicrystalline polymers.
Nature, 272:226–229, 1978.

[35] R. Popli and L. Mandelkern. Influence of structural and morphological factors
on the Mechanical properties of the Polyethylenes. Journal of Polymer Science:
Polymer Physics, 25:441–483, 1987.

[36] R. J. Young. Screw dislocation model for yield in polyethylenes. Materials
Forum, 11:210–216, 1988.

[37] B. Crist, C. J. Fisher, and P. R. Haward. Mechanical properties of model
polyethylenes: Tensile elastic modulus and yield stress. Macromolecules,
22:1709–1718, 1989.

[38] N. W. Brooks, M. Ghazali, R. A. Duckett, A. P. Unwin, and I. M. Ward. Effects
of morphology on yield stress of polyethylene. Polymer, 40:821–825, 1998.
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