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Kurzfassung

Verschiedene Studien zeigen, dass das mechanische Verhalten von Epoxidharzen
neben der Testtemperatur, des Belastungsfalls und der Priifgeschwindigkeit auch
vom Volumen abhéngt. Dieser sogenannte Grofieneffekt (engl. size effect) zeigt
sich bei Epoxidharzen mit einer erwarteten Zunahme der Festigkeit bei Abnah-
me des Volumens. Gleichzeitig kommt es auch zu einer signifikanten Erhéhung
der Duktilitdt mit abnehmendem Priifvolumen. Damit unterscheidet sich das
Verformungsverhalten von mikroskaligen Epoxidharzen, wie sie beispielsweise
als Matrixbereiche zwischen den Fasern in Faser-Kunststoff-Verbunden (FKV)
vorliegen konnen, signifikant von dem klassisch sproden Verhalten von Standard

Proben mit vergleichsweise grolen Priifvolumina.

Bisher gibt es jedoch keine umfassende physikalische, mechanisch-chemische oder
molekulare Erklérung fiir dieses erh6hte duktile Verformungsvermégen von mi-
kroskaligen Epoxidharzbereichen. Aus diesem Grund wurde ihm Rahmen der
vorliegenden Promotion das mechanische Verhalten und die zugrundeliegenden
molekularen Mechanismen von Epoxidharzfolien unter Zuglast mit im Vergleich
zu Standardproben stark reduziertem Priifvolumina untersucht. Dafiir wurde
zunéchst ein geeignetes Verfahren zur Herstellung von Folien mit einer Dicke
zwischen 15 bis 100 pm entwickelt und optimiert. Die hergestellten Folien wur-
den zunéchst mittels Dynamische Differenzkalorimetrie (DSC) und Nahinfrarot-
Spektroskopie (NIR) untersucht, um eine nahezu vollstandige Vernetzung sicher-
zustellen. Dabei konnten keine Hinweise auf eine unvollstdndige Vernetzung ge-
funden werden. Durch anschliefendes Stanzen und Laserschneiden der Folien

erfolgte die Probenformgebung.

Zur Aufkldrung der Zusammenhéinge zwischen dem ausgepréigten Verformungs-
vermogen und der mikrostrukturellen Vorgénge wurden die so erzeugten Proben
in Zug-, Kriech, Ermiidungs- und Relaxationsversuchen mechanisch und spek-

troskopisch analysiert.
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Die belasteten Proben zeigten erhebliche Einschniirungen und es bilden sich
Scherbénder mit im Vergleich zur Ausgangsdicke reduzierter Dicke aus, wel-
che mittels spannungsoptischer Mikroskopaufnahmen nachgewiesen werden. Es
konnte gezeigt werden, dass die Duktilitdt mit abnehmender Probendicke bzw.
verringertem Priifvolumen signifikant zunimmt. Folienproben mit einem Priif-
volumen von 0.06 mm® erreichten im Zugversuch Bruchdehnungen von bis zu
80 %, was signifikant erhoht ist im Vergleich zu den im Rahmen der Arbeit un-
tersuchten Standard Proben vom Typ 1BA mit einem Priifvolumen von 500 mm?®
(5-12% Bruchdehnung). AuBerdem zeigten sich in den Spannungs-Dehnungs-
Kurven der Folien Proben Dehnungserweichungs- und Kaltverfestigungsmecha-

nismen wéihrend des Verformungsvorgangs.

Mit spektroskopischen Methoden wurden parallel zu den makroskopischen die
molekularen Vorgénge analysiert. Durch polarisierte Raman und Infrarot (IR)
Messungen konnte eine molekulare Orientierung der Hauptketten in Lastrichtung
nachgewiesen werden. Dies erklirt die Spannungsab- und -zunahme nach dem
Erreichen der Flielspannung im Zugversuch, da die Ketten sich ,entschlaufen®
und in Lastrichtung ausrichten. Nachdem die Spannung durch die Molekiilbewe-
gungen teilweise abgebaut wurde und sich in einigen Probenbereichen makrosko-
pisch sichtbare Scherbander gebildet haben, steigt die Spannung aufgrund der
Verfestigungswirkung der in Zugrichtung ausgerichteten Molekiilketten innerhalb

der deformierenden Probe wieder an.

Hochauflosende mikroskopische IR Untersuchungen haben auflerdem gezeigt,
dass innerhalb der verformten Probenbereichen in den Scherbadndern die aro-
matische Kohlenstoffverbindungen in den Hauptketten verstreckt vorliegen, was
sich in einer Peak Verschiebung (engl. Peak Shift) zu geringeren Wellenzah-
len zeigt. Es kommt demnach im Anschluss an die Orientierung auch zu einer

messbaren Dehnung der Molekiilketten in Zugrichtung.

Mittels Digitalen Bildkorrelations-Untersuchungen (DIC) konnte bestétigt wer-
den, dass es insbesondere in den Scherbdndern zu hohen lokalen Dehnungen
und Verformungen kommt. IR Messungen ermoglichten zudem eine direkte Kor-
relation der aromatischen und spannungs-sensitiven Peak Wellenzahl und ma-
kroskopischer Dehnung. Dies ermoglichte die Untersuchung der im Epoxidharz
vorliegenden Spannungszustdnde bei verschiedenen externen mechanischen Be-

lastungen.
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Zur Validierung wurden die mechanisch belasteten und verformten Proben ober-
halb der Glasiibergangstemperatur ausgelagert. Dabei konnten die eingeschniir-
ten Proben wieder in ihre Ausgangsform zuriickgefithrt werden und die Scher-
bénder vollstdndig eliminiert werden. Nach der thermischen Auslagerung, liegen
die molekularen Hauptketten wieder in einem amorphen, unverstreckten Zustand
ohne Fernordnung vor. Bei einer erneuten Belastung nach thermischer Riickfiih-
rung, entstanden die Scherbdnder und Einschniirungen wieder in gleicher Art
und Weise. Die hohe Duktilitdt von vollstdndig vernetzten Epoxidharzen kann
somit durch reversible molekulare Strukturdnderungen in Form von Ausrich-
tung und Strecken der Molekiilketten insbesondere im Bereich der aromatischen

Strukturen erklart werden.

Die vorliegende Promotion bietet damit wertvolle Erkenntnisse in die durch ebe-
ne Spannungszustinde begiinstigten molekularen Vorgéinge in mikroskopischen
Priifvolumina, welche zu einem erhéhten Verformungsvermogen von Epoxid-
harzen fithren. Demnach sollten zukiinftig fiir noch genauere FKV Modellie-
rungen und Auslegungen in mikroskalaren Bereichen nicht die mechanischen
Kennwerte von Standard- bzw. Norm-Probenkérpern verwendet werden, son-
dern die Kennwerter von mikroskopischen Proben, um das Materialverhalten
von Epoxidharzen richtig zu beriicksichtigen. Zudem konnte in kritischen FKV-
Bereichen gezielt das Harzvolumen reduziert und damit die Verformbarkeit lokal

erhoht werden.
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Abstract

Various studies show that the mechanical behavior of epoxy resins depends not
only on the test temperature, the load case, and the test speed, but also on the
test volume. This so-called size effect is evident in epoxy resins with an expected
increase in strength. At the same time, there is also a significant increase in
ductility as the test volume decreases. This means that the deformation behavior
of microscale epoxy resins, such as the matrix areas between the fibers in fiber-
reinforced polymers (FRPs), differs significantly from the classic brittle behavior

of standard bulk samples with comparatively large test volumes.

However, to date, there is no comprehensive physical, mechanical-chemical, or
molecular explanation for this increased ductile deformation capacity of mi-
croscale epoxy samples. For this reason, as part of this thesis, the mechani-
cal behavior and underlying molecular mechanisms of epoxy resin films under
tensile load were investigated with a greatly reduced test volume compared to
standard samples. For this purpose, a suitable process was first developed and
optimized to manufacture films with a thickness between 15 and 100 pm. The
films produced were first examined using differential scanning calorimetry (DSC)
and near-Infrared spectroscopy (NIR) with respect to their crosslinking behav-
ior. No evidence of incomplete cross-linking was found. The samples were then

shaped by punching and laser cutting the films.

To clarify the relationships between the pronounced deformation capability and
microstructural processes, the epoxy film samples were analyzed mechanically
and spectroscopically in tensile, creep, fatigue, and relaxation tests. The loaded
samples showed considerable necking and shear bands with a reduced thickness
compared to the initial thickness. Shear bands were detected by photoelastic
imaging. Ductility increased significantly with decreasing specimen thickness or

reduced test volume.
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Film samples with a test volume of 0.06 mm?® achieved elongations at break of up
to 80 % in tensile tests, which is significantly higher compared to standard bulk
type 1BA samples with a test volume of 500 mm? (5-12 % elongation at break)
investigated in this study. In addition, the stress-strain curves of the film sam-
ples showed strain softening and hardening mechanisms during the deformation

process.

Spectroscopic methods were employed to analyze the molecular processes of
macroscopic deformation. Polarized Raman and Infrared (IR) measurements
revealed a molecular orientation of the main chains in the load direction. This
explains the decrease and increase in stress after reaching the yield stress in the
tensile test, as the chains “entangle” and align themselves in the load direction.
After the stress has been partially relaxed by the molecular movements and
macroscopically visible shear bands have formed, the stress increases again due
to the strengthening effect of the molecular chains aligned in the tensile direction

within the deformed sample.

High-resolution microscopic IR investigations have also shown that within the
deformed sample areas in the shear bands, the carbon bonds of the aromatics in
the main chains are stretched, which is reflected in a peak shift towards lower
wavenumbers. Following the orientation, there is therefore also a measurable

elongation of the main molecular chains in the tensile direction.

Digital image correlation (DIC) studies confirmed that high local strains and
deformations occur particularly in the forming shear bands. In situ IR mea-
surements also enabled a direct correlation of the decrease in the aromatic and
stress-sensitive peak wavenumber with increasing macroscopic strain during me-
chanical tests. This allowed investigation of the stress states present in the epoxy

under different external mechanical loads.

For validation, the mechanically loaded and deformed samples were stored in an
oven above the glass transition temperature 7. This allowed the constricted
samples to return to their original shape and the shear bands to be eliminated.
After thermal annealing, the molecular main chains returned to an amorphous,
undeformed state without long-range order. The shear bands and constrictions
reappeared in the same way when the material was mechanically loaded again

after thermal annealing.
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The high deformation ability of fully cross-linked epoxy can therefore be ex-
plained by reversible molecular structural changes in the form of alignment and
stretching of the molecular chains, particularly in the area of the aromatic struc-

tures.

The present doctoral thesis thus offers valuable insight into the molecular pro-
cesses in microscopic test volumes that are favored by plane stress states and lead
to an increased deformation capacity of epoxies. For even more accurate FRP
modeling and design in microscale areas, the parameters of microscopic epoxy
samples should be used instead of the mechanical properties of bulk epoxy sam-
ples to exploit the full potential of epoxies. In addition, the epoxy volume could
be specifically reduced in critical areas of FRP, increasing the deformability lo-

cally.
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1 Introduction

1.1 Structure of composites

Fiber-reinforced polymers (FRPs) can often be found in industrial applications
that require excellent mechanical performance at low weight, e.g. in aviation
or automotive industry. The structure of FRPs consists of oriented fibers sur-
rounded by a continuous matrix material, such as an epoxy resin system. This re-
sults in a structure with areas of matrix materials that are in the sub-micrometer
range, such as zones between fibers (1-25 pm, intralayer) and between reinforc-
ing prepregs or layers (10-200 pm, interlayer) [1] as can be seen in Figure 1.1.
The standard characterization of matrix materials is usually performed using
macroscopic test volumes such as those specified in the standardized test meth-
ods ASTM D638 and DIN EN ISO 527. Accordingly, when modeling FRPs, it
is often assumed that the epoxy-based matrix has bulk mechanical properties.
However, the mechanical parameters of standard samples as input for the micro-
modeling of composites can lead to insufficient agreement between the modeled
and the experimentally observed behavior, since the mechanical behavior of the
microscopic epoxy matrix differs from that of the macroscopic standard samples
[1-4]. Beside geometrical constraints, this might be due to the deviation of the
mechanical behavior of the microscopic matrix from the macroscopic standard

bulk specimens.
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Figure 1.1: Micrograph of a carbon-fiber reinforced polymer with epoxy matrix
and different fiber orientations per prepreg layer. The matrix material in the
FRP is in the (sub-) micrometer range, such as resin-rich zones between fibers
(intralayer) and between reinforcing prepregs or layers (interlayer)

1.2 Aims and scope

The ductility and plasticity of an archetypical brittle epoxy matrix is increased
by reducing the gauge volume [1, 5-7]. However, to date, there is no complete
physical, mechanochemical or molecular explanation for the observed size ef-
fect regarding the increasing deformation ability and the molecular mechanisms

causing the deformation process.

In order to analyze this phenomenon, research hypotheses are formulated as

separate working assumptions that can be investigated experimentally:

1. Micro-scaled thin epoxy resin films can deform ductile under tensile loads.

2. High local strains and stress results in shear bands as visible deformation

mechanisms under tensile loads.

3. Vibrational spectroscopic analysis can be performed to correlate the molec-

ular mechanisms within epoxy with the macroscopic mechanical behavior.

4. The ductility in epoxy is enabled by molecular rearrangement processes in

the cross-linked network.

5. Shear bands represent deformation areas with oriented and stretched molec-

ular backbones in epoxy.
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6. Shear bands and constricted regions in epoxy regress at temperatures above
the glass transition temperature. The molecular structure then returns to
a more favorable equilibrium conformation, and the sample returns in the

initial geometric dimensions.

Since the mechanical properties of a material are manifested in the way indivi-
dual bonds within the materials respond to the applied macroscopic stress [8],
Infrared (IR) and Raman spectroscopy and microscopy can be used to analyze
stress-sensitive bonds within the material. By using the interaction of electro-
magnetic waves with epoxy materials, the load-induced deformation mechanisms
of materials on a microstructural level can be investigated and insights into the
molecular causes of their mechanical properties can be gained [9, 10]. It was
found that during mechanically induced stretching of the carbon skeleton in
molecules, the associated vibration frequency corresponding to the maximum of
specific IR peaks decreases [11-16]. This behavior is explained by changes in the
molecular structure and this approach is often used when studying composite
materials [2, 17-23]. This indirect measurement method has also been applied,
for example, to aramid, carbon, poly(p-phenylene-2,6-benzobisoxazole) (PBO)
and polyethylene terephthalate (PET) fibers [24-30] or to biomaterials such as
cellulose [31-35], silkworms [36] and spider silk [37]. To apply this method also to
the complex 3D cross-linked thermoset and to get a deeper insight for epoxy, suit-
able thin microscale film samples are required. Therefore, a new manufacturing
process for epoxy films with different, adjustable and reproducible thicknesses
was developed. Care was taken with the film thicknesses selected to ensure that
they are sufficiently thin to avoid total absorbance in IR transmission measure-
ments. Only with sufficient IR transmittance, it is possible to acquire all spectral

information.

These films were investigated by differential scanning calorimetry (DSC) and
near-Infrared (NIR) spectroscopy with regard to the degree of cross-linking to
ensure a maximal reaction between the resin and the curing agent despite the

large surface-to-volume ratio.

The mechanical behavior was determined by tensile, creep, cyclic and relaxation
tests. For film samples, with a comparably small gauge volume, a very sensitive
load cell and a suitable micro tensile test device is necessary to investigate the

mechanical behavior.
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Performing tensile tests with an appropriate setup allows accurate measurement
of changes in force (stress) due to molecular processes inside the epoxy mate-

rial.

Photoelastic imaging and microscopy can be used to visualize deformation zones
with shear bands. The strain analysis can be done by applying the digital image
correlation (DIC) technique, where the (surface) deformation of the test speci-
men is observed during the test based on tracking a random speckle pattern on
the sample surface. This approach has been used for several FRPs with epoxy
matrix [38-43] to analyze the interphase and to correlate the local deformation
mechanisms with the macroscopic mechanical parameters and was therefore used

for epoxy films in this thesis as well.

To investigate the molecular orientation processes that lead to the local and
global mechanical response to external stress, polarized IR and Raman spec-
troscopy can be used. In particular, polarized vibrational spectroscopy allows the
analysis of polymer backbone orientations [5, 44-50]. The technique is usually
applied to semi-crystalline polymer films, surfaces and fibers, like poly(ethylene
terephthalate) [51-54], polyethylene [55] and polypropylene [56]. In this study,
polarized vibrational spectroscopic measurements of the shear bands and of the
constricted regions of the deformed and tensile-loaded epoxy film specimens were
performed. The purpose was to analyze the molecular changes and associated
local deformations in these regions. This facilitates the observation of presumed
unraveling of entanglements, molecular alignment, and bond stretching due to

the applied tensile load.

A combination of all these methods can provide a detailed insight into the mi-
cromechanical properties of epoxy matrix as a micro-component of composites
and to do so, answer the research hypothesis of this doctoral thesis. This is im-
portant for the future matrix material development, the design and performance

of polymeric composites.

Furthermore, as multiscale modeling of composite materials becomes more pop-
ular and essential for the industry, it is necessary to fully understand the in-
creased plastic deformation ability on (sub-)micrometer scales, as usually occurs

in composites, and the underlying mechanisms in epoxy.
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2.1 Deformation of materials

The mechanical behavior of a material is characterized on the molecular level by
the reaction of molecular bonds and on the macroscopic level by the deformation
process resulting from external forces. In the case of polymers made from macro-
molecules, a distinction is made between three components of a deformation
that mainly overlap: elastic deformation (spontaneous, completely reversible),
viscoelastic or relaxing deformation (time-dependent, completely reversible) and

viscous or plastic deformation (time-dependent, not reversible) [57].

From a thermodynamic point of view, two types of resistance can be distin-
guished in the deformation of polymers under the action of an external force: the
change in the internal energy AU and the entropy AS. Two ideal limiting cases
of the reversible polymer deformation are the energy-elastic state (amorphous
and crystalline structure) and the entropy-elastic state (amorphous structure),
whereby the former takes place below the glass transition temperature T, and
the position of macromolecules is determined by a balance of forces of attrac-
tion and repulsion. When an external force is applied below Ty, the state of
order (characterized by the entropy AS) does not change, but the internal en-
ergy AU as the elastic deformation of polymer materials under load is based on
reversible changes in the atomic distances and the valence angles of the chemical
bonds. The atoms carry out small thermal vibrations around the rest position
R.. Rearrangements of entire chain parts, which are the prerequisite for viscous
deformation, are rare at temperatures below T,. Rearrangements of molecular
segments, rotations of C-C bonds, especially of the backbone, slippage of entan-
glements, or conformation changes are practically not possible at temperatures
below Ty as well. That is why the polymer is brittle and hard at lower temper-
atures. Often these types of polymers are called glassy, such as thermosets like
epoxies, which are usually in an energy-elastic state at room temperature (RT)
[57].
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In contrast, in the entropy-elastic state (normally above Ty), the polymers be-
come more ductile. In the amorphous phases, previously hindered movement
of the macromolecules or their sections is made possible. Entanglements are no
longer fixed, and with less intermolecular interaction with neighboring molecules,
the backbones can slip and slide more easily. The molecular bonds in the back-
bones take on a more or less stretched shape and the internal energy AU practi-
cally does not change, but the entropy AS. This gives rise to the term entropy-
elastic. The entropy elasticity of the amorphous phase is based on the tendency
of the molecules to assume their statistically most probable form, namely the
entangled form. Each more elongated form of the molecules forced by an ex-
ternal stress corresponds to a less probable state, and therefore a lower entropy
S. This change in entropy causes a restoring force that endeavors to return
the macromolecules and thus the macroscopic samples to their original form.
However, in order for the individual molecules to move, sufficient space must
be available, which is also known as the free volume. This is understood to
mean empty spaces of approximately atomic size. The reversible deformation of
real elastomers, e.g. rubber, is fundamentally based on this entropy elasticity.
Tests on real elastomers have shown that the proportion of entropy elasticity
is 85 - 90%. The rest is the result of the energy elasticity due to intra- and

intermolecular interactions, especially when rotations are hindered [57].

When an external force is applied to a polymer at a specific temperature, the
internal energy AU increases (elastic energy storage through valence distances
and angle changes), and the entropy AS is reduced (away from the shape of a
coil, which corresponds to the state of highest entropy), whereby the propor-
tion of the two deformation mechanisms depends mainly on the polymer itself,
time and temperature. Continuing the mechanical loading, the polymers behave
viscoelastic. During viscoelastic deformations, normally the conformation of a
molecule changes, e.g. due to rotation around single bonds. After stress relief,
macromolecules cannot immediately return to the initial energetic and entropic
state favored most, but with sufficient time, they can relax and return to the
state before load application, in the entangled state with initial bond distances

and angles [57].

Considering a solid polymer as a macromolecular solid made up of long molecular
chains, in the following thesis called backbones, in general a deformation causes

a disturbance of the intermolecular and further on intramolecular bonds.
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In polymers, viscoelastic and viscous deformation and fracture can occur by
breaking either primary covalent or secondary bonds, e.g., van der Waals bonds,
through the ,,pull-out* of molecules. It is assumed that both processes can occur,
but the prevalence of each depends on the type of polymer, temperature, and
testing conditions. When the molecules can easily slide past each other and tend
to uncoil, the secondary bonds break. The result is a strain softening that can
be seen in the engineering stress-strain curve as a drop of stress, because the
external mechanical energy is used for the deformation. With increasing tensile
test duration and elongation, strain hardening can occur due to the load-induced
molecular alignment in the load direction and a new formation of intermolecular
interactions. The strain hardening can be detected as an increase in stress in
the stress-stain curve before finial failure, since more energy is necessary to
continue the viscous deformation process due to the already solved entanglements
and in load direction aligned backbones. This behavior can be observed for
thermoplastic materials and often comes along with a constriction or necking of

the sample, a load-induced reduction in width, and/or thickness.

Molecular fractures through the scission of primary bonds occur if, for any rea-
son, the flow of molecules past each other is restricted due to the nature of
the polymer structure. For example, in a semi-crystalline polymer, the crystals
can act as anchor points and restrict flow. In cross-linked polymers the chemical
cross-link points can make flow more difficult, and in high-molar-mass amorphous
polymers physical entanglements will restrict flow especially at high extensions
[58]. That is why a widespread assumption in the literature is that highly cross-
linked thermosets such as epoxy behave similarly to diamonds, necessitating the
breaking of covalent bonds and resulting in a brittle mechanical behavior. Brittle
materials are much more sensitive to defects and stress concentrations because
of the hindered molecular backbone movements. The nucleation and growth of
the voids are strongly related to the acting stress state, which finally controls
the experimentally observed strength values and the ability of the polymer to
deform plastically. In general, the strength of glassy polymers, such as epoxy
resins, is dominated by the presence of defects (e.g., voids, micro-cracks) and the
generation of tensile stresses at these defects [59-61]. The presence of defects
is strongly correlated with the test volume of the sample under stress, making
a mechanical analysis of brittle materials more complicated compared to more
ductile thermoplastics or metals. This phenomenon is identified as the size effect
(see Chapter 2.2.2).
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All materials contain defects at some level. However, it is the manner in which
the material responds to these that determines whether there is a size effect. For
a brittle material, the stress concentration due to a flaw can not be diminished by
molecular movements. As a result, the material is subjected to the entire stress
concentration. The local fracture (primary covalent bond breaks) is initiated
and propagated, leading to global failure of the material. It is this local material
response that leads to the presence of a size effect with regard to the strength
[62, 63].

In contrast, in a ductile material like most thermoplastics at room temperature, a
defect-induced stress concentration is diminished by localized deformation with-
out breaking intramolecular bonds because molecules can easily slide past each
other and thereby release stress concentrations resulting in a viscous deforma-

tion.

In the following, the focus is on non-linear, plastic, or viscous and heterogeneous
deformation mechanisms in amorphous polymers such as shear bands and crazes.
The latter occurs exclusively perpendicular to the load direction. These are local
bands of plastically deformed polymer material consisting of polymer fibrils. The
fibrils are formed by the stretching of the macromolecules in the load direction.
In addition, nano-cavities are formed. These stretched cavities separate the
fibrils from each other. The formation of crazes in polymers is not the focus of

the following thesis and details can be found elsewhere [64-66].

Shear banding refers to material instability and inhomogeneity occurring during
large-strain plastic deformation in solids, where the otherwise uniform flow be-
comes concentrated in narrow bands on the micrometer scale where large shear
strains are localized due to a stress heterogeneity [67, 68]. Shear bands have
been widely observed in metals, polymers, the earth’s mantle, granular solids,
and many other materials (e.g. [68-73]), but as far as the author knows, not for

highly cross-linked epoxy resins under tensile load in a significant scope.

During shear yielding in polymers, the molecules slide clearly past each other.
They illustrate a type of inelastic response of the material under mechanical loa-
ding. The molecules in the shear band zones are oriented by molecular position
changes and slipping in semi-crystalline polymers due to the external load [58,
74, 75]. The shear bands are oriented in the direction of maximum shear stress
and can occur as a short necking area or a longer strain hardening zone, both of

which result in a permanent change of the initial sample geometry.
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In Figure 2.1, the macroscopic structure of the shear bands and the orientations
on the molecular level in the load direction are shown schematically. The latter

results in the strain hardening phenomenon as already mentioned.

F
Shear bands:
sliding and stretching of molecules
in load direction occurs if the yield
stress o, is reached at a specific
sample position
Fi

Fa
— }
@‘ ¥ Multiple shear bands are formed
w3 i (where o, prevails) and can
‘ i : finally converge, resulting in a
2 necking zone
7 :

Figure 2.1: Macroscopic structure of shear bands and the orientations of the
macromolecules or backbones in load direction are schematically shown. F; and
F5 refers to the time t; and t2 during the tensile test, where t2 > t;. Modified
from [76].

However, when a deformed glassy polymer (illustrated schematically in Figure
2.1) is annealed above its glass transition temperature (Ty), it frequently regains
its original shape due to a restoring force to a state with higher entropy. The
molecules in thermoplastics are securely anchored at entanglement points within
the structure and these entanglements can be removed or changed to a certain
extent by relaxation processes, e.g. during deformation or thermal annealing.
Once the backbones gain sufficient mobility above (Ty), they return to an ener-
getic and entropic favored conformations and the shear bands are recovered [58,
75, TT-79].

The Tresca criteria can be used to determine the required stress tensor for shear
yielding to occur. This criterion states that the yield will occur when the max-
imum shear stress on any plane in the material reaches a critical value and

initiates a local stretching and slipping of molecules.
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It may be written as follows:

oy=lo1—o3] =21y (2.1)

where o1 is the largest principal stress and o3 is the smallest principal stress,
Ty is the yield stress of a material under pure shear and o, is the uniaxial yield

stress.

Another criterion for shear yielding is the von Mises criterion [80]:

oy = (01 —02)*> 4 (02 —03)° + (03 —01)* =6 - T}? (2.2)

Shear yielding in glassy polymers is relatively rare and can occur through highly
localized shear bands or more widespread shear deformation zones [81]. Localized
shear yield can occur in archetypical brittle epoxy resins at stress concentrations
or crack tips. These highly localized processes are typically favored by plane-
strain conditions, which are commonly found in thick fracture specimens. In
contrast, thinner specimens experience more widespread plastic deformation un-
der plane-stress conditions, and most brittle polymers exhibit a transition from
brittle to ductile behavior as the specimen thickness decreases. In thin sheets,
there is less constraint, which results in extensive shear yielding instead of local-
ized shear yielding or crazing. This described thickness effect occurs because the
stress state near the crack tip shifts: in relatively thin plates, it can vary from
plane stress at the surface regions to plane strain at the center. This is also the
case in thicker plates, but relatively the amount of plane stress is greater for thin
samples since the volume-to-surface ratio is increased. This concept is illustrated
schematically in Figure 2.2 where the significantly reduced plasticity occurring
at the crack tip under plane-strain conditions is apparent, as the effective yield
stress is higher in these constrained situations. In a triaxial stress field (plane
strain), the stress required for a material to yield is higher than in a biaxial stress
field (plane stress) as it occurs at stress-free surfaces (03 = 0). Consequently,
under plane-strain conditions (e3 = 0), where constraints are higher, there is less
plastic deformation at a crack tip. As a result, the limited plasticity at a crack
tip, due to the higher effective yield stress under these constrained conditions,
leads to a steeper strain gradient immediately ahead of the crack tip, causing

the strain to be more concentrated, resulting in less yield flow [58].
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A low material thickness and relatively larger resulting plane stress regions are

therefore advantageous for viscous shear yielding in polymers.

Cd
sample -
thickness -

7

central, plane
region ‘strain

edge . plane
regions stress

Figure 2.2: Shape of plastic zone at crack tip, according to a von Mises yield
criterion (see Equation 2.2), shown schematically as a function of specimen thick-
ness. ryp refers to the plane-strain plastic zone radius and ry2 refers to the plane-
stress plastic zone radius. Modified from [58, 80].

The energy approach states that viscous flow begins as soon as sufficient chain
sections exceed an activation energy. The coordinated movement over energy
barriers, of the molecular units comprising a flow unit, results in yield. According

to Eyring’s flow model [82], the yield stress oy is

oy = ‘ft . <AEW +GC 0) (2.3)

with the gas constant GC, the energy barrier F,.+ for 1mol chain segments,
the volume of these chain segments V,.: and the stretching speed or strain rate
before €y and after the yield point €,. Haward and Thackeray [83] interpreted
the Eyring activation volume Vg.; as the volume that represents the polymer
segments that have to move as a whole in order for flow to take place. Lim et
al. [84], have used the definition of activation volume, which states that it can
be obtained as the product of the cross-sectional area of the moving molecular
segments and the distance covered by it, in its motion during yield. The energy

needed for viscous flow Eq,.¢ is provided by mechanical stress and temperature.
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According to this theory, deformation in polymers is assumed to be a rate-
activated process, where segments must surpass energy barriers as they move
between different vibrational states (details in the following Chapter 2.3). When
stress is applied, these energy barriers change, facilitating molecular transitions
in the direction of the applied stress while inhibiting them in the opposite direc-
tion [82, 85]. Experiments indicate that for DGBEA epoxy resins, the activation
volume V,.+ depending on the composition, ranges from 1 to 4 nm? at room tem-
perature. This equates to roughly three chain segments between cross-linking
points. The energy barrier can be described as a higher-energy conformational

state or as a decrease in entropy [82, 85, 86].

Another approach to describe shear bands is the nucleation approach which
focuses on the development of stress-induced deformation zones, known as shear
transformation zones (STZs). When a cluster of neighboring STZs grows to a
critical size, a micro-shear band forms. During loading, the activation of STZs
results in an increase in free volume, which aids in the rearrangement of the
polymer chains. The free volume might be stabilized at a constant level where
there is a balance between its increase and its decrease due to the rearrangement
of the chains [87-89]. The concept of STZ was originally developed by Argon
[90] for amorphous metals [91] and was later adapted to amorphous polymers.
Therefore, the molecular interpretation of the deformation of the plastic glassy
polymer flow can also be addressed by the theoretical models proposed by Argon
[92-94]. According to the yielding theory in glassy polymers proposed by Argon
and Bessonov, the phenomenon arises from the thermally induced formation of
local molecular kinks. They used the concept of wedge disclinations to model this
process. Although the mathematical analysis is complex (see [93] for details),
the equations derived to explain the relationship between the shear yield stress

7y and the shear modulus G are relatively simple [95]:

v\ 5 T
(é’) :A—B-E (2.4)
where T is the absolute temperature and the parameters A and B can be calcu-
lated from the Poisson ratio, the Boltzmann constant, the net angle of rotation
of the molecular segment between the initial conformation and the activated
conformation, the mean molecular radius and the strain rate (see [93, 95] for
details).



2 Scientific and technological background 13

Bowden and Raha [81, 96, 97] developed another approach based on physical
descriptions of plastic flow at the molecular level. The Bowden model proposes
that the critical step in the yield process is the stress-induced, thermally acti-
vated nucleation of small, disc-shaped sheared regions within the polymer. The
strain fields of these sheared areas are considered analogous to those of disloca-
tion loops, with a Burgers vector equal to the shear displacement. Although this
theory uses the dislocation concept merely as an analogy, a brief explanation of
the dislocation concept in metals is provided before delving into the specifics of

the Bowden flow model for amorphous polymers.

The relationship between plastic deformation and microstructure is well recog-
nized in metals [80, 98-100]. In a metallic crystal lattice, atomic defects, such as
linear lattice defects known as dislocations, are present. These dislocations move
through the crystal lattice under external shear stress, facilitating the plastic de-
formation of metals by allowing crystal planes to slide over one another without
fracturing the entire crystal. Figure 2.3 presents a model of two rows of atoms
subjected to shear stress, where the application of shear stress shifts the atomic
rows over each other to a new equilibrium position, resulting in macroscopic
plastic deformation in the metal. The Burgers vector b defines a dislocation,
indicating the direction of displacement or slip within the atomic lattice. The
force on a dislocation is the product of shear stress and the corresponding Burg-
ers vector l_;, acting along the slip plane normal to the dislocation. The movement
of a dislocation line along a crystal’s slip plane overcomes the interatomic forces
across the plane through a series of localized movements dictated by the periodic
stress field of the lattice [98]. A ductile phenomenon which can be found in duc-
tile fracture of metals is a neck formation. At a point close to the maximum or
the required yield stress in a metallic sample, the yield starts and the described
atomic slipping takes place. When an increase in stress due to the cross-sectional
sample area exceeds that due to work or strain hardening, an unstable conditions
exists and necking begins, a further reduction of the metallic cross-section area
occurs. In the following thesis, the therm necking is used for the sake of sim-
plicity as well for thin epoxy film samples to mention a load-induced combined
reduction in sample width and thickness even if the mechanisms are not equal

to metals and less pronounced.
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Figure 2.3: Model of an ideal metallic crystal and its reaction to external shear
stress 7. Modified from [98].

A schematic illustration of molecular displacements in a sheared region or dislo-
cation loop in amorphous polymers is shown in Figure 2.4 according to Bowden
[96]. In both amorphous solids and metallic crystals, a dislocation line or a slip
dislocation marks the boundary between sheared and unsheared regions. Within
a crystal, the dislocation core must remain localized because all atoms in this
region are in high-energy states. Similarly, in an amorphous structure, the core
must remain localized as the dislocation moves. This is because concentrated
stress at the core triggers the shearing of adjacent segments and a shear displace-
ment equivalent to a full Burgers vector b is required to move these segments to
a new equilibrium position. As the sheared polymer region expands, molecular
segments at its boundary transition through a high-energy state to achieve a
more stable low-energy state. Achieving this requires simultaneous shear dis-
placement of all segments in the sheared region. In real amorphous polymers,
the Burgers vector b is influenced by several factors, including the width of the
molecular chain, the displacement needed to kink a single chain, the length of
the chain links, e.g. the cross-linking density, and the spacing of any side groups
[96].

A possible explanation consistent with the current model is to suggest that in
the random structure of a glassy and amorphous polymer there are many regions
where local yield can take place at stresses below those necessary for general

yield, e.g. due to small volume differences (vacancies and interstitials) [96].

Strain softening is explained with this approach as follows: The critical step in
the process of yielding is the nucleation of small sheared regions since once such
regions have grown past their critical dimension they can expand further and

further strain will be produced in the sample under a much lower stress [96].
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Figure 2.4: Analogous model for amorphous glassy polymers. Modified from
[96]. (a) is the initial state and (b) and (c) illustrates molecular backbones and
the Burgers vector b. The latter can be seen in (d) as well together with the
shear deformation. (e) shows that more than one backbone chain is involved and
(f) illustrates the effect of side chains (mint colored).

With the parameters derived from the Argon theory, the values of b for different
polymers were determined and it was possible to show that the Burgers vec-
tor b of epoxy is greater than those of the thermoplastics PS and PMMA. The
fully cured epoxy has Burgers vectors that are similar to that of PC [95]. Bow-
den and Reha [96] noted that polymers with small side groups or small repeat
units tended to have small Burgers vectors, while those with large side groups
or repeat units tended to have larger values of b. The results in [95] are consis-
tent with this suggestion. This is an indication that the yield behavior of the
epoxy under specific conditions can be compared with that found for amorphous
thermoplastics and that the presence of cross-links does not completely prevent

viscous shear yielding and the formation of shear bands below T§.

2.2 Epoxy

Epoxy resins are a subgroup of thermosets with high mechanical and thermal
performance. That is why epoxies are often used in high-performance products,
e.g. as matrix materials in carbon or glass fiber reinforced polymers (FRP).
Further areas of application for epoxy resin include plant engineering, electrical

engineering, and adhesives.
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2.2.1 Chemical structure

Epoxy parts are made by a reaction of resin with a suitable curing agent which
are mixed in a stoichiometric ratio. Both components in turn often result from
several chemical components as well. A frequently used raw material for epoxy
resin is bisphenol A, which reacts with epichlorohydrin to form bisphenol A
diglycidyl ether (DGEBA). DGEBA resin is used mainly in the corresponding

thesis. The chemical structure is shown in Figure 3.1.

Cross-linking is carried out with curing agents such as polyfunctional amines,
phenols, or acid anhydrides. Amine-based aliphatic curing agents (e.g. ethylene-
diamine or propylenediamine) have reactive hydrogen atoms in the molecule and
can react with DGEBA epoxy resin in a polyaddition. In this process, the re-
active groups of the resin and the curing agent react with each other, that is,
in a resin system consisting of DGBEA and an amine-based curing agent, the
epoxy group and the amine group react and form a dense 3D network. First,
epoxy or oxirane rings (cyclic ethers or ethyleneoxide) react with primary amines
of the curing agent (initial cross-linking). Secondary amines and the hydroxyl
groups can also react with unreacted oxirane rings. The latter, the etherification
reaction of the epoxy groups with hydroxyl groups that are formed during the
curing process contributes only minimally to the overall conversion of the epoxy
groups. Because the reaction between an epoxide and a hydroxyl group requires
more activation energy and is thus less thermodynamically favorable than the
reaction between an epoxide and an amine [101, 102]. The curing reactions end
when most of the oxirane rings have been consumed or to be more precise, the
remaining reactions partners are unable to combine due to spatial restrictions
of the developing network and lack of molecular mobility. These presented re-
actions result in linear molecular chains, chain branching, entanglements, and
cross-linking between the molecular chains. The average molar mass increases
as a result of the ongoing chemical reactions. This results in an increase in vis-
cosity. The viscosity can be reduced by increasing the temperature. At the same
time, the energy supplied via the temperature accelerates the chemical reaction,
so that the viscosity increases more. An interplay of different factors occurs.
With increasing cross-linking, the mobility of the molecular chains is severely
restricted, and flow is no longer possible. As a result, the polymer is no longer
in a liquid state but in a rubbery state, which is known as the gel point. The

subsequent curing is controlled by diffusion.
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Due to the increase in the average molar mass, the glass transition temperature
T, increases and becomes higher than the present temperature 7' (T < T).
This is known as vitrification, and the polymer changes to the glassy state. T,
is characteristic for the degree of cross-linking. Even if it is assumed that the
reactive molecules are evenly distributed at the beginning of the reaction due to
the mixing of the resin and the curing agent and a perfectly stoichiometric ratio
of both reaction partners exists, a 100 % curing with the reaction of all reactive
groups is not possible due to the spatial arrangement [5, 57, 103-107]. But
technical system which reach the maximum realizable curing degree are treated

as fully cured.

Process parameters such as the processing temperature and pot life vary depend-
ing on the chemical components and structure. Often additives such as thinners
or accelerators are used for the chemical reaction to improve the resulting ma-

terial properties or optimize the processability.

Furthermore, the physical properties of epoxy-amine thermosets are strongly
influenced by the molecular network structure. For a long time, it was as-
sumed that a homogeneous network is formed during the cross-linking reaction.
However, for many years, distinct submicrometer nodular morphologies have
been observed on scanning electron micrographs of cured epoxy amine systems
[108-111]. This observation has also been confirmed by other non-microscopic
methods [112, 113]. These findings initiated an active debate about the intrin-
sic heterogeneity of the cross-linked molecular network [114]. The majority of
researchers now agree that epoxy systems indeed exhibit a non-homogeneous
molecular network structure. This point of view has been reinforced by recent
investigations using small-angle neutron scattering (SANS), wide-angle X-ray
scattering (WAXS), and atomic force microscopy (AFM) to examine epoxy sys-
tems, which have identified non-homogeneous domains [115-117]. Several re-
searchers have assumed that these nodular structures consist of regions with a
relatively higher cross-linking density surrounded by an interstitial phase with
a comparatively lower cross-linking density, a perspective that this work also
supports [102, 113, 116, 118, 119].

Lower temperatures favor the formation of linear molecular chains, which are
cross-linked later. Higher temperatures, on the other hand, favor the formation

of cross-linked nodes, which then cross-link with each other.
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These processes influence the homogeneity of the polymer, so the latter leads to a
heterogeneous structure with strongly and weakly cross-linked areas. Shrinkage
occurs during curing, but the free volume increases. This volume not occupied
by the polymer chains is higher than in thermodynamic equilibrium. MD simu-
lations show that larger pores grow, in particular, during curing [102, 104, 120—
122].

The connectivity within the molecular network between the different domains
significantly affects the physical properties of epoxy by creating low-energy path-
ways that facilitate fracture propagation or dividing the molecular network into
two separate sub-networks. In the case of a highly cross-linked, glassy elas-
tic material such as cured epoxy, the fracture surface progresses along a path
that breaks the fewest number of strong covalent bonds. Consequently, the
advancing crack tip tends to move through areas with a relatively lower cova-
lent bond density (or lower cross-linking density) while maintaining areas with
a higher concentration of covalent bonds at the fracture surface. Sahagun et
al. [102] showed that with increasing network homogeneity, fracture toughness
also increases. The study also demonstrates that the morphology of the fracture
surface is directly linked to the structure of the underlying molecular network,
particularly in terms of the distribution of cross-linking density within the net-
work. The perceived homogeneity of the molecular network can be enhanced
by post-curing the material above its glass transition temperature. This process
allows unreacted species to increase molecular connectivity in interstitial regions
[102].

2.2.2 Mechanical behavior

Thermosets in general and epoxies in particular are often classified as a brittle
materials due to their low fracture toughness and their apparently elastic stress-
strain response [62, 123]. Due to the 3D molecular network and the compara-
tively high cross-linking density, the standard bulk sample at room temperature
shows no significant yielding or deformation under tensile load unlike a thermo-
plastic material. Bulk epoxies usually reach elongation at break values between
5-10 % with a sudden failure resulting from multiple molecular chain scissions as

the bond energy is exceeded due to external loading.
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Because the molecular chains within the epoxy can not easily move or slip due
to the cross-linked structure, the molecules cannot counteract the excess stress
with movement or reduce it through molecular rearrangement, different from

non cross-linked polymers.

The fracture of cross-linked polymers is closely associated with the breaking of
primary covalent carbon backbone bonds as well as the disruption of secondary
bonds such as dipole, van der Waals, and hydrogen bonds. Calculating the the-
oretical strength of amorphous polymers is relatively straightforward [58]. This
strength is approximately 10 % of the Young’s modulus [124]. For most ther-
mosets, such as epoxy, the theoretical tensile strength usually falls within the
range of 200 to 400 MPa. These values represent the theoretical maximum lim-
its for the strength observed experimentally. In comparison to the strength of
carbon-carbon (C-C) bonds, the experimentally determined strength of macro-

scopic samples is significantly lower due to the presence of defects.

Additionally, the mechanical properties of thermosets or epoxies are influenced
not only by the density of the network but also by physical entanglements and
network heterogeneity. In-depth investigations can be helpful for material de-
velopment and design of functional parts [125, 126]. That is why Demleitner
et al. used a special Nuclear Magnetic Resonance (NMR) technique, the time
Domain'H DQ NMR method, to determine the amount of free and dangling
chains together with the physical entanglement ratio for a DGEBA epoxy resin
(D.E.R. 331) with a polyetheramine curing agent (Jeffamine® D-230). The mea-
surement technique can probe physical entanglements [19-22]. By analyzing
the NMR dipolar coupling constant, it could be proven that defects, hence free
and dangling chains, have a higher impact on the creep properties than phys-
ical entanglement for low loadings. For higher loads, it seems that physical
entanglements have an increasingly greater role in creep properties [126]. The
percentage of physical entanglement for a DGEBA-polyetheramine system was
found to be above 6 %. It is observed that the percentage of physical entan-
glements increases when the non-stoichiometric ratio increases. A hypothesis to
explain this would be that, due to the fact that less three-dimensional cross-
links are formed, there would be more free volume between cross-links. This
would yield less constrained, more mobile polymer chains, which would easily

physically entangle with each other [126].
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Only under specific conditions cross-linked epoxies can deform and yield, e.g.
under uniaxial compression or in pure shear [58, 127, 128]. Another way to
increase the ductility of the archetypical brittle epoxy material is to decrease the

test volume.

Size effect

Odom and Adams [62] first observed a significant scale effect, a so-called size
effect, in the toughness and tensile strength of epoxy. They tensile tested epoxy
dogbone-shaped samples with different test volumes and a crosshead speed of
1.27mm/min (strain rate: 10 %/min). The particular material selected in this
study was Hercules 3501-6. Different sample sizes were tested; the smallest
samples investigated had a test volume of approximately 66 mm?® and showed the
highest fracture toughness and tensile strength. The observation of the fracture
surface showed that the average flaw size was smaller for smaller specimens.
The authors explained this behavior with two different mechanisms. Firstly, the
observed strength increases as the sample size decreases. This is expected based
on the arguments presented by Griffith [59], and that smaller specimens have
a lower probability of having larger flaws. Data on the size of the flaw that
caused a failure support this latter contention. Secondly, the observed strength
increases due to a transition from plane strain to plane stress for specimens
with smaller gauge volume (see Chapter 2.1). So, the existence of a size effect
suggests that the measured tensile strengths should not be presented as if the
value is intrinsic to the material. Instead, the tensile strength should always be
accompanied by the dimensions of the specimen [62]. A comprehensive review

of the of size effects with regard to the strength can be found in [129].

Hobbiebrunken et al. [63] could further reduce the epoxy test volume to 0.006 mm?®
by developing a manufacturing process for epoxy fibers (RTM 6 resin) with an
average diameter of 36.7 pm and investigating their performance under uniaxial
tensile testing with a constant deformation rate of 1 mm/min. The measured
strength data of these epoxy resin fibers were close (60%) to the theoretical
strength and before the final failure, the fibers showed necking and plastic defor-
mation. The results also show an increase in the scattering of the tensile strength
data with reducing the test volume. This effect arises from the fact that the sen-
sibility of the specimen to existing voids increases when the dimension of the

specimen decreases [63].
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Misumi et al. [130] manufactured fibers (test volume between 0.05 and 2mm?)
and bulk samples (test volume 2130 mm?®) from five different epoxy systems
ranging from DGEBA to higher cross-linked TGDDM and TGMAP. These fibers
were investigated in tensile test with a 1.27 mm/min crosshead speed (strain
rate: 10 %/min). The reference DGEBA bulk samples showed the highest failure
strain of 5 % due to their lower cross-linking density compared to the other epoxy
systems, as can be seen in Figure 2.5 (a). In contrast, epoxy microfibers exhibited
ductile behavior with a distinct yield point in all epoxy systems, as shown in
Figure 2.5 (b). The failure strains were greater than 20 % for all resin systems,
with the highest failure strain being 50 % for DGEBA microfibers (about 10
times higher than the macroscopic sample). Furthermore, when compared to the
maximum stress of the macroscopic specimens, the epoxy microfiber specimens
exhibited a relatively high yield stress across all the resin systems examined in
this study [130].
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Figure 2.5: Stress—strain curves of tensile tests using macroscopic bulk spe-
cimens made from five different epoxy systems (a) and stress—strain curves of
tensile tested epoxy micro-fiber made from the same epoxy systems (b). Modi-
fied from [130].

Sui et al. [6] used a DGEBA (EP828) epoxy resin with a polyether amine based
curing agent (EP304) to manufacture epoxy fibers with diameters between 40 and
160 pm and a test length of 10 mm, as well as standard bulk reference samples.

Tensile tests were performed with a crosshead speed of 1 mm/min.
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Below a critical diameter, the mechanical behavior changed from defect- con-
trolled to a yield and plastic deformation-controlled strengthening, showing an
extreme ductile behavior compared to bulk epoxy. The deformed and necked
fibers were subjected to a second tensile test. They showed strain hardening
and exhibit higher stiffness and even higher strengths than in the first tensile
test. The authors postulated that the ductility, necking behavior, and size effect
in highly cross-linked epoxy fibers could be linked, if not attributed, to macro-
molecular realignment during necking. The latter was validated with wide-angle
X-ray scattering (WAXS), which visualized a clear structural orientation in the
deformed and constricted fibers. So even highly cross-linked necked epoxy fibers
exhibit macromolecular anisotropy, which likely explains the high mechanical
characteristics observed (e.g., increase in strength and Young’s modulus) [6].
In another study, Sui et al. [5] investigated deformed and necked epoxy fibers
with polarized Raman measurements. It was possible to detect a stress-induced
alignment of the side groups perpendicular to the load direction in the deformed
fibers.

Verschatse et al. [1] made fibers from the standard epoxy system of the samples
in this thesis (see Chapter 3.1). The authors performed tensile tests on a large
set of epoxy microfiber specimens with diameters ranging from 30 to 400 pm.
Extreme ductility was observed for microscale epoxy specimens, while bulk scale
epoxy specimens showed typical brittle behavior. The epoxy fibers had a plastic
deformation behavior resulting in a significantly increased tensile strength (up to
380 MPa) and strain at break (up to 130 %) compared to their bulk counterpart
(68 MPa and 8 %). This might indicate that for epoxy fibers there is somewhat
less restriction for the epoxy network to deform and the authors assume that
network chains may slip over one another resulting in reorientation of the chains
in the internal network [131, 132], somewhat similar to the deformation behavior
of thermoplastics [133]. Polarized light microscopy confirmed a rearrangement
of the internal epoxy network structure during loading as well [1]. This supports
the WAXS and polarized Raman results from Sui et al. [5, 6].
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2.3 Vibrational spectroscopy

Vibrational spectroscopic investigations like Infrared (IR) and Raman spec-
troscopy are based on the interaction of molecules with electromagnetic radi-
ation, which is a type of energy that is transmitted through the space at com-
paratively enormous velocities. Electromagnetic radiation can be described by
means of a classical sinusoidal wave that contains parameters such as wavelengths

A and frequency v. The electric field E_;l can be described as

E. = E, cos(2mvot) (2.5)

where Ej is the amplitude of the oscillation and v is the frequency of the applied

electromagnetic radiation and t is the time.

To fully understand spectroscopic methods, it is necessary to present another
additional model. Electromagnetic radiation can be seen also, as a stream of
discrete wave packets of energy called photons [134]. When electromagnetic
radiation is incident to a molecular system, an absorption can take place if
the energy of the photons is equal to the difference of energies between two
vibrational states of the system. The energy of photons is proportional to its
frequency and causes the molecules to change their energetic state and vibrate
in a characteristic way. If not absorbed, the radiation may be transmitted. Both
cases can be observed in IR investigations. A third option is that radiation
may be scattered by the molecular system, which can be observed in Raman

measurements [135, 136].

According to the different interaction phenomena and different types of energetic
radiation, vibrational spectroscopy includes several different techniques to detect
and analyze molecular vibrations. The most important spectroscopic methods
are Raman and Infrared (IR), mostly mid-Infrared (MIR) and near-IR (NIR),
which are used in the following thesis. Both MIR and Raman spectroscopy pro-
vide characteristic fundamental vibrations that are employed for the analysis of
molecular structures and can be applied to investigate a vast array of sample
types. MIR measurements can be performed from a basic identification test to
an extensive and comprehensive spectrum analysis, both qualitative and quan-
titative. Samples can be analyzed in bulk or in microscopic quantities in a wide

range of temperatures and physical states [137].
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In the most common form of IR spectroscopy, a substance is irradiated with IR
radiation of varying frequencies v or wavelengths A (both related to radiation or
photon energy) and the absorption caused by the material is plotted against the
wavelength. In Raman spectroscopy, on the other hand, a substance is treated
with a laser. Due to the interaction of laser photons and molecules, the frequency
v, of a small fraction of the laser radiation scattered by certain molecules differs
from the incident laser beam wvo. The difference in wavelength between the
incident laser and scattered material radiation corresponds to wavelengths in the
MIR region. In spectroscopic analysis the reciprocal of the wavelength A, the
wavenumber ¥ is usually used instead of the wavelength since the wavenumber @
is directly proportional to the photon energy of the radiation and the frequency v.
The wavenumber 7 is given in cm ™" which corresponds to 10* pm~™!. For Raman
spectra the wavenumber means the difference between the laser wavenumber and
the scattering radiation from the material (9o-0m ), which is why the term Raman
shift (also given in cm™?) is often used instead of wavenumber since the shift in
the wavenumber ¢ depends on the chemical structure of the molecules responsible
for the scattering [134, 138, 139].

IR and Raman spectroscopy both involve examining the interaction of radiation
with molecular vibrations, but they differ in how photon energy from the applied
electromagnetic radiation is transferred to the molecule, changing its vibrational
state. MIR spectroscopy observes transitions between molecular vibrational
energy levels as IR radiation is absorbed. This interaction between light and
matter occurs under resonance conditions and involves electric dipole-mediated
transitions between vibrational energy levels. In contrast, Raman spectroscopy
involves a two-photon inelastic light scattering process. Here, the incoming pho-
ton from laser radiation has much more energy than the vibrational quantum
energy and transfers part of its energy to the molecular vibration, with the rest
being scattered as a photon with reduced frequency. In Raman spectroscopy, the
interaction between light and matter takes place under non-resonance conditions

and involves the Raman polarizability of the molecule [137].

IR and Raman vibrational bands are characterized by their frequency or wave-
number (energy), intensity (reflecting polar character or polarizability), and
band shape (reflecting the environment of the bonds). Because the vibrational
energy levels are unique to each molecule, both the IR and Raman spectra pro-

vide a fingerprint of a specific molecule.
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The wavenumbers or frequencies of these molecular vibrations depend on the
masses of the atoms, their geometric arrangement, and the strength of their
chemical bonds. These spectra offer information on molecular structure, dy-
namics, and environment [137]. That is why in the following thesis the focus is
on the fingerprint regions in the recorded Raman and MIR spectra, especially

under simultaneous applied mechanical stress.

Raman and mid-IR spectroscopy are complementary methods, and it is often
necessary to employ both methods to fully capture the vibrational modes of a
molecule. Although some vibrations can be active in both Raman and IR, these
two spectroscopic techniques are based on different processes and follow different
selection rules. Generally, Raman spectroscopy is most effective for observing
symmetric vibrations of non-polar groups, whereas IR spectroscopy excels at
detecting asymmetric vibrations of polar groups [137]. This is the reason why

both spectroscopic techniques are used in the following thesis.

2.3.1 Fundamental principles

In the following, the basic physical relationships between covalently bonded
atoms and their vibrations, which are necessary for the understanding of this
work, will be briefly discussed. For the sake of simplicity, the basic physical
concepts of diatomic molecules are presented and molecular rotations are not
discussed. A comprehensive description of the mathematical and physical rela-
tionships of molecular physics and quantum mechanics is not the subject of this

work and can be found in the corresponding literature [140-145].

The potential energy term of molecules includes the attraction of the negative
electrons by the positive atomic nucleus, Coulomb repulsion between the atomic
nuclei, and mutual electron repulsion. Therefore, it depends on the relative dis-
tances between the atoms which are related to the orbitals of electrons or clouds
(regions where electrons are located with increased probability) [140]. The po-
tential energy of the molecules tends towards a minimum, so that an equilibrium
distance R., often called the averaged bond distance or lengths, is established
between the two covalently bonded atoms in a diatomic molecule. In this case,
the potential energy corresponds to the bonding energy Er. The interaction
of molecules with energetic electromagnetic radiation changes the potential en-
ergy of certain molecules. By absorbing the energy of electromagnetic photons

Ephoton, the molecule changes from the energetic state E1 to the state Fo.
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The energy of the electromagnetic photon is made up of Planck’s quantum of
action and the frequency v. Taking into account the law of energy conservation,
the following applies.

Ephoton =h-v = |Ez — Ei| (2.6)

Planck’s quantum of action h ensures the quantization of energy, i.e. the energy
values do not change continuously, but only discrete energy values exist. For this
reason, the excitation of molecules with electromagnetic radiation only results
in defined energy transitions, i.e. a molecular change of state occurs only for
discrete energy values. According to Equation 2.6, the energy of electromagnetic
radiation therefore depends directly on the frequency v. Thus, transitions only
occur at certain frequencies v or wavenumbers ¥ = v/c used as an energetic
measure [140, 146]. The higher the wavenumber ¢, the higher the energy of the

photons Eppoton Of electromagnetic radiation.

Infrared spectroscopy

Depending on the photon energy, IR radiation can be classified as far-(FIR),
mid-(MIR), and near-IR (NIR). In this thesis IR is used synonymously with MIR
and explicit reference is made to measurements in other wavenumber ranges. De-
pending on the type of radiation or wavenumber 9, different changes in molecular

state are caused in the material.

When molecules interact with radiation from the mid-Infrared range (MIR, 400
to 4000cm™'), a change in the potential energy or the bond distance R oc-
curs primarily due to vibrational excitation. The molecular vibration of a non-
rotating diatomic molecule generated in this way can be approximated for small
displacements R from the equilibrium distance R. between the two atoms by the
harmonic oscillator model. This model is based on classical mechanics, in which
the molecular bond is treated as a spring according to Hook. After deflection
R from the equilibrium distance R., the bound molecules experience a restoring

force F' which, according to Hooke’s law, is as follows:
F=-k-(R—R.)=—-k-AR (2.7)

The constant k in Equation 2.7 represents the bond force constant of a molecule
and is a measure of the bond strength [140, 145]. The harmonic parabolic
potential energy curve follows from the restoring force by integration and is

shown as a dashed line in Figure 2.6.
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The Newtonian law of classical mechanics is used to describe the vibration fre-
quency v or the wavenumber ¥ of the molecular vibration. By using the Newto-
nian law of classical mechanics, Hook’s law, the following equation is valid:

1 k

Doc=0 ~ — - 2.8
PD-c=wv 5 p— (2.8)

This equation relates the frequency v and, by using the speed of light ¢, the
mamp

wavenumber ¥ to the bond force constant k. The reduced mass m, = g

of the molecule AB can be calculated from the mass of the atom A (ma) and
the atom B (mp).

It follows from equation 2.8 that the oscillation or vibration frequency v of the
atoms depends not only on the atomic mass but also on the bond force constant.
However, with this relationship, it can be explained that only photons from
the electromagnetic radiation with a specific energy can be absorbed from the
material, changed the energetic state and caused specific molecular vibrations.
The vibrating atoms can be treated as harmonic oscillators, the energy values are
equidistant, i.e. the vibrational quantum number ¢ exists for the i-th quantized
vibrational mode (9; = 0,1,2,---). For harmonic oscillations, the oscillation

energy state can be described as follows

1
Em‘b,h =h-v;- (191 + 5) (29)

The actual change in potential energy as a function of the atom displacement
from their equilibrium position as a consequence of the absorbing photon energy
is shown as a solid line in Figure 2.6. From this curve it can be seen that
equation 2.9 is only valid for low values of the vibrational quantum number ¥;,
since with increasing nuclear distance the real molecular potential E,;, does not
go toward oo, but converges towards the bonding energy Ep of the molecule. In
practice, E;, must therefore be described for large 9J; values by an anharmonic
potential function, the so-called Morse potential. If the vibration modes were
strictly harmonic, no transitions involving changes in 1; by more than +1 would
be allowed. Since the energy difference for transitions between the ground state
¥; = 0 and the first excited state ¥; = 1 of most vibration modes corresponds
to the radiation energy in the MIR spectrum (400 to 4000 cm ™), the harmonic
potential can be used as an approximation for any mode in which the atoms
vibrate with simple harmonic motion (that is, obeying Hooke’s law) caused by
MIR radiation.
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Overtone (¥; = 2,3,---) and combination bands generally appear only weakly
in the MIR spectrum of organic compounds along. The NIR spectra include

overtone bands due to higher energetic radiation [146].
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Figure 2.6: Potential energy of a diatomic molecule as a function of the atomic
displacement R during a harmonic and anharmonic oscillation. The energy levels
symbolizing the scattered radiation from the Raman technique are shown as well
(green: Rayleigh scattering; red: anti-Stokes Raman scattering, blue: Stokes
Raman scattering) (modified from [138, 146]).

The molecular vibrations arising from the quantized vibrational energy levels
(e.g. from the fundamental transitions between ¥; = 0 and ¥; = 1), can vary
from the simple coupled motion of two atoms in a diatomic molecule to the
much more complex motion of each atom in a large polyfunctional molecule or
an aromatic ring such as benzene. Molecules with N atoms have 3N degrees of
freedom. Three of these represent translational motion along the x, y, and z axes,
which are perpendicular to each other, and another three represent rotational
motion around these axes. The remaining 3N — 6 degrees of freedom determine
the number of ways in which atoms in a non-linear molecule can vibrate (i.e.,
the number of vibration modes). The movement of atoms during vibration is

typically represented by the normal coordinate Q.
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A molecule can only be excited from the ground state to a higher energy state by
IR photons if there is a change in its dipole moment p during vibration, meaning
that

ou
30 £0 (2.10)

In molecules with certain symmetrical properties, some vibrational modes might
be degenerate (because % = 0), which results in multiple modes sharing the
same vibrational frequency, while other modes might not be present at all. Con-
sequently, degeneracy often leads to the observation of fewer fundamental ab-
sorption bands than the theoretical maximum of 3N — 6. Furthermore, since
the rotation of a linear molecule about its bond axis does not cause atomic dis-
placement, it lacks one rotational degree of freedom, resulting in an additional
vibrational mode for linear molecules. Thus, the number of modes of a linear
molecule is 3N — 5, so that a diatomic molecule (N = 2) has a single vibrational

mode [146].

Often only a few atoms have large displacements during molecular vibration and
the rest of the molecule does only perform minimal vibrations. The frequency of
such vibration modes is characteristic for the specific functional group in which
the motion is centered and is minimally affected by the nature of the other
atoms in the molecule. Thus, observing spectral features in a particular region
of the spectrum often suggests the presence of a specific chemical functional
group within the molecule. These modes are often known as fingerprint peaks
and can be found in the wavenumber % range from 800 to 1800 cm ™" . For most
pure substances, a sample thickness in the (sub)micrometer range is generally
sufficient to produce an MIR fingerprint spectrum with the transmission method
where the bands are not saturated (with maximum transmittance below 1%)
and are also not so weak that they require ordinate expansion [146]. Thus, the
maximum suitable thickness d of a specific material depends on the minimum

transmittance 7'(9) which is given by Beer’s law as

T(5) = expl—B() - d (2.11)

where 8(?) is the linear absorption coefficient at .
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The absorbance A(?9) of a sample or mixture of N components where more than
one component absorbs at a specific wavenumber ¥, is given by the base 10
logarithm of 7'(9) and the absorptivity a(9) (= 5(?)/In10):

A(D) = Z[ai('&) -d-C] (2.12)

i=1

The parameter C; refers to the concentration of specific molecules or functional
groups in the material with a (transmission) thickness d. This form of Beer’s law
is the fundamental law of quantitative spectroscopy [146]. If it is not possible to
create suitable thin samples from the material of interest, either the energy of
the Infrared radiation can be increased (NIR) or the examination can be carried
out in reflection mode (e.g. Attenuated Total Reflection (ATR)), whereby the

material is only examined in the vicinity of the surface.

Raman spectroscopy

Raman scattering is recognized as the process in which light is scattered inelas-
tically as it interacts with molecules [147-149]. Because of the interaction of the
electric field of the radiation with an electron cloud of a bond, the polarizability
of the molecule causes the electric field of the radiation to generate a dipole
moment within the molecule. That is why the polarizability in molecules refers
to how easily the electron cloud around a molecule’s nucleus can be distorted
by an external electric field. This distortion results in the molecule developing
a temporary dipole, where one molecule side becomes slightly positive and the
other side slightly negative. The magnitude of this induced dipole moment p is
determined by

p=a-Ey (2.13)

where a refers to molecular polarizability, which is a measure of the deformability
of the bond or molecule’s electron cloud in response to electric fields nearby, e.g.,
the electric field of incident laser light E.; [148, 149].

The equation for the oscillation of the electric field E_;l can be found in Equation
2.5. As a result of the electric field oscillating, the molecule’s induced dipole

moment p oscillates as well.
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In contrast, an oscillating dipole moment can absorb or release energy through
transitions between various oscillation energy levels [150]. This energy absorp-
tion is the basis for IR spectroscopy, which observes how energy is transferred
from incoming light photons to molecules, causing molecules to move to higher
energy levels (see previous section). Once excited, these molecules eventually re-
turn to lower energy levels, emitting scattered light in the process. This type of
energy transition typically remains energetically elastic, meaning that the scat-
tered photons retain the same energy as incident laser light (with a wavenumber
79), & phenomenon known as Rayleigh scattering which causes the vibration of
the electric dipole of the molecule (¥,,) at the same frequency or wavenumber.
This results in a peak at a wavenumber ¥ (0 = 9, = 7o) related to the repre-
sentation of intensity via wavenumber in a Raman spectrum. However, when
the energy of the incoming light closely matches the energy difference between
different vibrational energy levels of the molecules, the scattering process can
cause the excited molecules to switch to a different energy level than where they
started. The incoming radiation induces the movement of atomic nuclei as a
consequence of electron migrations due to the electric field, and an energy ex-
change between the molecule and the photon or vice versa takes place during the
scattering process. This phenomenon is known as inelastic scattering or Raman
scattering. However, this process is quite weak, since only about one photon of
every 10° to 10® incident photon is scattered inelastically. The Raman scatter-
ing for which the vibrational energy of the molecule moves to a higher energy
level than its initial energy level is called Stokes Raman scattering and can be
observed at a Raman shift or wavenumber ¢ = ¥9 — ¥,,. In contrast, scatter-
ing with the vibrational energy transition of the molecule from its initial energy
level to a lower energy level is called anti-Stokes Raman scattering and can be
found at a wavenumber ¥ = ¥g + ¥, [139, 146, 149, 151]. The different types of

scattering are shown in Figure 2.6.

So in order to be Raman active, the polarizability of a molecular bond must vary

as a function of distance between nuclei according to the equation

a:ao—k(R—RE)g—z (2.14)
where ap is the polarizability of the bond at the equilibrium atomic distance R.

(see Figure 2.6) and R is the internuclear separation at any instant [134].
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The change in polarizability with the normal coordinate @ of the vibration can
also be given by g—g [146]. For a diatomic molecule, say Ha, the polarizability is
anisotropic. Because the electrons that form the bond are more easily displaced
by electric fields applied along the bond axis than across the bond direction, for
detailed investigations, the polarizability a of a molecule in various directions is
defined as a tensor and is conventionally represented by drawing a polarizability
ellipsoid [139, 148].

From Equation 2.14 analogously to IR, there is a simplified condition for a vi-

bration mode to be Raman active by

[oe"

=0 2.15

o # (2.15)
which indicates that the molecular polarizability of the vibration mode should
be neither maximum nor minimum when the atoms are at their equilibrium

positions [151].

For active IR and Raman vibration modes of a molecule, the Raman shift, which
is defined as the difference in wavenumbers between the observed or scattered
radiation (¥.,) and that of the laser source (), is identical with the IR peak

wavenumber 9 [134].

Polarized vibrational spectroscopy

When photons move through space, they create an electromagnetic field with two
perpendicular components: an electric field (see Equation 2.5) and a magnetic
field, both orthogonal to the direction in which the photon travels. These fields
share the same frequency. However, only the electric field vector significantly
interacts with the vibrational modes of molecules found along the photon’s path.
As a result, the focus is mainly on the electric field vector. This vector can lie
anywhere in a plane that is perpendicular to the direction of travel. When
numerous photons move in the same direction, their electric fields tend to be
oriented in various planes. This type of radiation is referred to as natural light
or unpolarized radiation [146]. Radiation can be polarized, so polarization is
a property of a radiation beam and describes the plane in which the radiation
vibrates [134] and should not be confused with the polarizability of molecules in

a material (see Chapter 2.3.1).
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When the electric fields of all photons moving in the same direction are re-
stricted to a single plane, the radiation is known as plane-polarized or linearly
polarized. This polarized state will remain unchanged unless the radiation en-
counters certain types of disturbances. Plane-polarized radiation is created using
an optical device called a polarizer, specifically a linear polarizer. By placing
a polarizer in the radiation path, the radiation is polarized. For samples with-
out specific orientation, like gases, liquids, and isotropic solids, the absorbance
of all spectral bands remains constant regardless of the polarizer’s alignment.
Since a polarizer allows only the electric field component in one plane to pass
through, plane-polarized radiation is useful for determining the orientation of
functional groups within a sample. When a sample is oriented, it will absorb
plane-polarized radiation differently depending on the direction of polarization,
which is a phenomenon known as linear dichroism. The highest intensity for
each spectral peak is observed when the radiation is aligned with the direction
of the maximum change in dipole moment % and the direction of vibration for
the corresponding vibration mode. If the spectrum of an oriented film is mea-
sured with polarized radiation, its dipole moment derivative, (%) must have
a component that is nonzero in the direction of the polarization if that band
is to be seen in the Infrared spectrum [146]. Polarized IR technique was ap-
plied to different (stretched) polymer films, made from polystyrene [50], highly
oriented polypropylene [49], poly(ethylene terephthalate) [146] and polyethylene
[152]. Films are often used since for the IR recording in polarized transmission
mode, the samples must be sufficient thin to avoid totals absorbance (Beer’s law).
Scherzer investigated orientation phenomena in highly crosslinked epoxy/amine
networks during uniaxial deformation above their glass transition temperature
[153].

For polarized Raman spectroscopy, it is again important to distinguish between
the term polarizability and polarization as explained above. Raman scatter-

ing involves the interaction between the electric vector of incoming laser light
o)

5Q
rectional information are provided. By measuring the angular distribution of

and the differential polarizability (22) or as explained above the ellipsoid, di-
Raman scattering intensity using a monochromatic plane polarized laser beam
and often additionally an analyzer, the shape and orientation of the differential
polarizability (g—g) or ellipsoid within a sample can be accurately determined
[151].
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When exciting radiation interacts with the molecule, the induced dipole mo-
ment will be greatest along the direction of easiest polarizability along a molec-
ular bond or in other words, the interaction of the electric field of the radiation
with the electric field, which is caused by the vibration of the dipole moment.
The degree of polarization of the spectral lines can easily be estimated by not-
ing how the intensity of each band varies by placing a polarizer in the laser
beam [148]. By using a so-called plane-polarized laser radiation, the analysis
of polymer backbone orientations independent of the sample thickness can be
performed [44-48]. The technique is usually applied to semi-crystalline poly-
mer films, surfaces, and fibers, such as poly (ethylene terephthalate) [51-54],
polyethylene [55], and polypropylene [56], as this method is surface sensitive. In
the study of Sui et al. [5] polarized Raman analysis was performed on epoxy
fibers after they were mechanically stretched. Molecular alignment was indeed
found to be induced during plastic deformation of epoxy fibers, and furthermore,
a possible explanation for the extremely high mechanical properties of the epoxy
fibers was proposed. In another study related to this thesis, polarized Raman
measurements were performed on the shear bands and the deformed regions
of tensile-loaded epoxy film specimens manufactured in the same manner (see
Chapter 3.2) [154]. The aromatic peak at a wavenumber of 1605 cm ™! had shown
a polarization mode-dependent intensity that indicates a load-induced molecular

backbone orientation, as will be further discussed later in this thesis.

2.3.2 Load-induced IR peak shifts

The mechanical characteristics of a material reflect how individual bonds within
the material react to the applied macroscopic stress [8]. Infrared (IR) spec-
troscopy serves as a useful technique for examining the mechanisms of deforma-
tion of materials at the molecular level [9, 10]. Research studies have shown that
when a carbon backbone of molecules is mechanically stretched, the vibration
wavenumber that corresponds to the peak of certain Infrared signals decreases
and a so-called peak shift can be detected. A peak shift towards lower wavenum-
ber values is specified as a red-shift, and an increase in a peak wavenumber is
called a blue-shift [11-16].
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A theoretical explanation for these so-called peak shifts can give the Badger’s
rule (Equation 2.16) and the relationship between the peak wavenumber and
the bond force constant k of the corresponding vibrational bonds (Equation
2.8). The Badger rule asserts that the bond force constant kap of a diatomic
molecule AB is anti-proportional to the length of the bond Rap between two
atoms A and B [155, 156].

1

kan ~ s (2.16)
Values from 2 to 6 can be found in the literature for the exponent p [157]. If an
external stress is applied and transferred to the covalent bonds that carry skeletal
load within the sample material, the bonds are stretched and Rap increases.
Using the Badger rule, this leads to a reduced bond force constant kap, since
the bond is less strong after the stretching process. The consequence is that
less photon energy is necessary to cause specific bond vibrations and a red-
shift towards lower wavenumbers @ of the corresponding peaks can be detected.
Different studies show that the red-shift of a peak is proportional to the applied
stress [14, 49, 158].

Doblies et al. [159] investigated in situ loaded epoxy samples made from the
same epoxy system as used in this thesis. The samples had a reduced test volume
compared to the standard bulk samples, since samples with thickness 1 mm and
geometry A were investigated under tensile load (see Figure 3.6). In that study,
it was possible to detect a load-induced red-shift for an overtone of the C-O-

C ether vibration at a wavenumber of 2070 cm™!.

To analyze the behavior of
intermolecular bonds under load, in this study the peak shifts of the C-H bonds
in the aromatic ring at 1886 cm™', which are associated with van der Waals
interactions, were also analyzed, even if the C-H bonds are not directly involved
in stress transfer. Nevertheless, they contribute to the load-bearing capacity of
a polymer because they have a strong dependence on distance, and thus even
small changes in distance can enable for a higher load-bearing capacity of the
polymer. The authors assumed that it is therefore possible to obtain additional
information on the intensity of the intermolecular forces and the free volume by
the position of the peak. During mechanical testing, a peak shift towards higher
wavenumbers, a so-called blue-shift, was observed for the C-H bond in bending

vibration at 1886 cm™!.
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The authors explain the peak shift by a decrease in free volume and a higher
contribution of intermolecular forces to the load-bearing [159]. In general, a
blue-shift can be correlated with a contraction and a resulting increase in bond
force constant k (see Equation 2.8) [160, 161]. Different studies have investigated
a hydrogen blue-shift experimentally and theoretically [160, 162-165]. Dykstra
and co-workers have developed a theory of vibrational frequency shifts in hy-
drogen bonding based on monomer properties such as electrical moments and
polarizabilities [161, 166, 167].

For load-induced changes in Raman spectra, polarizability is crucial (see Equa-
tion 2.13). When a bond is stretched, the electrons that form this bond are less
strongly held by the nuclei, and hence the bond becomes more easily polarizable,
so « increases when the bond is stretched and decreases when it is contracted
(Equation 2.13) [136]. Yeh et al. detected a load-induced Raman shift for aro-
matic high modulus polymer fibers due to mechanical stretching [24]. The peak
at 1605 cm™" for the investigated and loaded fibers shifted towards lower values

since « increases as a result of the aromatic bond stretching.
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3 Manufacturing methods

3.1 Material

A low viscosity system consisting of EPIKOTE™ Resin MGS RIMR 135, which
is based on diglycidyl ether of bisphenol A (DGEBA), combined with a liquid
aliphatic diamine curing agent, EPIKURE™ Curing Agent MGS RIMH 137
(Westlake, International: USA /Europe) was used. Both components were mixed
in a weight ratio of 100:30 in a mixer (Thinky ARE-250) at 3500 rpm for 5 min.
Due to the manufacturing method developed (see 3.2), it was not advisable to
degas the resin system, which is why this step was deliberately omitted. However,
care was taken to ensure that the epoxy resin system was filled into the mold

always immediately after the mixing procedure.

The backbone structure of DGEBA is shown in Figure 3.1. The resin includes
also up to 20 % of 1,6-bis(2,3-epoxypropoxy)hexane to reduce the viscosity.

Figure 3.1: Chemical structure of a DGEBA backbone molecules (red = oxygen,
white = hydrogen and gray = carbon atoms).

The curing agent constituents are poly(oxypropylene) diamine (weight percent-
age between 50-75 %) and 3-aminomethyl-3,5,5-trimethylcyloexylamine (weight
percentage between 25-50%). The chemical structures can be seen in Figure
3.2.



38 3 Manufacturing methods

(a) 3-aminomethyl-3,5,5- (b) Poly(oxypropylene) diamine
trimethylcyclohexylamine

Figure 3.2: Chemical structure of the curing agent compounents (red = oxygen,
white = hydrogen, blue = nitrogen and gray = carbon atoms).

In addition, some epoxy films are made of EPALLOY 5000 resin (CVC, Ther-
moset Specialist, Netherland) and the previously chosen aliphatic diamine cur-
ing agent EPIKURE™ MGS RIMH 137 (see Figure 3.2). The epoxy equivalent
weight is about 220 g/eq and therefore, both components were mixed in a weight
ratio of 100:24 in a mixer (SpeedMixer DAC 150.1 FVZ) at 3500 rpm for 5 min.
EPALLOY 5000 is the diepoxide of the cycloapliphatic alcohol, hydrogenated
bisphenol A (HBPA-DGE), with a saturated ring structure and low viscosity.
Due to hydrogenation, the aromatic rings in BPA are converted into saturated
cyclohexane rings as shown in Figure 3.3. For this reason, the system was se-
lected to rule out aromatic structures as the cause of the increased ductility and
corresponding molecular mechanisms in epoxy films. In the following, explicit
reference is made to samples with this resin system. In all other cases, the results

refer to the standard DGEBA resin system mentioned first.

Figure 3.3: Chemical structure of a HBPA-DGE backbone molecules (red =
oxygen, white = hydrogen and gray = carbon atoms).
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3.2 Epoxy film manufacturing

A sophisticated infusion manufacturing process was developed to produce epoxy
films in a suitable reduced thickness (pm range) to avoid total absorbance (Beer’s
law, see Equation 2.12) and to achieve the low sample thickness for the plasticity
tests from the resin systems presented. For this purpose, two glass plates with
identical dimensions of 250 mm x 250 mm were placed on top of each other. A
»seal“ with an identical thickness to the selected or target epoxy film thickness,
was placed between these glass plates, thus creating an infusion chamber or cav-
ity. To obtain a resulting film thickness of 15 pm, 30 pm, 50 pm and 100 pm,
feeler gauges with defined and appropriate thicknesses depending on the tar-
get film thickness and double-sided 5pm thick transfer adhesive tape (Supplier
FFT Group) were used. Therefore, the transfer adhesive tape was placed on
both sides of the chosen feeler gauge. Two frames of 80 mm x 40 mm were cre-
ated side by side with the ,seal system“. Because the films cannot be removed
from the glass plates without causing defects and the use of a release agent is
not appropriate (risk of influencing the cross-linking reaction), a suitable car-
rier film was required. In the course of preliminary tests, a series of substrate
materials were extensively analyzed with regard to wetting behavior and release
properties. A low density polyethylene (LDPE) film (DM Folien GmbH) met
the requirement profile and was therefore positioned between the glass plates
and the ,seal“. The setup is shown in Figure 3.4. In the next step, the entire
set-up was placed between two metal plates (including rubber protection) with
several screws. They were used to tighten the seal across the entire surface so
that the gap was maintained and no resin could escape through the seal. In the
last step, the entire construction was placed upright, and the liquid resin system
was gradually filled into the gap between the two glass plates using a syringe.
After approximately 2h, the cavity was completely filled with the liquid resin

system due to gravitational and capillary forces acting.
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Infusion of epoxy system
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Figure 3.4: Schematic setup of the standard manufacturing process of epoxy
films. A glass plate with LDPE carrier foil and the seal frames or cavity for the
epoxy films is shown in top view (left). Both glass plates between the metallic
frame are shown in side view (right). The glass plates (a) wrapped in LDPE foil
(b) are labeled.

As part of this thesis, the glass plate infusion process was optimized in two steps.
The aim of the first optimization step was to minimize the time required. The
focus here was on the infusion process, as the time required to manually fill the
resin into the gap between the bevels of the two glass plates took 2h. Using
a reservoir (see Figure 3.5), which only needs to be filled at the beginning, the
time required could be reduced, making the process more economical. The aim
of the second optimization step was to increase the production quantity of epoxy
resin films. The production quantity was increased from two films measuring 40
mm x 80 mm to four films measuring 40 mm x 220 mm using a vacuum setup.
This was possible because the epoxy resin system no longer only flows into the
mold gap by gravity and capillary forces, but is also drawn into the mold by an
applied vacuum. The optimized setup is shown in Figure 3.5. The quality of
the epoxy films with regard to the uniform thickness distribution close to the
target thickness were increased as a result of the optimization and the number

of unusable film areas (due to voids or deviating thickness) was reduced.
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Infusion of epoxy system
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Figure 3.5: Schematic setup of the standard manufacturing process of epoxy
films. A glass plate with LDPE carrier foil and the seal frames or cavity for the
epoxy films is shown in top view (left). Both glass plates between the metallic
frame are shown in side view (right). The optimized manufacturing method
includes a reservoir and a vacuum bag. The glass plates (a) wrapped in LDPE
foil (b), the vacuum sealing tape (Tacky tape) (c), the reservoir (d) and the
vacuum foil (e) are labeled.

In both methods (see Figures 3.4 and 3.5), subsequently, curing took place inside
the cavity at room temperature for 72h. During demolding, care was taken to
avoid introducing additional, extensive stresses and strains into the epoxy films.
After demolding, the cured DGEBA and HBPA-DGE epoxy films were post-
cured at 80°C for 15h in a convection oven. For the post-curing process, the
films were clamped in a metallic frame to prevent the films from curling. Care
was taken to ensure that the films were not stretched during this process. With
this manufacturing procedure, films with thicknesses close to the chosen target

thickness were available.

3.3 Sample preparation

After the film manufacturing process, the films were investigated with a dial
gauge to determine the resulting thickness distribution. Every 5mm in the
width and length directions there was a measurement point in the manufactured
epoxy films where the thickness was determined (this was possible by using a
corresponding template under the transparent films as orientation for marking
the measurement points). All film regions with a thickness deviation greater than

5pm from the selected target thickness were not used for sample production.
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Figure 3.6 shows the dogbone geometries used for the samples. The samples
were shaped from defect free film regions (confirmed via microscopy analysis)
by punching (geometry A and B) or femto-second laser cutting (geometry C). A
dial gauge was used after the shaping process to determine the thicknesses ap-
proximately every 1 mm at 7 measurement points within the gauge lengths. Film
specimens (geometry A) with a thickness of 14.36 4+ 3.35um, 32.36 + 2.01 pm,
50.94 + 1.02 pm and 102.11 + 3.16 pm were obtained. In the following thesis, for
reasons of simplicity, the target thickness is generally given for specimens for ori-
entation purposes, as a huge thickness deviation due to the multiple inspection

of the thickness can be ruled out.

The geometric dimensions of geometry A and B, which were created by punching,
deviate from the established standard DIN EN ISO 527-3, as they were prede-
fined by the Deben microtest stage used, which was located in the IR sample
cabinet for in situ IR measurements during mechanical loading. Geometry B was
even more suitable for this setup, as the necking and shear band formation took
place in the specimen center due to the reduced width there. Thus the in situ
spectroscopic tracking of the deformation processes of the center sample region,
in the gauge length, was more feasible with this geometry. By contrast, geome-
try A was mainly used for the mechanical characterization without IR tracking
since the dogbone shape was more similar compared to the bulk sample shape.
The type A and type B samples used for the tests on the Deben microtest device
have small semicircular recesses for the screws of the clamping units on both
sides of the clamping region as can be seen in the Appendix in Figure 1. The
recess is included in the punching device at the required position. The gauge
volume for a 30 pm thick epoxy film samples was about 1.8 mm? for geometry A
and 0.06 mm?® for geometry B (see Table 4.1).

For samples from the other EPALLOY 5000 epoxy resin system, only geometry

A was selected.

To further reduce the test volume, an alternative shaping method to punching
was necessary as the limits of accuracy of the punching tools had been reached.
A femto-second laser with a wavelength of 343nm and a beam size (in focus) of
approximately 10 pm was used. The cutting speed was set to 175 mm/s which
amounts to a pulse energy of 4.6 1nJ. With these laser parameters, film sam-
ples with geometry C dimensions and a further reduced gauge volume of about

0.06 mm?® were created.
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This sample geometry also deviates from the DIN 527-3, as the geometry was
predefined by another microtest stage (Alemnis in situ indenter) with a smaller
load cell.

To ensure that a heat application at the edges during the laser cutting did not
affect the mechanical properties due to an increasing cross-linking degree or
due to thermal degradation there, both different shaping methods were used for
type A sample to ensure a comparability and investigate the impact of shaping

method on the mechanical performance.

In the following the samples are called A, B or C regarding the chosen sample

geometry.
10 mm
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2mm
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Figure 3.6: Sample shape A and B are created by punching and the sample
geometry C is produced by femto-laser cutting the films. The bulk sample ge-
ometry 1BA was created by milling.
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In addition to epoxy film samples, bulk standard DGEBA epoxy plates with
a thickness of 2mm were produced with a standard Resin Transfer Molding
(RTM) process as a reference. The RTM process was followed by a curing and
post-curing process identical to that of the film samples (72h at RT and 15h at
80°C). The standard 1BA sample shape according to DIN 527 was created by

milling and is shown also in Figure 3.6.

To exclude any possible influence of the sample shape on DSC measurement,
bulk sheets were also created from cast rod samples (diameter: 10 mm, height:
50 mm, similar curing profile as films and RTM plates) with a rotation microtome
(Thermo Scientific Microm HM 340 E, thickness approximately 70 pm), but only

for the DSC measurements.

The epoxy bulk and film samples were conditioned at 23 + 2°C and 30 + 10%

relative humidity for at least 96 h prior to testing.
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4 Experimental methods

Figure 4.1 shows the experimental and analytical methods applied to answer
the research hypotheses presented (see Chapter 1.2). The details of the specific

methods can be found in the corresponding chapters in the following.

Sample shaping and
characterization

DSC Mechanical Testing
Film manufacturing . Ex situ tensile and creep
( PuntcherQ 5 testing with Zwick Z2.5
" geometry A + B, machine (sample type A);
NIR (tracking of ; ’
; DSC circular DIC for tensile tests
curing process) plates)
In situ mechanical testing with
Film production Laser cutting - Deben stage (sample type A
(DGEBA and (geometry A Microscopy, and B, creep, relaxation and
DGE-HBPA) and C) thickness cyclic)
determina-
Milling tion and Ex situ nanoindenter stage
Bulk RTM plate (geometry conditioning (sample type C, tensile test, also
process 1BA) with DIC)
. . Ex situ tensile and creep test at
Bulk cicular root Mircotome ; . N
(cured in a pot) cutting Zwick Z10 macr_nne (Bulk); DIC
for tensile tests
DSC

Spectroscopic and
microscopic investigations

Thermal treatment

Ex situ MIR analysis with
TENSOR Il device and
HYPERION microscope

Ex situ polarized MIR
analysis with TENSOR Il
device and HYPERION
microscope

Thermal treatment below
T, (= approx. 90 °C) at
70 °C and above T, (100
°C) (sample type A

DGEBA and HPBA-DGE

Microscopy and
photoelasticity (all sample

Microscopy and
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EXx situ polarized MIR

types) analysis with TENSOR |1
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HCT (sample type A)
Ex situ MIR analysis with

Ex situ polarized Raman
analyisis with Renishaw
and WITec device

TENSOR |l device and
HYPERION microscope

(sample type A and C)

Figure 4.1: Experimental and analytical methods applied in this thesis.
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4.1 Epoxy film characterization

To avoid possible defects caused by the demolding or punching process, mi-
croscope images were taken after machining using a Keyence VHX-6000 digital
microscope and a VK-X3000 laser microscope. The VK-X3000 laser microscope
was also used for the inspection of the sample cutting edges, exemplary sample

thickness control and inspection of the sample surface roughness.

The possibility of whether components of the LDPE carrier foil diffuse into the
epoxy films or whether the curing agent diffuses away into the LDPE carrier foil
during manufacturing or cross-linking reaction was to be ruled out. For this pur-
pose, surface-sensitive attenuated total reflectance (ATR) measurements in the
MIR range were carried out on the manufactured epoxy films and LDPE carrier
foils additionally as a method to analyze the chemical structure of the surface
areas. Moreover, the spectra of epoxy films (transmission IR) were compared
with spectra of the RTM bulk plate (ATR).

By using a NIR source, spectra in the NIR range from 2500 to 7500 cm ™! were
recorded to investigate the cross-linking state of the epoxy films produced. A
series of publications [168-171] showed that the appearance or disappearance of
specific absorption peaks in a NIR spectrum allows quantitative statements to
be made about chemical groups and their concentration C; according to Beer’s
law (see Equation 2.12). In particular, the epoxide and amino groups disappear
during their reaction, and hydroxyl groups were formed simultaneously. Thus,
the cross-linking reaction can be tracked via the change in area below the cor-
responding absorption peaks. The NIR range is advantageous here, as the glass
used as the carrier material has no absorption in this spectral range. In addition,
there is no overlap of the absorption bands, as would be the case in the MIR
range [168]. The method was used as an example to investigate the cross-linking
of an epoxy resin film between two microscope slides. The slides were brought
to a distance of 50 pm using the same sealing material as during manufacturing,.
The liquid resin system was filled into the resulting gap or mold. Spectra were
recorded over three days during the curing at room temperature (RT). After the
post-cruing process (15h at 80 °C), spectra were recorded again to investigate the
effect of post-curing with respect to a cross-linking reaction. The evaluation of
the spectra was based on Unger et al. [169]. As the method only makes relative
changes visible, it is not possible to say with certainty whether the measured

state corresponds to the maximum achievable state in reality.
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However, the absence of the absorption peaks of epoxy and amino groups in the

NIR spectrum can serve as an indicator of almost complete cross-linking.

For further characterization of the epoxy system and the film specimens, stan-
dard and temperature-modulated differential scanning calorimetry (TM-DSC)
measurements were performed with a DSC 204 F1 (Netzsch). To analyze and
predict the curing behavior of the epoxy system used, DSC measurements with
different heat rates (1, 5, 10, 20 and 40 K/min) of liquid stoichiometric resin
and curing agent mixtures in crucibles (approximately 25mg) were necessary.
The corresponding heat flow for each heat rate is measured from room tempera-
ture to 330 °C. This DSC data can be used in the Netzsch Kinetics Neo 2.0.1.2
software. To do so, the time-temperature transition (TTT) diagram can be de-
termined and the conversion can be predicted for the multiple-step temperature
curing process with different models. In this thesis, the isoconventional, differ-
ential Friedman model was used to predict the curing behavior. The primary
kinetic equation was converted into a logarithmic form and the Friedman plot
technique can be utilized. This involves transforming the DSC measurement
data into a coordinate system, plotting the degree of conversation v related to
the time ¢ as In(dvy/dt) against 1000/temperature T'. Points that share the same
degree of conversion v are then linked linearly and assessed as a linear function.
More details about the model can be found elsewhere [172, 173].

For the TM-DSC measurements of post-cured film samples, sheets were punched
from the films using a circular punch with a diameter slightly smaller than that
of the DSC crucibles. The generated epoxy film sheets were then flat stacked on
top of each other in the crucible as can be seen in Figure 4.2. The number of
film sheets was selected according to the target weight of 9-11 mg and therefore
depended on the thickness chosen for the corresponding films. In total, at least
three different epoxy films per thickness were analyzed with TM-DSC. To rule
out a difference between films and bulk samples in terms of cross-linking behavior
or glass transition temperature (Tg), the T of three bulk samples from the 2 mm
thick RTM plates were also investigated. To exclude any possible influence of
the sample shape on DSC measurement, bulk sheets were also created from the

cast rod samples.
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Afterwards these sheets were also punched with a circular punch with a diameter
slightly smaller than that of the DSC crucibles and they were also positioned on
top of each other in the crucible in a way analogous to that of the punched-out
film sheets. In summary, there were three different sample configurations for the
DSC measurements: 1. films with different thicknesses 2. bulk samples from the

RTM plates 3. Microtome cuts from bulk samples.

Pierced crucible lid

Crucible

= Film sheets

(or bulk slices)

Figure 4.2: Schematic setup of the stacked epoxy film sheets in the DSC cru-
cibles.

For the determination of the glass transition temperature, a linear heating of
2 K/min from 20 °C to 150 °C was applied to all samples. Modulation was carried
out with a period of 60s and an amplitude of 1 K. According to DIN EN ISO
11357-2, the glass transition temperature can be identified by the inflection point
method [174]. In this case, the glass transition temperature was determined by
using the maximum negative slope via the first derivative of the first heating
curve in a specified interval. In addition, the first heating curve was checked
with regard to exothermic reactions, in order to obtain information about any
unreacted resin or curing agent components that may remain after the post-
curing process, since the surface area of the films is very large compared to its
volume. This can promote evaporation of the curing agent, which in itself results
in a non-stoichiometric ratio of the resin and curing agent and thus incomplete

cross-linking.

The thickness distribution of the manufactured epoxy films and samples was
determined with a Mitutoyo dial gauge with a precision of £ 0.003 mm. This
enables measurements with an accuracy of thousandths of a millimeter. An
indentation made by the dial gauge was not optically visible in the post-cured

samples under the microscope.
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4.2 Mechanical testing

Previous to mechanical testing, the initial or as-produced state of the film sam-
ples were analyzed by (polarized) IR (see Chapter 4.4.2, 4.4.3 and 4.5) or Raman
(Chapter 4.6). For all mechanical tests, unless otherwise specified, at least five
samples in longitudinal direction and five samples in transverse direction in re-

spect to the resin flow direction in the manufacturing process were used.

In the following thesis, stress is defined as engineering or technical stress if not

explicitly specified otherwise.

Table 4.1 provides an overview of the geometric sample properties (see Chapter

3.2) and information about the mechanical tests performed.

Table 4.1: Overview of the different mechanical investigated sample types and
the corresponding mechanical tests and the respective strain rates. The geo-
metric information and corresponding thicknesses d are listed as well. Only for
type A and B samples, different thicknesses were investigated. The crosshead
displacement was about 1 mm/min for all samples and all mechanical tests.

Sample Gauge volume Gauge length Strain rate Performed
type in mm? in mm in 1073 s! mechanical tests
0.09 (d = 15pm)
0.18 (d = 30 pm)
0.3 (d = 50 pm)

tensile (Z2.5+Gabo)+DIC
10 1.67 creep (Deben+72.5)
cyclic (Deben+MMT)

Film sample A

0.6 (d = 100 m)
Film sample B 822 Ej i ;}g 323 2 8.33 creep, relaxation, cyclic (Deben)
Film sample C = 0.06 (d = 30m) 4 1.25 tensile (Alemnis)+DIC
Bulk IBA 500 (d = 2000 pm) 25 0.67 tensile, creep (Z10)

4.2.1 Tensile tests

The mechanical properties of the type A film specimens were determined by
tensile tests according to DIN EN ISO 527-3. A Zwick Roell Z2.5 tensile machine
was used for the tests at room temperature. Preliminary tests showed that
the films frequently failed in the clamping jaw area, probably due to a three-
dimensional stress state and damage to the specimen caused by contact pressure
and the clamping jaw surfaces. Furthermore, it was difficult to clamp and align
the thin film specimens between the clamping jaws. For this reason, a suitable
paper frame was used to fix the film specimens analogue to ASTM D3379 for
single-fiber tensile tests.
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The schematic setup is shown in Figure 4.3 and photos from the setup are shown
in the Appendix in Figure 2. The samples (glued onto the paper frame) were
clamped in the jaws and care was taken to ensure that the specimen was clamped
vertically and without applying tension. After clamping, the two paper bars of
the paper frame were carefully cut. Samples with geometry A and different
thicknesses (15, 30, 50 and 100 pm) were tested at room temperature. The
samples were loaded with a constant crosshead speed or displacement rate of
1 mm/min. The change in length or strain was recorded via a video extensometer.
The testXpert-II program and a 50N load cell were used. Only for the film
samples with a thickness of 100 pm a 2.5kN load cell was used. The strain rate
of the type A sample tensile tested is 1.67-1072 s~ to provide the epoxy material

with sufficient time to undergo the (molecular) deformation processes.

- F
gl E
gil >
\
-F
Epoxy film Paper frame

sample

Figure 4.3: Schematic depiction of a film specimen glued onto a paper frame
as it was inserted to a Zwick Z2.5 tensile machine in top view.

An Alemnis in situ nanoindenter was modified with grippers to perform tensile
tests at samples of type C and more precise force determination at room temper-
ature. An Alemnis sample-side load cell (SLC-2.5) was used. This load cell has a
load range of 2.5 N and a load resolution of < 15 uN. Therefore, all experiments
were limited to less than 2N and only film samples with a thickness of 30 pm
were tested. The displacement was applied using the Z stage of the nanoindenter
which is based on the piezoactuation mechanism and has a resolution < 10 nm.
The compliance of the nanonindenter is 4.3nm/mN. All tests were performed
in displacement-controlled mode, and compliance is taken into account in the
mechanical data evaluation. A displacement rate of 0.3 mm/min was imposed,

resulting in a nominal strain rate for the type C samples of 1.25- 1073 s
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In total, six samples (three longitudinal and three transverse to the direction of

the resin flow in the film manufacturing process) were tested with this set-up.

As a reference, six standard bulk samples of RTM plates (type 1BA test sample
with a test length of 25 mm according to DIN EN ISO 527-2) were additionally
tensile tested. These tests were performed with a Zwick Z10 tensile machine and
a 10kN load cell with constant displacement rate of 1 mm/min and a resulting
strain rate of 0.67 - 1073 s™!. The strain was determined via the crosshead
displacement. This allows a comparison of bulk and films, i.e. the influence
of the test volume on the mechanical behavior. The bulk epoxy sample type
1BA has a test volume of approximately 500 mm® and the epoxy type A films
with a thickness of 30 um generated a gauge volume of approximately 1.8 mm?®
(see Figure 3.6). That is a factor of approximately 280 times less than the test
volume of standard bulk samples. For the type C samples with a gauge volume

of 0.6 mm? the the gauge volume is about a factor over 8000 less.

Tensile tests at different temperatures

In addition, film specimens of type A with a thickness of 50 pm were subjected
to tensile tests at different temperatures that deviate from room temperature.
This was done to analyze the influence of the test temperature on the ductil-
ity and molecular processes that could occur during plastic deformation. The
test temperatures were set to T = 3, 13, 33, 43 and 53 °C, respectively. Before
mechanical testing, the specimens were analyzed by IR (see Chapter 4.4.2). Ten-
sile tests were performed on a Gabo 500 N type dynamic mechanical thermal
analysis (DMTA) test machine with a constant displacement rate of 1 mm/min.
During the mechanical test, the specimen was placed in a climatic chamber with
a defined and controlled test temperature. Here, the specimen was clamped
without a paper frame, but with gripping tabs in the clamping area made of
crepe tape. Five type A samples (see Figure 3.6) were tested for each temper-
ature. The strain was determined by the displacement of the crosshead. After
mechanical testing and failure, some specimens were analyzed a second time by
IR (see Chapter 4.4).
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4.2.2 Digital Image Correlation

A second set of tensile tests was carried out using a Zwick Roell Z2.5 tensile
machine and DIC Aramis analysis software to obtain information on the local
strain distribution in type A samples. For this purpose, white and black paint
was applied to some film samples in a speckled pattern after the samples were
placed and glued onto the paper frame. In order to exclude an influence of the
DIC paint on the mechanical properties, films with DIC paint were not taken

into account in the determination of the mechanical properties.

In preparation for tensile tests with samples of type C and a modified Alemnis in
situ nanoindenter, a fine stochastic speckle pattern was applied onto the epoxy
film samples using only black spray paint. The spray paint was sprayed against
a plastic disk in an approximately 45° angle where the spray paint bounced off
and fell onto the samples which were horizontally placed on a paper. To do
so, the DIC paint was not applied as a continuous layer; thus, the mechanical
response should be similar to the previously tested samples without paint and
the influence of the color particles was therefore considered negligible. After the
applied color had dried, the pattern was checked for DIC applicability under
an optical microscope. The samples with a feasible speckle pattern were tensile
tested in combination with DIC immediately after the application and check of
the pattern. For this purpose, the loading stage with the clamped sample was
positioned under a Leica stereo-optical microscope with a camera and a USB
connection for video and image storage. This can be seen in the Appendix in
Figure 3. To realize the required black-white contrast, a white piece of paper was
positioned behind the prepared and clamped film sample with the black pattern.
The magnification was set so that an optical resolution of ~ 10 pm / pixel was
achieved in a gauge section. The DIC system was calibrated using a calibration
plate (a glass plate with a rectangular grid of dots placed at 0.5 mm from each
other). During the mechanical loading of the samples, 15 images per second were
recorded. For the DIC analysis and results presented in this study, every 100th
image is used, resulting in an effective frame rate of 0.15 images per second,
which is considered sufficient for the present purposes (the analysis of every
10th image generated no further insights). The DIC analysis was performed
with LaVision DaVis 10.2.1 software with the following correlation parameters:
correlation relative to first frame, 2nd-order shape functions, and subset size/step

size ranging from 19/6 to 23/7 pixels.
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It is noteworthy that due to the evident challenges related to the creation of the
speckle patterns in such a small length scale, the resulting pattern speckle size
was not homogeneous as highlighted by an example in the Appendix in Figure
4. Most speckles were less than 10 pixels in size, the smallest being in the 3-5
pixel size, which is considered optimal [175]. However, there were also some
notably larger speckles (up to 30 pixels). In order to obtain sufficient spatial
resolution, the subset and step sizes were selected based on the smaller speckles.
This choice led to some loss of data at the vicinity of the larger speckles and in
areas with lower local speckle density; this loss was deemed acceptable in the
present work. The resulting deformation data were analyzed in terms of strain
fields obtained directly from the calculations as well as in terms of data obtained
via post-processing, that is, virtual extensometer and strain along a line placed
longitudinally on the gauge section. The DIC data were additionally used to
check the global strain determined by the displacement of the microtensile test

device based on the piezoactuation mechanism.

4.2.3 Creep test

The creep tests were carried out according to EN ISO 899-1 to analyze the impact
of time on the microstructural changes under constant mechanical stress which
was applied at the beginning of the test with a displacement rate of 1 mm/min.
The samples were clamped without a paper frame, but with gripping tabs in
the clamping area made of crepe tape. Since in metals, the stress exponent m
(slope in log(€é)-log(o) curve) is an indicator of the atomic creep mechanism [176],
creep tests at different stress levels were performed to checked whether there is
a comparable relationship between the creep rate é and the stress level o (given

in percent of determined UTS) for the epoxy resin system used.

Some creep tests were performed with a Deben microtest stage MT200 and a
20N load cell at stress levels of approximately 56 MPa (80 % of Ultimate Tensile
Strength (UTS)), 49 MPa (70 % UTS) and 42 MPa (60 % UTS) for 50 pm, 30 pm
and 15pm thick samples of type A and B. Here, the specimen was clamped
without a paper frame, but with gripping tabs in the clamping area made of crepe
tape. With an initial clamping distance of 17.5 mm and a maximum distance of
20.5 mm between the inner edges of the clamping jaws, the maximum nominal

strain achievable by the Deben stage was approximately 17 %.
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In this strain range, all film specimens were necked and formed shear bands, but
not all failed. Film samples with a initial strain application rate of 1.67 - 1073

s! (geometry A) and 8.33-107% s7! (geometry B) were investigated.

With a servo-controlled Shimadzu MMT-101NV-10 test machine and a 100N
load cell, creep tests were performed for three longitudinal and three perpendic-
ular type A samples with a thickness of 30 um at a stress level of 45 MPa (65 %
UTS) and 42 MPa (60 % UTS) as well.

As a reference, six standard bulk samples of RTM plates (type 1BA specimen
according to DIN EN ISO 527-2) were also tested under creep. These tests were
performed with a Zwick Z10 tensile machine and a 10 kN load cell with a constant
displacement rate of 1 mm/min at the beginning until the specified stress level
was reached. The strain was determined via the crosshead displacement. The
creep tests were performed at a constant load level of 55 MPa (70 % UTS) for
three samples and at 63 MPa (80 % UTS) for three samples.

4.2.4 Relaxation test

The in situ relaxation tests were carried out on the Deben microtest stage accor-
ding to DIN 53441 to investigate molecular relaxation processes due to a constant
strain application. The strain value was set to 4 %, which corresponds to a strain
value above the yield strain. The displacement rate to reach the defined strain
value was 1 mm/min. Epoxy samples of type B with thicknesses around 30 pm
were investigated in relaxation tests. The film samples were clamped without a
paper frame, but with gripping tabs in the clamping area made of crepe tape for

protection.

4.2.5 Cyclic loading

The material behavior under a cyclic load was referred to a fatigue behavior.
The increase in strain due to viscoelastic and viscoplastic deformation under
in situ cyclic or stepwise loading and unloading was analyzed with the Deben
microtest device. Type B samples with thicknesses around 30 pym were clamped
with gripping tabs in the clamping area made of crepe tape and tested under
cyclic loading. The maximum stress was approximately 70 % of UTS of the
corresponding tensile tested epoxy films, which corresponds to approximately

50 MPa. The minimum stress was set to approximately 0 MPa.
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This resulted in a mean stress of 25 MPa and a pure tensile swelling load with a
stress ratio R = 0. The stresses were kept constant for 10 min and applied at a
displacement rate of 1 mm/min. A holding time of 10 min for the maximum and
minimum stresses was selected in such a way that the epoxy film specimens have

time to respond to the applied load. Thus, one load cycle took around 20 min.

In addition, more typically, cyclic tests with type A samples (thickness around
30 pm) were performed at a frequency of 1 Hz. Therefore a MMT-101NV-10 test
machine (100N load cell, 4830 servocontroller) was used. The maximum stress
was set to 45 MPa (65 % UTS) and the minimum stress to 4.5 MPa. This results
in a stress ratio R = 0.1 and a mean stress of 20.25 MPa. The free test length
was defined with 10 mm and three longitudinal and three perpendicular samples

were tested.

4.2.6 Photoelasticity and microscopy

All mechanically tested specimens were also examined using photoelasticity to
further visualize shear bands and neck zones. Polarized light was used to study
the stress distribution in the translucent epoxy films. A Keyence VHX-6000
microscope was used with a VH-Z20 objective and a polarization adapter after
mechanical loading and before IR analysis. Therefore, two different polarization
filters were used. These two polarizing filters were aligned in 90° to each other.
The photoelastic measurement was performed in transmitted light mode, i.e. the
translucent and deformed epoxy films were positioned on a glass sample holder
between the two polarizing filters which allowed an analysis with cross-polarized
light.

4.3 Micro-Computertomography (p-CT)

To investigate load-induced changes in the sample geometry more in detail,
micro-computertomography (p-CT) measurements with a Zeiss Xradia 520 Versa
device were performed together with a 0.4x objective. The voxel size was 5.5 ym,
the applied X-ray voltage was 60kV and the X-ray power was set to 5 W. The
number of projections amounted to 3201. Deformed samples of type A with
a thickness of 30 pm were investigated after creep tests at 70 % UTS. The ini-
tial or as-produced sample state of the same sample type was investigated as a

reference.
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4.4 Infrared analysis

Except for the NIR network tracking measurements, all IR spectra were recorded
in the mid-Infrared (MIR) range of 500 cm™! to 4800 cm ™" in transmission mode

with a resolution of 1cm™!.

Before starting a sample measurement, 40 back-
ground spectra were taken from the atmospheric environment in the sample
chamber without a specimen and the average background spectrum was used for
the determination of the sample spectra. In the following thesis, IR explicitly
refers to the recording of MIR spectra in transmission mode. NIR and ATR

measurements are mentioned individually.

4.4.1 Spectral data evaluation

Due to comparatively small load-induced changes in the recorded spectra, a thor-
ough evaluation of the spectral IR raw data was required for an identification
of changes. Different options exist for the IR data evaluation with respect to
load-induced peak shifts. When a load-induced peak shift is comparatively large,
such as for oriented isotactic polypropylene samples with a maximum peak shift
Abpmas of 2cm™! for the skeletal C-C stretching at 975 cm~! and 1165cm™!
[16, 177, 178], an analytical evaluation is possible by means of a difference spec-
trum, as described by Wool [179]. Two spectra (recorded in initial state and
deformed/loaded state) are subtracted from each other. In the difference spec-
trum, peak shifts often appear as characteristic positive and negative peak pairs.
A shifted peak is indicated by a positive peak followed by a negative peak (or
vice versa), depending on the direction in which the shift occurred. The dif-
ference between the wavenumbers of the negative and positive peak maximum

represents the peak shift.

Another analysis method, also based on difference spectra, is presented by Stur-
cova et al. [10]. The difference spectra between the initial and loaded states
resemble the negative first derivative of the peak. By numerically integrating
this difference spectrum, the original shape of the shifted peak can be recovered
and adjusted in size based on the peak shift’s magnitude and direction. By
dividing the difference integrals by the initial state spectrum, the peak shift is
determined. However, with this method, it was found that extremely precise
normalization was required and was difficult to achieve. Any inhomogeneity in
the sample leads to small variations in the overall signal intensity or absorbance,

which severely distort the difference integral spectra.
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Similar problems result from dimensional changes controlled by the Poisson ra-
tios of the material [10]. Because epoxy film samples deform and constrict, this

method was used comparatively only to a peak-fitting approach as a validation.

The peak shifts of epoxy (A@maes = 0.2cm™! [159]) are significantly lower than
those of thermoplastic materials such as polypropylene due to the 3D cross-
linked structure, making an evaluation necessary using methods with numerical
calculations. In this study, data processing, peak fitting, and feature extraction
were performed mainly with Python to analyze comparatively small spectral
changes and peak shifts. This is a procedure by which a peak fitting algorithm
optimizes the model to best fit the original data. For the peak fitting approach,
different models exists to approximate the statistically distributed excitation of
the molecules. That is why the Gaussian profile can be used to describe the
spectral shape of solids, which is also true for epoxy samples [10, 159, 180—
182].

The Gaussian profile describes the absorbance A(?) as a function of the wavenum-
ber 9. The shape of a peak centered at a wavenumber ¥peqx can be therefore
described as follows [182]:

A®) = Apeas exp (—41“%3}];’;”’“) ) (11)

where Apeqr is the maximum absorbance of the peak, FW H M is the Full Width
at Half Mazimum of the peak and Upeqr is the peak wavenumber of the center
of the peak [146].

Lorentzian peak fitting is often applied for gases [180], but solid Infrared spectral
peaks can also have a band shape that is very close to a Lorentzian function
[146]:

FWHM?
FWHM? + 4(% — Upear)?

A(D) = Apeak (4.2)
Voigt profiles are often used for liquids, but cannot be expressed analytically,
as they result from the convolution of a Lorentzian and Gaussian shape [146].
To model the behavior of peaks in the spectra of liquids, peaks are sometimes
expressed also as the sum of Gaussian and Lorentzian shapes (called Gaussian-
Lorentzian, see Equations 4.1 and 4.2) [182]).
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Similarly to the study by Doblies et al. [159], the peak fitting in this study was
carried out primarily by approximating a Gaussian model function to stress-
sensitive peaks from the IR spectra, and the characteristic features of the dis-
tribution were extracted. The Gaussian model is defined as a function of area,
mean, and standard deviation and is fitted to the measured data using Python-
Library Imfit to approximate the measured data. The approximation is based
on the method of the smallest squares and minimizes thereby the sum of the er-
ror squares between the model function and the measured or interpolated data.
To investigate the impact of the selected model function on feature extraction,
especially on peak shift Ad, the Lorentzian and Voigt profiles were also used for
peak fitting, but only if these two model functions are explicitly mentioned. In

all other cases Gaussian is used.

Figure 4.4 and 4.5 shows the whole procedure performed with Python, from raw

data through the optimized model function to feature extraction.
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Figure 4.4: Pre-processing of the IR raw data. First a baseline correction and
a min-max normalization is applied. In the next step a third-degree spline in-
terpolation is performed and the corresponding inflection points are determined.
Finally a model function is approximated, e.g. a Gaussian fit. In the last step
the desired features (e.g. peak maximum absorbance Apeqr and the correspon-

ding peak wavenumber Upeqr) can be determined from the model function.
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Figure 4.5: Schematic sequence of the Python script used. The number of runs
of each loop is shown in dark blue.

First, the raw IR data were read in (.dpt files). All individual measurements were
combined into a data frame using a loop. Measurements with an IR microscope
(see Chapter 4.4.2) were imported directly into a single file. The analyzed peak
was then selected. Individual peaks and their assignment to specific vibrations
are listed in Table 5.4. The data were then prepared. Each step was repeated

with a loop for each individual measurement (see Figure 4.5). At the beginning

of data processing, the transmission values T'(¥) in percent (IO(” 100 %) were

converted into absorbance values A(?) with

A(B) = 2 — logyg <I°(f’)) (4.3)

1(v)

This is because the absorbance describes the quantitative relationships, as ex-

plained in Beer’s law (see Equation 2.12).

In the next step, a baseline correction with the arpls - algorithm (correction fac-
tor lambda A set between 1 and 50, adjusted to the selected peak) was performed
to reduce background signals as can be seen in Figure 4.4 (1.) and 4.6. The set-
tings diff _order=2 and max_iter=50 were used. A correction factor lambda
X = 1 was used for most of the peaks. Only for the peaks at 1185cm™" and
1608 cm ™! A = 20 was more suitable. For the peak at 1362cm™ the optimized
value of 50 was chosen for \. Afterward, a normalization was performed since a
normalization compensates the thickness differences of the films and the changes
in the thickness of the film caused by the load-induced deformation (Beer’s law,
Equation 2.12).
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For this purpose, a Min-Max normalization was used, which scales all absorbance
values of the recorded IR data to a range between 0 and 1. The absorbance
values were scaled using the absorbance of the peak at 1608 cm as maximum

absorbances.
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Figure 4.6: The effect of a baseline correction with the correction factor A is
shown (A=1 (a) and A=200 (b)).

As a further step of the data processing, an interpolation of the measured IR
data was carried out (see Figure 4.4 (2.)). With the selected settings for the
IR devices, two measured wavenumbers within a spectrum have a distance of
approximately A% = 0.7cm~'. A third-degree spline interpolation was used to
compact the data and reduce the distance to 0.001 cm ™. This was done using the
scipy.interpolate. Interpolated UnivariateSpline()-function. From this, the first
derivative was determined with scipy.interpolate. UnivariateSpline.derivative()
and the inflection points of the peak were determined with scipy.signal.find_ -
peaks. The data were then trimmed to the area between the inflection points.
This enables reliable and comparable peak fitting even if load-induced peaks

shift or change shape occurs.

Afterwards, the model function was approximated between the inflection points.
Therefore, a pre-programmed curve was laid through the data points. This
was used for experimental data, as noise can be compensated in this way [183].
The model functions were defined manually (see Equations 4.1 and 4.2) and
implemented with the Imfit-class .model(). The Voigt curve was implemented
directly with the Imfit-class VoigtModel(). The starting or input parameters
of Apear, and FW HM were set to 10 because these were suitable as starting

values.
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Using its Model.fit()-function, the selected curve was placed through the data
points in such a way that the deviation was as small as possible. To do this, the

function used a non-linear least squares algorithm. In this, the function

S = Z (Aprocessed({)) - Afit(f)))2 (4-4)

Orp1

was minimized. Aprocessed 1S the absorbance Apeqr of the processed data (base-
line corrected, normalized, and interpolated) and Ay, is the absorbance of the
approximated or fitted model profile [183]. Figure 4.4 (3.) shows the peak fitting

for a representative epoxy film sample.

After the peak-fitting algorithm had optimized the model to best fit the processed
data, the Levenberg-Marquard method was used as a metric to determine the
goodness of fit [24, 146, 184]. The corresponding parameter x> (chi-squared) can

be determined as follows:

Vrp2

Z (Aprocessed - Aﬁt ) 2
RMSnoise

2 Vrp1
_ 45
X - (4.5)

The python Model.fit()-function can output the x? values for fitted peaks cal-
culated from this formula. RMSnoise is the root-mean-squared noise as esti-
mated from the provided input spectral data. The wavenumber ¢ limits were
the previous from the interpolated curve calculated inflection points (IP1, IP3)
as they were defined as boarders for the Gaussian model function (see Figure
4.4). n corresponds to the number of data points between the calculated in-
flection points IP; and IP2. The resolution of the interpolated data is about
ABpear = 0.00lcm™! and thus specifies the number of data points n. The
smaller the residues, meaning the absorbance difference between the processed
and the fitted peak (Aprocessed(?) — Afit(7)), the better the fit and the smaller

the x? value.

Finally, the desired features, such as the peak maximum or absorbance Apcqk
and the corresponding peak wavenumber Up.qx can be output and used for the

analysis procedure.
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Further investigations with scripts without baseline correction and with trunca-
tion to a fixed interval instead of to the region between the inflection points pro-

vided comparable results. This ensures that the evaluated results were valid.

The peak width FW HM was examined with the created Python script as well.
All dynamics (motion and energy loss) affect the peak width, and there are
many theories that explain the influence of different environments on the width.
On a simple level, the width is inversely proportional to the effective lifetime 7
of the corresponding molecular vibration. A fast loss of vibrational excitation
(short 7) leads to broad peaks and a long lifetime (long 7) leads to narrow
peaks. Collisions between molecules can also increase the rate of energy loss and
broaden the peaks [180]. The width of the peaks in this study is determined at
a defined height of 50 % of Apeak. This is shown in Figure 4.7 and 4.8.

Another extracted feature was the asymmetry of the peak. This asymmetry
factor ASF is determined at a defined level, often at 50 % of Apeqr (EW HM):

ASFPeak _ VPeak — Uright (46)

Vieft — UPeak

The extracted peak wavenumbers ¥peqr were used for the determination of ASF'.
An ASF = 1 stands for a symmetrical peak, with ASF > 1 the right side of
the peak is wider (and vice versa). In this work, the asymmetry factor was
determined at a level of 20 %, 50 % and 85 % of Apeax as shown in Figure 4.7.
Upeak corresponds to the wavenumber peak maximum (Apeqr). The parameter
Uieft and Trignt are the wavenumber values of the peak on the left and right sides
at a specific absorbance level (e.g. 50 % = FW HM, see Figure 4.7).

To determine the peak area (PApcar), for each peak a specific wavenumber

range was defined, for example, for #1608 from 1591 to 1630cm™?.

For each
fitted peak of interest, the two neighboring peak minima in the defined peak
wavenumber range were determined by the function édzmin(). The correspon-
ding peak wavenumbers of the determined peak minima were used as integration

boundaries to calculate the peak area (PApcaqx) of the fitted peaks.
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Figure 4.7: The Gaussian fitted peak at a wavenumber of 1608 cm ™ is schemat-
ically shown together with the FW HM, ¥jcf: and ¥rigne positions and the spe-
cific absorbance levels for the ASF determination, as well as the peak maximum
Apeqr and the corresponding wavenumber ¥peqk-

4.4.2 Ex situ Infrared spectroscopy

Samples were analyzed before and after the examination (ex situ) and during

the examination (in situ).

For the ez situ IR measurements performed with a Bruker TENSOR II instru-
ment and OPUS 7.5 software, eight sample spectra were recorded per specimen
position (circular area with a diameter of 4 mm), and from this an averaged spec-
trum for the specific sample position was generated by OPUS. This was done for

the tensile samples tested at room temperature and at other temperatures.

An HYPERION 2000 Infrared microscope from Bruker was additionally used
for the spectroscopic investigation of deformed sample regions due to the signi-
ficantly higher spatial resolution. A x15 objective was selected to investigate a

sample areas of a square with a size of 165 x 165 pm?

. Thus, the investigated
sample area or volume is significantly reduced compared to the IR measurements
with a TENSOR II spectrometer (circular sample area with a diameter of 4 mm).
To do so, the spectra were recorded from a decreased epoxy volume, and the dis-
tinguishing of the deformed and non-deformed sample regions was feasible. The

software allows the placement of a grid for multiple measurements.
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By placing these square measurements edge to edge, without gap, a detailed
overview (,,IR-mapping“) of the specimen can be obtained. This made it possible

to investigate a deformed epoxy film sample and specific shear bands in detail.

4.4.3 In situ Infrared spectroscopy

Using the in situ IR method, the spectra were recorded during mechanical creep,
relaxation and cyclic tests (see Chapter 4.2) as can be seen schematically in
Figure 4.8 and in the Appendix in Figure 5. For in situ IR mechanical tests,
the Deben tensile microstage presented in the previous chapters 4.2.1 and 4.2.3
was used and inserted into the Tensor II sample chamber. For this purpose, a
single spectrum was recorded every 7 seconds at a defined and fixed position of
the clamped and loaded sample. This allows the wavenumber of selected bonds

or vibrational modes to be tracked over time or during mechanical testing.
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Figure 4.8: Schematic overview of in-situ setup (mechanical testing + IR). The
molecular structure changes due to mechanical load introduction and thus causes
changes in the IR spectra. Resulting changes could be peak shifts (ATpeqk), a
change in the peak width (AFW H Mpeqr) and a variance in the peak absorbance
(AAPeak)-

4.5 Polarized Infrared spectroscopy

Polarized IR spectroscopy can be performed to detect a change in peak ab-
sorbance (AApeqr) of oriented molecular bonds or vibration modes depending

on an adjusted polarization angle.
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If the spectrum of an oriented sample is measured with polarized IR radiation,
its dipole moment derivative must have a component that is nonzero in the di-
rection of the polarization so that this peak is visible in the IR spectrum (see
Chapter 2.3). For the molecular orientation analysis of the deformed epoxy film
samples with shear bands, ex situ polarized IR measurements on the loaded and
deformed epoxy film samples were performed with the TENSOR II spectrom-
eter and HYPERION microscope. To exclude molecular orientations caused
during the manufacturing process (see Chapter 3.2), polarized measurements of
as-produced type A samples (longitudinal and transverse to the resin flow direc-
tion) were performed. For these polarized spectroscopic measurements, a Bruker
polarizer (BaF3) was connected to the TENSOR II sample holder in front of the
aperture. This filter polarizes the IR radiation linearly and the desired angles
can be set via the OPUS software.

To investigate comparatively small sample regions, a polarizer can be installed
in the beam of the IR microscope as well, and the entire sample can be scanned.
The polarization angle was manually set by rotating the polarizer to a specific

marker.

For all polarized measurements the investigated polarization angles were set to
0° (parallel to load direction), 45° and 90° (transverse to load direction). Some
samples were investigated with even more polarization angles in 22.5° steps (see
Figure 5.42).

The raw polarized data processing was done without a normalization, as this
would distort the absorbance or peak high at the peak maximum. But, in con-
trast to the previous description (see Figure 4.4), no normalization was necessary
for the ex situ polarized IR measurements, as this was done after the sample was
mechanically deformed. The spectra from different polarization angles were only
compared with each other for the same sample measuring positions. This means
that there was no variation in the sample thickness at the individual sample mea-
surement positions. The absorbance Apeqr was determined from the processed

polarized IR data for different polarization modes.

One way to demonstrate molecular orientation is to determine the molecular

orientation factor f for each peak as follows:

fIR =1- Ago/A() (4.7)
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A refers to the absorbance of a corresponding IR peak, where 0° and 90° indicate
the polarization mode with regard to the tensile direction. The factor f is not an
absolute value of molecular orientation, but can be used for comparative studies
[5, 185]. To compare the initial state with the deformed sample state or visually
deformed with optically undeformed sample regions, the molecular orientation
factor f was calculated with regard to Equation 4.7 for different peaks in this

study.

4.6 Polarized Raman spectroscopy

The polarized Raman Spectroscopy measurements were performed with a Ren-
ishaw inVia Qontor Raman microscope using a 50x long working distance objec-
tive (NA 0.55). The laser wavelength was 532nm and the spectrometer had a
grating with 1200 grooves per millimeter (spectral resolution of 2 cm™*). The
resolution was 0.5 pm in 0° and 90° directions. To achieve a strong Raman sig-
nal, a depth of 2-3 pm close to the surface was chosen. Before mechanical testing,
six type C film samples (without DIC pattern) were analyzed in the as-produced
state by the polarized Raman microscope to identify the initial molecular state.
Therefore, polarized Raman spectra at four different sample positions in the
gauge length were recorded. For every measurement position, measurements in
polarization mode or setup 0° (in load direction) and 90° (perpendicular to load
direction) (see Figure 5.46) for 120 seconds was performed. After mechanical
loading and final failure, Raman spectra were recorded in both different polar-
ization modes in the macroscopically deformed and necked sample regions with
shear bands, as well as in the undeformed areas. The raw data were processed by
removal of spikes caused by cosmic rays and background noise and by a 4th-order

polynomial baseline correction.

Additional measurements were made using a confocal WITec alpha300 RA+
Raman imaging system, equipped with a UHTS 300 spectrometer (grating: 600
groves per mm) and a back-illuminated Andor Newton 970 EMCCD camera
together with the WITec Suite SIX 6.1 software package. Measurements were
conducted with the same laser wavelength as described above, employing a 50x
long working distance objective (Zeiss LD EC Epiplan-Neofluar Dic 50x, NA
0.55), a typical laser intensity of 22 mW (integration time 0.5 s, 50 accumula-
tions). All spectra were subjected to a cosmic ray removal routine and baseline

correction (shape mode) implemented in the WITec Project SIX 6.1 software.
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After recording, first a comparatively marginal baseline corrected with a correc-
tion factor of A = 5000 was performed analogously to IR data preprocessing.
Because the Raman data are independent from the sample thickness because
of the measurement principle, a normalization was not necessary. As a fur-
ther step of the data processing, an interpolation of the measured Raman data
was carried out. A third-degree spline interpolation was used to compact the

data and reduce the wavenumber distance to 0.01 cm™!.

This was done using
the scipy.interpolate.Interpolated UnivariateSpline() function in a Python script.
The model profile was not approximated, since the peak position or wavenumber
Upeak Was not the focus of the polarized Raman analysis. Instead, the inten-
sity of the peak Ipc.r was extracted from the interpolated data. This was done
to demonstrate molecular orientations by determining the molecular orientation
factor f for each Raman peak analogous to the polarized IR measurement as

follows:

fRaman =1- IQO/IO (48)

I refers to the intensity of a corresponding Raman peak, where 0° and 90°
indicate the polarization mode with respect to the tensile direction. The factor
f was also not an absolute value of molecular orientation, but can also be used

for comparative studies with Raman data [5, 185].

4.7 Thermal annealing of deformed epoxy samples

The reversibility of shear band formation that occurs during mechanical loading
was investigated by applying heat to the deformed epoxy film specimens. A
temperature below and above the glass transition temperature Ty was selected.
Mechanically loaded and deformed DGEBA film samples with a glass transition
temperature Ty &~ 90°C and shear bands were stored in an oven (Memmert UF
55 PLUS) for 3h at a defined temperature of T=70°C (T < T,) and T=100°C
(T > T,). The deformed HBPA-DGE films with a glass transition temperature
T ~ 70°C were placed in an oven at T=85°C (T > T,). For this purpose, the
samples were positioned freely suspended (only loosely fixed on both clamping
ends with crepe tape on a frame) in an oven so that other surfaces had no

influence on possible heat-induced molecular relaxation processes.
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5 Results and discussion

5.1 Characterization of as-produced epoxy films

In order to exclude influencing factors that could falsify the results as far as
possible, the results from these investigations are described in detail in the fol-
lowing Chapter 5.1. The results based on this are presented from the Chapter

5.2 onwards.

Comparing the recorded spectra of epoxy films (transmission IR) and the spectra
of the RTM bulk plate (ATR), no significant spectral variations were observed,
which would indicate a chemical difference (see Appendix Figure 6). The dif-
ferences in absorbance are due to the different measurement methods. The
intensities in ATR spectra are usually reduced compared to transmission mea-
surements. The reason for this is the manually adjusted contact pressure with
the ATR crystal and the smaller test volume due to the bulk surface investiga-

tion.

An influence of the LDPE carrier foil on the curing process could not be detected
as the surface of the epoxy film that was in contact with the LDPE carrier foil is
spectral almost similar to the surface that was in contact with the atmospheric
environment (see Appendix Figure 7). Conversely, to ensure that no curing
agent diffuses into the LDPE foil, the surface of the LDPE foil was investigated
by ATR before and after contact with the manufactured epoxy film sample.
Both spectra (before and after epoxy film manufacturing) seem to be almost
identical and no difference can be measured. This indicates that no component
of the epoxy system diffuses in the LDPE carrier foil (see Appendix Figure 8).
As expected, there is no indication of curing agent evaporation or migration in
the mold due to the large surface of the films compared to volume, which would
results in an incomplete crosslinking as it was found for epoxy microdroplets

under atmospheric environments [186].
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The cross-linking process between two microscope glass slides observed by means
of NIR spectroscopy yielded the following results shown in Figure 5.1. The first
recorded NIR spectrum can be seen, which was recorded directly after filling
the 50 pm wide gap between the microscope slides. In addition, the peak areas,
whose values could be used to track crosslinking, are shown in black. Table 5.1
shows the exact assignment of molecular vibrations and the integration limits
according to Unger et al. [169] which are used for the determination of the peak

area.
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Figure 5.1: NIR spectrum at the beginning of cross-linking reaction. The
tracked peak areas during the cross-linking reactions are marked. The , hydrozy

a“ and , hydroxy b* peak appears in the spectrum after the cross-linking reaction
has started.

Table 5.1: NIR absorption bands or peaks and integration boundaries of epoxy
according to Unger et al. [169].

Integration boundaries

Peak Molecular vibrations . 1
in cm

Epoxy a CH stretching and CHy deformation 4560-4497
Epoxy b Overtone of CH stretching 6110-6036
Amine a Primary NHy stretching and bending 4971-4887
Amine b Overtone of primary and secondary NHy stretching 6610-6410
Hydroxy a Combination of OH vibrations 4851-4750
Hydroxy b Overtone of OH stretching 7090-6901

Aromatics Aromatic CC and CH stretching 4702-4658
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Epoxy and amino groups, in particular, are suitable for observing the cross-
linking reaction (see Chapter 2.2.1), as their number is reduced by the reaction
and the initial state thus represents a material completely non cross-linked with
both resin and curing agent molecules [169] (see Chapter 3.1). To track the
amount of non cross-linked epoxy, the vibrational mode of CH stretching and

CH; deformation at a wavenumber range of 4560 to 4497 cm™t

was used, which
is known as ,,epoxy a“ in the following. For primary amines, the combination of
primary NH, stretching and bending vibration from 4971 to 4887 cm ™! was used,
which is called ,,amine a“. For secondary amines, in addition to the absorption
band of amine a, the overtone of primary NHy and secondary NH stretching
from 6610 to 6410 cm ™! was also used, which is called ,,amine b* in the follow-
ing. Because amine a only contains vibrations of primary amines and amine b
includes additionally secondary amines, amine a can be subtracted from amine
b to obtain a normalized quantitative value for the amount of secondary amine
groups present [169]. To analyze the curing process, it is beneficial to determine
the normalized change in reactive groups using the absorption band measure-
ments. Therefore, the initial state refers to the reference value of the uncured
system that is related to 100 % of each absorption band. Based on the integration
parameters, an integrated peak area of zero refers to 0 % of the absorption band.
Once normalized, the concentration of functional groups can be determined from
the normalized absorption band concentration. The relationships between the
functional groups and the absorption bands, as illustrated in Table 5.1, also apply
to the normalized absorption bands. The determined curves of the normalized
molecule concentration calculated as a function of time are shown in Figure 5.2
(a). The irreversible cross-linking reaction between epoxy groups and primary
amines leads to a steady decrease in the corresponding concentration. Secondary
amines formed during the reaction reach a maximum concentration before this
concentration also decreases as a result of a further reaction with epoxy groups.
The post-curing performed leads to a repeated drop in the concentration of epoxy
groups and secondary amines. This indicates that the highest possible degree
of cross-linking was not achieved without post-curing. This was to be excepted,

and it is true for bulk samples as well.

No change in primary amines was observed as a result of post-curing. This
indicates that the reactions between primary amines and epoxy groups were

already largely complete prior to post-curing.
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Because these measurements are based on standardized relative changes in the
absorption bands, it cannot be assumed with certainty that the highest possible
cross-linking is achieved even in the post-cured state. However, the absence
of the epoxy absorption band (Figure 5.2 (b)) in particular is an indication of

almost complete cross-linking [169].
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Figure 5.2: Normalized molecular concentration evaluation of non cross-linked
epoxy, primary and secondary amines during the curing and post-curing (a) and
NIR epozy a peak of the initial state, after curing and after post-curing (b).

None of the investigations had provided evidence that the manufacturing pro-
cess has an influence on the degree of cross-linking of the films. Furthermore,
a time-temperature transition (TTT) diagram for the DGEBA epoxy system,
which was determined with the Netzsch Kinetics Neo software and the DSC
curing measurements, is shown in the Appendix in Figure 9. It is obvious that
complete curing at room temperature is not possible. That is why a post-curing
process (15h at 80°C) was performed for all samples. By using the Friedman
model within the software, a prediction about the conversion with regard to the
for epoxy films applied overall (post-)curing temperature profile can be deter-
mined. This is shown in the Appendix in Figure 10. Almost complete curing

was predicted for the chosen (post-)curing temperature profile.

The other results from the DSC measurements support the modeled results and

are presented in the following.
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For the DSC measurement, in total, three different post-cured DGEBA epoxy
film samples per thickness were investigated. The glass transition temperature
T, determined from the first heating curve (thermal mechanical material history)
of the DSC measurement after the post-curing process for all epoxy films is 89.0
+ 3.1°C. In Table 5.2 the detailed Ty values are listed. The Ty of the samples
made of films with a thickness of 15 and 30 pm is slightly higher than for the film
samples with a thickness of 50 and 100 pm, but all values are in the data sheet
range (T'g around 90°C). The T, of three samples taken from RTM plates is
87.1 £ 0.7°C. The bulk microtome slice or cuts of three different bulk samples
have a T’y of 83.0 £ 0.9 °C. The three post-cured HBPA resin film samples with
a thickness of 30 pm exhibit a Ty of 73.7 & 2.4°C which is in the CVC data
sheet range. An exothermic reaction in the first heating cycle is excluded for all
DSC samples. All T, values for DGEBA samples correspond to the Westlake
data sheet as well, so that an intended degree of cross-linking can be assumed
for bulk samples and for films with different thicknesses. There is no indication

of incomplete cross-linking in the DSC results.

Table 5.2: Determined Glass transition temperature T, values from the first
TM-DSC heating cycle for epoxy samples with different thicknesses.
Film thickness in pm Qi
5 30 50 100 Bulk Bulk-Slices
Tyin°C 91.14+£1.0 90505 874+£1.1 874+£15 87.1+£0.7 88.0+£1.0

Before film samples were shaped by punching or laser, the thickness of the films
was analyzed using a dial gauge. Figure 5.3 shows the thickness distribution
for a film with the target thickness of 30 pym that was produced using the non-
optimized manufacturing method (see Chapter 4.1). It can be seen that not the
entire film has the target thickness. In the filling area, in particular, the epoxy
film thickness is above the set gap distance between the glass sheets wrapped in
LDPE. Due to optimization of the manufacturing process, the reproducibility is
increased, larger film regions with suitable thickness close to the target thickness
could be manufactured, and the film area can be used for sample production
could be further increased. From all manufactured films, only regions that are

close to the target thickness were used for sample production.
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Figure 5.3: Thickness distribution of a manufactured epoxy film with a target
thickness of 30 pm.

The sample thicknesses of some punched type A samples were additionally de-
termined using a Keyence VK-X3000 microscope in laser scanning mode. The
thickness distribution is visualized in Figure 5.4 for a sample with an average

thickness of 28.02 um in a sample area of approximately 200 x 300 pm?.
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Figure 5.4: Thickness distribution in an area of approximately 200 x 300 pm?
of a manufactured epoxy film with a target thickness of 30 pm.
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After sample shaping and thickness determination, the samples were microscop-
ically examined with respect to defects or voids, surface roughness, and quality
of the cutting edges. Samples with detected defects were excluded from further
testing and analysis. The cutting edges of a punched and laser-cut film sample
are shown in Figure 5.5 and 5.6. It can be seen that the laser-cut specimens
have a uniform cut edge with no major defects. In contrast, the cut edge of the
punched sample resembles a fracture zone in some areas of the cut edge. This
may lead to higher stress concentrations under tensile load in these zones. Nev-
ertheless, most samples in this thesis were shaped by a punching process since

the laser device used was not available for the whole duration of the project.

Figure 5.5: Cutting edge of an as-produced sample type A with a thickness of
15 um create by punching.

Figure 5.6: Cutting edge of an as-produced sample type C with a thickness of
30 pm create by laser.

The surface roughness determination with a Keyence VK-X3000 microscope in
laser scanning mode is depictured in Figure 5.7 for a 1.5 mm long line measure-
ment of a longitudinal type A sample in the width direction. The extrusion
lines of the LDPE carrier foil are visible. The value of R, is about 0.06 pm with
a standard deviation of 0.005 pm and R, amounts to 0.434pm and a standard
deviation of 0.072pm in the corresponding sample region across the extrusion
lines pressed from the LDPE carrier foil. It can be seen that the depth of the
pressed main extrusion lines is negligible with regard to the overall roughness
due to the surface of the LDPE carrier foil.
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Figure 5.7: Roughness determination across a 1.5mm long line through ex-
trusion lines pressed from the LDPE carrier foil of a manufactured longitudinal
type A film sample with a target thickness of 30 pm. The line is positioned in
the width direction of the punched sample.

To exclude molecular orientation or anisotropy due to the epoxy film manufactur-
ing process (see Figure 3.4 and 3.5), polarized IR measurements with a Bruker
Tensor II and a polarizer made out of BaFy were performed. The absorbance
has the same intensity for all polarization directions, so no significant molecular
anisotropy as a consequence of the resin flow direction is detectable as can be

seen in the Appendix in Figure 11.

5.2 Mechanical testing

The results of the mechanical tests are mainly descriptive presented in the fol-
lowing chapter. The discussion about the molecular processes and mechanisms
which lead to the ductile deformation behavior are discussed more in detail in
Chapter 5.3 and 5.4 together with the spectroscopic results.
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5.2.1 Tensile tests

At least ten film specimens of type A were subjected to tensile tests at room
temperature for each sample thickness. Five samples each were examined parallel
and perpendicular to the epoxy flow direction during the manufacturing process
according to DIN EN 527-3. The elongation at break and tensile strength is
slightly higher for the specimens that are punched out in the epoxy flow direction.
The cause of the slightly different mechanical properties of both types of film
specimens may be due to the extrusion grooves of the LDPE carrier foils, which
are to some extent transferred to the epoxy films in the flow direction due to the
applied pressure of the screws and the flow behavior during the manufacturing
process (see Figure 3.4). This was also verified by an investigation of as-produced
epoxy film samples with a digital microscope (see Figure 5.7). A molecular

orientation in the as-produced samples could be ruled out as the cause.

Figure 5.8 shows the mechanical properties for type A samples as a box plot
with different thicknesses. The detailed mechanical property values are listed in
the Appendix in Table 1 and can be found also in [187]. The Young’s modulus of
type A film sample tested with a thickness of 30 pm in the epoxy flow direction is
3043 + 170 MPa, the tensile strength UTS can be reported as 69.8 + 1 MPa and
the elongation at break is 7.5 & 2.9 %. This corresponds to the mechanical results
of samples of other thicknesses (see Figure 5.8 and Appendix Table 1). All these
values are within the range of the Hexion data sheet (UT'S = 60-75MPa, F =
2700-3200 MPa, € = 5-12%). The results of the mechanical tests also show that
there is no measurable anisotropy in the specimens due to the manufacturing
process, since the respective mechanical properties along and across the epoxy
flow direction do not differ significantly from each other. Even films with a
greatly reduced thickness behave isotropically. This can be seen in the box plot
in Figure 5.8) as well. This is in line with the microscope analysis that shows
that the extrusion lines pressed from the LDPE carrier foil on the epoxy films
during the manufacturing process are of relatively low depth (see Figure 5.7).
The defects on the cutting edges, especially of the punched film samples, and
the defects that may occur due to the difficult handling of the sensitive films
may cause higher stress concentrations and masking or reducing the impact of
the extrusion lines. Therefore, and for the sake of simplicity, in the following

longitudinal and transverse samples are mostly not distinguished.
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Figure 5.8: The mechanical properties as a box plot of type A epoxy film
samples with different thicknesses and bulk samples as a reference are shown.
At least five film samples per flow direction of the liquid epoxy system in the
manufacturing process and per thickness d were tensile tested with the Zwick
72.5 and a displacement rate of 1 mm/min at room temperature. ,1* represents
LHlongitudinal“ and refers to samples that were punched parallel to the epoxy
resin flow direction. ,t“ denotes ,transversal“ and refers to all samples that
were punched perpendicular to the flow direction. The bulk samples were tensile
tested with the Zwick Z10 and the same displacement rate.
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For each thickness a representative stress-strain curve in epoxy flow direction
is shown in Figure 5.9. In addition, a representative curve of a standard RTM
bulk specimen is included as reference. It should be noted that the strain rate
of the bulk samples is lower due to the greater gauge length in comparison to all
different film samples (see Table 4.1).
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Figure 5.9: Stress-strain curves of film samples of type A and a thickness of 15,
30, 50 and 100 pm. A type 1BA bulk reference with a thickness of 2000 pm is
shown as well. All samples loaded with a crosshead speed of 1 mm/min at room
temperature.

When comparing the curves and the mechanical properties (see Appendix Table
1), it is noticeable that the bulk specimens tend to have lower elongation at
break values than that of the film specimens, but the bulk samples achieve
higher strengths despite the lower strain rate. The slightly reduced strength of
the films samples may be due to the manufacturing process and the challenging
handling and clamping of thin film samples. The punched edges exhibit increased
roughness, which under load leads to stress concentrations and earlier failure at
lower stresses. This effect is more severe for thinner films. This has also been
previously described by other researchers [6, 130] and is due to the fact that at
these small scales, any defects in the samples will have a greater influence on the
mechanical properties, for example, premature failure) than in specimens with
bulk dimensions (see Chapter 2.2.2).
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This is probably the reason why the size effect in terms of ductility is not as pro-
nounced with a further reduction in thickness below 100 pm as in the comparison
of bulk and films with a thickness of 100 pm.

It is noticeable that the bulk and film curves differ significantly, since the film
curves indicate a necking behavior and a steady-state viscous flow, which leads
to a drop in the engineering stress. This was also obtained for microscale epoxy
fibers, for example, in the study by Verschatse et al. [1], but not to a signifi-
cant extent for bulk samples (see Chapter 2.2.2). The larger amount of plane
stress regions in the tensile-loaded films due to the great surface-to-volume ratio,
might be a favorable precondition for an increased ductility (see Chapter 2.1),
but it cannot explain the molecular mechanism and the significant increased

ductility.

To discuss the impact of the shaping method (punching and laser cutting, see
Chapter 3.1) on the mechanical behavior, representative stress strain curves of
type A samples with a thickness of 30 um which were created by laser cutting or
punching are shown in Figure 5.10. The Young’s modulus and tensile strength
do not differ significantly, but the elongation at break for the laser cut type A
samples is significantly higher for all samples. Due to the more smooth cutting
edges as a result of a laser application instead of a punching tool, there are
fewer large defects and less high stress concentrations (see Figure 5.6). The high
stress at specific sample positions causes an earlier failure without significant
deformation after reaching the yield point. This is in line with other studies, for
example, Doblies et al. [159] were also able to achieve a significantly higher strain
at break (18 % instead of 10 %) by polishing 0.5 mm thick samples (geometry A,
same resin system) and thus reduced the number of edge defects and stress

concentrations.

A representative stress-strain curve of a punched type A HBPA-DGE sample
with a thickness of 30 pm is also pictured in Figure 5.10. Mechanical performance
is significantly reduced compared to that of the punched DGEBA samples (in-
cluding Young’s modulus, UTS, and elongation at break) which can be explained
by the different chemical structure (see Figure 3.3) since no stiff aromatic rings
are included in the backbones. Argon and Bessonov [78] investigated the impact
of incorporating long rigid segments such as aromatic rings or phenylene groups

into the molecular structure of aromatic polyimides.
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They proposed that this modification would increase the distance between the
inherent hinges within the polymer molecules. Their findings indicated that this
alteration led to less localized plastic like deformation [95]. This phenomenon
may be transferred to the difference described between the HBPA-DGE and
DGEBA samples, as the shear bands in HBPA-DGE tend to be more local (see
Figure 5.19).
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Figure 5.10: Representative stress-strain curves of film samples of type A and
a thickness of 30 ym made of HBPA-DGE and DGEBA resin. The sample ge-
ometry is created via punching and for DGEBA by laser as well. All samples
loaded with a crosshead speed of 1 mm/min at room temperature.

Figure 5.11 shows a representative stress-strain curve of a type C epoxy film
specimen with a thickness of 30 pm. The elongation at break is 85 % and the
tensile strength is about 54 MPa for this sample. The general mechanical prop-
erties for the samples tested without DIC pattern is about 77.3 £ 6.1 % for the
elongation at break and 52.0 £ 2.8 MPa for the tensile strength. The latter is
reduced compared to the film sample with geometry A (probably due to the even
more challenging handling), but the global strain at break is remarkable for an
archetypal brittle epoxy material and is significantly increased compared to the
standard bulk samples (mostly less than 10 %) and the other epoxy film samples
with a larger test volume (geometry A). The global strain values measured by the
crosshead displacement were validated with the global strain values determined

by the DIC software, and they are almost identical.
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After yielding, the engineering stress decreases and strain softening takes place.
Especially around global strains of 32 %, 52 % and 72 % (see Figure 5.11 the black
arrows), stress decreases followed by an increase (strain hardening) with further
tensile deformation. This type of behavior can also be found for epoxy volumes
tested under pure shear [188], but not for standard bulk samples under tension at
room temperature [189]. This macroscopic strain softening and hardening might
be explained as follows. Global stress decreases due to the presumed unraveling
of entanglements and molecular alignments inside the material. After the stress
is partially relaxed by the molecular movements and visible shear bands are
formed in some sample areas, the stress increases again because of the hardening
effect of the molecule chains aligned in the tensile direction inside the deforming

sample.
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Figure 5.11: Representative stress-strain curve of an epoxy type C film speci-
men with a thickness of 30 um (Nanoindenter tensile stage). The black arrows
indicate strain softening.

Strain softening and hardening can be found, for example, in glassy thermoplas-
tics [190, 191] or some amorphous thermosets under compression load [192]. To
the knowledge of the authors, strain softening and hardening with accompanying
formation of shear bands for neat epoxy has so far only been observed sporad-
ically in compression tests and tensile tests at elevated temperatures [193], but
not yet for tensile tests at room temperature. In the study of Sui et al., mi-
croscale epoxy fibers having a gauge length of 10 mm and diameters between
30 and 120 pm exhibited strain softening and hardening under tensile load, but
shear bands were not observed in these necked fibers and no complete explana-

tion for this phenomena on a molecular level was presented [6].
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Tensile tests at different temperatures

According to DIN EN ISO 527-3, at least five film samples with a thickness of
50 pm per temperature are tested with the Gabor Eplexor DMTA test machine.
In Figure 5.12 representative stress-strain curves of three different temperatures
are shown, and in Table 5.3 the mechanical properties at different test temper-

atures are listed.
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Figure 5.12: Representative stress-strain curves for film samples of type A
with a thickness of 50 pm and a crosshead speed of 1 mm/min at different test
temperatures (DMTA).

Table 5.3: Mechanical properties (tensile strength (UTS), Young’s modulus
(F), and elongation at break (e,) of type A epoxy films with a thickness of
50 pm determined in a tensile test using a DMTA machine with a crosshead
speed of 1 mm/min at different test temperatures.

Test temperature T in °C

3 13 23 33 43 53
UTS in MPa 792+ 1.0 70.7 £ 1.2 69.3 £ 24 61.6 £ 3.4 522 £33 494 +11
E in MPa  2244.3 £ 36.3 1941.6 £ 50.5 1884.6 4+ 67.6 1817.2 £+ 120.5 1673.5 & 160.1 14984 + 189.6
€ in % 138 £4.5 109 £ 1.9 11.9 +£ 38 18.0 £ 10.6 225 £ 8.0 31.6 £ 18.2

The pronounced plastic like behavior of the film specimens is noticeable in these
curves, even at lower temperatures (T = 3°C). It can be seen that tensile tested
specimens at higher temperatures (T = 43 °C) are associated with a lower tensile

strength, a higher elongation at break and a lower Young’s modulus.
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These mechanical behaviors at lower and higher temperatures as room temper-
ature correspond to other studies on thermosets in general and on the same
epoxy material in particular [189]. The main difference is that epoxy as the film
specimen shows plastic like deformation in the form of pronounced shear bands,

even at low temperatures.

5.2.2 Creep test

The (in situ IR) creep test approach is expected to provide a deeper insight
into the deformation process by acquiring time-dependent mechanical data. A
total of twelve samples are examined with a thickness of 30 pm by using the
Deben microstage. Figure 5.13 shows the creep curve of a type A sample with
a thickness of 30 pm, which has reached the maximum elongation of 17 % that

can be performed with the Deben tensile microstage without failure.
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Figure 5.13: Creep curve of a type A film specimen with a thickness of 30 pm
(Deben tensile microstage). The creep curve shows the strain evolution over
time for 56 MPa (80 % UTS) and the three creep phases. A photoelastic image
of this creep loaded and deformed sample is shown in Figure 5.33 (left)

The creep curve in Figure 5.13 represents the three typical phases of creep behav-
ior. Within the first few seconds, spontaneous elastic and viscoelastic deforma-
tions cause the specimen to elongate during initial loading and decrease in creep
velocity due to hardening processes (creep phase 1). As time progresses, there
is a constant and low creep rate where hardening and softening processes are
roughly balanced and the beginning of a continuous reduction in the transverse

section due to constant load application (creep phase 2).
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This can be seen in the Appendix in Figure 12 and in Figure 13 in the photo
and photoelastic images. As a result, the true stress in the contracted test
area is increased accordingly, whereas the engineering stress in the graph is
constant. Finally, the creep strain increases rapidly until the fracture occurs
(excess stress due to local necking or irreversible material changes) (creep phase
3). However, the deformation behavior observed here is unusual for the typical

at room temperature brittle epoxy resin.

Figure 14 in the Appendix shows the creep curve for a type A sample (thickness
of 30 pm) at a stress level of 60 % UTS and Figure 15 pictured the recorded creep
curve of type A sample (thickness 30 pm) at 65% UTS. Both figures show the
corresponding photoelastic image of the tested sample as well. Regardless of the
stress level, the shape of the creep curves and the creep phases mentioned for
the film samples are quite similar, but the strains reached and the test duration
differ, as well as the deformation and shear band intensity (as can be seen in the
Appendix in Figure 14 and 15). This might be due to the challenging sample
handling and clamping. For some samples the elongation at break is greater
than for the creep tested samples with the Deben microstage with a maximum

strain of 17% (see Appendix Figure 14).

It was not possible to detect a linear relationship between the logarithm of creep
rate € and stress level o for epoxy film samples tested at the stress levels presented
as it is often the case for metals [176]. This approach is therefore not further

elaborated in this thesis.

5.2.3 Cyclic loading

In Figure 5.14 a creep and cyclic strain curve recorded during the testing time
of type A film specimens with a thickness of 30 pm is shown. The creep stress
level and the maximum stress in the cyclic loading are approximately 70 % UTS.
It can be seen that the cyclic viscous strain component follows the creep strain
curve. The gray cyclic strain curve indicates a nearly linear increase of strain
during the loading cycles and a sudden decrease of the elastic deformation com-
ponent with the beginning of the unloading cycles. During the unloading cycles
a time-dependent, almost linear viscoelastic strain decrease can be observed with

increasing time of the unloading phases due to molecular relaxation processes.
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It turns out that the mechanical material behavior is not only elastic, but also
viscoelastic and plastic. The corresponding molecular processes are explained

and discussed more in detail in Chapter 5.3.
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Figure 5.14: Creep and cyclic strain during the testing time of type A film
specimens with a thickness of 30um (Deben tensile microstage). The creep
stress level and the maximum stress in the cyclic loading is about 70 % UTS.

The results of the cyclic test of a type A sample (thickness 30 pm) with a fre-
quency of 1Hz, a stress ratio R = 0.1 and a maximum stress of 45 MPa (65 %
UTS) with a MMT-250NV-10 test machine are shown in Figure 5.15.
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Figure 5.15: Evaluation of Young’s modulus during cyclic loading cycles with a
frequency of 1Hz of a type A sample with a thickness of 30 pm and a maximum
stress of 65 % UTS (a). The sample failed after 269 037 cycles (MMT-250NV-10
test machine). The cyclic test was interrupted after 100 000 cycles (predefined
cycle limit) and immediately restarted. The corresponding hysteresis curves are
shown in (b).
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The evaluation of the Young’s modulus over the cycles indicates a slight decrease
after approximately 10 cycles and an increase after 1000 cycles. This is in ac-
cordance with the strain softening and hardening effects that were detected for
the type C film samples during the tensile test (see Figure 5.11). The molecules
might become partly oriented during the cyclic loading, which results in a slight

increase in stiffness before finial failure.

5.2.4 Photoelasticity, p-CT and Microscopy

Figure 5.16 shows photoelastic images of a representative creep-loaded film spe-
cimen with a thickness of 30 pm at an elongation of 17% (a). In addition, a
representative sample with a thickness of 30 pm tensile tested, which reaches an
elongation at the break of 12% is shown in Figure 5.16 (b). For the latter, a
reduced width can be observed in the failure area of a sample, which matches
the characteristic stress-strain curve of the tensile test (see Figure 5.9). The
same applies to the specimen loaded in the creep test, where the neck or more
precisely the width reduction of the specimen, fits to the strong strain increase in
the third creep phase at the end of creep curve (see Figure 5.13). The Poisson’s
ratio of standard epoxy samples is around 0.35 [194]. The yellow regions indi-
cate mechanical stresses within the epoxy samples. What is again particularly
remarkable is that there are also shear bands clearly visible in the necked epoxy
specimen region of the tensile and creep loaded and thereby plastically like de-
formed specimens, which is very unusual for thermoset materials in general and

for epoxy resins in particular.

(b)

~— —
1000 uym 1000 ym

Figure 5.16: Photoelastic images of a type A film specimen (30 um) after an
elongation of 17% in the creep test (a) and a type A film specimen (30pnm)
after tensile test with failure (b), both samples have a thickness of 30 pm and
illustrating a reduction in the width and shear bands.
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Figure 5.17 shows a microscope image which was made by using a Keyence
VK-X3000 microscope in laser scanning mode. The thickness deviation in a
deformed sample region with shear bands (investigated lengths of approximately
300 pm) was exemplary for a creep-loaded type A sample with a thickness of
30 pm determined. The thickness in shear bands is for this sample region about
2.14 pm less than in the neighboring sample regions. The deformation and shear
band formation results in not only a decrease in width (see Figure 5.16) but
also in thickness. The latter is also measurable with a dial gauge and can be
investigated with a higher spatial resolution and for the entire sample area by
performing p-CT measurements on the creep loaded sample which is shown in a

photoelastic image in Figure 5.34.

Shear band Thickness deviation in pm
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Figure 5.17: Microscopic analysis of the thickness deviation in a deformed
sample region with shear bands. The thickness values are determined in a line
with a length about 300 pm through shear bands. The investigated sample is a
type A sample with an original thickness of 30 pm which was creep loaded (70 %
UTS) with the Deben microtest device until a maximum elongation of 17 %.

Figure 5.18 (a) shows a visualization of the thickness distribution of a deformed
and creep-loaded type A sample with a thickness of 30 ym. The shear bands can
be recognized in this visualization in red, which corresponds to a significantly

reduced thickness of up to 20 pum.



5 Results and discussion 89

The overall reduction due to the deformation process and shear band formation is
in some regions even greater than 10 pm, that is, more than a third of the initial
thickness. The corresponding counts of a specific thickness in the investigated
sample region are plotted in a histogram in Figure 5.18 (b). The histogram of
the deformed sample differs from the symmetric bell-shaped distribution of an
initial as produced sample and shows an asymmetric distribution toward lower

thicknesses due to the thickness reduced shear band areas.
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Figure 5.18: 1-CT analysis of the thickness distribution of a deformed sample
with shear bands. The thickness values are determined with a voxel size of 5.5 pm
through the deformed region. The investigated sample is a type A sample with
an initial selected thickness of 30 pm which was creep loaded (70 % UTS) with
the Deben microtest device until a maximum elongation of 17%. (a) shows
the distribution with a thickness-reduced shear band as a visualization for the
investigated sample region and (b) is a histogram with pictured the counts of a
specific thickness in the investigated sample region.
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HBPA-DGB type A samples with a thickness of 30 pm show shear bands as well.
A tensile tested HPBA-DGE sample is shown in Figure 5.19. No significant
difference in the shear band structure between the DGEBA and HBPA-DGE

samples is visible.

Figure 5.19: Photoelastic image of a HBPA-DGE type A film specimen (30 pm)
after tensile test with a reduction in the width and shear bands.

Regions of plastic deformation due to shear stress are actually a typical exam-
ple of the non-linear deformation behavior of thermoplastics, e.g. acrylonitrile-
butadiene-styrene copolymerisate (ABS). The shear bands represent an orien-
tation inhomogeneity (see Chapter 2.1) and usually occur at an angle of £+ 45°
to 55° to the direction of loading, which corresponds to the direction of max-
imun shear stresses (this angle may deviate due to superposition with normal
stresses) [57]. The formation of shear bands is favored by a stress-related de-
crease in volume [195], as explained in Chapter 2.1. However, the explanations
for thermoplastics should not be transferable to thermosets, as these are closely
cross-linked and the macromolecular chains cannot slide as easily due to the

cross-linking.

The shear bands and neck gauge length of the type C specimens with a significant
reduced gauge volume can also be visualized in photoelastic digital microscope
images, as can be seen in Figure 5.20 for two representative epoxy film samples
of type C after tensile testing. The bright and yellow regions are highly deformed

as the width is reduced and shear band structures can be detected.
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Figure 5.20: Photoelastic images of deformed film samples of type C and a
thickness of 30 pm after tensile testing (elongation at break e, = 74 % (a) and
e» = 71 % (b)). The initial gauge length is marked and shear band structures in
45° to 55° direction are visible.

Some of the creep loaded bulk samples with a thickness of 2000 pm show some
shear band like structures which can also be visualized by photoelastic imaging
as can be seen in Figure 5.21 for a bulk sample tested at a load level of 70 % UTS.
The shear band formation was sometimes visible by eyes during the mechanical
tests, but often not anymore after finial failure. The shear bands seems to be
located close to the surfaces and the bulk samples exhibit no significant thickness
and width reduction in comparison to the film samples. This means that in
bulk samples shear bands are a surface phenomena. At the surface or close
to it, there occurs a plane stress state (see Chapter 2.1) which favors plastic
deformation. Furthermore, the molecules close to the bulk sample surfaces have
less neighboring and connecting molecules and can therefore be rearranged more
easily in comparison to the molecules that are more in the sample center with
more spatial hindrance. This leads to a shear band formation on the bulk samples
surfaces. Additionally, there might be some small surface and edge defects due to
the shaping milling process, which causes stress concentrations and the required
yield stress might be reached there. The stress distribution might be more
uniform compared to the film samples, so that despite these near-surface effects,

very early failure might be suppressed for all tested bulk samples.



5 Results and discussion

BIC PN

1000 pm

Figure 5.21: Photoelastic image of deformed bulk samples with a thickness of
2000 pm after creep loading (70 % UTS).

5.2.5 Digital Image Correlation

Digital image correlation (DIC) was used as a method to visualize local strains
(and therefore also stresses) over the whole sample area during a tensile test.
This is shown in Figure 5.22 for a 100 pm thick and deformed type A sample at
a relatively high stress and a global strain of 20 % close to the value of elongation
at break for this sample. It can be clearly seen that in regions with relatively high

local strains (over 40 %), shear bands develop in approximately 45° direction.
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Figure 5.22: Stress-strain curve of a film specimen of type A with a thickness
of 100 pm recorded during a tension test at room temperature with a crosshead
speed 1 mm/min. Additionally the DIC images for the global strains of approx-
imately 7% , 13.5 % and 20 % are shown with the visualized local strain values.
It is clearly visible that high local elongation (over 40 %) occurs in areas of the
shear bands shortly before finial failure, as can be seen in the photoelastic image
at a global strain of 20 %.

The shear band orientation of 45-55 degrees in the tensile direction and reduced
gauge width can also be seen in the DIC deformation field data shown in Figure
5.23 (left) for a type C sample [154].
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Figure 5.23: Visualized DIC data at a global strain of 30 % (image 1, top) and
35% (image 2, bottom) and the corresponding engineering stress-strain curve
(black) and true stress-strain curve (gray, based on maximal transverse contrac-
tion in the gauge length from the DIC data) of a representative type C sample.
The DIC field data is shown by colorized quadrilaterals so that the subset size
used in the calculation corresponds to 3 x 3 = 9 quadrilaterals in this Figure.

As described, after the yield stress is reached, the sample does not deform uni-
formly. Here, a distinct deformation can be seen in the right-hand part (region
A) of the sample gauge section (see Figure 5.23 (left, 1)). The maximum local
strain reaches values of up to 100 %. The local deformation phenomena are also
evident in the global engineering stress-strain curve, as can be seen in Figure
5.23 (right). During the formation and growth of the local deformation region
A, the stress remains relatively constant. After a specific level of molecular ori-
entation in the tensile direction has been reached, strain hardening takes place,
and the stress increases as the aligned molecular backbones are further stressed
and stretched. The stress maximum for the deformation region A is reached at
approximately 30 % global strain. When a global strain of 35 % is reached, larger
local strain values develop in sample region B, where a second shear band begins
to form within the gauge length, as can be seen in Figure 5.23 (left, 2). This
correlates with a decrease in global stress, as the external mechanical energy is
responded with molecular backbone movement processes, as can be seen in the

corresponding engineering stress-strain curve (strain softening).
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The second deformation zone probably appears because the maximum possible
amount of deformation for the first deformation region is reached and the yield
stress required for a second deformation zone arises in the left sample side around
region B. Thus, the formation of a new deformation on the left-hand side of the
specimen (region B) is energetically more feasible than continued deformation
in the first zone (region A), where hardening resulting from local molecular
reorientation has already taken place. At the end of the tensile test or before
final failure, a large part of the sample gauge length is deformed, i.e. most of
the backbone chains are oriented, and the stress increases again. To take the
width reduction into account, the true stress-strain curve for the same sample
was determined based on the local maximum contraction in transverse direction
within the gauge length for each time increment. However, it is not possible to
include possible load-induced thickness changes in this method. This is why the

initial thickness is taken for this procedure.

The true stress curve is also shown in gray in Figure 5.23 (right). Since the mea-
sured contraction in the transverse direction depends on the quality of the DIC
pattern, the true stress-strain curve contains some fluctuations. As expected, the
overall trend shows increasing stress values after reaching the yield stress, since
the true cross-section decreases as a result of the reduction in widths. However,
in the true stress curve, the aforementioned peaks of strain hardening and strain

softening are still visible at the same global strain values.

DIC data for a film sample presented in Figure 5.23 was further analyzed with
respect to strain softening and hardening effects. A detailed DIC investigation
was performed where different sections along the gauge length of 4 mm were
compared to each other. This is visualized in Figure 5.24. The y-axis of the
graph (Figure 5.24, right) shows the global strain or progress in the tensile test.
By assigning the local strain values to a color scale, it was possible to visualize

and determine the local strains for each selected specimen position.

The positions of the samples and the assigned numbers were selected in relation
to the beginning of an increase in the local strain values (as indicated in Figure
5.24), i.e. the numbers represent the chronological order. At the beginning of
the tensile test in the elastic and viscoelastic region, i.e. at low global strains,
there is no reduction of the widths or high local strain values detectable (with

the color scale used, the entire gauge length is blue).
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At sample position 1, the local strain increases, deformation, and shear bands
start and grow in the direction of positions 2 and 3. As the tensile test progresses,
in these sample regions, local strain values increase further. As mentioned above
(see Figure 5.23), with further increased global strain to around 35 %, a second
deformation zone is created at position 4. This deformation zone extends in the
direction of positions 5 and 6. At the end of the tensile test or shortly before
the final failure, the entire gauge length has a reduced width except for a small

sample region on the left side next to position 6.

The width averaged local strain curves at these six selected positions on the
specimen gauge length during the progress of the tensile test are shown in Figure
5.25. The local strain values were calculated for each time as an average local
strain across the sample width. It can be seen that the strain curves for all
selected sample positions follow a similar pattern. In the beginning of the tensile
test, there are only moderate local strain values and a slight gradient due to the
elastic and viscoelastic behavior of the epoxy. As the tensile test progresses,
a steep increase in local strain is first observed at position 1. Here, the strain
increases to a maximum local strain value of approximately 60 % and the local
strain value remains almost constant afterwards. When reaching the constant
strain value in position 1, the local strain in position 2 starts to increase, as well
as in position 3 since the deformation grows in both directions. In the same way,
it can be seen that the local strain of position 5 increases sharply when the local
strain of position 4 is reaching the constant or maximum value. The difference in
the local strain histories for positions 5 and 6 is minor as the deformation grows
from position 4 in both directions (towards positions 5 and 6). These results
imply that, at the microscopic level, after a sufficient stress level is reached,
the backbones can be oriented and stretched within the epoxy material until
a characteristic threshold (of strain hardening), which is similar in all regions
(local strain around 60 %), is reached. Stretching may include an increase in a
lengths of load-bearing bonds and a more linear conformation as well as a load
path orientation of the molecules. Afterward, it seems to be not possible to
increase the local deformation even further and it might be energetically more
favorable to continue the deformation process in another region of the sample,
where the local yield stress is reached and the molecules are less oriented and
stretched. When all regions reach local strain values of 60 %, a further increase
might not be possible since the bond energy might be reached and simultaneous
bond break could occur (see Chapter 2.3), leading to finial failure.
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Figure 5.24: Visualized DIC data including the local strains, which are colored
regarding the corresponding strain values, during the tensile test (global strain)
for selected sample positions in the initial gauge length (the numbers represent
the chronological order of the beginning of an increase in the local strain).
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Figure 5.25: Width averaged local strain curves for 6 selected locations on the
initial gauge length over the tensile test duration (see Figure 5.24).
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Mechanical and supportive results show that epoxy microscale samples can
behave ductile by applying a comparative slow tensile load application
(crosshead speed of 1 mm/min) even at room temperature. This indicates
that at room temperature the epoxy material deformation is not only energy
elastic (changes in bond distance and angles), but entropy elastic (molecular
rearrangements) as well. In addition, a remaining deformation occurs as well.
With photoelastic imagining, it was possible to detect shear bands in the
deformed sample regions. Shear bands were detected as sample zones with
reduced thickness compared to initial thickness, which was observed in p-CT
and microscopic investigations. Furthermore, the locale strain values in the
shear bands are comparatively high and can reach values up to 60%. The
stress within the formed shear bands might also be higher. In the shear bands,
the molecular rearrangement process might take place and the backbones
may be aligned in load direction. This comes together with the observed
strain softening. After this process or simultaneously, the backbones are
stretched and strain hardening is detectable in the stress-strain curves (see
Figure 5.11). This molecular process is supported by the slight increase in
stiffness or Young’s modulus observed during the cyclic testing (see Figure
5.15).

Overall, it was possible to support the first and second hypotheses proposed

with the mechanical tests:

1. Micro-scaled thin epoxy resin films can deform ductile under tensile

loads.

2. High local strains and stress results in shear bands as visible deformation

mechanisms under tensile loads.

In order to gain a deeper understanding of the molecular mechanisms that cause
this mechanical behavior and to explore the molecular structure of the formed
shear bands, in the following sections, the results of ez situ and in situ (polarized)

Infrared (IR) and Raman spectroscopy are figured out and discussed.
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5.3 Infrared spectroscopy

A transmission spectrum of an initial as-produce type A sample with a thick-

ness of 30 um is shown in Figure 5.26, where the individual epoxy peaks are

mentioned.
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Figure 5.26: IR and Raman spectra (filled gray) of an as-produced epoxy film
sample type A with a thickness of 30 pm.

In Figure 5.27 representative absorbance spectra of as-produced type A epoxy
film samples with different thicknesses are shown. It is noticeable that the thicker
the film, the higher the absorbance for all peaks. This relationship is described by
the fundamental Beer’s law (see Equation 2.12). This means that the absorbance
of any component is proportional to the sample thickness if the chemical com-

position, e.g. the molecular concentrations, remains unchanged.

The quantitative evaluation is carried out by converting the transmission into
absorbance (see Equation 4.3), whereby the noise in areas of total absorption
is considerably amplified by the logarithm function. So, at relatively high ab-
sorbance values, even a small amount of noise has a dramatic effect on the
absorbance. For a spectrum with a root-mean-square (rms) signal-to-noise ra-
tio (SN Ryms) of 1000 : 1, the rms noise is + 0.001 transmittance. If the rms
noise is £ 0.001, the peak-to-peak noise will be approximately five times higher,
or transmittance + 0.005. This corresponds to an absorbance range of a peak
ostensibly at 2.00 of 2.30 to 1.82 (a.u.) [146].
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For an assessment of the absorption, the region of total absorption, i.e., with <
0.1 % transmission (absorbance A > 3) is colored red. The absorbance region
close to total absorption with < 1% transmission (A > 2) is colored orange in
Figure 5.27. For the 50 pm thick samples, the noise in some wavenumber regions
is obvious, and some peaks are even in the red absorbance region. For samples
with a thickness of 30 pm no peaks are in the red absorbance zone, but in the
orange. Only for samples with a thickness of 15 pm, all peaks have relatively low
absorbances. The peak absorbances of film samples with a thickness of 100 pm
are way too high for a quantitative analysis in transmission mode. That is why
no IR spectroscopic results of these thick samples are presented in this theses.
Due to comparatively reasons, the wavenumber axis is chosen in the same way
as for the Raman spectra, even if the standard way for IR spectra is to plot the
wavenumber from large to small. In this thesis, the wavenumber axes of Raman

and IR spectra are shown uniformly from small to large values.
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Figure 5.27: Representative IR spectra of as-produced film specimens of type
A with different thicknesses are shown. All peaks in the red or orange colored
absorbance zone are not suitable for the IR analysis (e.g. wavenumber ¥peak)
due to the high or total absorbance.

In Table 5.4 all epoxy IR peak wavenumbers Dp.qi are listed together with the
corresponding molecule vibration modes. It should be noted that the literature
often only gives ranges for the peak wavenumbers, since the exact peak wavenum-
ber always depends on how the respective molecule is bound to other molecules
and which substitutes are present (see Chapter 2.3.1). In addition, superposi-
tions often occur, i.e. different molecules vibrate at the same wavenumbers. This
can lead to different classifications in the literature. For this reason, this table

should not be interpreted as all-encompassing and serves more as a guide.
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Table 5.4: List of MIR Peak wavenumbers ¥pcqr of epoxy film samples with
the corresponding molecule vibration modes in the fingerprint range. The infor-
mation is taken from the literature [137, 138, 196-209].

Peak wavenumber

Tpeak in cm™t

Molecule vibration modes

829 H out-of-plane bending of para-phenylene

933 CHgy out-of-plane stretching

1015 Symmetric in-plane semicircle stretching of

para-phenylene and aliphatic ether
1040 Stretching of the aromatic ether between CHs and O
1105 Asymmetric stretching of aliphatic ether and
secondary alcohol
1182 In-plane CC stretching of gem-dimethyl-groups
between para-phenylene
1255 Stretching of the aromatic ether between
para-phenylene and O

1298 OH in-plane bending and vibration of tertiary amines

1362 CH bending of CHg

1383 CH bending of CHg

1412 Asymmetric in-plane semicircle stretching of
para-phenylene

1460 Bending of CHs and CHjs

1471 CH bending of CHs and C stretching

in para-phenylene

1515 Symmetric in-plane semicircle stretching of
para-phenylene

1581 Asymmetric in-plane quadrant stretching of
para-phenylene

1608 Symmetric in-plane quadrant stretching of

para-phenylene




5 Results and discussion 101

The vibrations that can be assigned to the aromatic rings or more precisely
the para-phenylene group can be clearly attributed, which is why the focus of
this work is on the corresponding peaks. The para-phenylene group refers to an
aromatic structure based on phenylene, a term that refers to compounds derived
directly from benzene. The therm para refers to the positions of the functional
groups or substitutes on an aromatic ring. If two functional groups are arranged
in a 1,4-position around the ring, as in DGEBA, the oxygen atoms and the gem-
dimethyl groups (see Figure 5.28), the carbon atoms which are connected to
the other backbone parts, are in opposite para-position to each other with two
aromatic carbon atoms in between. The carbon atoms that are connected are,
therefore, named C and Cy. This is shown in Figure, where ' is bonded on an
oxygen atom and Cjy is connected to another carbon atom of the gem-dimethyl-
groups. In the following thesis these carbon atoms are often also called aromatic

C-C atoms for reasons of simplicity.

Vibrational modes of stress-sensitive bonds must exist in the spectrum of the
epoxy films. Moreover, extracting peak shifts and spectral changes from com-
plex spectra with overlapping, mutually, and dependently shifting peaks is a
challenge as well. It is often only possible to consider well-resolved bands of re-
latively high intensity [210]. Therefore, total absorbance or relatively less inten-
sity of the stress-sensitive bonds is not appropriate for the developed peak fitting
method. The vibration modes of stress-sensitive bonds usually consist of at least
one molecular component that is directly involved in a load-bearing action in the
skeleton of the chain [179]. As observed in the study by Doblies et al. on epoxy
samples, some peaks of stress-sensitive bonds show a load-induced change in
the associated peak wavenumber [159]. Thus, a wavenumber-dependent change
under loading can be detected. This allows an evaluation of the correlation bet-
ween the peak position, in the following called the peak wavenumber Upeqk, and
structural changes of stress-sensitive molecular components in epoxy. However,
the ether peaks (first overtone at 2070 cm ™) selected in the study of epoxy by
Doblies et al. (see Chapter 2.3.2) were not found to be a suitable vibration mode
for the present study due to the low intensity caused by the comparatively lower
sample thickness (Beer’s law; see Equation 2.12). However, in this study, the
focus is on a peak of the intramolecular aromatic C-C bonds in the DGEBA
resin backbones (see Figure 5.28 (a)) and its vibration mode as this peak met

the requirements for the peak analysis.
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Since aromatic molecules or more precisely the para-phenylene group and the
corresponding C (carbon) bonds are part of the backbone, they are directly re-
sponsible for the transmission of force during load application to film samples
through covalent bonds. A corresponding peak can be found at 1608 cm ™! and
is accompanied by an in-plane stretching of the aromatic ring and mainly its
C atoms. In Figure 5.28 (b) the corresponding vibration mode at a wavenum-
ber ¥1608 is schematically illustrated. This peak ¥i160s exhibits load-induced
wavenumber changes toward lower values, called a red-shift (see Chapter 2.3.2).
The peak can be found in the measured IR spectra of as-produced epoxy film
specimens, as marked in Figure 5.27 and is referred to when aromatic vibration
is mentioned in this thesis. Even if the other epoxy peaks are not as suit-
able for spectral analysis (e.g., peak shift) as for the presented peak and its

L and

vibration, other peaks related to the aromatic ring at 829 cm™!, 1412 cm™
1581 cm ™! are investigated for the sake of completeness in this thesis as well.
The peaks at 1182cm ™' (in-plane CC stretching of gem-dimethyl-groups bet-
ween para-phenylene groups), at 1298 cm ™! (tertiary amines) and at 1362 cm "

(CH bending of CHgs) are additionally analyzed.
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Figure 5.28: Schematically illustration of the aromatic para-phenylene group
(connected to gem-dymethyl-group) (a) and of the vibration mode at a peak
wavenumber @160s at 1608cm™" (b) (red = oxygen, white = hydrogen and gray
= carbon atoms).

Another general requirement for peak shift analysis is that the device scattering
of the wavenumbers in general and for the mainly investigated peak wavenumber
U160s in particular is negligibly small compared to the load-induced peak shifts.
That is why the device-related scattering of #1608 of the initial as-produced
sample state was thoroughly examined. The results show that the scattering of
the peak wavenumber #1608 is 1608.253 4 0.016 cm ™! for the TENSOR II device
and 1608.229 4 0.021 cm ™" for the HYPERION microscope used.
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5.3.1 Ex situ Infrared spectroscopy

Changes in the molecular backbone induced by load are analyzed by comparing
the IR spectrum of the as-produced or unloaded film samples and at room tem-
perature tensile loaded film samples with a thickness of 30 pm. For this purpose,
100 IR spectra are recorded in an investigated circular area with a diameter
of 4mm per specimen position with a TENSOR II spectrometer (see Chapter
4.4.2). According to the IR evaluation steps of the raw IR data (see Figure 4.4),

all recorded spectra are processed in a uniform manner prior to comparison.

A load-induced difference of the peak wavenumber #1608 of the aromatic para-
phenylene group at 1608 cm ™! before and after mechanical loading can be iden-
tified. After mechanical loading, the deformed samples showed that the center
of the aromatic peak or the maximum at ¥160s is shifted to lower wavenumbers
compared to the initial film state, as can be seen in Figure 5.29. The peak shift
Atdi60s is considered to be significant because the detected peak shift is larger

than the device-related scattering.

1608.25
1608.20

1608.15

S p
V4608 iN CM

1608.10

Peak wavenumber

Figure 5.29: Wavenumbers of the aromatic peak ¥160s for an unloaded film type
A sample with a thickness of 30 um and different specimen regions of the film
specimen after tensile test at room temperature. The corresponding photoelastic
images are shown as well.
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Three different IR measurements per film specimen are shown (1. As-produced
specimen before mechanical loading, 2. Sample area of plastic like deformation
with shear bands and necking after loading and 3. Sample region without visually
visible plastic like deformation after loading). Each gray dot is related to a
spectrum recorded and processed at the corresponding sample position. The
peak wavenumber 7160 is extracted from the processed spectrum, as described
in Chapter 4.4. If the peak position 91608 of the three spectra (as produced, non
visible deformation after tensile test and visible deformation after tensile test)
are compared with each other, this results in an order for the corresponding
peak shift. The sample region with shear bands (2.) exhibits a significantly
lower wavenumber for the aromatic C-C peak even after stress relief and elastic
recovery due to final failure. The peak @608 for sample areas without visible
plastic deformation after tensile testing (3.) is in the middle range, i.e. it shows
higher wavenumber values than the position with shear bands and lower values
than the originally unloaded film. Plastic like deformation or shear bands result
in non-elastic molecular changes in the aromatic C-C bonds and the surrounding
molecules as a result of the introduction of mechanical stress. The slight peak
shift in the non-visibly plastically deformed areas can also be explained by these
energy-elastic like molecular changes in the para-phenylene group, without any

visible plastic deformation.

By investigating a circular sample area of 4 mm, which corresponds for 30 pm
thick samples to an investigated sample volume of approximately 0.38 mm?, the
recorded spectra are the average of a comparatively large volume, especially
with regard to the sample dimensions and the dimensions of the shear bands.
However, the peak shift A#i160s between the initial as-produced state and the
deformed state has a value of around 0.15 cm ™" is still detectable and significantly
greater than the device scattering of 0.02cm ™! for the peak at 1608 cm™!. The
red-shift of the aromatic peak wavenumber ¥1608 towards lower wavenumber
values can be explained with the Badger rule (see Chapter 2.3.2 and Equation
2.16). An external stress application leads to an increase in bond distance of
the aromatic C1 and C4 atoms and comes together with a decreasing bond force
constant k which is related to the corresponding peak wavenumber (Equation
2.8). As a result of stretching of the aromatic component in the backbones, the

—1

vibrational energy for the in-plane stretching at 1608 cm™ " slightly change and

less energy is necessary (red-shift Adigos).
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To investigate the possible influence of temperature on load-induced peak shift
At160s, the peak wavenumber ¥160s is additionally determined before and af-
ter tensile loading of type A samples with a thickness of 50 pm at different test
temperatures. In Figure 5.30 the peak shift A¥i60s is shown as a function of
elongation at break and test temperature. Especially when taking just the mea-
surements in the necked sample regions account (marked as dots), the trend that
an elevated test temperature 7' leads to an increase in elongation at break values
€ and a greater peak shift Avi60s, becomes obvious. At test temperatures below
room temperature, the absolute peak shift A®i60s decreases compared to test
temperatures above room temperature. However, the peak shift and elongation
at break values scatter, so if the difference between the test temperatures is only
10 °C, the corresponding values are too close together. In addition, handling the
thin, small samples is difficult and, despite all caution, the introduction of de-
fects when clamping the sample cannot be completely ruled out, which explains

the scattering.
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Figure 5.30: Peak Shift Ad160s is shown as a function of elongation at break
and test temperature. Measurements in the necked area are marked with a dot,
measurements outside the deformed area are marked with a cross. The measured
sample area is a circle with a diameter of 4 mm and the recording was performed
with the TENSOR II. Note that for better understanding, the abscissa runs from
zero to higher negative values which corresponds to a greater red-shift Adi60s.
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However, Avi60s can be correlated with the corresponding test temperatures and
stress-strain curves or, more precisely, with the non-uniform plastic deformation
energy. For this purpose, the area under the stress-strain curves of the tensile
tests is determined, which serves as a measure of the energy that is associated
with the deformation process. The area under the curve can be divided into an
elastic energy (F.) and a viscoelastic and plastic energy (Fpi) deformation re-
gion. After elastic deformation, viscoelastic and plastic like deformation occurs
throughout the entire sample (Eypi,w), while after the necking is formed, plastic
like deformation occurs more in the region of necking (Epi n.). This assignment
of the sub-areas can be seen in Figure 5.31 (a). The area for E,p,., was deter-
mined with python by using the scipy.integrate.simps function from 0% to the
strain that corresponds to the stress maximum (derivative = 0, dashed vertical
line). The area for Ep n. was calculated in the same way from the strain that

corresponds to the stress maximum to the elongation at break.
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Figure 5.31: Schematic representation of a stress-strain curve including indi-
cation of the energy types for the respective section (a) and the aromatic peak
shift or wavenumber Adig0s (before loading vs. after loading) related to the
plastic non-uniform Epj . deformation energy as a function of the tensile test
temperature for in total 6 type A samples with a thickness of 50 pm (b).

As already seen in Figure 5.30, the film samples reach higher elongation and
plastic like deformation at higher temperatures. Therefore, more Epi ny is rec-
ognizable at higher temperatures, even if the strength is reduced. Figure 5.31
(b) shows the ratio of the measured peak shift to the energy Ep; n. introduced

for the different test temperatures.
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Despite the relatively small number of investigated samples, the trend shows
that the ratio of peak shift Ad160s (here before loading vs. after loading) to non-
uniform plastic energy Ep; n. increases roughly linearly with temperature. This
means that at a higher temperature, for the same amount of non-uniform plas-
tic energy Epi n. introduced into the deformation, the peak shift 91608 increases
more. Therefore, a significant impact of the test temperature during mechanical
loading on the molecular mechanisms that occur during the plastic like defor-
mation of epoxy can be detected. This behavior was expected since the thermal
energy introduced at elevated temperatures increases the volume and molecular
movement ability, and thereby molecular changes in the para-phenylene group,
represented by these peak shifts, are facilitated (less yield stress is required, see
Equation 2.3).

A representative deformed and creep-loaded film sample of type A with a thick-
ness of 50 pm was investigated after mechanical creep testing (80 % UTS) at
room temperature with the high spatial IR microscope because by using the
HYPERION, the investigated sample volume illuminated by IR radiation is sig-
nificantly reduced compared to that obtained with the TENSOR II spectrom-
eter. This allows a higher spatial resolution, and the recorded spectra contain
a low averaging of the molecular structure within the different sample regions,
and a differentiation between the deformed and undeformed sample regions is
improved. The measurement distance is set to 165 pm. To do so, an IR measure-
ment without gaps in a grid was performed on a deformed sample with shear
bands and the investigated sample volume for the 50 pm thick samples was only
about 0.0014 mm?®. For every measurement point or pixel with a size of 165 x
165 pm?, a spectrum was recorded. Even if it takes a long time (around 5 sec
per pixel, around 10 h for the entire sample), it is possible to apply a gapless
measuring grid over the entire sample area and optimize the differentiation bet-
ween the deformed shear band zones and undeformed sample regions even more.
The gapless grid is shown in Figure 5.32 together with the corresponding pho-
toelastic image and the determined width-averaged peak wavenumbers #1608 in
the marked grid along the sample length, through deformed sample regions with
shear bands. The measuring width is about 1 mm, so 10 pixel are positioned
next to each other (each 165pum high). From these corresponding spectra, the
peak wavenumber 91608 is extracted and the width average is determined for each
length position. In the next step, the data was smoothed with a Savitzky-Golay
filter.
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This clearly shows that the peak wavenumber 91608 in the deformed area with
shear bands has reduced values (red-shift) compared to the less or undeformed
sample regions even if the measurement lines in width direction sometime include

both in different proportions.
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Figure 5.32: Correlation of a photoelastic image and ex situ IR microscope
results of a creep-loaded film specimen of type A with a thickness of 50 pm at
a stress level of 80 % UTS without failing during the mechanical creep loading.
The gapless measuring grid is shown from which the measurement area or pixel
with a size of 165 x 165 pm results. For each recorded and processed spectrum,
the peak wavenumber U108 values were extracted and plotted as red dots in
the graph. For each measurement line in width direction, the averaged peak
wavenumber ¥160s values were calculated from the processed data. Afterwards
the width averaged data along the length of the sample were smoothed with a
Savitzky-Golay filter (5 coefficients, second degree polynomial) and the standard
deviation was determined and plotted as well. After it was done this way, in the
shear bands a red-shift at the para-phenylene group specific wavenumber 71608
could be confirmed also for the creep loaded films.

Other representative creep-loaded and deformed type A film samples with a
thickness of 30 pm were investigated after mechanical testing with the IR mi-
croscope. For every measured spectrum (in a squared sample region with a size
of 165 x 165 pm2), the aromatic peak wavenumber 91608 at 1608 cm™! was ex-
tracted. Regarding the wavenumber value of #1608, each measurement point or
pixel got a defined color of a continuous color scale. This creates an aromatic
peak wavenumber visualization for the entire deformed sample and can be seen

in Figure 5.33.
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The sample regions with reduced aromatic peak wavenumbers, i.e., the regions
with a more pronounced (red) peak shift, are colored in dark red. The peak

wavenumbers in the optically non-deformed area are higher in comparison to

the shear band regions.
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Figure 5.33: Correlation of a photoelastic image and ex situ IR microscope
results of a creep-loaded film specimen of type A with a thickness of 30 pm at
a stress level of 80 % UTS without failing during the mechanical creep loading
(maximum elongation of 17%). The corresponding creep curve is shown in
Figure 5.13. Each pixel with a size of 165 x 165 nm is a measurement point
and correspond to a spectrum. All recorded spectra are evaluated regarding the
aromatic peak wavenumber ?160s. Depending on the value of @608, each pixel is
colored.

The peak wavenumbers ¥1581, U1362, U1182 and ¥g29 of this sample were also in-
vestigated, as can be seen in the Appendix in Figure 16. A correlation of shear
bands and peak wavenumber values is not feasible for all mentioned peaks. The
reason why not all peaks can be analyzed and correlated is the high absorbance,
which is challenging to evaluate through peak fitting. In addition to the aro-
matic wavenumber ¥160s the peak 91362 can be unambiguously correlated with
the shear bands. The peak at 1362cm ™' corresponds to the C-H bending of
CHs (see Table 5.4) and indicates a blue-shift towards higher peak wavenum-
bers. This might indicate a decreasing distance between the backbones since
the intermolecular forces are strongly distance dependent. The blue-shift can be
explained as well by the Badger rule (Equation 2.16) with an increasing bond
force constant k. Even the data visualization for the other aromatic peak 71581
in Figure 16 scatters more, a load-induced red-shift can be seen which was ex-
pected since the peak corresponds also to an aromatic vibration (see Table 5.4)

and can be explained in the same way as the aromatic red-shift Avi60s.
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Figure 5.34 shows the aromatic peak shift values A160s which were calculated
from the difference between averaged initial wavenumber (as-produced state)
and feature extracted wavenumber after creep loading (70 % UTS) for a type
A sample with a thickness of 30 pym. It is unambiguous, that an aromatic peak
red-shift towards lower wavenumbers compared to the initial sample state, can
be detected only in deformed regions with shear bands. In the optical non-
deformed sample region (black colored regions in the photoelastic image) the
aromatic peak wavenumber 1608 is close to the initial value and the Avi60s is

approximately zero (lighter pixels).
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Figure 5.34: Correlation of a photoelastic image and ez situ IR microscope
results of a creep-loaded film specimen of type A with a thickness of 30 pm at
a stress level of 70 % UTS without failing during the mechanical creep loading
(maximum elongation of 17%). Each pixel with a size of 165 x 165um is a
measurement point and correspond to a spectrum. All recorded spectra are
evaluated regarding the aromatic peak shift Ad160s. Depending on the sign and
value of Avi60s, each pixel is colored.

This validates the conclusion that shear bands contain stretched backbones with
increased aromatic C1-Cys bond lengths and possibly changed bond angles as
well compared to the energetic equilibrium state before mechanical loading and
deformation. With project-related atomistic simulations it was possible to detect
an increase in the bond length between the aromatic atoms C1 and Cy in epoxy
due to tensile stress [211]. This is in line with the Badger rule already presented
(see Equation 2.16). Since the ex situ IR measurements were performed after
load or stress relief, elastic recovery had already taken place. Therefore, the
detected peak shift Adi60s is related to a remaining change in the bond lengths
or angles and not to a spontaneous energy elastic change (see Chapter 2.1).
This means that the aromatic structure in the backbones is stress-sensitive and
is directly related to the plastic like shear band formation. The therm energy-

related deformation is used therefore in the following.
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In the literature, Raman and IR peak shifts are detected for different materials,
e.g. polyethylene or polypropylene, and are attributed to a variation of bond
lengths and bond angles according to the Badger rule [10, 177, 212] or a change
in the molecular environment [213, 214]. Even if the para-phenylene group is a
particularly rigid and strongly bonded component in the backbone due to the
delocalized m-electron system, an increase of the bond lengths in the aromatic
structure could be detected with project-related MD simulations [211]. This MD
simulations also investigated an increase in the interaction between aromatic
compounds by their corresponding m-electrons, the so-called m-m-interaction, as
this has been found to occur at a corresponding distance between the aromatic
rings [214, 215]. Aromatic rings have large planar surfaces, and a stacked ar-
rangement due to m-7 interactions would increase the van der Waals contacts
[216]. So, if aromatic rings are subjected to load-induced stretching, distance
and position changes due to untwisting and unraveling of entanglements and
bond lengthening, the result could be a changed non-covalent interaction and a
modified molecular environment [217, 218], which could affect the required vibra-
tion energy or the peak wavenumber (see 2.3.1) as well. However, this hypothesis
could not be supported by the project-related MD simulations [211]. No increase
in m-m-interaction of the stretched aromatic rings could be demonstrated due to

the tensile loading of epoxy materials.

Quality of peak shift evaluation

To analyze the impact of different model approximations on the extraction of the
peak wavenumber ¥160s of microscopic IR data and the resulting load-induced
peak shift A@i60s, the Gaussian fit for this peak is exemplary compared with
the Lorentzian and Voigt fits. Figure 5.35 pictured the processed or interpolated
data and the three different fits of the recorded spectra from a creep-tested
type A sample with a thickness of 30 pm (the corresponding photoelastic image
is shown in Figure 5.33). Two different sample positions are investigated, an
undeformed (a) sample region and a deformed (b) sample region with shear
bands. From this, the Gaussian peak shift determined by feature extraction
Ad160s can be determined and is about —0.225 cm™!. For a Lorentzian fit Ad160s
is about —0.235cm ™! and with a Voigt fit, the aromatic peak shift results in
—0.232cm ™!, The differences are negligible, hence only Gaussian was used for

the feature extraction in the following thesis.
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Figure 5.35: Peak fit for an ez situ IR measurement in the undeformed sample
region (a) and in the deformed sample region (b) of a type A sample with a
thickness of 30 pm.

As another analysis method for the detection of peak shifts, the Sturcova ap-
proach was presented in Chapter 4.4 as this method is often used for peak shift
detection. Here, the difference spectrum is calculated from the initial state spec-
trum and the spectrum after loading. In the next step the difference spectrum is
integrated and divided by the initial spectrum. To do so, the peak shift for a cor-
responding peak wavenumber can be determined. This is shown in Figure 5.36
for the peak at 1608 cm™ !, The peak shift Avd160s determined with the Sturcova
method is about —0.21 cm™!. This is also shown in Figure 5.37 in comparison

to the Gaussian approach.



5 Results and discussion 113

(a) 2.0 (b) -0.4
— - " | — Difference integral spectrum devided
S N\ g -0.3 by initial state spectrum
© 15 c
3 / ~ After loading E] 02 AV,608 Sturcova
2 10 — Initial state 01 1608
= Y. — Difference -0
é 05 — Differ(ince integral é 00
/
o
< / 3 01 \
0.0 o
0.2
1590 1595 1600 1605 1610 1615 1620 1625 1630 1590 1595 1600 1605 1610 1615 1620 1625 1630
Wavenumber ¥ in cm-! Wavenumber ¥ in cm™!

Figure 5.36: The peak shift determination A#;60s with the Sturcova approach
[10] is shown. First the difference spectrum is calculated from the initial state
spectrum and the spectrum after loading. Afterwards the resulting difference
spectrum is integrated. This can be seen in (a) The integrated difference spec-
trum is divided by the initial state spectrum. The peak shift for a specific
wavenumber can be extracted as shown exemplarily for the peak at 1608 cm ™!

(b).

For this investigated type A film sample with a thickness of 30 pum, the Gaus-
sian approach results in a comparatively slightly smaller peak shift A#ig0s, but
both values are in the same order of magnitude. Nevertheless, the following
thesis focuses on one method, the gaussian fit approach. The reason is, that,
the reproducibility of the Sturcova approach depends mainly on the normaliza-
tion process and is not recommended for samples that change thickness under
load [10]. Since the peak area PA and the absorbance A for all investigated
peaks are reduced in the deformed sample regions with shear bands compared
to the undeformed sample regions (see Appendix Figure 17-21) and microscopic
investigation indicate a reduction in the thickness in the shear bands (see Fi-
gure 5.17), the Sturcova approach is not as suitable for epoxy film samples with

necked regions as the thickness independent Gaussian approach.
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Figure 5.37: The peak shift A¥i60s determined with the Sturcové method is

compared with the Gaussian peak shift at a wavenumber of 1608 cm ™.

The goodness of the Gaussian peak fitting can be investigated by determining
the x? values (see Chapter 4.4). The value x? indicates whether the calculated
model is coming into convergence with the actual peak and indicates how well
the particular model matches the peaks in a measured spectrum. Figure 5.38
shows the x? values determined for a Gaussian fit to the peak at 1608 cm™*
for a creep-loaded (70% UTS) type A sample with a thickness of 30 pm. The
corresponding photoelastic image and the visualization of the IR microscope data
are shown in Figure 5.34. For each recorded spectrum of a sample size of 165 x
165 pm?, the peak at 1608 cm ™! was investigated with respect to the goodness
of fit. The pictured histogram shows the total counts of specific x? values in
the investigated sample region. A perfect convergence between the modeled and
recorded peak is achieved when x? is equal to zero [146]. Most x* values are
below 0.3, indicating a convenient fit for the Gaussian model and validating the

peak fitting approach.
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Figure 5.38: Using an IR microscope recorded spectra from a creep loaded type
A sample with a thickness 30 pm is investigated regarding the peak at 1608 cm ™ *.
The baseline corrected, normalized and interpolated peak is compared to the
Gaussian fitted peak and the x? values are determined for each spectra. The
histogram pictured the count of a specific x? which appears in the investigated
sample region (see Figure 5.34).

Further spectral evaluation

The recorded IR microscope data of the creep-deformed sample presented (see
Figure 5.33) was further analyzed using the Gaussian peak fitting approach. Ev-
ery processed spectra of a pixel is analyzed in terms of the absorbance (Aigos),
peak area (PAieos), asymmetry factor (ASF160s) and Full Width at Half Mazx-
imum (FW H M 160s) of the aromatic vibration, as can be seen in the Appendix
in Figure 21. It is obvious that the absorbance (Ai60s) and peak area (P A160s)
have lower values in the shear bands compared to visually non-deformed sam-
ple regions. This is also visible for other epoxy peaks in the ez situ and in
situ IR analysis (see Appendix Figure 17-20 and 22) since the reason might
be the reduction of thickness in the deformed sample regions with shear bands
(Beer’s law, see Equation 2.12) as indicated by the laser scanning microscope
and p-CT investigations (see Figure 5.17 and 5.18). Therefore, these effects
are not directly caused by load-induced molecular mechanisms. The values of
FW HMi60s and ASF'160s increase in the shear bands compared to the visually
undeformed sample regions. This might be caused by an uneven stress distri-
bution in the aromatic rings and backbones since a peak broadening is related
to a non-uniform stress distribution of the corresponding bonds since the bond

distance R and force constant k depend on the experienced stress [24].
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Even if it is not as clear as for the peak at 1608 cm™!, this is also visible for
another aromatic vibration at a wavenumber of 1581 cm™* (see Appendix Figure
20).

By reduction of the film thickness to 15 pm, the absorbance of some other vibra-
tional modes decreases according to Beer’s law, and by doing so some further
peaks or vibrational modes can be evaluated. In Figure 5.39 the photoelastic
image and the IR microscope results (same settings and pre-processing) of a de-
formed epoxy film sample with a thickness of 15 pm can be seen. In addition to
the aromatic peak wavenumber values at 1608 cm ™!, each pixel is colored with
respect to the peak shift of the peak wavenumber at 829 cm™'. To assure the
comparability of both peak shifts, the difference of the peak wavenumber of the
specimen in relation to the averaged peak wavenumber of unloaded specimens
(initial state) is plotted and colored regarding the direction of peak shift. The

~! corresponds to an out-of-plane vibration of the aromatic hy-

peak at 829 cm
drogen atoms vg29 [196, 197] and slightly shifts in the other direction towards
higher wavenumbers in the shear band regions, a so-called blue-shift. The ab-
solute peak wavenumber values ¥ga9 and 91608 for a creep-loaded type A sample

with a thickness of 15 pm can be seen in the Appendix in Figure 23.

In the Appendix in Figure 24 - 27 the recorded IR microscope data of a 15pm
thick creep-deformed sample was also further analyzed using the Gaussian peak
fitting approach. The peak 91362 indicates a blue-shift in the shear band regions,
which is in line with the previous discussed results for 30 pm thick creep-deformed
samples (see Appendix Figure 16). The asymmetry factor of this peak ASFi3e2
in the shear band regions is larger than 1 which indicates that the right peak side
of the peak at 1362cm ™! for the 15 um thick creep-loaded sample is wide after
mechanical load application. This might be due to uneven stress distribution
and could not be detected for thicker samples with a thickness of 30 pm because

of the high absorbance (see Appendix Figure 19).
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Figure 5.39: Correlation of a photoelastic image and ex situ IR microscope
results of a representative type A loaded film specimen with a thickness of 15 pm.
Each pixel with a size of 165 x 165 pm is a measurement point and correspond
to a spectrum. All recorded spectra are evaluated regarding the aromatic peak
wavenumber 71608 and Ug29. Depending on the values of the peak shifts A160s
and Adsa2g, each pixel is colored. Blue colored pixels correspond to a peak
shift towards higher peak wavenumbers and red pixels show a decreased peak
wavenumber compared to the initial peak wavenumber.

The absolute peak shift Avgag is smaller than the peak shift Avy60s. This was
expected since the aromatic C-H bonds are not integral to the main chain that
directly experiences the applied load, the resulting peak shift is correspondingly
less pronounced. However, it can be seen that the peak Avgag slightly shifts to
higher wavenumbers in the shear band regions of the deformed specimen. The
C—H bonds in the aromatic rings are assumed to be associated with more general
van der Waals interactions and contribute to the load-bearing capacity of the
polymer [159]. The van der Waals interactions are highly distance dependent
and a small variation of the distance may already lead to significantly higher
load-bearing capacity connected with higher wavenumbers for vibration of the
corresponding C-H bonds [219].
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The peak wavenumber at 829cm™" is assumed to be not only related to the
distance between the backbones but may also be used as an indication of the
intensity of the intermolecular forces, as shown in the study of Doblies et al.
[159]. The deformation is maximal in the shear bands, as the absorbance of
every peak significantly decreases there because of the reduced sample thickness
resulting from the deformation process (Beer’s law). This led to an increase
in peak wavenumber of aromatic hydrogen bonds at 829 cm™" due to a signifi-
cant reduction in the distances between the polymeric backbones and a changed
polarization. The conceivable aromatic and hydrogen bond interactions might
further intensify this effect. However, project-related MD simulations have not
observed a decrease in distance between polymer chains or an increase in 7-m
interactions between the deformation of aromatic compounds [211]. Another
hypothesis for the blue-shift Adsog is, that the stretching of the aromatic rings
leads to changed electron orbitals, thereby altering the vibrational energy of the
aromatic hydrogen atoms. The blue-shift of the C-H vibration is thus most likely
not correlated with bond length changes, suggesting an alternative mechanism.
Analysis of Mulliken charges from quantum mechanical computations indicates
that increased positive polarization of the aromatic hydrogen atoms in stretched
aromatic rings leads to higher peak wavenumber, causing the observed blue-shift.
The related atomistic simulations performed from Dr. Julian Konrad (Institute
of soft matter modeling, TUHH) can be found in [211].

The spectrum of an as-produced type A HBPA-DGE film sample with a thickness
of 30 pm and a spectrum after tensile test recorded in the deformed sample re-
gions of the same sample are shown in the Appendix in Figure 28. The spectrum
only contains a few well-dissolved peaks, as this epoxy resin system chemically
contains only a few different molecular groups (see Figure 3.3). The require-
ments for a comprehensive spectral analysis, such as peak shifts, are therefore
not fulfilled, which is why no further IR analysis of the HBPA-DGE samples is
carried out regarding load-induced spectral changes in the context of this thesis.
However, even without extensive data processing (only baseline correction), it
can be seen that the absorbance of all peaks after the tensile test is lower than
in the as-produced sample state because of the deformation. This is caused by
the reduced sample thickness in the deformed regions and can be explained as

well by Beer’s law.
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5.3.2 In situ Infrared spectroscopy

To analyze the molecular mechanisms of the para-phenylene group o160s at
1608 cm ™! during mechanical loading, the peak wavenumber is extracted from
the pre-processed spectra and tracked during a mechanical experiment, i.e. in
situ (see Figure 4.4). When comparing the mechanical data and the correspon-
ding peak wavenumber ¥160s of a 30 pm thick film samples recorded during me-
chanical loading, it is noticeable that the peak wavenumber #1608 of the aromatic
C-C stretching can be in situ correlated with the mechanical deformation of the
epoxy resin film. Figure 5.40 (a) shows the tracked aromatic peak wavenum-
ber during creep testing for a 30 pm thick type A film sample at a stress level
of 56 MPa (80 % UTS). For the elastic stretching that occurs in the first creep
phase, a pronounced shift towards lower aromatic peak wavenumbers 91608 can
be found as well during the in situ measurements. In the second creep phase,
with an almost constant strain, only a comparably small aromatic peak shift
is observed. In the third creep phase, the aromatic peak wavenumber 01608 de-
creases again sharply as a result of increased macrosopic material stretching. The
strain during creep testing shown in Fig. 5.40 (b) shows that the peak wavenum-
ber 71608 of the aromatic ¥160s stretching can be directly and linearly correlated

with the mechanical deformation or the creep strain of the epoxy resin film.

Similarly, in relaxation and cyclic mechanical experiments, the aromatic peak
wavenumber can be tracked as shown in Figure 5.40 (c), (d) and (e). In the
relaxation experiment, there was a steep decrease in #1608 at the beginning of
the experiment as the epoxy was stretched towards a set elongation of 4 %.
Subsequently, a small increase in the aromatic wavenumber was detected during
the further duration of a test (see Figure 5.40 (c)). The stretched molecular
backbones with the aromatic para-phenylene groups can slowly relax over time
and come close to the unloaded position of the ¥1608 peak, i.e., an energetic
and entropic more favored state of equilibrium before the macroscopic sample
stretched up to an elongation above the yield stress. The molecular relaxation
processes are comparatively slow at room temperature, and therefore the increase
of ¥160s is only low. Cyclic loading experiments show clearly visible an overall
decrease in 91608 after mechanical loading and, to some extent, no full recovery of
the aromatic peak wavenumber #1608 to the initial wavenumber after unloading
occurs due to the fact that not only elastic deformation takes place, but also

viscoelastic processes (see Chapter 2.1).
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Figure 5.40: In situ tracked aromatic peak wavenumber 91608 (each red dot
represent a recorded and processed spectrum) over the time (fitted curve in
gray) for type B film specimens with a thickness of 30 pm during creep (80 %
UTS) (a) and (b), relaxation (4% strain) (c) and cyclic (Omae = 70% UTS)
loading (d). The corresponding mechanical data is plotted as a black line. The
aromatic peak wavenumber U160s is correlated with the creep strain in (b) and
with the cyclic strain in (e) together with linear regression lines (gray) and the
corresponding determined slope.

The elastic behavior of epoxy is characterized by reversible and spontaneous
changes in bond length and molecular angles and can be quantified by observing
a red-shift of stretched bonds during the initial phase of mechanical loading (see
Figure 5.40 (a) and (d)).

mations involve additional, time-dependent, and irreversible phenomena, such

In contrast, viscoelastic and plastic or viscous defor-

as bond lengthening, untwisting, unraveling of entanglements, and positional
changes of molecular chains within the network. This is evident in Figure 5.40
(d). During cyclic testing, the peak wavenumber does not return completely to
its initial value during the unloading cycle because there is not enough time for

complete relaxation.
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Consequently, the material does not fully revert to its previous strain state. This
behavior is also reflected in the slope of the linear fit during unloading (crosses),
which is approximately —0.022 cmfl/% as shown in Figure 5.40 (e). A linear fit
of the strain versus wavenumber during the loading cycle is also presented. The
slope of the loading cycle is approximately —0.014 cm ™' /%, which is comparable

to the slope observed in the linear fit for creep loading, as shown in Figure 5.40

(b).

(@ =
I 30
£
g 10
a 0
0 200 400 600. _BDO 1000 1200 1400
Timeins
: Data Points © 1581.30 : Data Points
. . 581. 3 :
1297.40 B —— Smoothed Data 158125 1 PR = Smoothed Data
T 1297.30 *- '
g £ 1581.20
c 1297.20 © 158115
§1297,10 % 1581.10
= 1297.00 = 1581.05
1296.90 ; 1581.00 3
200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Timeins Timeins
(d) 1413.401—1- . Datafoints | (e) 1608.25{- Data Points
% | "= Smoothed Data _ 160820 B ~—— Smoothed Data
- 1413.20 g
£ § 1608.15
(]
£1413.00 < 1608.10
) . 2
< X ©1608.05
= 1412.80 5N
1608.00
1412.60 + —— + 1607.95 !
0 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Timeins Timeins

Figure 5.41: In situ tracked peak wavenumber ¥1297 (b), U1581 (¢), U1413 (d)
and ¥160s (e) (each dot represent a recorded and processed spectrum) over the
time (smoothed curve in red) for a type B film specimen with a thickness of
15 pm during creep loading (70 % UTS). The corresponding mechanical data is
plotted in (a).

As already mentioned, for films with a comparatively reduced thickness of 15 pm
even more peaks, corresponding to other wavenumbers or vibration modes can
be recorded, pre-processed and tracked during mechanical loading. For a creep-
loaded type B film sample with a thickness of 15 pm the creep curve is shown in
Figure 5.41 (a).
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In addition to the development of #1608 during the creep test (e), the development
of ¥1295, U1415 and ¥1581 is plotted from the recorded and pre-processed spectra
during the creep test as well. Due to the double shape of the peak ¥1415 at
1415cm ™" (see Figure 5.26) and the challenging feature extraction, the scattering
is significantly higher for this peak. However, all investigated peaks exhibit a red-
shift towards lower peak wavenumber values due to the creep loading. The peaks
1415 and 1581 are also related to the para -phenylene groups. The vibration
at 1298cm™" is related to the (tertiary) amines (see Table 5.4) which can be
related to the cross-linking points. This confirms once again that the backbones

and molecular chain segments are stretched between the cross-linking points.

It was possible to show that ex situ and in situ IR spectral changes can
be directly correlated with macroscopic mechanical deformation and shear
band formation. This means that molecular processes can be detected both
under load and after final failure. This also rules out the possibility that
these are spontaneous, reversible rearrangement processes under load. The

IR spectroscopic results confirmed the following research hypotheses:

3. Vibrational spectroscopic analysis can be performed to correlate the
molecular mechanisms within epoxy with the macroscopic mechanical

behavior.

4. The ductility in epoxy is enabled by molecular rearrangement processes

in the cross-linked network.

5.3.3 Polarized Infrared spectroscopy

If the spectrum of an oriented sample is measured with polarized radiation,
its dipole moment derivative must have a non-zero component in the direction
of the polarization if that peak is to be seen in the IR spectrum [146] (see
Chapter 2.3.1). This had been done, for example, on PET bottles [220]. In
Figure 5.42 (a) the polarized IR spectra of a creep loaded type A sample with a
thickness of 30 pm for different polarization directions with respect to the load
direction (0°) are shown together with the corresponding photoelastic image and

the investigated circular sample region (b).
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Figure 5.42 (c) shows the peak absorbance Aigos dependent on the direction of
polarization (10 spectra were recorded and averaged). The absorbance Aigos
is highest in the load direction, and the difference with respect to the other
polarization direction, especially to 90° (perpendicular to the load direction) is
significant. This indicates that the molecular backbones with the aromatic para-
phenylene groups are not only stretched (red-shift), but also aligned in the load
direction. This may also be a necessary requirement for detectable molecular
stretching of the aromatic carbon atoms within the molecular backbones. To
fully capture the external load and to experience bond stretchings within the
backbone, the backbones should be oriented in load direction, at least a sufficient
amount of backbones.

(a)

E] __Difference 0°-90° . Polarization

© 1.2 —0° . direction

< 1—225 > .
®0.8 45°

sos] 5

N

-90° -45° 0° 45°  90°
Polarization direction

1660 1640 1620 1600 1580
Wavenumber ¥ in cm-!

Figure 5.42: Photoelastic image of a creep-loaded type A sample with a thick-
ness of 30pm (b). After the creep test at a load level of 80% UTS and an
elongation until 17 %, polarized IR spectra were recorded at the circular marked
highly deformed sample region with the TENSOR II spectrometer. The polar-
ization direction or angle was changed with regard to the load direction (0°). 10
spectra were recorded and averaged. The averaged spectra around the aromatic
peak at 1608cm ™! for different adjusted polarization directions or angles are
shown in (a). For each polarization direction, the processed and averaged spec-
trum was analyzed with regard to the peak absorbance Aigos of the aromatic
peak at 1608 cm ™' and can be seen in (c).

Using an IR microscope with a polarizer, the entire sample can be investigated re-
garding molecular orientations and differences between the visually undeformed
and deformed sample areas can be detected. The results of the polarized IR

microscope data is shown in Figure 5.43.
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The determined polarized peak absorbance values Aigos and Asgso are used to
calculate the molecular orientation factor f (see Equation 4.7) for each spectra
or pixel. Note that the factor f runs from 0 to 1, corresponding respectively from
random to perfect alignments parallel to the tensile direction (0°), but could take
a negative value if the backbone has preferred orientation in the transverse direc-
tion (90°). Each pixel is colored with respect to the value and sign of the factor
f. It can be seen that the in-plane vibration of the aromatic para-phenylene
groups is oriented in the load direction, but only in the deformed sample region
with shear bands. The out-of-plane aromatic C-H vibration at 830 cm ™! shows a
slight negative molecular orientation factor in the corresponding deformed sam-
ple region. This allows the conclusion that, as a result of the backbone alignment
with the aromatic structure in the load direction, the aromatic C-H bonds are
aligned perpendicularly, which is additionally validation of the molecular back-

bone orientation in the load direction.

Molecular
orientation in
load direction

Width in mm

o s o N s o
——l T e

il

|

P!

o

b

Molecular orientation factor f

o R 830 cm-’

Molecular
orientation
perpendicular to
load direction

Width in mm
o A N o4 o

1608 cm"’

Length in mm

Figure 5.43: Photoelastic image of a creep-loaded type A sample with a thick-
ness of 30 pm. After the creep test at a load level of 70 % UTS and an elongation
until 17 %, images were taken of the marked and deformed sample region using
HYPERION microscope and a pixel size of 165 x 165 um?. The polarization di-
rection or angle was set to 0° (in load direction) and 90° (perpendicular to load
direction). For each recorded spectra in 0° and 90°, the processed spectra were
analyzed with regard to the absorbance A160s and Agsp of the aromatic peaks at
1608 cm ™! and 830cm™'. The corresponding vibrations are schematically visu-
alized. With the feature extracted peak absorbance values and Equation 4.7, the
molecular orientation factor f was calculated and colored for each recorded spec-
tra and both peaks. In the shear bands the in-plane vibrations of the aromatic
para-phenylene groups are oriented in the load direction and the out-of-plane
aromatic C-H vibrations at 830 cm ™" are aligned perpendicularly.
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The polarized IR results are in line with the strain softening and hardening
effects detected in the tensile tests (see Figure 5.11). At a molecular level, the
entanglements unravel first and the backbones are aligned in a load direction.
Without significant stress concentrations and early failure, the aligned molecular
backbones are further stretched by applying further external load to the material,

which explains the further presented red-shift A¢160s.

5.4 Polarized Raman spectroscopy

The polarized Raman spectra of the initial or as-produced epoxy film type A
samples with a thickness of 30 pm in the polarization mode 0° and 90° are shown
in Figure 5.44. A polarization-dependent intensity cannot be detected, which

means that no molecular orientation is evident from the film manufacturing

process.
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Figure 5.44: Raman spectra of an as-produced epoxy film sample type A with
a thickness of 30 pm in 0° and 90° polarization mode.

This is in line with the mechanical data of the transverse and longitudinal sam-
ples and with the polarized IR investigation of as-produced samples. Between
the 0° and 90° spectra of the undeformed sample regions of a loaded epoxy film

sample, there is also no significant difference.

The Raman peak wavenumbers are listed in Table 5.5 together with the corres-
ponding molecule vibration modes. It should be pointed out that the literature
often only gives ranges for the peak wavenumbers or Raman shifts, since the ex-
act peak wavenumber always depends on how the respective molecule is bound
to other molecules and which substitutes are present, as is the case for IR peaks
as well. In addition, superpositions often occur, i.e. different molecules vibrate

at the same wavenumbers.
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This can lead to different ways of characterizing the vibrations of molecules in the
literature. For this reason, this table should not be interpreted as comprehensive,
but rather is provided as a guideline. The wavenumbers ¥ of the individual

Raman peaks are mentioned in Figure 5.26.

Table 5.5: List of Raman shifts or peak wavenumbers ¥peqr of epoxy film
samples with the corresponding molecule vibration modes. The information is
taken from the literature [5, 137, 138, 196, 197, 201, 221]

Peak wavenumber
- i -1 Molecule vibration modes
’Upeak iIin cm

635 In-plane quadrant stretching of para-phenylene

821 Symmetric stretching of aliphatic ether and

symmetric stretching of secondary alcohol

915 Symmetric stretching of the epoxy rings
932 Symmetric stretching of the epoxy rings
1105 Asymmetric stretching of the secondary alcohol

and aromatic vibration

1185 In-plane CC stretching of gem-dimethyl-groups

between para-phenylene

1225 Stretching of ether bond and aromatic vibration
1250 Stretching of epoxy rings

1295 In-phase twist of CHo along alkane

1455 Different CHg and CHg vibrations

1580 Asymmetric in-plane quadrant stretching of

para-phenylene

1605 Symmetric in-plane quadrant stretching of

para-phenylene
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To visualize the differences between the deformed and undeformed regions of
the samples of type C in more detail, a mapping was performed in the 0° and
90° polarization modes. Afterward, a cluster analysis was applied with the
WiRe software to identify repeating patterns in the recorded spectra. In Figure
5.45 it is clearly visible that the 0° polarized spectra differ between the two
regions, that is, deformed (left) and undeformed (right). This is highlighted
with two different colors (blue and cyan). Each color represents almost similar
spectra for the corresponding measurement points. These results show that the
0° spectra change in the transition zone from a deformed to an undeformed
region. Since the Raman method does not depend on the sample thickness like
Infrared spectroscopy, the reduction of the thickness can be excluded as the cause

of the spectral differences.
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Figure 5.45: Mapping and k means cluster analysis in 0° polarization mode
over the interface between the deformed (left) and undeformed region (right)
of a type C sample as shown in the corresponding photoelastic image (right).
The sample was stretched until an elongation at break e, = 73%. The cluster
analysis was performed using the Renishaw Wire software. The initialization
was chosen as random and the clustering type was k-means, using correlation as
the distance metric. The initial number of clusters was chosen as five, but based
on the similarity within the spectra of the identified clusters in different regions,
the final number was reduced to two. Each pixel represents one measurement
point. All blue pixels (deformed) and all cyan pixels (undeformed) have similar
spectra. The averaged spectra of both regions in 0° polarization mode are shown
below.
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Further Raman analysis show that the polarized spectra recorded after the tensile
test exhibit increased intensities of the 0° polarization mode (in tensile direction)
in the necked and deformed sample regions. At the same measuring positions,
comparably lower intensities were detected for the polarization mode 90° (per-
pendicular to the tensile direction) for most peaks, as can be seen in Figure
5.46. This is especially evident for molecular components of a backbone, such
as for the different aromatic vibration modes (peaks at 1605, 1580, 1105 and
821 cm™') [221, 222], which exhibit a significantly increased intensity for the 0°

polarization in the load direction.

Although normalization is generally applied when comparing spectra, this was
deliberately omitted here in order to show the differences for all peaks at the
same sample positions. Data processing was therefore carried out exclusively as

described in Chapter 4.6 without normalization steps.
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Figure 5.46: Polarized Raman spectra of a necked epoxy film sample region of
type C with and without shear band regions (deformed in (a) and undeformed
in (b)) for two different polarization modes (0° and 90°). The polarization is
shown with regard to the tensile direction.

A suitable method to demonstrate molecular orientation is to determine the
molecular orientation factor f for each peak (see Chapter 4.6 and Equation 4.8).
This was done for all peaks and is shown as box plot in Figure 5.47. The peaks
corresponding to backbone segments exhibit a positive value for the molecular
orientation factor, which means an orientation of the corresponding molecular
segments in load direction. Only the peaks at 1455cm™' and 1185cm™' ex-
hibit a negative molecular orientation factor. This corresponds to an alignment

perpendicular to the tensile direction (90°).
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Figure 5.47: The molecular orientation factor is shown as box plot for each
Raman peak of three type A samples recorded at a minimum of 2 positions for
each sample and region (as-produced deformed). The factor is determined from
Equation 4.8 with the 0° and 90° polarized Raman intensity.

The peak at 1185 cm ™! corresponds to the in-plane stretching vibration of gem-
dimethyl group of bisphenol A between the aromatic rings and the peak at
1455 cm ™" is related to the methyl and methylene vibrations (see chemical struc-
ture of DGEBA in Figure 3.6) [5, 137, 221]. Both peaks correspond to molecules
that are not part of the backbones. In addition, the aforementioned side bonds
are almost perpendicular to the backbone [5]. If the backbones are oriented in
the tensile direction (0°), these bonds are increasingly aligned perpendicular to
the tensile direction (90°).

The fact that molecular orientations can only be found in severely deformed
or necked sample areas can be seen visually again in Figure 5.48. At different
sample positions of at type A sample within the gauge length (marked as gray
dots in Figure 5.48 (a), Raman spectra in the 0° and 90° polarization directions
(Lo, I90) were recorded and used for the calculation (see Equation 4.8) of the
molecular orientation factor of the peak at 1605cm ™', which corresponds to C-
C stretching vibrations in aromatic rings. The calculation results are shown in
Figure 5.48 (b).
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Figure 5.48: Photoelastic image of a necked type A sample with a thickness
of 100 pm (reached maximum Deben elongation of € = 17 %) with white shear
bands and yellow, purple and green colored mechanically stressed and deformed
sample region (a) and the molecular orientation factor (red line) determined for
the aromatic peak at 1605cm ™! for different sample positions (marked as gray
dots in photoelastic image) in the gauge length. The corresponding intensities
of the aromatic peak at 1605cm™~! for each sample measurement point for the
0° and 90° polarized measurements are shown as well (gray and dark blue lines

in (b)).

Intermediate summary

The polarized IR (see Chapter 5.3.3) and polarized Raman outcomes lead to
the conclusion that in highly deformed and necked sample areas with shear
bands, the backbones with the aromatic rings are oriented in the tensile
direction and the side molecules get oriented perpendicular to the backbones
as a result.

This confirms the following hypothesis:

5. Shear bands represent deformation areas with oriented and stretched

molecular backbones in epoxy.
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As discussed in Chapter 2.1, in thermoplastic deformed materials with shear
bands, a thermal annealing above the glass transition temperature T, causes
a shear band removal [77]. In order to figure out whether this also applies to
epoxy, thermal treatment tests were carried out. The corresponding results are

presented in the next chapter.

5.5 Thermal annealing

After thermal annealing for 3h at a temperature T' of 70°C, i.e, below T,
(90°C), of deformed epoxy film samples with shear bands, photoelastic images
still demonstrate shear bands and deformation, as can be seen in Figure 5.49.
However, the visually detectable intensity of the deformation and shear bands
appears to be reduced in comparison to the photoelastic images after creep loa-
ding because the white regions are lighter after thermal annealing. In contrast
to this, thermal annealing of deformed epoxy film samples with shear bands at
temperatures above the glass transition temperature T, i.e., 100°C, shows that
heat application leads to almost complete removal of the shear bands. Also the
shape of the sample nearly returns to its initial dimensions. This can be seen
in Figure 5.52. The removal of the deformation and shear band due to a heat
treatment above T’y was detectable for the HBPA-DGE film sample as well (see
Appendix Figure 29).

After creep
F ~ loading until
failure

After thermal
F treatment
(T=70°C<T,)

1000 ym

Figure 5.49: Photoelastic images of a representative type A film specimen with
a thickness of 30 pym after creep loading (at 70 % UTS) until finial failure and
after a subsequent thermal annealing at a temperature T' of 70°C (T' < Tg) for
3h.
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The reason for this behavior is the increased mobility of the molecules at a tem-
perature higher than the glass transition temperature. Only in this temperature
range the molecules are movable and can reorient and return to equilibrium po-
sitions. This results in a relaxation of the entire polymer network, the removal

of shear bands, and the return to the initial sample shape (see Figure 5.52).

As a proof of concept, the load-induced spectral changes in the shear bands must
also be reversed by thermal annealing above Ts. The spectra after mechanical
loading and a subsequent thermal annealing have to be identical to the initial
as-produced state spectra. Figure 5.50 shows the aromatic peak wavenumber
1608 of the initial sample state, after mechanical loading and deformation and
after the subsequent thermal annealing above T, recorded with the TENSOR II
device. A back shift towards higher aromatic peak wavenumbers closer to the

initial state can be detected.
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Figure 5.50: FEz situ IR results of a creep-loaded film specimen of type A
with a thickness of 30 pm. The initial aromatic peak wavenumber at 1608 cm™?,

the red-shifted 71608 after mechanical loading and the back shifted ¥160s8 after
subsequent thermal annealing above Ty are determined. Each gray dot represent
a recorded spectrum at the same specimen position.

In the context of the entropy-related deformation and the fact that the backbones
can be more easily or more homogeneously stretched after a previous alignment
in the load direction, there should no longer be an absorbance dependence of
the polarization direction detectable in the polarized IR results after thermal

annealing above Tj.
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Figure 5.51 pictured the polarization angles or directions and the corresponding
absorbance after mechanical creep loading and after a subsequent thermal ex-
pansion. After mechanical creep loading, the aromatic backbones are aligned in
the load direction (0°) as the absorbance is highest for the polarization mode in
load direction (see Chapter 5.3.3). After a subsequent thermal annealing at a
temperature of 100°C, i.e., above Ty, there is no longer a significant difference
in the absorbance of the different polarization directions. This is an additional
indication that the backbones have returned to an equilibrium conformation as
a result of the heat expansion. After thermal annealing above the glass transi-
tion temperature the molecules are not longer stretched and aligned in the load
direction. Additionally, it was possible to show that the shear bands occur again
at the same sample position if a second creep test is performed after thermal
annealing. The stress state for shear yielding might still be appropriate in the

previous formed shear bands.
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Figure 5.51: FEx situ polarized IR results of a creep-loaded film specimen of
type A with a thickness of 30 pm. The aromatic absorbance Ajgos is evaluated
regarding the polarization direction after mechanical creep loading (left) and
after subsequent thermal annealing at a temperature above Ty (right).

Figure 5.52 shows the results of the ez situ IR microscope of different sample
states (as produced, creep loaded, and thermally treated) to improve the distin-
guishing between deformed and undeformed sample regions and to analyze the
shear band recovery on the molecular level further. It can also be seen here that
the aromatic wavenumber 71608 in the shear bands assumes a reduced value after

mechanical testing (red-shift) as it was presented in the last chapters.
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If the mechanical creep test is followed by thermal annealing above Ty, not only
do the shear bands disappear in the photoelastic image but also the reduced
wavenumbers 91608 in the previously deformed region with shear bands returns to
the initial as-produce state. The peak wavenumber visualization shows that some
aromatic rings might be a little bit stressed even after the thermal annealing since
some random areas still exhibit slightly increased aromatic peak wavenumber

values, but explicit not in the previous formed shear bands.

In Figure 5.52 it is also shown what happens after a second creep test subsequent
after the thermal annealing. A second creep loading results in the reappearance
of shear bands in the same specimen regions as during the first creep loading
and leads again to a red-shift in the corresponding shear band areas. This is
also evident in Figure 5.50. After thermal annealing at 100°C, the aromatic
wavenumber ¥1608 is again close to the initial peak wavenumber value. This
means that despite thermal annealing, the stresses in these sample areas are still
the most favorable for shear yielding and the internal energy in the aromatic rings
changes again at these points when the backbone are stretched and lengthened

again.

The findings from the thermal annealing confirm that plasticity does not
mean permanent if thermal annealing is taken into account. A thermal an-
nealing above the glass transition temperature 7, proved that the molec-
ular rearrangement (polarized IR) and stretching processes (peak shifts)
which takes place during macroscopic deformation under tension loads are
reversible. The molecules return to energetically favorable equilibrium posi-

tions. This confirms the last research hypothesis:

6. Shear bands and constricted regions in epoxy regress at temperatures
above the glass transition temperature. The molecular structure then
returns to a more favorable equilibrium conformation, and the sample

returns in the initial geometric dimensions.
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Figure 5.52: Correlation of photoelastic images and ez situ IR microscope
results of a representative type A film specimen with a thickness of 30 pm in the
as-produced state, after creep loading until € = 17 %, after thermal annealing
(3h at T > T,) and after the second creep loading until final failure is shown.
The photoelastic images display the geometric dimensions of the sample as well
as markings for identification at different sample states. The IR visualization
includes pixels where each one correspond to a spectrum. All recorded spectra
are evaluated regarding the aromatic peak shift Ad160s and each pixel is colored
according to the corresponding value. The sample region which are analyzed
with IR are marked by a red frame in the photoelasti images.
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6 Evaluation of hypotheses

The first part of this thesis deals with the development of a sophisticated ma-
nufacturing technique to produce epoxy films with thicknesses between 15 and
100 pm. The thicknesses of the epoxy films were chosen with regard to the size
range or dimension of the resin-rich zones between fibers and the resin-rich zones
between reinforcing prepregs or layers in polymeric composites. The manufac-
tured film samples were extensive characterized with different methods in order
to understand the relationships between deformation behavior and microstruc-
ture processes. The different testing techniques confirmed the following two

hypotheses:

1. Micro-scaled thin epoxy resin films can deform ductile under tensile loads.

2. High local strains and stress results in shear bands as visible deformation

mechanisms under tensile loads.

Vibrational spectroscopic analysis was found to can be performed to correlate
molecular mechanisms within epoxy and the corresponding macroscopic mechan-
ical behavior. The polarization angle-dependent IR absorbance and Raman in-
tensity for the peak at 1608cm™" (IR) and 1605cm™! (Raman) is accompanied
by an in-plane stretching of the aromatic ring and mainly its C atoms. This
peak or vibration mode indicates a molecular alignment in the load direction
within the deformed sample regions, since the IR absorbance or Raman inten-
sity of the aromatic components there is highest in 0°, which is parallel to the
load direction. At first glance, it might be assumed that the molecular back-
bones are approximately oriented in 45°, just as the macroscopic visible shear
bands. However, the IR absorbance at a polarization angle of 45° is significantly
lower than at 0°, which means that fewer molecular chains are oriented in the
45° direction. Approximately in 45° direction, the maximum shear stress occurs
first, but with further load application, the backbones in the shear band areas

get oriented in the 0° load direction like in thermoplastics.
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The dimethyl groups between the aromatics show an orientation perpendicular
to the load direction (90°), which is the consequence when the backbones are
oriented in the load direction. This phenomenon results in a decrease of the

entropy S.

After the alignment of the backbones, the bond distances in the backbones, es-
pecially between the aromatic carbon atoms increase further, as was shown in
MD simulations related to the project [211] and can be measured experimen-
tally as a decrease in the aromatic peak wavenumber at 1608 cm ™" (red-shift)
and as an increase in the aromatic peak wavenumber at 829 cm™* (blue-shift).
Together with the Badger rule and a load-induced increasing bond distance bet-
ween the aromatic C-C atoms, the aromatic red-shift Avi60s toward lower peak
wavenumbers can be explained as a consequence of an energy-related deforma-
tion. However, the blue-shift of the aromatic C-H vibration at a wavenumber
of 829 cm™! is an indirect consequence of the stretching of the aromatic C-C, as
the C-H bond is not a direct part of the backbone and is therefore not directly
stretched. The blue-shift is caused by a stretch-induced increased polarization

of the aromatic rings.

All spectroscopic findings strengthened each other and confirmed the following

hypotheses:

3. Vibrational spectroscopic analysis can be performed to correlate the molec-

ular mechanisms within epoxy with the macroscopic mechanical behavior.

4. The ductility in epoxy is enabled by molecular rearrangement processes in

the cross-linked network.

Even if most of the peaks analyzed are related to the aromatic structures in
the backbones, it was possible to exclude aromatic rings in the backbones as
a requirement for shear band and neck formation in epoxy film samples. Film
samples made from another epoxy system (HBPA-DGE) without aromatic rings
in the backbones exhibit shear bands under tensile load as well. Shear bands
occur as deformation mechanisms under tensile loads in different epoxy systems.

These findings confirmed the research hypothesis as well:

5. Shear bands represent deformation areas with oriented and stretched molec-

ular backbones in epoxy.
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The work also showed that the neck and the shear bands are not plastic ir-
reversible deformation processes in the classical sense. Although deformations
persist at room temperature for a period of several years, thermal annealing
above Ty of previously deformed specimens with shear bands has shown that
film samples return to their initial geometry and all shear bands disappear due
to the thermal energy contributed. The sample looks as before mechanical loa-
ding, and the corresponding (polarized) IR spectra are also almost identical
to those of the initial state before mechanical testing. If a second mechanical
loading is applied after the thermal annealing process, the shear bands usually
appear again in similar sample areas and a red-shift of the aromatic peak at
1608 cm ™! can be detected again in the IR spectrum. The shear bands can then
also be removed once again by annealing them above Tz at 100 °C. The ther-
mal energy introduced must therefore exceed the deformation work performed in
the mechanical test. Removals at temperatures below T'g, for example at 70 °C,
causes a decrease of the shear band intensity, but there is no complete recovery.
This is also true for HBPA-DGE film samples. Only when T, is reached the
thermal energy is high enough and the molecules can react to the restoring force
because they are now mobile enough to achieve a more energetically and entrop-
ically favorable state of equilibrium. If thermal energy is supplied to the system
during thermal annealing, the decreasing entropy caused by the alignment of
the backbone under mechanical load is counteracted, and the macromolecules
are brought closer to the disordered state again through more intensive chain
movement. Polarized IR measurements have shown that molecular orientations
cannot be detected anymore after a thermal annealing process above Tg. This

confirmed the last research hypothesis:

6. Shear bands and constricted regions in epoxy regress at temperatures above
the glass transition temperature. The molecular structure then returns to
a more favorable equilibrium conformation, and the sample returns in the

initial geometric dimensions.

The results of the hypothesis verification have shown that there is a cascade from
the macroscopic level (mechanical properties) to the electron level (aromatic C-H
blue-shift IR) in stressed epoxy film samples. To the author’s knowledge, it was
the first time that such extensive investigations were carried out on microscale
epoxy resin samples, where not only the mechanical behavior in different me-
chanical tests was analyzed, but above all the molecular mechanisms occurring as

causes could be detected by various in situ and ex situ spectroscopic methods.
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Additionally, by applying thermal energy, the internal stresses in the samples
and changes in the microstructure can be relieved again, so that the mechanisms

and relationships described are reversible, which is a complete new finding for

epoxy resins.
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7 Conclusion

The key finding of this work is that epoxy film samples with small test volumes
experience a significant increase in plastic (like) deformation behavior. The
reduced test volume compared to standard samples favors yielding due to a
larger amount of sample regions in plane stress state. After reaching the yield
stress, pronounced shear bands are formed with maximum width averaged local
strain values of about 60 %. This process continues until the sample is necked

over the entire test length.

It was possible to show for the first time, that at the molecular level, the aromatic
compounds in the backbones are directly involved in load transfer and undergo
alignment and stretching during plastic like deformation and shear band forma-
tion in the regions with high local strains, as evidenced by IR peak-shifts as
well as a polarization angle-dependent IR absorbance and Raman intensity for
specific peaks. Together, the peak shifts and polarization-dependent absorbance
show that the higher ductility and shear band formation are the result of a su-
perimposed energy- and entropy-related deformation. This shows that although
mechanical stress can lead to changes in bond lengths and angles, strains can oc-
cur only if a specific amount of entanglements are first removed and the entropy

is reduced.

During the deformation process, entropy decreases due to the molecular align-
ment of the backbones, and the inner energy increases as a result of the change
in the bond lengths and angles. To analyze the associated change in molecu-
lar density in the shear bands, a special p-CT device with even higher density

resolution could be used.
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The often used term plasticity in the context of shear yielding in polymers should
be reconsidered since it is not really a permanent irreversible deformation pro-
cess as the thermal annealing results of this thesis show. Nevertheless, in the
presented thesis, the term plastic like is used to differ the over the time at room
temperature remaining deformation with shear bands from the spontaneous elas-
tic behavior. Related to the term entropy elasticity and the new finding in this
thesis, the described behavior is more like a frozen entropy-related deformation
since it is not an elastic behavior. With thermal energy application, the material
volume, respective sample width increases, the molecules have enough space to
return in a preferred equilibrium position, and the sample dimensions are nearly
exactly as before mechanical testing. Especially above Ty, the molecules lose
their alignment and return to a coil-like structure without further order and
with higher entropy. The term plastic or permanent is just true for a period
of time over a few years (duration of this thesis) at room temperature (below
Ty). Under these circumstances the energy barrier cannot be overcome, and the
molecules cannot return to an equilibrium position as the space and flexibility is
limited as a result of neighboring molecules as hindrances. These are important
new findings, also for returning deformed epoxy resin materials to their original

shape.

The question of how this plastic like deformation due to unraveling of entan-
glements, alignment of molecular backbones, and stretching of molecules similar
to thermoplastics is also possible in highly cross-linked epoxy films could be an-
swered comprehensively for the first time within this doctoral thesis, but why it
is possible at all is still an open question. There may also be physical entangle-
ments between cross-linking points that can be removed, as well as stretching
and orientation of molecular chains between the cross-links to a certain extent,
but this cannot explain the significant increase in ductility and the formation of
shear bands. Another hypothesis is that even in an overall dense epoxy network,
high- and low-density cross-linked regions exist in a statistical distribution. Un-
der load, the stress-sensitive covalent bonds in the backbones in sample regions
with less dense network structure may react first to external load with some

molecular movement, followed by molecular stretching as well.
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Another point that should be investigated in more detail in the future is the
influence of the manufacturing conditions on these stress and strain-induced
changes in the epoxy resin microstructure. Altering the thermal curing cycle
during the film manufacturing offers a means to influence the development of
the molecular network and, as a result, the final molecular architecture of the

completely cured system.

The theory of Bowden contains similarity to the deformation of thermosets and
the movement of dislocations in metals. However, a requirement might be that
cross-links can be ,opened” and ,,closed* several times to have a comparatively
molecular mechanism like dislocations in epoxies. MD simulations clarify the
competition of bond dissociation and bond reformation during plastic (like) de-
formation and fractures. The study of Konrad et al. [223] has shown that
cross-links can recombine under load or during plastic (like) deformation shortly
before finial failure. This has to be experimentally investigated further to detect
possible radicals that may occur during bond dissociation, and this might be
challenging because of the opportunity of very fast recombination and a new
cross-link formation during plastic like deformation. However, in the in situ IR
results, no indications were found that significant bond breakings occur. It could

be that the temporal or spectral resolution was not high enough.

Further in situ investigation of the molecular backbone movement process dur-
ing loading and deformation could be performed in the future with an IR device
which allows simultaneous recording of spectra for different polarization angles
(0°, 45°, 90°) and consideration of the general absorbance decrease due to the
constriction or thickness decrease in the shear band zones (Beer’s law) to mea-
sure the gradual molecular backbone alignment as a response to external load

application.

In the next step, the behavior of epoxies as a matrix component in FRP should
be investigated with regard to the plastic deformability of small-volume matrix
regions under non plane-stress conditions. The knowledge about this can further
help to optimize the mechanical behavior of FRPs since the matrix deformation
potential significantly affects the overall mechanical behavior of FRPs. For even
more accurate modeling and design of FRPs, the mechanical behavior of epoxy
should not be based on the mechanical properties of bulk samples, but on the
properties of microscopic epoxysamples as presented in this doctoral thesis in

order to improve the accuracy of micromechanics-based models.
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Appendix

Figure 1: Microscopic image of a punched type A sample with a thickness of
30 pm.

Tensile tested type A
sample with shear
bands glued onto

paper frame

L e 4
4 mm

Figure 2: Photo images of a type A sample glued onto a paper frame (left) and
both clamped in a Zwick Z2.5 tensile machine (right).
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Optical microscope

N Clamped epoxy type C
sampleWwith DIC pattern

Nanoindenter tensile stage

Figure 3: Photos of the DIC setup for a type C sample are shown. The optical
microscope with the nanoindenter tensile stage are shown (left) and a clamped
type C sample with DIC pattern (right).

L S

Figure 4: Clamped DIC tape C sample with a thickness of 30 pm and a suitable
speckle pattern. An illustration of the smallest used subset size of 19 pixels is
shown: example subsets are denoted by blue rectangles and the green rectangle
indicates the area of interest in the DIC analysis.
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Deben tensile stage insered to
the IR TENSOR Il sample I

ﬂ

chamber for in situ
measurements L = =m=
e Clamped epoxy type B sample

e e

Figure 5: Photos of the in situ test setup are shown. The Deben tensile stage
positioned in the TENSOR II chamber are shown (left) and a clamped type B
sample with the Deben tensile stage (right) are shown.
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Figure 6: In transmission mode recorded spectrum of a film sample with a
thickness of 30 pm (top) and ATR spectrum of a bulk specimen (bottom). No
chemical differences can be found between the spectra.
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Figure 7: The ATR spectra of a film with a thickness of 100 pm made with a
rackel on the LDPE carrier foil is shown. One surface of the epoxy film was in
contact with the atmospheric environment (black spectrum) and the other sur-
face with the LDPE carrier foil (gray spectrum) during the curing process. Both
spectra are averaged from 3 spectra, recorded at three different film positions
on both surfaces after curing. No chemical differences can be found between the
spectra.
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Figure 8: The ATR spectra of the LDPE carrier foil is shown before epoxy con-
tact (black) and after epoxy contact (gray) during the epoxy film manufacturing
process of an epoxy film with a thickness of 50 pm.
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Figure 9: With NETZSCH Kinetics Neo software and DSC curing mea-
surements determined Time-Temperature-Transition (TTT) diagram for the
DGEBA epoxy system. The time axis is plotted in log scale.
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Figure 10: With NETZSCH Kinetics Neo software and DSC curing measure-
ments predicted conservation for the selected and to the DGEBA epoxy film
samples applied (post-)curing process. The Friedman model is used for the pre-
diction. The time axis is plotted in log scale.
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Figure 11: Absorbance difference Ad160s for 0°, 45°and 90°polarization angle
of an as-produced epoxy type A sample in the initial state before mechanical
testing.

Table 1: Mechanical parameters (tensile strengths (UTS), Young’s modulus (E)
and elongation at break (ey)) of epoxy films of type A with different thicknesses
and epoxy bulk samples determined in a tensile test using a Zwick Z2.5 and Z
10.0 with a crosshead speed of 1 mm/min at room temperature.

Film thickness d of type A sample in pm Bulk
15 30 50 100 (d = 2000 pm)
UTS) in MPa 63.1 + 3.5 69.8 + 1.0 712 +£1.1 70.4 £ 0.4 789 + 1.1
UTS, in MPa 61.2 4+ 6.2 68.8 + 2.7 69.4 £ 0.7 69.5 £ 1.2 ’ '
Ej in MPa 2642 + 201 3043 + 170 3242 4+ 133 3024 £+ 122 2708 + 33
E, in MPa 2646 + 385 3153 4+ 168 3135 + 270 3032 £ 68
€ in % 8.0 + 3.7 7.5+ 29 11.5 £ 6.0 20.7 £ 8.0 84+ 1.2

el in % 6.1 £ 3.9 6.5 £ 3.6 6.7 £ 2.1 10.6 + 4.9
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w

Strain in %
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Figure 12: Strain-time curve and a creep-rate-time curve of type A film sample
with a thickness of 30 pm. The stress level was at 70 % UTS (testing machine
Z 2.5). Two photos were taken during the creep test to track the shear band
formation.

Figure 13: Type A sample with a thickness of 100 pm with photos taken over
time during a creep test and with a stress-optical image after failure (from top
to bottom). (a) Sample with central necking and creep tested at 80 % UTS and
(b) Sample creep tested at 70 % UTS with necking at surface defect (green) and
with shear band formation at edge defect (red).
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Time ins

Figure 14: Creep curve of type A film sample with a thickness of 30 pm and a
photoelastic image of the tested sample. The stress level was set to 42 MPa (=
60 % UTS).
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Figure 15: Creep curve of type A film sample with a thickness of 30 pm and a
photoelastic image of the tested sample. The stress level was set to 45 MPa (=
65 % UTS)
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Figure 16: Ez situ IR microscope results of a representative creep-loaded film
specimen of type A with a thickness of 30 pm without failing during the me-
chanical creep loading (maximum elongation of 17 %). Each pixel with a size
of 165 x 165 pm is a measurement point and correspond to a spectrum. All
recorded spectra are evaluated regarding the peak wavenumber 0s29, 91182, D1362
and ¥1581. Depending on the value of ¥, each pixel is colored. The corresponding
photoelastic image and the visualization of the aromatic peak wavenumber #1608
of this sample are shown in Figure 5.33.
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Figure 17: Ez situ IR microscope results of a representative creep-loaded film
specimen of type A with a thickness of 30 pm without failing during the me-
chanical creep loading (maximum elongation of 17%). Each pixel with a size
of 165 x 165 pum is a measurement point and correspond to a spectrum. All
recorded spectra are evaluated regarding the peak at 829 cm™'. The absorbance
(As29), peak area (PAsgag), asymmetry factor (ASFga9) and Full Width at Half
Maximum (FWHMss9) are determined and visualized. The corresponding pho-
toelastic image of this sample is shown in Figure 5.33.
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Figure 18: Ez situ IR microscope results of a representative creep-loaded film
specimen of type A with a thickness of 30 pm without failing during the mechan-
ical creep loading (maximum elongation of 17 %). Each pixel correspond to a
spectrum. All recorded spectra are evaluated regarding the peak at 1182 cm™*.
The absorbance (Ai1s2), peak area (PAiis2), asymmetry factor (ASFi1s2) and
Full Width at Half Maximum (FWHM;1s2) are determined and visualized. The
corresponding photoelastic image of this sample is shown in Figure 5.33.
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Figure 19: Ez situ IR microscope results of a representative creep-loaded film
specimen of type A with a thickness of 30 pm without failing during the mechan-
ical creep loading (maximum elongation of 17 %). Each pixel correspond to a
spectrum. All recorded spectra are evaluated regarding the peak at 1362 cm ™.
The absorbance (A13e2), peak area (PAise2), asymmetry factor (ASFi362) and
Full Width at Half Maximum (FWHMais62) are determined and visualized. The
corresponding photoelastic image of this sample is shown in Figure 5.33.
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Figure 20: Ez situ IR microscope results of a representative creep-loaded film
specimen of type A with a thickness of 30 pm without failing during the mechan-
ical creep loading (maximum elongation of 17%). Each pixel correspond to a
spectrum. All recorded spectra are evaluated regarding the peak at 1581 cm™*.
The absorbance (Ai1ss1), peak area (PA1ss1), asymmetry factor (ASF1ss1) and
Full Width at Half Maximum (FWHMjiss1) are determined and visualized. The
corresponding photoelastic image of this sample is shown in Figure 5.33.
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Figure 21: Ez situ IR microscope results of a representative creep-loaded film
specimen of type A with a thickness of 30 pm without failing during the me-
chanical creep loading (maximum elongation of 17%). All recorded spectra
are evaluated regarding the peak at 1608cm™'. The absorbance (Aieos), peak
area (PAigos), asymmetry factor (ASFi60s) and Full Width at Half Maximum
(FWHM60s) are determined and visualized. The corresponding photoelastic
image and the visualization of the peak wavenumber #1608 of this sample are

shown in Figure 5.33.
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Figure 22: In situ tracked absorbance Agsg, Ai1s2 and Aiss1 (each blue dot
represent a recorded and processed spectrum) over the time (fitted curve in blue)
for type B film specimen with a thickness of 30 pm during creep loading (70 %
UTS). The corresponding mechanical data is plotted as a black line.
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Figure 23: Ex situ IR microscope results of a representative film specimen of
type A with a thickness of 15 pm after final failure during tensile testing. Each
pixel with a size of 165 x 165 pum is a measurement point and correspond to a
spectrum. All recorded spectra are evaluated regarding the peak wavenumber
Usg29, D1182, V1362 and U160s. Depending on the value of o, each pixel is colored.
The corresponding photoelastic image of this sample is shown in Figure 5.39.
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Figure 24: Ex situ IR microscope results of a representative film specimen of
type A with a thickness of 15 pm with final failure during tensile testing. Each
pixel with a size of 165 x 165 pm is a measurement point and correspond to a
spectrum. All recorded spectra are evaluated regarding the peak at 829 cm ™.
The absorbance (Asag), peak area (PAgzg), asymmetry factor (ASFgo9) and Full
Width at Half Maximum (FWHMsg29) are determined and visualized. The cor-
responding photoelastic image of this sample is shown in Figure 5.39.
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Figure 25: Ex situ IR microscope results of a representative film specimen of
type A with a thickness of 15 pm with final failure during tensile testing. Each
pixel correspond to a spectrum and all recorded spectra are evaluated regarding
the peak at 1182 cm ™. The absorbance (A1182), peak area (PA11s2), asymmetry
factor (ASF11s2) and Full Width at Half Maximum (FWHM;s2) are determined
and visualized. The corresponding photoelastic image of this sample is shown in
Figure 5.39.
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Figure 26: Ex situ IR microscope results of a representative film specimen of
type A with a thickness of 15 pm with final failure during tensile testing. Each
pixel correspond to a spectrum and all recorded spectra are evaluated regarding
the peak at 1362 cm~!. The absorbance (A1362), peak area (PA13e2), asymmetry
factor (ASF1362) and Full Width at Half Maximum (FWHMji362) are determined
and visualized. The corresponding photoelastic image of this sample is shown in
Figure 5.39.
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Figure 27: Ez situ IR microscope results of a representative film specimen of
type A with a thickness of 15 pm with final failure during tensile testing. Each
pixel correspond to a spectrum and all recorded spectra are evaluated regarding
the peak at 1608 cm™*. The absorbance (A1e0s), peak area (PAi1g0s), asymmetry
factor (ASF160s) and Full Width at Half Maximum (FWHM;60s) are determined
and visualized. The corresponding photoelastic image of this sample is shown in
Figure 5.39.
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Figure 28: Spectrum of an as-produced type A HBPA-DGE film sample with
a thickness of 30pum (blue) and a spectrum recorded after tensile test in the
deformed region of the same sample (red).

After tensile
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Figure 29: Photoelastic images of a HBPA-DGE type A film sample after tensile
test and after subsequent thermal annealing at a temperature T of 85°C above
the glass transition temperature Ty for 3 h. After the thermal annealing no
shear bands and width reduction around the fracture are visible anymore. A
small defect inside the sample (marked with a gray ellipse) which may be due
to challenging handling during the tensile test remains after thermal annealing.



	Introduction
	Structure of composites
	Aims and scope

	Scientific and technological background
	Deformation of materials
	Epoxy
	Chemical structure
	Mechanical behavior

	Vibrational spectroscopy
	Fundamental principles
	Load-induced IR peak shifts


	Manufacturing methods
	Material
	Epoxy film manufacturing
	Sample preparation

	Experimental methods
	Epoxy film characterization
	Mechanical testing
	Tensile tests
	Digital Image Correlation
	Creep test
	Relaxation test
	Cyclic loading
	Photoelasticity and microscopy

	Micro-Computertomography (µ-CT)
	Infrared analysis
	Spectral data evaluation
	Ex situ Infrared spectroscopy
	In situ Infrared spectroscopy

	Polarized Infrared spectroscopy
	Polarized Raman spectroscopy
	Thermal annealing of deformed epoxy samples

	Results and discussion
	Characterization of as-produced epoxy films
	Mechanical testing
	Tensile tests
	Creep test
	Cyclic loading
	Photoelasticity, µ-CT and Microscopy
	Digital Image Correlation

	Infrared spectroscopy
	Ex situ Infrared spectroscopy
	In situ Infrared spectroscopy
	Polarized Infrared spectroscopy

	Polarized Raman spectroscopy
	Thermal annealing

	Evaluation of hypotheses
	Conclusion
	Bibliography

