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Short Summary

In this thesis, a novel route to obtain low-density (< 100 kg/m?) extruded strand foams made
from polybutylene terephthalate (PBT) with a fine cellular and uniform morphology (<500 um)
was presented. For the first time, organic (1,3,5-benzenetrisamides (BTAs)) and inorganic
(halloysites (HNTs)) nanoadditives at various concentrations (< 1 wt%) were used as both
nucleating agents for polymer crystals of chemically post-modified PBT (mPBT) and
nucleation of mPBT foam cells. Two different BTAs (commercially available BTA (BTAI)
and tailor-made BTA (BTAZ2)) having discrete chemical nature were selected. Among all
concentrations, 0.08 wt% BTA1 and 0.02 wt% BTA2 were found to be optimum concentrations
leading to the best melt properties, smallest cell size and foams having the best mechanical
performance. Compressive test results exhibited that 0.08 wt% BTA1 results in a 25 % increase
in compressive strength at the same foam density, whereas 0.02 wt% BTA2 features a 35 %
increase at around 15 % larger foam density compared to the one of the neat mPBT. This
enhancement is attributed to the improved foam morphology, including finer and more uniform
cellular structure as well as to the intrinsic reinforcing effect of BTA fibers in the cell walls and
struts. Furthermore, HNT-based extruded foam strands of mPBT were produced in the same
manner like BTA-based foams. The highest melt strength, the smallest mean cell size and the
highest increase in the compressive strength (26 %) compared to a neat mPBT foam at the same
foam density were achieved with only 0.02 wt% HNT concentration. This improvement was
also assigned to a more homogeneous foam morphology and to the presence of HNTs in the
cell walls and struts. Finally, synergistic effects of combining multiple nanoadditives on the
morphology and compressive properties of mPBT foam were presented. The mixture of HNT
and BTAZ2 resulted in foams with the smallest achieved cell size (~ 235 pm) and a foam density
of 75 kg/m?3. Yet, the highest compressive strength was achieved with the mixture of all three

nanoadditives (BTA1, BTA2 and HNT) at a relatively higher foam density of 98 kg/m>.



Kurzfassung

In dieser Arbeit wird ein neuartiger Weg zur Herstellung von extrudierten Strangschaumstoffen
aus Polybutylenterephthalat (PBT) mit niedriger Dichte (< 100 kg/m?) und einer feinzelligen
und einheitlichen Morphologie (< 500 um) vorgestellt. Erstmals wurden organische (1,3,5-
Benzetrisamide (BT As)) und anorganische (Halloysite (HNTs)) Nanoadditive in verschiedenen
Konzentrationen (< 1 Gew.-%) sowohl als Nukleierungsmittel fiir Polymerkristalle von
chemisch modifiziertem PBT (mPBT) als auch zur Nukleierung von mPBT-Schaumzellen
eingesetzt. Es wurden zwei verschiedene BTAs, ein kommerziell erhiltliches BTA (BTA1) und
ein maBgeschneidertes BTA (BTA2)) mit unterschiedlichen chemischen Eigenschaften
ausgewdhlt. Unter allen Konzentrationen erwiesen sich 0,08 Gew.- % BTA1 und 0,02 Gew.- %
BTAZ2 als optimale Konzentrationen, die zu den besten Schmelzeigenschaften, der kleinsten
ZellgroBe und zu Schdaumen mit den besten mechanischen Eigenschaften fithrten. Drucktests
ergaben, dass 0,08 Gew.- % BTA1 bei gleicher Schaumdichte eine um 25 % hohere
Druckfestigkeit bewirkt, wihrend 0,02 Gew.- % BTA2 eine um 35 % hohere Druckfestigkeit
bei etwa 15 9% hoherer Schaumdichte im Vergleich zu reinem mPBT aufweist. Diese
Verbesserung wird auf eine feinere und gleichméBigere Zellstruktur sowie der intrinsischen
Verstiarkungswirkung der BTA-Fasern in den Zellwédnden und -stegen zuriickgefiihrt. Dariiber
hinaus wurden extrudierte Schaumstringe aus mPBT auf HNT-Basis auf die gleiche Weise
hergestellt wie Schaumstoffe auf BTA-Basis. Die hochste Schmelzfestigkeit, die kleinste
mittlere ZellgroBe und die hochste Steigerung der Druckfestigkeit (26 %) im Vergleich zum
reinen mPBT-Schaum bei gleicher Schaumdichte wurden mit nur 0,02 Gew.- % HNT-
Konzentration erreicht. Diese Verbesserung wurde auch der besseren Schaummorphologie und
den HNTs in den Zellwinden und -stegen zugeschrieben. SchlieBlich werden die
synergistischen Auswirkungen der Kombination mehrerer Nanoadditive auf die Morphologie
und die Druckeigenschaften von mPBT-Schaumstoff vorgestellt. Die Mischung aus HNT und
BTA2 fiihrte zu Schiumen mit der kleinsten erreichten ZellgroBe (~ 235 um) und
Schaumdichte (75 kg/m?). Die hochste Druckfestigkeit wurde jedoch mit der Mischung aus
allen drei Nanoadditiven (BTA1, BTA2 und HNT) bei einer hoheren Schaumdichte von
98 kg/m? erhalten.
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1 Introduction and Motivation

Foams are solid-gas-phase structured materials, and the way they are made is much like baking
a cake. They are composed of a bulk material (the dough), blowing agent (the baking soda) and,
in most cases, additives (chocolate chips) to control the morphology and properties (taste).
Optimizing the processing technology and parameters is crucial for trapping the gas inside the
matrix and avoiding the rupture of cells to achieve the desired properties. The characteristic
properties of foams, such as density, cell structure, cell size, rigidity, and cost, vary depending
on the bulk material (can be polymers, metals, ceramics, and glass), the blowing agent (BA)
(chemical or physical BA) and the additives (e.g., nucleating agents, reinforcing fillers and
flame-retardants). Due to their being price-friendly, easy processability and low density,
polymers are commonly used as bulk materials for foaming. As a result, the market value of
polymer foams worldwide reached almost 90.7 billion U.S. dollars in 2020. By 2025, it is
expected to grow approximately 114.8 billion U.S. dollars, at a compound annual growth rate
of 4.8% [a]. Polyurethane (PUR), polystyrene (PS), polyvinylchloride (PVC), polyethylene
(PE) and elastomers, such as natural rubber and silicone, are the most usually preferred
polymers in the polymer foam market. Depending on the field of application, the performance
requirements and economics, the final properties of the foams can be adjusted by tailoring the

characteristic properties.

Mechanical properties of foams are mainly affected by the mechanical properties of the bulk
material (polymer matrix) that they are made of [1]. Semi-crystalline polymers, such as isotactic
polypropylene (i-PP), polyethylene terephthalate (PET) and polybutylene terephthalate (PBT),
have been gaining tremendous interest as a bulk material for foaming. The foams based on these
polymers are vital for applications in transportation and construction, where noticeably high
mechanical strength and modulus are required. For these applications, an ongoing task is
achieving a significant weight reduction without significantly deteriorating mechanical

properties, which can be enabled by foam extrusion technology [2].

However, foam extrusion of semi-crystalline polymers is a challenging task due to their poor

rheological properties, including low elasticity, melt viscosity and strength [3]. Compared to
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amorphous polymers such as PS, semi-crystalline polymers such as PBT show a narrower

processing temperature window (Fig. 1).
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Figure 1  Processing window for foaming of amorphous and semi-crystalline polymers.
Reproduced from [4].

When the melt temperature (Tm) exceeds the upper-temperature limit at the processing window,
sagging and cell collapse during the foam extrusion process is inevitable. At temperatures
below the lower-temperature limit, the process reaches its limit with a rapid increase in barrel
pressure in the extruder due to polymer melt solidification induced by crystallization. Both
cases are responsible for foams with coarse cell morphology, high foam density and thus

deteriorated mechanical properties.

To address this problem, there have been numerous attempts in the literature to improve the
rheological properties and thus foamability of semi-crystalline polymers, in particular
polyesters, such as PET [5—7] and PBT [8—11]. For instance, post-polymerization modification
reactions, namely partial crosslinking [12], long-chain branching, and chain extension are some

of the frequently used strategies to widen the processing-temperature window by increasing
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melt viscosity, melt strength and strain hardening (extensional thickening) behavior [6,7,13—

16].

Despite many attempts to improve melt properties and foamability of PET [4-7,12,17], a
limited number of studies on the modification of PBT via reactive extrusion [8§—11] and very
few studies on extrusion foaming of PBT [2,3,18] exist in the literature. To the best of my
knowledge, there is no commercial PBT foam product existing in the market. Yet, the foams of
chemically post-modified PBT (mPBT) exhibit great potential in diverse applications within
the polymer foam market. For example, insulation or sound absorption in the engine
compartment, fish or seafood packaging and construction applications [2—4,18,19]. For these
applications, foams with fine cellular structure, relatively low density, high thermal and
chemical stability, as well as enhanced mechanical properties are desired. PBT is an up-and-
coming candidate to fulfill these requirements due to its appealing bulk properties. Its fast and
efficient crystallization behavior features small-sized crystallites, high-temperature
dimensional stability, high heat deflection temperature (up to 150 °C), toughness and good

chemical and abrasion resistance.

One of the newest strategies to improve the foamability, morphology and mechanical properties
of foams is using nanoadditives. They can improve the melt strength and foamability (e.g.,
graphene [20], polytetrafluoroethylene (PTFE) nanofibers [21], in-situ fibrillated nanofibers
[22-24]). A fine and uniform foam morphology is also enabled by the high aspect ratio of the
additives (e.g., calcium carbonate (CaCO3) [25], supramolecular additives [26]). Also, they
reinforce the cell walls and struts (e.g., carbon nanofibers (CNFs) [27], montmorillonite (MMT)
[28], halloysites (HNTs) [29]) by an alignment on the cell walls and struts induced by the bi-
axial flow of the bulk material during the foaming (e.g., silica and silicates [30,31]). Finally,
they allow controlling the crystallization behavior of bulk material (crystallite size and

crystallinity).

Among these organic and inorganic nanoadditives, using 1,3,5-benzenetrisamides (BTAs) and
HNTs as foaming additives for semi-crystalline foams is a relatively new approach. BTAs show
an advantage as they can be dissolved in the polymer melt at a molecular level when suitable
conditions (processing temperature, additive concentration etc.) are provided. Upon cooling,

they self-assemble into columnar stacks forming supramolecular nanoobjects. In contrast to
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other nanoadditives, poor dispersion and/or agglomeration are not an issue for BTAs. BTAs
have already been used successfully for non-polar semi-crystalline i-PP. With only a very low
amount of BTAs (< 0.1 wt%), foams with reduced cell size and improved mechanical properties
were achieved. Depending on the chemical structure of BTAs, crystal nucleating efficiency and
aspect ratio of the self-assembled nanofibers vary. It was found that while some BTA nanofibers
lead to crystal nucleation of PBT, nanofibers of other BT As with different chemical structures

are not able to nucleate the polymer [32].

On the other hand, HNTs offer essential benefits, such as being naturally occurring, abundant
and low-priced, low carbon footprint and easy to handle during processing. HNTs are kaolinite-
based one-dimensional, inorganic clay nanoadditives, having been used as foaming additives
for polylactide (PLA) [29,33], PP [34] and polybutylene succinate (PBS) foams [35]. Their
unique tubular geometry and high aspect ratio lead to many nucleating sites featuring fine
cellular and uniform foam morphology. In addition to improved foam morphology, superior
intrinsic mechanical properties of HNTs provide further enhancement to the mechanical
properties of polymer foams by creating perfect nano-reinforcement. Up to now, no
fundamental research studies investigating the effect of BTAs and HNTs on the morphology

and properties of extruded PBT foams have been performed.

In this context, obtaining low-density mPBT foams (< 80 kg/m?) via foam extrusion technology
based on two different BTAs and HNTs showing enhanced mechanical properties is of interest.
This motivates the current study to explore the influence of BTAs and HNTs on the polymer
crystallization behavior, melt properties, foamability of mPBT and the resulting foam

morphology and mechanical properties.



2 Theoretical Background and Literature Survey

2.1 Classification of Polymer Foams

Polymer foams are classified according to their density, cell structure, cell size, chemical

structure, manufacturing method and stiffness [36,37].

Table 1 Classification of polymer foams.

Property Classification
high (> 500 kg/m®)
: medium (200 — 500 kg/m”)
Density

Cell structure

Cell size

Chemical structure

Manufacturing method

Stiffness

low (50 — 200 kg/m?)
ultra-low (< 50 kg/m?®)
open-celled
closed-celled

mixed-celled

nano-cellular (< 500 nm)

micro-cellular (0.5 — 30 um)

fine-cellular (30 — 300 pm)

macro-cellular or conventional (> 300 um)

crosslinked

non-crosslinked

batch foaming
foam injection molding
foam extrusion

bead foaming

soft
rigid
visco-elastic

integral foam

The properties of polymer foams (e.g., mechanical properties) depend on the properties of the

bulk material and these characteristic foam properties. Depending on the application, desired
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foam properties can be achieved by tailoring the characteristics of foams (e.g., density, cell
structure and size). For instance, foams with high strength and modulus are required for
building and construction, furniture, and transportation applications. Foams with high density,
rigidity and closed-cell structure are widely used here [2,26]. Medium-density foams are
preferred for the packaging, building and construction industry, while low-density foams find
many uses in insulation applications. In contrast to closed-celled foams, open-celled foams are
softer and more flexible, making them excellent components for the applications such as
bedding, seating and sport where superior comfort and cushioning are needed. Furthermore,
open-celled foams can be used as acoustical insulation panels as they can absorb sound waves

very well [38].

2.2 Fundamentals and Steps of Foaming

A typical foaming process consists of the following five steps, illustrated in Figure 2:

e Mixing of polymer and BA (two-phase system)

¢ Dissolution and diffusion of the BA in the polymer melt (single-phase system)
e Cell nucleation

e Cell growth

e Cell stabilization

In the beginning, the two-phase system, which is a mixture of polymer melt and BA, is
homogenized into the single-phase system by dissolution and diffusion of the BA (Figure 2).
Upon introduction of a thermodynamic instability to the single-phase system, cell nucleation,

followed by cell growth and stabilization of the cellular structure, occurs [39].

2.21 Two-Phase System

With the dosing of the BA in the polymer melt at sufficiently high pressures and certain
temperatures (depending on glass or melt temperature of the polymer), the two-phase mixture
is obtained. BAs play a crucial role in the foaming process, significantly influencing the final
foam properties, such as cell size, cell density, and foam density. BAs are categorized into

chemical and physical BAs.
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Figure 2  Schematic of the typical foaming process, including different steps for a basic two-
phase polymer-gas system. Reproduced from [4].

2.2.1.1 Chemical Blowing Agents (CBAs)

CBAs can either be of organic or inorganic nature, which decompose thermally (exothermically
or endothermically) into gases at raised processing conditions. They do not react with the
polymer matrix and are responsible for the expansion of the polymer during foaming. The
decomposition temperature is the characteristic property of these compounds, and it determines
their practical use as BAs for a given polymeric material and processing conditions.
Azodicarbonamide and benzene sulfonyl hydrazide (exothermic), sodium bicarbonate and citric
acid (endothermic) are some examples of the most frequently used CBA [40]. In general, the
foams obtained by using CBAs show non-homogeneous foam morphologies and higher foam
densities. Therefore, they are mainly used in foam-injection molding processes to provide a

sufficient weight reduction of the injection-molded components.
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2.2.1.2 Physical Blowing Agents (PBAs)

PBAs are gases or volatile liquids that evaporate or desorb at certain conditions (e.g.,
temperature and pressure) featuring the foam expansion. In contrast to CBAs, they do not react

or decompose due to their inert nature.

First-generation PBAs, such as hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons
(HFCs), which were commonly used PBAs for foaming, were phased out in 2010 because of
their negative environmental impact on the ozone layer [41]. Inert gases like carbon dioxide
(CO») and nitrogen (N2), water vapor, alcohols such as methanol, ethanol and isopropanol or
low boiling temperature hydrocarbons such as propane, butane and pentane are some examples
of today’s most used PBAs. Among these, CO, is the most preferred PBA for the foam
extrusion process due to its benefits, such as being non-flammable, inexpensive, non-toxic, and
more environmentally friendly [40,42]. To transform the two-phase mixture into a single-phase
system, the injected PBA must remain in the polymer melt, requiring sufficient solubility and
diffusivity. However, its relatively low solubility and high diffusivity in most polymer melt as

well as high gas thermal conductivity restrict its use as a PBA [40].

To address this, PBAs are often injected in the polymer melt in a supercritical state at high
pressures. The required pressure in the extruder ranges from 30 to 100 bar to reach a maximally
dissolved BA amount in polymer melt [43]. Supercritical fluids (SCFs) are substances when
their pressure and temperature are above the critical borders. SCFs have liquid-like densities
that act as excellent solvents, while gas-like viscosities lead to a high diffusion rate. Reduction
in viscosity enables the production of microcellular foams [44]. Supercritical N>, CO,, water,
ammonia, ethane, and methane are examples of SCFs. Among these, supercritical CO; (sc-CO»)
has been the most often used BA for foaming since it has a critical temperature of 31 °C and

critical pressure of 7.38 MPa, which can be reached easily [45-52].

2.2.2 Single-Phase System

Forming a single-phase system composed of a polymer and a BA is crucial for achieving high-
quality polymer foams with a homogeneous cell structure having a narrow cell size distribution.

This is controlled by the solubility and diffusion of the BA in the polymer melt. Solubility is
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the maximum quantity of BA absorbed by a polymer depending on the solubility limit of the
polymer at a particular temperature and pressure. It is obtained from the difference between the
amount of gas initially contacted with the polymer and the amount remaining in the gas phase
after equilibration, which can be determined experimentally [53—59] or calculated by the
equation of state (EOS) under measuring gas pressure and temperature [60,61]. The EOS
provides a theoretical estimation of how much BA dissolves in a polymer melt at a given
pressure and temperature. When a polymer in which BA dissolves is in a liquid or glassy state,
Henry’s law relates the gas adsorption pressure p to the concentration of the dissolved gas

C ;s through Henry’s law constant ky, as shown in Equation 1 [62]:

Cais =kp ' p )

ky depends on the solubility enthalpy AH,, ideal gas constant R, absolute temperature 7’and the
constant ky . The typical Arrhenius-like dependence is given in Equation 2:
_AHy 2
ky =kyo-e BT @
Solubility is quite significant in the foaming process. It depends on the molecular size, the
polarity and the molecular weight of the BA and the free volume of the polymer [63]. Higher

BA solubility, meaning greater amounts of BA in the polymer, favors efficient cell nucleation

and growth. A certain level of solubility is mandatory for obtaining low-density foams.

Once the gas dissolves in the polymer, gas diffusion starts. The gas molecules are transported
by diffusion and stored between the polymer chains. The diffusion is also temperature-

dependent and described by Fick's second law of diffusion, in Equation 3:

aC b 92C (3)
ot ¢ 92x2

where C is the concentration, t is the time for diffusion, x is distance and D, is the diffusion

coefficient of the gas. Latter can be described by an Arrhenius-type equation (Equation 4):

E
D, =Dy - eRT @
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where D is a pre-exponential factor and E, is the activation energy in diffusion. The diffusion
of BA in the polymer also depends on time, temperature, and gas concentration. Since
thermodynamic and transport properties, including the diffusion coefficient in the liquid phase,
are usually not very sensitive to pressure, the pressure dependence of the diffusion coefficient
is neglected [57]. Furthermore, My of the BA and the free volume of the polymer affect the
diffusion of BA. Higher temperatures and smaller My, of BA promote an increased diffusion
rate of BA within the polymer matrix, which favors faster foam cell nucleation. However, too
high diffusivity might result in fine-cell structures as a large amount of BA phases out of the

polymer within a short period. This might feature weak cell growth and coarse structures.

In semi-crystalline polymers, sorption and transport of BAs occur in the amorphous parts of the
polymer. Crystalline phases act as a barrier for diffusing gas. Therefore, solution and diffusion

are affected by the degree of the crystallinity of the polymer [64].

2.2.3 Cell Nucleation and Growth

Cell nucleation is the first and essential step of the foaming process. The phenomenon describes
the spontaneous formation of a new and more stable phase (nuclei) within the body of a
metastable original phase (polymer melt) induced by thermodynamic instabilities. In the
context of polymer foams, the nuclei are referred to as foam cells or bubbles. Depending on the
influencing factors and nucleating systems, nucleation type and mechanism show a difference.
For example, homogeneous, heterogeneous, mixed-mode, cavity, shear-induced and micro
void. Various nucleation types with corresponding nucleation mechanisms are outlined by
Ramesh [65]. Among these, homogeneous, heterogeneous, and a combination of the two,
namely mixed-mode nucleation, are the three most seen nucleating types for gas-polymer
systems. Despite various theoretical models [65—72] proposed over the last several decades, the
classical nucleation theory is the most common and successful approach used for modeling cell

nucleation and growth in a polymeric matrix [73,74].
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2.2.3.1 Classical Nucleation Theory

Classical nucleation theory provides fundamentals of free energy barriers and has been used to
predict the rate of cell (nucleus) formation and growth. This enables to tune and engineer
polymer foams with smaller cell sizes. In the frame of the classical nucleation theory, the

following principles and assumptions have been outlined by Oxtoby [75] and Kumar [76]:

e Phase transitions in fluids occur via nucleation and growth of the cells (new phase) in
the polymer matrix (original phase).

¢ The nucleation probability is a function of the minimum work used to form many nuclei
in a polymer melt.

e An energy barrier for nucleation exists. However, this is not valid for every case.
e Nuclei show the same properties as the bulk phase.

e All formed nuclei (cells) possess a spherical geometry with specific boundaries.
e The cell interface is composed of an infinite flat planar surface.

¢ No kinetic information is considered.

Based on these assumptions, the Gibbs free energy change AG, nucleation rate at steady state
Js and nucleation rate at transient state J, of the cell formation can be expressed by Equations 5,

6 and 7 [65].

4
AG(R) = =3 TR3AP + TR*Yep = MVpree vor )
—AG” 6
Jo = ZB'N - kT ©
-t 7
Jo=Js-e7 ™

where R is the apparent radius of the nucleus, AP is pressure drop, y ap is interfacial energy,

AV free vol 18 the change in free volume due to the presence of heterogeneous particles, Zis the
Zeldovich non-equilibrium factor, 5* is the rate at which gas molecules are added to the critical
nucleus, N is the number of nucleation sites per unit volume, AG* is Gibbs free energy of
forming a critical nucleus, k is Boltzmann constant, T is the absolute temperature and 7 is the

induction period for establishing steady-state nucleation conditions.
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According to the classical nucleation theory, foam cell nucleation is classified mainly into two

types: (1) homogeneous nucleation and (2) heterogeneous nucleation.

Homogeneous and Heterogeneous Cell Nucleation

Homogeneous cell nucleation occurs with the dissolution of the secondary component (e.g.,
BA) in a primary phase (polymer melt) to form a stable second phase (gas bubble, cell). In
polymer foams, the single-phase system, where homogeneous cell nucleation occurs, is
composed of a pure homopolymer and a dissolved BA with a critical amount at which the BA
is entirely homogenized. In addition, the system does not contain any immiscible impurities or
additives. The nucleation is usually initiated by random fluctuations or changes in temperature
or pressure. Unlike homogeneous nucleation, heterogeneous nucleation occurs in the presence
of foreign bodies (impurities) or additives. It plays a significant role in polymer foaming as
various foreign bodies and additives are ubiquitous in commercial foam products. During
heterogeneous nucleation, these external particles act as nucleating agents where cell formation
is initiated at the interface of the nucleating agent and the polymer melt [77-79]. In contrast to
the assumptions that nucleating sites are smooth and planar surfaces [80,81], the interface of
these sites might contain conical pits induced by surface roughness. The crevices on the surface
of the nucleating agent enable trapping of the gas (BA) and nuclei formation, as shown in

Figure 3.
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Nucleating agent Nucleating agent

Figure 3 The formation of the nucleus in a conical cavity with (a) a positive radius of
curvature and (b) a negative radius of curvature, where R is the radius of the
curvature (bubble), 6. is the wetting or contact angle and g is the angle of the
conical cavity of a nucleating agent. Reproduced from [80].

The heterogeneously formed nucleus in a conical cavity can possess either a positive radius of
curvature (when 8, — B < 90°) or a negative radius of curvature (when 8, — > 90°). In
homogeneous cell nucleation, nuclei are spherically shaped and always possess a positive radius
of curvature. A change of free energy induces the thermodynamic instability for nucleus
formation. The relationship between AG for the homogeneous or heterogeneous nucleation of
a cell with a positive radius and the heterogeneous nucleation of a cell with a negative radius is

shown in Figure 4 and Figure 5, respectively.
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Figure 4

Figure 5
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In the case of homogeneous cell nucleation and heterogeneous nucleation of a cell with a
positive radius (Fig. 3a), once nuclei radius exceeds the critical radius (R >1"), they can
irreversibly grow within the polymer melt until it is stabilized. Cell growth occurs when the
pressure inside a bubble is higher than the pressure of the medium surrounding it. Oppositely,

when R <r”, nuclei re-dissolve into polymer melt and no foam cell is formed (Fig. 4).

In the case of heterogeneous nucleation of a cell with a negative radius (Fig. 3b), the change in
free energy reaches its minimum when R =1*, where the nucleus is at a stable equilibrium state.
For the formation of a macroscopic cell, an external force (e.g., a shear force) is required to pull
out the conical pits of nucleating sites by providing strong fluctuation [83]. As the shear force-
induced nucleation is not considered in this thesis, the case of the negative radius of curvature

will be neglected.

Heterogeneous nucleation has a lower activation energy barrier than homogeneous nucleation,
suggesting that heterogeneous nucleation is energetically more favored. However, r* for both

homogeneous and heterogeneous nucleation is the same, expressed in Equation 8 [65,84,85].

o = Hap ®)
AP
where yqp and AP are interfacial energy and pressure drop, respectively. Gibbs free energy
barrier of forming a critical nucleus in homogeneous nucleation (4Gy,,,,,) and in heterogeneous

nucleation (4G, ) are given in Equation 9 and Equation 10, respectively [65].

. 16my’, 9)
AGhomo = 3AP2
16ny2ﬁ (10)
AGher = SAp 5., B)

Both 4G}, and 4Gy, are dependent on y ap and AP while AGy,; is also a function of the

geometric factor of the nucleating agent S(6,, ), expressed in Equation 11 [80].
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V. 1 cos 6.cos?(6, — B) (11)
SO,B)=—2L—=—"|2—-2sin(6, - B) + <<
‘ Vg,spherical ¢ ’8 smﬁ

where S(8., B) is the ratio of the volume of a heterogeneously nucleated cell V; to the volume
of a spherical cell with the same radius Vy sppericai- B directly depends on the geometry of the

nucleating agents and influences the AGy,;. Therefore, nucleating agents, in other words,

additives play a significant role in polymer foaming by determining the nucleation mechanism.

The nuclei which exceed the free energy barrier and reach the critical radius, r* start growing.
The cell growth process is induced by further diffusion of the dissolved BA into the stable
nuclei. When the energy required for surface expansion equals to the volume work in the
growing cell, in other words, when the equilibrium state is reached, the cell growth process

stops. The equilibrium can be described mathematically with the help of Equation 12:
y-dA=p;-dV (12)

where y is surface tension, A is surface area, p, is the partial (internal) pressure and V' is the

volume of the bubble.

It is assumed that a single growing foam cell has a spherical geometry and is representative of
all other growing cells in the polymer-gas mixture. Based on these assumptions and

Equation 12, Equation 13 can be derived.

y:8nr-dr =p, -4nr? - dr (13)
2y (14)
p1 = -

According to Equation 14, the internal pressure is higher in small cells than in large cells. In
real systems, walls of the bubbles having different sizes contact each other. The higher internal
pressure of small foam cells causes the gas to diffuse into larger cells, whereby large cells
continue to grow, and small ones disappear. This results in relatively coarse-celled,
inhomogeneous foam morphology that is not desirable. The rate of gas diffusion (w) into the

bubble is described by Stoke's law, given in Equation 15:
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g (2r)2A (15)
T

where g acceleration of gravity, n is dynamic viscosity and Ap is the change in density of the
bulk material. To reduce the coarsening of the cells, it is necessary to increase the melt viscosity.
This can be achieved, for example, by increasing the molecular weight of the polymer via long-

chain branching or by reducing the gas load [37,86,87].

The mechanisms of homogeneous cell nucleation and heterogeneous cell nucleation and growth

in the presence of nucleating agents are summarized schematically in Figure 6.
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Figure 6 Schematics of the progress of homogeneous and heterogeneous cell (bubble)

nucleation and growth. Reproduced from [88,89].
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2.2.4 Cell Stabilization

After the nucleation and growth steps, the fixation of the foam cell structure is crucial to avoid
cell collapse or coalescence. This can be induced by decreasing the melt temperature lower than
the gas-polymer system's effective glass transition temperature (Tg). As soon as foaming starts,
the gas solubility in the melt changes due to temperature and pressure drop. This causes Ty to
increase very quickly. Due to the significant increase in melt viscosity upon cooling and the
change in Ty, the pressure inside a cell is no longer sufficient for further expansion. In addition,
the diffusion speed of the gas decreases due to the higher viscosity and the decreasing gas
concentration in the polymer melt. The stabilization of the cell structure takes place after
pressure is dropped at the end of the stage. For example, at the die in the foam extrusion process.
The pressure drop results in outgassing of the BA from the cells and is replaced by ambient air

[37,86,87,90].

2.3 Role of Nanoadditives as Foam Cell Nucleating Agents

Nanoadditives (nanofillers) are materials with a geometric size of less than 100 nm in at least
one dimension. These nanoadditives, mixed and dispersed in a polymer matrix, play a
significant role as heterogeneous nucleating agents in foaming due to their high specific surface
areas featuring many heterogeneous nucleation sites. Their shape and dimensions differ
depending on their characteristic length (L) and diameter or thickness (D). L over D ratio of the
nanoadditive is defined as aspect ratio. Figure 7 demonstrates typical geometries of

nanoadditives.
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Figure 7 Various shapes of nanoadditives. (a) nanoparticle, (b) nanorod (or nanotube,
nanofiber, etc.), (c) nanoplatelet (or nanosheet, nanoflake, etc.), (d-f) secondary
particles or aggregate forms of each nanoadditives. L and D represent the

characteristic length and diameter/thickness of the nanoadditives, respectively
[91].

Besides their shapes, depending on their dimensions, nanoadditives are mainly classified into
four categories, namely zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D)

and three-dimensional (3D) [92].

e 0D nanoadditives: All three dimensions < 100 nm (e.g., nanoparticles)

e 1D nanoadditives: Two dimensions < 100 nm while one dimension > 100 nm
(e.g., nanofibers, nanorods or nanotubes)

e 2D nanoadditives: One dimension < 100 nm while the other two dimensions >100 nm
(e.g., nanoplatelets, nanosheets or nanoflakes)

e 3D aggregates of nanoadditives: All three dimensions > 100 nm (e.g., secondary
particles or aggregate forms of nanoadditives such as bundles of nanorods, nanofibers
or nanotubes)

In addition, nanoadditives can be made of organic, inorganic, and metallic materials. In this

study, organic and inorganic nanoadditives are mainly focused.
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e Organic nanoadditives: Composed of organic components (e.g., polymer nanofibers
such as PTFE or in-situ fibrillated and supramolecular polymer nanofibers)

e Inorganic nanoadditives: Composed of inorganic substituents (e.g., carbon-based such
as graphene, expanded graphite, carbon black, CNFs and clay-based nanoadditives such
as nanosilica, layered-nanosilicates and HNTs)

Geometries, including dimension and aspect ratio, shapes, and chemical compositions of the
nanoadditives in the polymer matrix, determine their interaction with polymer and thus
interfacial area, dispersion, foam nucleation efficiency and thus foam morphology and

properties.

2.3.1 Organic Nanoadditives

The successful use of organic nanoadditives as foam nucleating agents in various semi-
crystalline polymers has already been reported [21,22,24,26,93]. Rizvi et al. [93] prepared in-
situ fibrillated blends of PP/PTFE, in which PTFE elongates into nanofibrillar structures having
diameter less than 500 nm and length exceeding 100 mm. It was claimed that 0.3 wt% PTFE in
a PP foam leads to reduced cell size and a ten-fold expansion ratio compared to the neat PP
foam [93]. In-situ fibrillated polymer fibers such as PET, having the aspect ratio of 190 and
average diameter (davg) of around 163 nm, with a concentration of 5 wt% resulted in PP foams
with three orders of magnitude increased cell density and 15 times higher expansion ratio [22].
In another study of [22], in-situ fibrillated PP fibers (5 wt%, dave = 100 — 300 nm, aspect
ratio =>200) were used as foam nucleating agents to improve foamability and foam
morphology of PE foams. Although in-situ fibrillated polymer fibers play a beneficial role as
foam nucleating agents, reducing cell size, increased expansion ratio, and homogeneous foam

morphology, their three-step manufacture is not time and cost-effective [22].

In contrast, foams nucleated by soluble organic nanoadditives, such as supramolecular
nanoadditives, can be produced in only one step. Processing conditions (e.g., temperature and
cooling rate of the polymer melt), polarity, chemical nature, and concentration of the
nanoadditive affect the solubility (intimate mixing) of the molecules in the polymer melt and
their self-assembling behavior. Therefore, by tuning these parameters, the geometry and
dispersion quality of the nanoadditives, which are formed by self-assembly, can be controlled.

As a result, controlled foam cell nucleation, resulting in improved foam morphology with
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smaller mean cell size and narrower cell size distribution as well as greater cell density, is

achieved [26,94,95].

Supramolecular Nanoadditives

A new class of organic nanoadditives, so-called supramolecular nanoadditives, has gained
significant interest in literature as a potential alternative nucleating agent. Unlike conventional
in-situ fibrillated polymer nanofibers consisting of covalent bonds, supramolecular
nanoadditives are polymeric arrays of organic molecules (monomers), such as 1,3,5-
benzenetrisamides (BTAs), held together by highly directional and reversible secondary
interactions [96]. In general, the self-assembly from monomers to a high-molecular-weight
polymer by the non-covalent interactions is defined as supramolecular polymerization.
Synthetic cooperative supramolecular polymerizations are enthalpically driven and occur upon
cooling [97]. The directionality of the secondary interactions determines the 1D nature of

supramolecular polymers, which distinguishes them from 3D molecular polymers.

On the other hand, the reversibility of the non-covalent bonds ensures that supramolecular
polymers are always formed under thermodynamic equilibrium conditions. Hence, the length
of the polymer chains or the degree of polymerization can be adjusted by the strength of the
non-covalent bond, the concentration of the monomer, association constant, temperature and
the purity of the monomers [96]. This reversibility explains the strong dependence of the melt
viscosities on temperature, that is, a considerable reduction in viscosity resulting from a
minimal increase in temperature above T,. Supramolecular polymer chains can break and then
recombine with other strain-free chain-ends to release stress under high temperatures, while

conventional polymers use reptation to achieve stress relaxation [96].

Four typical secondary interactions are acting as driving forces for the formation of
supramolecular assemblies: (1) hydrogen bonding, (2) m—m interactions, (3) hydrophobic
interactions and (4) metal-ligand binding [98]. Although hydrogen bonds between neutral
organic molecules are not the most robust non-covalent interactions, they are among the most
studied non-covalent interactions in supramolecular chemistry because of their directionality

and versatility [99].
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1,3,5-Benzenetrisamide (BTA)-Based Supramolecular Nanofibers

BTA-based supramolecular nanofibers are a relatively new category of nanoadditives, having
attracted attention as crystal and foam nucleating agents for semi-crystalline thermoplastics
[26,100-102]. Depending on the temperature and concentration, BTAs can dissolve in the
polymer melt and thus are intimately dispersed at the molecular level. Figure 8 shows the
general chemical structure of BTA-based molecules, composed of one aromatic core and three

amide groups, surrounded by nonpolar substituents.

Nonpolar substituent

Aromatic core

o @

Figure 8 General molecular structure of BTA molecule.

The aromatic core benzene ring is connected to a nonpolar substituent at 1-, 3- and 5-positions
through amide groups. The amide groups can form hydrogen bonds, while the nonpolar
substituent, on the one hand, controls the solubility of the additive in the polymer and, on the
other hand, influences the crystal structure of the additive. The amide group can be attached to

the benzene ring either with the carbon atom or the nitrogen atom [103].

Similar to discotic liquid crystals, upon cooling, individual molecules of BTAs can be stacked
above one another while rotating by 60° to the previous molecule due to intermolecular forces.
This results in columnar stacks with a helical structure [104,105]. Figure 9 illustrates a small

section of such a stack and the way how they arrange by three directed hydrogen bonds
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(between hydrogen and oxygen atoms) among amide groups and © — 7 stacking among aromatic

benzene rings from side-view (Fig. 9a) and top-view (Fig. 9b).

Figure 9 A section of a columnar stack of BTA molecules self-assembled via hydrogen
bonding (H-bonding) and 1-11 interaction (a) side view, (b) top view. Reproduced
from [106].

These columnar stacks further self-assemble into very finely dispersed and highly ordered
fibers having diameters on the nano and mesoscale (from 45 nm to 5 pm) [107]. The self-

assembly behavior of BTAs in a polymer melt upon cooling is illustrated in Figure 10.
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Figure 10 Schematic illustration of the self-assembly behavior of BTAs in a polymer melt.
Reproduced from [108].

Under suitable cooling and processing conditions, the length of the BTA fibers can reach
dimensions of several centimeters. Due to their corrugated surface and high surface-to-volume
ratio, homogenously dispersed BTA nanofibers can act as effective nucleating sites for both
polymer crystal and foam cell nucleation in semi-crystalline polymers [26,109]. For instance,
in the presence of BTA nanofibers, i-PP crystallites grow and orientate themselves
perpendicular to the nanofiber surface. The bulky and stiff substituents of BTA provide a well-
defined solid surface with the ability to induce polymer crystallization on that surface, leading

to an increased crystallization temperature and reduced crystallite size [100].

Aside from polymer crystal nucleation, the high quantity of nucleating sites, given by the large
surface area of BT A nanofibers, contributes to reducing the free energy barrier of the foam cell
nucleation. Therefore, heterogeneous cell nucleation is supposed to start on the surface of the
BTA nanofibers. The use of BTAs as a foam cell nucleating agent was reported by Stumpf et
al. for the first time [94]. In the presence of BTAs, injection-molded i-PP foams were showed
to have an improved morphology compared to the neat i-PP foam. BTA nanofibers resulted in
a reduced mean cell size (from 120 to 20 um) and four orders of magnitude increased cell

density (from 10° to 10° cells/cm?).

In another study [26], BTA-based i-PP foams were produced by a tandem foam extrusion line.
It was reported that BTA objects provided a large surface and higher number of nucleating sites
leading a finer and more homogenous foam morphology. Figure 11 shows the morphological
difference of the neat extruded i-PP foam and i-PP foam with 0.4 wt% BTA including

corresponding foam densities and cell sizes.
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Figure 11 The SEM images of extruded neat i-PP foam and i-PP foam with 0.4 wt% BTA.
Reproduced from [26].

As seen in Figure 11, addition of 0.4 wt% BTA in i-PP foam featured a significant cell size
reduction from 68 to 37 um at the similar foam densities showing the important role of BTA

nanofibers as a foam nucleating agent.

A further study [95] was accomplished on amorphous PS to understand the effect of BTA
nanofibers on the morphology of extruded-PS (XPS) foams. Figure 12 exhibits the
morphological overview of the neat XPS foam and XPS foams including various concentrations
of BTAs together with corresponding foam densities. BTA nanofibers in XPS featured a
significant decrease (by a factor of 35) in mean cell size from 632 to 18 pm compared to those
of a neat XPS foam. 0.5 wt% BTA led to slight increase in cell size which was attributed to
larger aggregates of BTA nano-objects due to the limited solubility of BTA in PS melt at the
processing conditions. Furthermore, the foams with BTA possessed the density in the range of
69 — 78 kg/m* while the neat one had 52 kg/m? which might be due to the increased cell density
induced by BTAs.
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Figure 12 The SEM images of extruded neat XPS foam and XPS foams with various
concentrations of BTA. Reproduced from [95].

Beside morphology, BTA nanofibers play a significant role in increasing the mechanical
performance of XPS and extruded i-PP foams. Yet, the influence of BTA nanofibers on

mechanical properties of foams will be discussed in Chapter 2.5.4.

2.3.2 Inorganic Nanoadditives

As organic nanoadditives, inorganic nanoadditives are also widely used as foam nucleating
agents, increasing the number of sites for cell nucleation due to their high surface-to-volume
ratio [110-112]. Inorganic nanoadditives can be mainly divided into two categories:
(1) Carbon-based nanoadditives such as thermally-reduced and functional graphite oxide

[113,114] expanded graphite [111], multi-walled carbon nanotubes (MWCNT) [110,115],

carbon nanofibers (CNFs) [116] and (2) clay-based nanoadditives such as nanosilica [117],




2 Theoretical Background and Literature Survey 27

layered-silicates [28,30,31] and HNTs [29]. For instance, Acufia et al. [ 118] reported that 6 wt%
expandable graphite with the particle size of 300 um led to a 34 % decrease in cell size of a
PUR foam, showing graphite's role as a foam nucleating agent. In another study, Zhao et al.
[119] produced microcellular PP foams via batch foaming in the presence of multi-walled
carbon nanotubes (CNTs) with the surface area, mean diameter and mean length of
250 — 300 m*/g, 9.5 nm, and 1.5 um, respectively. It was found that compared to the neat PP,
the cell size of PP foams with 5 wt% CNT was reduced by 49.7 % (smaller than 30 um). Aside
from their successful use as cell nucleating agents for semi-crystalline foams, carbon-based
nanoadditives show some drawbacks, such as being high in cost, hazardous to human health,
and handling difficulties during processing. In contrast, clay-based nanoadditives are naturally
occurring, non-toxic, biocompatible, are safe in various fields and easy to handle during
processing [120]. Due to their abundance and lower price, they are a good alternative for
carbon-based nanoadditives for foaming applications where cost sensitivity is a concern [121].
It has been proven that finely dispersed clay-based nanoadditives can reduce the cell size and
increase the cell density as they can act as sites for bubble nucleation. For example, Di et al.
[122] showed that with 5 wt% organoclay, the cell density of PLA foam was increased from
0.008 x 10® cells/cm3to 5.1 x 10® cells/cm?. Hwang and Hsu [31] showed that 4 wt% nanosilica
led to a significant cell size reduction to 20 um in injection-molded PP foams. Furthermore, the
great potential of HNTs as foam nucleating agents at small concentrations (< 1 wt%) for PLA
foams was reported [33]. It was claimed that compared to the neat PLA foam, a significant
weight reduction (= 15 %) and a decrease in cell size (= 42 %) are achievable with 0.5 wt%

HNT.
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Halloysites

HNTs are naturally existing, kaolinite-based one-dimensional inorganic clay nanotubes, with

the chemical formula Al>Si2Os5(OH)4nH>0. Their structural design is depicted in Figure 13.
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Figure 13 Images of HNTs by (a) Transmission Electron Microscopy (TEM) and (b) Atomic
Force Microscopy (AFM). Reproduced from [123]. (c) Schematic representation of
the rolled structure of halloysite (Left). Schematic illustration of the crystalline
structure of halloysite (Right). Reproduced from [124].

The hollow nanotubular structure consists of siloxane (Si-O-Si, outer), aluminol (Al-OH, inner)
surface and 10 to 15 bilayers with an interlayer space of around 0.72 nm (Fig. 13c). They have
an aspect ratio of around 20 and a density of around 2.53 g/cm? [124,125]. The length of HNTs
commonly ranges from 0.2 to 1.5 pm. A length up to 5 um can also be seen in some deposits.
The inner and outer diameters are generally in the range of 10 —30 nm and 40 — 70 nm,
respectively [126—128]. This geometry qualifies HNTs as a perfect cell nucleating agent and
nano-reinforcement for cellular foams. Their abundance in nature, high aspect ratio, modulus
and economic viability widen their applications. For instance, in porcelain production as a
whitening agent to reinforce polymers, crystal nucleation, flame retardance, catalysis or
extended-release of active ingredients in medical applications [c]. In addition, their unique
nanotubular and porous shape with sharp edges, high surface area and aspect ratio make HNTs

an excellent candidate as foam cell nucleating agents like other mineral-based inorganic
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additives such as talc and calcium carbonate. The following benefits of HNTs give an insight

into their tremendous potential compared to the other available additives:

e Compared to the other mineral-based additives (e.g., talc and calcium carbonate), HNTs
possess a lower density (2.14-2.59 g/cm?) due to their porous structure with a lumen
space in the range of 10.7 to 39 % [129,130]. This is crucial in producing lightweight
polymer composites and foams as materials with lower densities are desired.

e The unique tubular structure and surface of HNTs enable plenty of possibilities for post-
modification, leading to enhanced dispersion quality in the polymer matrix [131]. This
is important for avoiding the re-agglomeration, a common problem of insoluble
additives, leading to an inhomogeneous foam morphology and deteriorated properties.

e Due to its fine particle size and asymmetrical geometry with sharp edges and high
surface area, lower amounts (< 1 wt%) are adequate to tune the polymer crystallization
behavior of polymer (e.g., Polyamide), while simultaneously increasing stiffness and
strength. Although the aspect ratio of talc and glass fibers is very similar to HNTs, the
latter only require lower amounts to reach the same level of reinforcement [c].

e Compared to hazardous carbon-based additives such as CNFs and MWCNTs, HNTs are
natural materials with proven biocompatibility and non-toxicity as well as more and
easy to process [ 120]. Furthermore, HNTs are a member of the green and non-hazardous
nanomaterials listed by the environmental protection agency (EPA 4A) [132].

e Due to its abundance and low price (at about 4 $/kg at year 2008), HNTs seem to be a
good substitute for carbon-based (at about 500 $/kg at year 2008) and BTA-based (at
about 300 $/kg at year 2014) additives within the challenging price environment of the
polymer foam market [121] .

To the best of my knowledge, using HNTs as a foam cell nucleating agent for thermoplastic

polymer foams in the literature is rare [29,33-35].

Wu et al. [29] prepared PLA/HNT nanocomposite foams with HNT concentrations of 1, 3, 5
and 7 wt% via batch foaming process. It was found that the best HNT dispersion quality was
provided at 5 wt% HNT, leading to the smallest mean cell size of around 6 pm and narrowest
cell size distribution. Further increase in HNT content to 7 wt% caused a broadened cell size
distribution with a smaller cell density of only 1.16 x 10° cells/cm?. This was attributed to
bubble coalescence close to HNT agglomerates because of the high concentration. Neither foam

density nor volume expansion ratio of the foams was provided by the researchers.

The morphological overview of PLA foams including various HNT concentrations are shown

in Figure 14.
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Figure 14 The SEM images of extruded neat PLA foam and PLA foams with various
concentrations of HNT. Reproduced from [29].

In another study [35], the authors produced PBS nanocomposite foams, including the same
HNT concentrations (1, 3, 5 and 7 wt%). Nanocomposite foams were foamed by using a
pressure quenching method (pressure-induced batch foaming) with sc-CO; as a physical
blowing agent. Like PLA/HNT nanocomposite foams, 5 wt% HNT was found to be the
optimum concentration, giving the best dispersion quality and heterogeneous cell nucleation
efficiency. Thus, foams with the finest cell size of around 13 um, the highest cell density of
2.17 x 108 cells/cm?® and the narrowest cell size distribution were achieved. The authors also
reported that 5 wt% HNT provided the largest volume expansion ratio of 5.7. It was supposed
that due to their large aspect ratio, HNT nanoadditives decrease the activation energy for cell
nucleation. Therefore, they serve as foam cell nucleating agents by increasing the number of
nuclei during the foaming. Further increase in HNT content resulted in a higher viscosity of

PBS and thus retarded cell growth as well as cell coalescence.

Demori et al. [34] produced injection-molded foams of neat PP, PP/long-chain branched PP
(LCBPP) (100/20) blend and nanocomposite foams based on PP, PP/LCBPP and HNTs with
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0.5 and 3 parts per hundred of resin (phr). LCBPP was used to increase the melt strength of PP
by strain hardening of the melt leading to improved foamability. It was claimed that only small

HNT contents enhance the foamability and foam morphology of the nanocomposite foams.

Figure 15 The SEM images of neat PP/LCBPP 100/20 foam and PP/LCBPP foams with 0.5
and 3 phr HNT. Reproduced from [34].

The addition of 0.5 and 3 phr HNT featured an 85 % and 140 % increase in cell density of
PP/LCBPP/HNT nanocomposite foam compared to the neat foam based on PP/LCBPP blend
(100/20), respectively. This was explained by well-distributed HNTs in the polymer matrix,
which was observed by TEM analysis.

Apart from morphology, HNTs show great potential in increasing the mechanical performance
of foams. The influence of HNTs on mechanical properties of foams will be discussed in

Chapter 2.5 4.
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2.4 Reactive Foam Extrusion Process

Foam extrusion is a continuous process consisting of either one single-screw extruder or two
extruders connected in series (tandem-extrusion line) [43]. Compared to the single-extrusion
line, the tandem extrusion line is more commonly used in industrial-scale processes, in which
improved dispersion of blowing agent, chain extender and nanoadditives is essential. They are
beneficial in terms of process technology, as they offer high throughputs. Different tasks, such
as melting, dispersion, dissolution, homogenization, degassing and post-modification reactions
(e.g., long-chain branching of polymer), can be combined in a single melting process. The first
extruder (A-extruder) serves as a melting and mixing extruder. The post-modification reactions
start in this extruder under certain temperature and pressure. It can be either a single- or twin-
screw extruder depending on resin formulation and properties of the end product. The second
extruder (B-extruder), which serves as a cooling extruder, is a single-screw extruder with a
large cylinder diameter to cool the melt as fast as possible. Two separate phases of
melting/mixing and cooling phase make the process versatile and easily controllable. The
second extruder enables to cool the polymer melt to the desired temperature range for foaming.
Reduction in throughput rate in B-extruder is usually required to reach the decreased melt
temperatures featuring a pressure build-up, which is crucial for nucleation of foam cells
[133,134]. Although the used second extruder is not feasible due to higher investment costs, it
provides a rapid and uniform cooling of the polymer melt at higher throughputs than the single-

extrusion line, leading to foams with satisfactory quality for diverse applications.

In the light of the processing issues, the general steps of a tandem-reactive-foam extrusion

process (illustrated in Figure 16) can be described as follows:
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Figure 16 lllustration of a conventional tandem-reactive-foam extrusion line composed of a

1.

(1) dosing unit, (2) A-extruder (twin-screw extruder), (3) gas (PBA) injecting unit,
(4) B-extruder (single-screw extruder), (5) die with different geometries and (6)
foam. Reproduced from [108].

The process starts with dosing the materials such as bulk polymer, additive, nucleating
agent, filler, chain extender or CBA (in the form of granulate and/or powder) into the
A-extruder.

With the help of rotating screws, materials are transported from metering to melting
zone where heated barrels, shear forces and high-pressure result in polymer
plasticization.

PBA (e.g., sc-COy) is injected into the plasticized melt (with a noticeable pressure built-
up) via an injecting unit mounted on the barrel. With the dissolution of the PBA in the
melt in the barrel of the A-extruder, a homogeneous, single-phase system is formed. If
CBA (instead of PBA) exists in the polymer melt, at specific temperature and pressure,
the CBA decomposes within the melt upon gas formation where a single-phase system
is formed under suitable processing conditions.

In the case of a single-line foam extrusion, the process is ended with the cooling and
transfer of the single-phase system into the die. In a tandem-extrusion line, the single-
phase melt is conveyed into the cooling extruder, namely B-extruder.

In the B-extruder, the single-phase system is cooled gradually to a temperature range

that is required for optimal foaming. B-extrusion increases the residence time and
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further homogenization of the melt system leading to continuity of post-modification
reactions, which already started under specific temperature and pressure conditions in
the A-extruder. The polymer melt in the A- and B-extruder is subjected to shear
deformations due to the melting, homogenizing, conveying and plasticizing at shear
rates from 100 to 1000 s [39].

5. At the die, which can possess different geometries, such as round and slit, a pressure
drop introduces a thermodynamic instability leading to foam cell nucleation and growth
until the equilibrium state is reached. During cell nucleation and growth, aside from
shear deformations, elongational and mainly extensional deformations occur. This
results from the internal gas pressure of the foam cells featuring a biaxial expansion of
the cell walls. This deformation occurs at expansion rates of 1 to 5 s™! for a short period
of around 2 s [39].

6. Subsequently, foam cell stabilization occurs with further cooling of the system (lower

than effective Ty).

2.4.1 Effect of Melt Temperature

Tm is defined as the temperature of the foaming extrudate upon exiting the die. A too high T
leads to rapid expansion and highest melt opening angle («) of the extrudate close to the die
exit, which can be defined as die (extrudate) swell, following by foam contraction. This results
in foam extrudates having a bigger cross-section diameter (d) right after passing the die than
the final extrudate (Fig. 17a). This can be explained by the “gas loss” phenomenon. As the
diffusivity of BA in a polymer melt increases with increasing T, an easy escape of gas from
the foamed extrudate is favored. Due to the high expansion ratio close to the die, thin cell walls
lead to a higher gas transport rate among the cells, contributing to quicker gas escape from the
foam. This results in cell coalescence and thus higher final foam densities as the amount of BA
available for the cell growth is significantly reduced. In addition, a high Tw results in lower
melt viscosity and strength, which also promotes cell coalescence as cells nucleated by the
polymer melt with low melt strength tend to fuse together. Cell coalescence among adjacent

cells occurs as cells tend to lower the total free energy by reducing their surface area.
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Figure 17 Effect of T, on the foamed extrudate shape at constant die temperature. When T,
is (a) too high, (2) optimum, (3) too low. « is the melt opening angle and d is the
final extrudate cross-section diameter. Reproduced from [108,135].

With decreasing Twm, melt viscosity, gas solubility and strength increase while the diffusion rate
of BA in the polymer melt reduces. Therefore, the gas loss gets reduced, leading to a more
controlled foam expansion with less cell coalescence (Fig. 17b). Below the optimum T,
expansion of the melt is inhibited and a gets much smaller. At these temperatures, another
phenomena “crystallization” plays an essential role in the foaming of semi-crystalline polymers
such as i-PP and PBT. Crystallization, in other words, solidification occurs when Ty, or the
extrudate temperature after die exit equals to the crystallization temperature (T.) due to cooling.
When Tn is too low and close to the T¢, the polymer melt at the skin freezes too fast before the
extrudate is fully expanded (Fig. 17¢). The process reaches its limit due to a rapid increase in
barrel pressure at the B-extruder once melt solidification takes place either at the B-extruder or

at the die [39,135].

2.4.2 Effect of Die Temperature

When a polymer melt passes through the die with a too high die temperature (Tgic), featuring
increased melt temperature, rapid expansion of the polymer melt with the largest a (Fig. 18a)
occurs due to increased diffusivity of BA in the melt. Subsequently, with the effect of gas loss,
decreased melt viscosity and strength of the foamed extrudate get smaller due to cell
coalescence. By decreasing the die temperature to optimum Tgie, leading to decreased melt

temperature, controlled expansion with minimum cell coalescence and thus low-density foams
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with homogeneous and fine cell morphology are achieved (Fig. 18b). When T is too low
(below optimum Tgie), with the effect of crystallization of the melt, the skin of the foamed
extrudate solidifies quickly and the diffusion of BA out of the melt is suppressed by the solid
skin. Therefore, a proper and controlled expansion is not realizable due to the insufficient
pressure of the entrapped BA in the polymer melt with a very high melt viscosity. With the
effect of crystallization and increased stiffness of the skin layer, smaller @ and d are obtained
(Fig. 18c). This also results in high-density foams with irregular cell morphology. These foams
usually possess smaller mean cell sizes due to an increased melt viscosity, given by the high-

pressure build-up and pressure drop rate [136—138].

(b)

Taie too high Taie OPtimum Tyie too low

Figure 18 Effect of Tqie on the foamed extrudate shape at optimum Tn. When Tgie is (a) too
high, (2) optimum, (3) too low. a is the melt opening angle and d is the final
extrudate cross-section diameter. Reproduced from [108,135].

2.4.3 Reactive Foam Extrusion in the presence of BTAs and HNTs

The reactive foam extrusion process in the presence of BTAs and HNTs follows the same
fundamental principles. The schematics of foam extrusion, corresponding melt temperature and
pressure in the barrels, and concepts of foaming with BTAs and HNTs are illustrated in

Figure 19.
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Figure 19

The pressure (red) and temperature profile (blue) are adapted to the particular case of foam

extrusion with organic and inorganic nanoadditives such as BTAs and HNTs (Fig. 19b). The
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concept and processing steps of foam extrusion based on BTAs (Fig. 19¢) and HNTs (Fig. 19d)

are described as follows:

Foaming with BTAs: In the A-extruder (Fig. 19b, region I-II), the cylinder temperature range
is selected in a way that the BT As can be dissolved (dispersed intimately on a molecular level)
and the CE is dispersed in the polymer melt. With the injection of BA, a homogeneous single-
phase mixture of polymer, BTAs and BA is formed in the melting extruder (Fig. 19b, region
IT). Furthermore, post-modification reactions start when the temperature and pressure reach
certain values. The second extruder is not only used to build up the pressure but also for the
continuity of post-modification reactions and the self-assembly of BTAs into 1D nanofibers by
lowering the temperature of the single-phase system (Fig. 19b, region III). At the die, due to
the pressure drop, foaming (cell nucleation and growth) starts. Subsequently, with the reduction
of the temperature below T, of the polymer, the cell growth stops. A final foam cell structure

with BTA nanofibers located in the cell walls and struts is obtained (Fig. 19b, region IV).

Foaming with HNTs: In the A-extruder (Fig. 19b, region I-11), the polymer, BA, CE and HNTs

are mixed under a suitable temperature range and pressure. In this extruder, the polymer is in a
molten state and is able to form a single-phase system with the BA as well as the chain-
extension of polymer matrix takes place. Depending on the type and concentration of HNTs, a
good dispersion of HNTs in the single-phase system is provided in the A-extruder, which is
preferably a twin-screw extruder. This mixed system is then transferred to the B-extruder for
the continuity of the post-modification, cooling and pressure build-up (Fig. 19b, region II-I1II).
With the effect of pressure drop, foaming of the polymer in the presence of HNTs starts at the
die and continues until the cells stabilize upon cooling (Fig. 19b, region IV). HNTs are located

in the walls and struts of the cells within the finally foamed structures [29,33,35,139].

2.4.4 Factors Affecting Foaming Behavior

The foaming process has a significant effect on the morphological and mechanical foam
properties [140]. Therefore, for an improved processing behavior and foam properties, the
control of the processing parameters is crucial. Figure 20 summarizes the factors and

parameters affecting the foaming behavior.
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Figure 20 Summary of affecting parameters on the foaming behavior. Reproduced from
[4,140,141].

Intrinsic properties of the bulk material (polymer resin), such as shear and extensional viscosity,
molecular weight and chain structure (linear or branched), as well as crystallization behavior
(of semi-crystalline polymers), make a significant contribution to the foamability of a single-
phase system [87]. Rheological properties of the single-phase system are a function of
processing conditions (e.g., T and P), solubility and diffusivity, dispersion quality and
concentration of BA and additive [142]. For instance, increased melt temperature, BA
concentration, nucleating agent (e.g., HNT in PS) may decrease the system's viscosity.
Therefore, rheology plays a key role. Tuning rheological properties improves cell nucleation
and growth and reduces cell coalescence, leading to superior morphology and enhanced
properties [6,14,15]. Aside from rheology, crystallization behavior and T, are crucial to

minimize cell collapse during the stabilization step of foaming [34].

Foaming additives can be used for various purposes. For instance, chain extension and long-

chain branching agents are able to increase the molecular weight and increase the melt viscosity
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and melt strength of the polymer by featuring strain-hardening behavior [6,14]. To increase the
molecular weight and create intrinsic entanglements in the polymer melt, reagents for post-
polymerization modification reactions such as cyclic anhydrides [5,143], oxazolines [16],

carbodiimides [144], isocyanates and epoxides [17,145] are used.

Nanoadditives are usually used as heterogeneous foam cell nucleating agents. They could widen
the processing temperature window, improve foamability, increase the cell density and lead to
a homogeneous foam morphology. Depending on the type, aspect ratio, shape and concentration
of the nanoadditive, insulation and mechanical properties can be improved. Nanoadditives (e.g.,
BTA in i-PP) may also be used as crystal nucleating agents, where they control the
crystallization behavior of the polymer by increasing the crystallization temperature. An

increased crystallization temperature can be beneficial for the stabilization step of foaming [78].

BAs are also one of the critical parameters for cell nucleation and growth properties. Dissolved
BAs in a polymer melt can act as plasticizers depending on their type, solubility, diffusivity,
and concentration. The strong plasticizing effect leads to altered thermal and rheological
properties of the polymer, such as reduced T, and melt viscosity (more than 50 %), and thus

enhanced foaming behavior and properties [142,146,147].

Processing parameters, for example, melt temperature, is crucial as it strongly affects melt
viscosity while melt-pressure has an influence on both solubility and diffusivity of BA and
pressure build-up during foaming. In foam extrusion, screw configuration and speed are
responsible for the dispersion of the BA and additives. Controlling the process parameters

governs the foaming behavior and determines the cellular structure of the foam [108].

2.5 Mechanical Properties of Rigid Polymer Foams

2.5.1 Importance of Mechanical Performance for Applications

Due to their superior mechanical performance, such as high stiffness, strength and fatigue
resistance, rigid polymer foams (e.g., polymethacrylamide (PMI), styrene acrylonitrile (SAN),
polyvinyl chloride (PVC), PET, PS) are very interesting for diverse applications. For instance,
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they can be used as packaging materials for fish and seafood boxes, as core material for
sandwich structures in aircraft, wind energy systems, automobiles, satellites, ships and

architectural constructions [3,18,19].

Depending on their applications, they are subjected to various loads, including compression
(e.g., packaging, sandwich structures), shear and bending (e.g., sandwich structures). Most

applications of foams involve compressive loading. In this thesis, a strong emphasis is put on

the behavior of the polymer foams under compressive loading, which is of great importance for

most of the mentioned applications.

Figure 21 gives an overview of the compressive modulus and strength of the commonly used
rigid polymer foams for varying foam densities and Table 2 exhibits the elastic modulus of

(compact) matrix materials of those foams.
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Figure 21 Overview of (a) compressive modulus and (b) compressive strength of various
rigid polymer foams with different foam densities (values taken from the
manufacturers’ technical datasheets [d-h]).
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Table 2 Density and elastic modulus of the (compact) matrix materials (values taken from
the manufacturers’ technical datasheets [i-m].

PMI PVC SAN PS PET
Density [kg/m’] 1200 1480 1070 1050 1380
Elastic Modulus 6000 3300 3448 3300 3000

[MPa]

PMI foams, one of the most commonly used rigid foam as core material for sandwich
constructions, show the best performance in terms of foam properties. From an economic
perspective, PVC foams are cheaper than PMI, showing similar mechanical performance at low
densities (< 100 kg/m?) [n]. SAN foams are an excellent alternative to PVC foams in many
applications. They show similar impact toughness and fatigue resistance yet have a better
performance at higher temperatures and better static properties showing high ductility.
However, they show low chemical and environmental resistance and their applications are still
more limited than PVC foams, such as large, high-end luxury yachts fabricated with epoxy
prepregs and SAN core.

On the other hand, PS foams are one of the most economical foams featuring very low densities
and are mainly used in constructions and buildings for thermal insulation. However, their
mechanical performance at these densities is insufficient to replace rigid polyester foams, such
as PET used as core materials in sandwich structures. Due to their high-temperature
dimensional stability, strength and stiffness, polyester foams (e.g., PET and PBT) are very
interesting for many applications. In particular, PET foams can be reused by recycling at
significantly lowered total production costs. As a result, the price of PET foams is far below

the price range in the 2000s, when the first PET foams were introduced to the foam market.

Comparing the mechanical performance of various foams, it is worthy to note that elastic
modulus of the matrix (compact) materials plays a significant role. Looking at Fig. 21a and the
values from Table 2, it can be supposed that elastic modulus of the matrix materials is

proportional to modulus of the foams at certain density values.

Aside from mentioned rigid foams, PBT suggests an interesting property profile for its foams.

However, up to now, no commercially available PBT foams are found yet. The benefits of PBT
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and a detailed literature survey on the foamability of PBT and resulting PBT foams will be

reported in Chapter 2.6.

2.5.2 Principles Affecting the Compressive Properties of Foams

The compressive properties of the foam are dependent on its microstructural characteristics.
The principles which influence the compressive properties can be divided into three main

classes [148]:

e The properties of the bulk material of which the foam is made (e.g., solid properties:
yield strength, modulus, ductility, brittleness).

e The cell topology (connectivity) and shape (e.g., wood-like cell shape (anisotropic
elongated cells): stretch-dominated behavior; honey-comb-like morphology (isotropic
cells): bending-dominated behavior).

e The relative density (e.g., cell edge (strut) length, cell edge thickness).

2.5.3 Compressive Behavior and Deformation Mechanisms of Closed-Cell Rigid

Foams

2.5.3.1 Gibson and Ashby Model

In order to predict compressive behavior of cellular materials, numerous cell models have been
proposed. The models can be categorized into two main sections: (1) Bending-dominated
deformation models by Ko [149], Triantafillou et al. [149], Zhu et al. [150,151], Maiti et al.
[152], Huber and Gibson [152] reporting that the deformation is governed by bending of the
cell struts and walls, leading to a quadratic dependence of foam stiffness on density. This type
of deformation is usually seen in foams with “low nodal connectivity” which means that cell
struts have a high tendency to bend under compression (Fig. 22b). Most of the foams show a
bending-dominated deformation mechanism. (2) Stretch-dominated deformation models by
Gent and Thomas [153,154], Lederman [155], Cunningham [156], Christensen [157] and
Kanakkkanatt [158] suggesting that the microscopic deformation mechanism of the foam cells
involve deformation along the strut length, including stretching (in tension) and axial
compression (buckling) of the cell struts and walls (Fig. 22c). This is resulting in a linear
dependence of stiffness on foam density. The foams with cell orientation or “high nodal

connectivity” (which hinders the struts from bending) follow this deformation mechanism.
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Nevertheless, the microscopic deformation mechanism of foams may involve the combination
of both bending and stretching. One of the most famous and extensive models, namely a cubic

cell model, was developed by Gibson and Ashby [1], illustrated in Figure 22.

a) b)

Buckled
edges

Figure 22 Gibson-Ashby cubic cell model for (a) undeformed closed-cell foam, (b) bending-
dominated deformation (c) stretch-dominated deformation of closed-cell foam
under compressive loading, showing the edge thickness t., face thickness t;, edge
length I, and compression force F.

This model is valid at relative densities up to 0.3 (foam density of up to 390 kg/m? for PBT)
considers both effects of bending and stretching as well as the effect of the internal gas pressure
(for closed-cell foams) [159]. According to Gibson and Ashby, the stiffness of closed-cell foam
results from three contributions: The first component is edge bending stiffness, which
determines the elastic modulus. The second component is face stretching and cell wall elastic
buckling, which causes elastic collapse. The final component is the internal gas compression
of the closed cells, which is ignorable when internal pressure equals to the atmospheric pressure
(except for elastomeric closed-cell foams) [160]. The sum of the three components can be

expressed by Equation 16:

Er o (Pr)? B Pr\  Po(1 —2vy) (16)
g () +a ¢S)<"S)+—Es(1—f)—f

where Ef is the elastic modulus of foams, Ej is the elastic modulus of solid materials, pf is the

foam density, p; is the solid polymer density, ¢_ is the fraction of polymer contained in cell



2 Theoretical Background and Literature Survey 45

struts, and thus 1 — ¢ is the solid fraction in cell walls, p, is the internal gas pressure of the

cells and Vy is Poisson’s ratio.

This equation shows that the compressive modulus is influenced by bulk material properties,
porosity, foam density, and cell wall/strut fraction in foam cells. The following simplified
Equation 17 can be derived from Equation 16, showing a power-law relationship describing the

functional dependence of the modulus on the foam density [160].
E « p" (17)

where n is the density exponent of the foam. For bulk materials, the density exponent is 1,
suggesting a linear relationship between modulus and solid material density. For open-cell
foams, the density exponent is 2, as there is no solid fraction in cell walls (1 — ¢ =0). For

closed-cell foams, the value of n should be between 1 and 2.

2.5.3.2 Deformation Mechanism: Stress-Strain Diagram

Besides bulk material properties and foam density, the deformation mechanism of the foams
also depends on cellular structure (cell size, topology, and shape), which can be affected by the
foam extrusion process. When the polymer melt exits the die, the fast expansion and foaming
occur during processing, leading to more elongated than spherical cell shapes in the extrusion
direction. This anisotropy in the foam cell structure can be attributed to the anisotropic
compressive properties of extruded foams. A recent fundamental study by Fathi [161] gives a
deep understanding of the anisotropy associated with the deformation mechanism of extruded
PET foam. The deformation mechanisms of PET foam in three loading directions are shown in

Figure 23.
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Figure 23 (a) Loading directions of PET foam (b) Compressive stress-strain curves of
extruded PET foams in three loading directions. Reproduced from [161].

It was reported that extruded PET foams have combinations of wood-like morphology with
highly elongated and oriented cell shape in out-of-plane (parallel to the extrusion) direction and
honeycomb-like morphology with hexagonal cell shape in the in-plane (perpendicular to the
extrusion) direction. This morphological anisotropy resulted in two fundamental deformation
mechanisms. It was claimed that when PET foam is subjected to the load in directions 1 and 2,
the honeycomb-like cellular structure shows a typical bending-dominated deformation
(Fig. 22b). When loaded out-of-plane (direction 3), the wood-like cellular structure exhibits
typical stretch-dominated deformation where the deformation starts with a strong axial
response, followed by local plastic buckling of the cell walls and struts (Fig. 22c). These two
different deformation mechanisms resulted in different stress-strain curves. The deformation
curves of in-plane directions (lines in blue and black, Fig. 23b) were more orderly and regular,

which was attributed to uniform hexagonal cell shapes.

In contrast, the cell deformation mechanism in the out-of-plane direction (red line, Fig. 23b)
showed a linear behavior until the yield point, followed by a slight or marginal decrease in
stress, continued with variations in stress level until a sharp increase with densification takes
place. These changes in stress between the yield point and densification are attributed to the

interlocked, irregularly elongated cells. Nevertheless, comparing both deformation
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mechanisms, the modulus and initial collapse strength of stretch-dominated (direction 3)
lattices are much higher than bending-dominated (direction 1 and 2) lattices at the same relative
density. This is due to the different failure modes which are involved with two different
deformation mechanisms. “Hard mode” failure is induced by stretching and axial compression
in stretch-dominated deformation leading to higher modulus and collapse strength, while “soft
mode” failure involves bending. This makes stretch-dominated wood-like cellular structures an

excellent choice for lightweight structural applications [148].

This thesis will investigate extruded PBT foams' deformation mechanism that has a similar
anisotropic cellular structure as extruded PET foams. It will mainly focus on the stretch-
dominated deformation mechanism induced by a compressive loading in an out-of-plane

direction.

Figure 24 exhibits the picture of the cubic mPBT foam sample with the length of 10 mm, which
was prepared from the foam strand, and Figure 25 shows the stress-strain curve of this cubic

foam loaded in an out-of-plane direction with a test speed of 1 mm/min.

Figure 24 Picture the foam strand and the cubic foam sample with the length of 10 mm.



2 Theoretical Background and Literature Survey 48

Linear—elastic; Plateau - Densification

! .

I |
G .
R ! I
= i e/
- | ./
% . oo
) |
& - '
«n POSt-y,leld : Out-of-plane
o ] ; softening ¥ loading
-;) ) I /
wn * 1
8 o-pl _—— @ y P - o /
g 1/ Strain
8 hardening

Elastic modulus, E; Degs1ﬁcat1on

strain, &,
Compressive strain / %

Figure 25 Compressive stress-strain curve of an extruded mPBT foam in the out-of-plane
loading direction. a,,; is plastic collapse stress. The curve was obtained using self-
manufactured mPBT foam sample and reproduced from [162].

Similar to PET, extruded PBT foam also shows a typical stress-strain curve induced by stretch-
dominated deformation when loaded in an out-of-plane direction. This curve is generally

composed of three regions, namely (1) linear elastic, (2) plateau and (3) densification region.

The first region is controlled by elastic bending or cell wall-stretching. The initial slope of this
region gives the elastic (Young's) modulus, Er. If the strains are small, the foam only shows an
elastic response. The elastic modulus for stretch-dominated deformation mechanism can be

expressed by Equation 18 [163]:
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Lpr (18)
5~ ()5

where E is the elastic modulus of the cell wall (bulk) material and Z—f is the relative density.

The second (plateau) region starts from the yield point, namely plastic collapse stress, o,
where the stress reaches its peak. The local peak or gy, is associated with the initiation of cell

collapse with the effect of buckling and/or plastic hinge formation. The plastic collapse stress

for a stretch-dominated deformation mechanism is given in Equation 19 [163].

L1 Pf) (19)
e ol [
pl 3<ps s

where g, is the yield strength of the cell wall material. The relative density for closed-cell
foams can be related to the cell shape, including cell wall edge (strut) thickness ¢, and strut
length /s as given in Equation 20. This relation is usually valid for low-density foams (where

te <<lg) [1].

2
-

Initial yield is then followed by the “post-yield softening”, which is a sharp drop in the stress
with increasing strain due to the localization of the strains in distinct regions of the foams. These
highly localized deformations can be local plastic buckling, collapse of the cell struts and shear
deformation zones (shear bending or yielding) [ 148]. With increasing stress levels, cell collapse
continues and local densifications cause “strain hardening” which is a rapid increase in stress
with increasing strain [164]. In contrast to the bending-dominated deformation, the plateau
region does not show a long, flat plateau, which is not very advantageous for energy-absorbing

applications [148].

The third region involves densification of the foam associated with the complete failure of the
foam cells throughout the sample. With the cell wall collapse, the opposite cell walls start
touching each other, and stress increases sharply. In an ideal case, after sufficient densification,

the foam sample behaves like a compact material [164].
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2.5.4 Strategies to improve Compressive Properties of Foams

The compressive properties of polymer foams are influenced mainly by foam density.
Achieving rigid foams with improved compressive strength and stiffness at low-density
(80 — 100 kg/m?) is a key challenge. Foaming methods and rheological properties of the bulk
material (modification) also play an important role in obtaining lightweight core materials
[165]. In addition, reduced cell sizes (<100 um) and a homogeneous cellular structure
composed of durable cell walls and struts are also targets for mechanical enhancement [26].
Therefore, nanoadditives as reinforcing and foam nucleating agents have a high potential and

are one of the most frequently used strategies to decrease and homogenize the sizes.

2.5.4.1 Potential of BTAs on improving Mechanical Properties

The influence of BTAs as a foam and crystal nucleating agent on foam morphologies of semi-
crystalline i-PP and amorphous PS was mentioned in Chapter 2.3.1. Stumpf et al. [94] produced
BTA-based foam injection-molded samples and investigated the effect of BTAs on the
mechanical properties of the foams. It was reported that BTAs could lead to improved
mechanical properties such as specific flexural strength and specific flexural modulus.
Afterwards, Morl et al. [94] showed that only small amounts of BTA (e.g., 0.02 wt%) could
improve the specific compressive strength of extruded i-PP by around 100 % in out-of-plane
direction. The improved mechanical properties were associated with the cell size reduction and
more homogeneous cell morphology as well as the effect of BTA fibers located on the cell
walls and struts. In another study [166], amorphous PS foams, including BTAs were
manufactured via foam extrusion. It was found that 0.2 wt% BTA increased the normalized
compression modulus by about 23 %. Similar to the study of [94], the enhancement was
attributed to nanofibers' additional stress contribution, which might retard the foams' face

stretching and edge bending.

2.5.4.2 Potential of HNTs on improving Mechanical Properties

The effect of HNTs on the improvement of the morphology of PLA [29], PP [34] and PBS [35]
foams have already been reported, as stated previously (Chapter 2.3.2). Furthermore, Eryildiz
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et al. [33] showed that 0.5 wt% HNT could increase tensile strength and elongation of injection
molded PLA foams by approximately 50 % and 77 %, respectively. The improved mechanical
properties were attributed to the intrinsic reinforcing effect of HNTs and an enhanced foam
morphology with small cells and uniform structures induced by homogeneously dispersed HNT
nanoparticles [33]. Besides thermoplastic polymer foams, HNT was also used as a foaming
additive for thermoset polymers and rubbers. Dando and Salem [167] prepared HNT-based
syntactic epoxy foams by using thermoplastic micro balloons. 0.5 wt% HNT led to 165 % and
244 % increase of compressive strength and modulus, respectively [167]. In addition, Lee et al.
[139] showed that HNTs could improve the morphology and stiffness of rubber foams. The
researchers prepared ethylene—propylene—diene monomer (EPDM) foams including 3, 5, 7 and
10 wt% HNT by batch foaming with sc-CO». It was found that HNTs can act as both nucleating
agents and reinforcing additives. With increasing concentration of up to 10 wt% HNT, the
smallest mean cell size of 7.8 pum, the highest cell density of 1.5x10!° cells/cm? and the highest
compressive modulus of 2.43 + 0.05 MPa were achieved [139]. However, to the best of my
knowledge, research on the effect of HNTs on foamability, morphology and compressive

properties of foams made from the engineering polymer PBT does not exist in literature.

2.6 Literature Survey on PBT Foams

In contrast to PET foams, the number of studies in literature on PBT foams is very limited
[2,3,15,18,19,165,168—170]. Yet, PBT is a promising candidate to be used in the polymer foam
market due to its multiple beneficial properties. For instance, the flexible and mobile butylene
groups of PBT increase the crystallization efficiency to generate a well-ordered molecular
structure. This ordered molecular structure can contribute to enhancing the mechanical
properties. In addition, the unique crystallization behavior, the faster crystallization kinetics
compared to PET and the small-sized crystallites of PBT are advantageous to achieve a fine-
cellular morphology and enhanced mechanical properties upon foaming. Due to their high-
temperature dimensional stability, high heat deflection temperature (up to 150 °C), chemical
and abrasion resistance, PBT foams are a good alternative to i-PP foams having lower
temperatures dimensional stability and PET possessing slower crystallization kinetics [165].

Nevertheless, as for all semi-crystalline polymers, the foaming process of PBT remains
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challenging compared to amorphous polymers due to its low-melt viscosity, strength and

narrower processing-temperature window.

The first example on PBT foams was presented by Klotzer et al. [170]. The researchers
produced PBT foams with a coarse cell morphology for membrane applications. Afterwards,
Song et al. [19] attempted to produce open-celled PBT foams by using a technology called
“Dynamic Decompression and Cooling (DDC) Process”, which is an unconventional foaming
method compared to the extrusion foaming. More systematic studies including conventional
foaming techniques were then reported by Jeong et al. [3,18]. The authors first developed PBT
foams by using a lab-scale foam extrusion process and the chemical BA 5-Phenyltetrazole.
Rheological and thermal properties of PBT and correlations with the resulting foam
morphology were also presented. PBT foams with a relatively high foam density of around
600 kg/m? and a mean cell size of 500 um were obtained. This, coarse cell morphology and the
high foam densities were obtained due to the low melt viscosity and low melt strength. To
address this, the researchers improved the melt strength of PBT by using the chain extender
(CE) triglycidyl isocyanurate (TGIC). In this case, the PBA isobutane was used. By doing so,
they achieved extruded PBT foams with an intermediate density of around 330 kg/m? and a
more homogeneous foam morphology with the smallest mean cell size of 91 pm. Nevertheless,
no further efforts have been reported to improve foamability, foam morphology, and properties
by using nucleating agents. Furthermore, Koppl [4] studied the foamability of PBT by using
industrially relevant processes including foam extrusion, bead foaming and foam injection
molding in his thesis. The common challenge observed during processing was insufficient foam
stabilization resulting from the poor melt strength of PBT. This led to high foam densities, cell
coalescence and inhomogeneous foam morphologies. By process optimization, PBT foam
strands with the smallest foam density of 170 kg/m? were achieved in the literature. It was
proposed that with a 4 °C decrease in melt temperature (from 224 °C to 220 °C), foam densities
decreased from about 720 to 170 kg/m*. However, the mean cell size increased from 60 to
315 um. Given this, a material optimization was performed with 2 wt% talc as foam nucleating
agent to generate fine-celled foams at lower densities. As a result, a minimum mean cell size
of 5 um, yet a maximum foam density of about 980 kg/m* was obtained. By applying
underwater granulation (UWG), better foam stabilization was achieved by rapid cooling with
water. Consequently, foamed beads having a density of 230 kg/m?® and mean cell size 0f 250 um

were produced. Further density and cell size reduction by using the same system were not
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realizable. As a continuity study to the bead foaming of PBT, Standau et al.[15] used 1 wt%
CE to increase melt strength and foamability of PBT by long-chain branching. The improved
melt strength and process optimization (e.g., die temperature, PBA concentration, water
temperature and blade speed of the UWG) led to foamed beads with a reduced foam density of
179 kg/m?, cell size of 155 um and more homogeneous foam morphology. For the first time,
steam chest molding of beads was successfully implemented and bead foam parts with the
minimum foam density in literature (170 kg/m?) were achieved. Moreover, a comparison study
of [168] expanded-PP (e-PP) and expanded-PBT (e-PBT) bead foams was reported where the
thermo-mechanical properties and burning behavior of the foams were compared. The tensile

modulus of e-PBT parts was similar, and compressive strength at elevated temperatures was

higher than that of e-PP [168].

Aside from foam extrusion and bead foaming, Koppl [4] also demonstrated the applicability of
foam injection molding of PBT with a breathing mold technology in his Ph.D. thesis. Using
nitrogen as a physical blowing agent led to a maximum foam density reduction of 50 % and a
minimum mean cell size of 60 um. Furthermore, by using aluminum diethyl phosphinate (AIPi-
Et) as a flame retardant, the structure-property relationships of flame-retarded injection-molded
PBT foams were established. With 6 wt% AIlPi-Et a higher number of smaller cells and more
uniform morphology than the neat PBT foam were observed. Further increase in AlPi-Et
concentration (20 wt%) led to a larger number of particle agglomerates and an increased mean
cell size of 130 pm as well as a more inhomogeneous foam morphology. This resulted in
deteriorated mechanical properties. It was concluded that AlPi-Et is a very effective flame
retardant. However, depending on the concentration, it significantly reduced the strength and

toughness of the foams and can therefore not be used without an impact modifier.

However, to the best of my knowledge, a fundamental study on the effect of nanoadditives on
foamability, morphology and compressive properties of the extruded PBT foam strand is still

missing in the literature.
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As reported in Chapter 2.6, in the previous study on PBT foams, Koppl was able to produce
PBT foam strands with the smallest density of 170 kg/m?® via foam extrusion process. Very
narrow process temperatures and insufficient foam stabilization induced by the low melt
strength of PBT were the main challenges during the process. This led to extruded foams with
a coarse morphology. Therefore, it was proposed that the chemical modification (long-chain
branching) of PBT with CE is a suitable solution for an increased melt strength and thus for an
improved foamability and as a consequence enhanced foam morphology and properties.
Furthermore, the use of a micro-scale foam nucleating agent (talc) was shown to be effective
for cell size reduction. However, with decreasing cell size, the foam density also increased.
Since the PBT foam strands produced by Koppl were very inhomogeneous, no mechanical
properties of these strands could be reported. Based on the findings of the previous study, the

goals of this thesis are set.

Prior to foaming, the PBT matrix will be chemically modified with a CE (designated as mPBT)
to increase melt strength, foam stability, and widen the processing temperature window. The
ultimate goal of this thesis is to obtain low-density (< 100 kg/m’) extruded strand foams of
mPBT with a fine-cellular and homogeneous morphology (< 500 um). With the use of organic
(BTA) and inorganic (HNTs) nanoadditives as polymer crystal nucleating agents as well as
nucleating agents for foam cells, an improvement in mechanical properties compared to the
reference foam (neat mPBT from without nanoadditives) is aimed. A decreased foam density
is essential for insulation properties, while mechanical properties play a significant role for rigid

foams in numerous applications. For the first time, structure-property relationships of mPBT

foamed strands influenced by the nanoadditives regarding melt strength, foamability and

crystallization kinetics of mPBT will be established.

As shown in literature, organic nanoadditives, particularly BTAs, are soluble in the PBT melt
at specific concentrations and process temperatures [171]. Upon cooling, BTAs can self-
assemble and form network-like structures of nanofibers. These nanofibers can act in the
polymer foam as efficient nucleating agents for polymer crystals (for instance, for i-PP) as well

as foam cells (for instance, for PS and i-PP) [26,94,95,166] leading to foams with smaller cells.
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The individual chemical structure of BTAs has a significant effect on the resulting nanofiber
size and nucleation efficiency, whereby some of the BTAs provided an increase in
crystallization temperature of PBT. In contrast, other BT As are present as nanofibers but could
not nucleate PBT at all [171]. Herein, for the first time, a commercially available BTA (BTAI)
and a laboratory-scale, tailor-made BTA (BTA2) were used in PBT to control the cell
nucleation, foam morphology and mechanical properties. Both BTAs are known to form
nanofibers upon cooling within the PBT polymer melt at different concentrations. However,
they feature different chemical structures and solubility behavior and thus, both result in
nanofibers of different diameters. Therefore, it is crucial to investigate the influence of type and
concentrations of BTAs on the crystallization and rheological properties of mPBT as well as

foamability, morphology and the resulting mechanical properties of mPBT foams.

The use of inorganic nanoadditives, particularly HNTs as nucleating agents for polymer crystals
as well as cell nucleating agents for foamed polymers, such as PLA [29] and PP [34], have been
reported in the literature. In this study, HNTs were used to control the crystallization behavior
and the foam cell nucleation of PBT for the first time. Reduction of the mean cell size and a
uniform foam morphology with the addition of different concentrations of HNTs (lower than
1 wt%) are focused in this thesis to improve the resulting compressive properties of the foams

by increasing the buckling resistance.
Mainly, the following points are stating the individual aims within this thesis:

1. Effect of CE on the rheological properties and foamability of PBT, as well as on

density and morphology of PBT foams.

e Understanding the effect of CE concentration on the complex viscosity and strain
hardening behavior of PBT.

e Influence of rheological properties of PBT induced by different CE concentrations on
process temperature window, foam density and morphology.

2. Understanding of the influence of BTAs and HNTSs on the crystallization behavior

and rheological properties of mPBT.

e Evaluation of the influence of BTA type (chemical structure and resulting fiber
diameter) and concentration of BTAs and HNTs on the crystal nucleation behavior
(activation energy) of the mPBT resin.
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e Establishing relationships between the strain hardening behavior and foamability.

3. Understanding the cell nucleation behavior and morphology development in BT A-

and HNT-nucleated mPBT foams compared to the neat mPBT foam as reference.

e Defining the optimum process temperature window featuring the optimum foams with
the lowest density and improved morphology.

e Evaluation of the influence of BTA type and concentrations of BTAs and HNTs on the
foam morphology.

e To point out correlations between strain hardening behavior tuned by nanoadditives and
the resulting foam morphology.

4. Improving the compressive properties of mPBT foams with BT As and/or HNT's at

low foam densities.

e Evaluation of the micromechanical deformation mechanism of BTA- and HNT-
nucleated mPBT foams in out-of-plane direction loading, compared to the neat mPBT
as a reference.

e Understanding the effect of foam density on the compressive properties of the foams.

e Investigating the influence of the cellular morphology (cell size, strut length and strut
thickness) on compressive properties of the foams.

e Confirming the hypothesis of having synergistic effects by combining BTAs and HNTs
at their optimum concentrations to achieve foams with superior compressive properties.

Figure 26 exhibits a schematic overview on the strategy considered for the experimental
workflow in this thesis. Material analysis, including the selection of the optimum PBT grade
and CE concentration for the modification of PBT, will be discussed in Chapter 5.1. In Chapter
5.2, mPBT foams nucleated with BTA1 and BTA2 at various concentrations will be produced.
The optimum processing temperature windows for the foam extrusion will be determined. The
effect of type and concentrations of BTAs on melt strength (strain hardening behavior), foam
morphology and compressive properties will be investigated. The optimum BTA type and
concentration leading to the best foam properties will be selected based on the findings. In
Chapter 5.3, the same concentrations, processing conditions and characterization steps will be
implemented by using HNTs to compare the influence of HNTs on cell nucleation efficiency
and resulting morphology and compressive properties. Based on the results obtained from this
chapter, an optimum HNT concentration resulting in foams with the lowest foam density, finest

morphology and the best mechanical performance will be chosen. The validation of the
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synergistic effects by using different types of nanoadditives in mPBT foams, and their effect

on cell nucleation behavior, foam morphology and properties will be discussed in Chapter 5.4.

The contents of Chapters 5.1 and 5.2 are partially published by the author in the form of one
peer-reviewed journal contribution, in the journal of Polymers, having an open-access license.
As the article is licensed under a license CC BY 4.0, the permission to reprint any text and

figures is given upon citation, where applicable.
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Figure 26 Graphical abstract of the thesis summarizing the results and discussions chapter.



4 Experimental

4.1 Materials

In this work, three different grades of PBT were used. The information, including trade name,
name of the supplier, weight-averaged molecular weight (My), number-average molecular
weight (Mn), polydispersity index (PDI) and melt volume rate (MVR) of the grades are listed
in Table 3.

Table 3 General information about the PBT grades.

Trade name Supplier Mw M., PDI MVR
[g/mol] * [g/mol] * [em*/10 min]
POCAN" LANXESS 51,000 27,000 1.88 14
B 1600 GmbH,
000000 Leverkusen,
Germany
POCAN" LANXESS 55,000 28,000 1.96 8
B 1700 GmbH,
000000 Leverkusen,
Germany
Ultradur® BASF SE, 90,000 34,000 2.65 9.5
B 6550 Ludwigshafen,
Germany

* Data provided by suppliers [0,p]

** Data from the supplier's material datasheet. MVR of Pocan grades and Ultradur® were determined at 250 °C and 2.16 kg.

All PBT grades have a density of 1300 kg/m?® [g-s]. Prior to processing, PBT was dried

overnight at 120 °C under vacuum.

For the post-modification of PBT, an epoxy-based multifunctional, reactive copolymer was
used (CE). This CE (Joncryl® ADR 4468) was purchased from BASF SE (Ludwigshafen,
Germany). It has an My of 6,978 g/mol and an epoxy equivalent weight of 315 g/mol [t]. The
chemical structures of PBT and CE are illustrated in Figures 27a and 27b.
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(a) (b)

Figure 27 Chemical structures of (a) PBT (b) Joncryl® ADR 4468.

Two possible post-modification reactions of PBT with an epoxy-based CE are known, as

illustrated in Figure 28 [3].

(a) 0 0 HO
- >_.{ VA G S JM
OH 0 o)
Carboxyl group Epoxy group
of PBT of CE

HO

(b) ww(CHp)4—OH + W - - W(CH2)4_04>"4
(¢}

Hydroxyl group Epoxy group
of PBT of CE

Figure 28 General scheme of two types of post-modification reactions between the terminal

end groups of PBT and an epoxy-based CE: (a) esterification and (b)
etherification.

The epoxide-moieties of the CE can react either with the carboxy-terminal groups of the PBT

(esterification) or with the hydroxyl-terminal groups of the PBT (etherification). Considering
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the epoxy equivalent weight of the CE, a relevant concentration range of CE used for post-
modification of PBT was calculated. Based on this, CE concentrations were selected as 0.15,

0.3, 0.6 and 0.9 wt%.

In the melt supramolecular polymer additives based on 1,3,5-benzenetrisamide (BTA) were
used as soluble additives. The commercially available Irgaclear® XT 386 with the following
composition, N,N',N"-1,3,5-benzenetriyltris(2,2-dimethylpropanamide) (BTA1), was provided
by BASF SE (Ludwigshafen, Germany). N,N',N"-tert-octyl-1,3,5-benzene-tricarboxylic acid
(BTA2) is an experimental additive, synthesized and characterized at the Department of
Macromolecular Chemistry I, University of Bayreuth according to literature procedures
described in [172—174]. BTA1 and BTA2 were selected for this work. Both BTA1 and BTA2
are known to form nanofibers in the PBT polymer melt but feature a different chemical structure
and solubility behavior and thus reveal nanofibers with different diameters [171]. The
dissolution and self-assembly temperatures of the selected BTAs having different
concentrations were reported in the study of Richter et al., systematically [171]. Based on these
findings from literature and pre-trials of BTA based PBT foam extrusion, BTA concentrations

for this study were selected as 0.02, 0.04, 0.08, 0.1 and 0.25 wt%.

The chemical structures of BTA1 and BTA2 are shown in Figures 29a and 29b, respectively.

(a) (b)

HN o) H

Figure 29 Chemical structures of (a) BTA1 and (b) BTA2.
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HNT (MF5, DURTEC GmbH, Germany) was used as an insoluble additive in this work. For
the sake of better comparison of HNTs with BTAs, same concentrations of 0.02, 0.04, 0.08, 0.1

and 0.25 wt% were selected.

The characteristic properties and a TEM image of the nanotubes are shown in Table 4 and

Figure 30, respectively.

Table 4 Some characteristics of the HNT used for this work.

Name  Mineral content Length Inner diameter Outer diameter Aspect ratio
[70] [um] [nm] [nm]
HNT >95 04-1 15 80 10

Figure 30 TEM image of MF5 nanotubes. Reproduced from [175].

In order to obtain foams of neat mPBT, mPBT foams with BTAs and HNT, 2 wt% s-CO; was

used as a physical blowing agent.
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4.2 Sample Preparation

4.2.1 Preparation of Powder Mixtures

As the additive concentrations used in this work are smaller than 1 wt%, prior to melt
compounding and foam extrusion processes, the powder-mixtures of PBT, CE and BTAs were
prepared for each BTA and HNT concentration. PBT granulates were first cryo-milled into
powder with the size around 1000 um by ultra-centrifugal mill (ZM 200, RETSCH GmbH,
Haan, Germany), at a rotation speed of 8000 rotation per minute (rpm). CE pellets were ground
into a fine powder using a pestle and mortar. Depending on formulations with different CE,
BTA and HNT concentrations, powder mixtures were filled into glass bottles. The weight of
the mixtures ranged from 40 to 70 g, occupying slightly half the volume of the glass bottles. As
a reference, the powder mixture of PBT and CE was also prepared identically. Before mixing,
PBT powder, BTAs and HNTs were dried overnight under vacuum at 120, 100 and 170 °C,
respectively. The glass bottles were conducted to be mixed homogeneously at 15 rpm with the

help of a self-made rotating apparatus (Fig. 31).

Figure 31 Self-made rotating apparatus for powder mixture preparation [100].

4.2.2 Reactive Extrusion

For thermal and rheological characterization tests, compact granulates of mPBT and mPBT

containing 0.02, 0.04, 0.08, 0.1 and 0.25 wt% additives were produced via reactive extrusion.
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A tandem extrusion line from Dr. Collin GmbH (Ebersberg, Germany) (twin-screw extruder
[A-extruder] with 25 mm screw diameter and L/D= 42; single-screw extruder [B-extruder]| with
45 mm screw diameter and L/D= 30) equipped with a round-die having a diameter of 3 mm
was used. To better compare the compounded materials with the final foam samples, the same
machine and similar temperature profiles were conducted to keep the thermal histories constant.
Prior to processing, PBT granulates were dried overnight at 120 °C. For the processing of each
compound, dried powder mixtures comprising the respective amount of PBT, CE and additive
were fed by a powder hopper, while the PBT granulates were fed by a granulate hopper to the
A-extruder. Uniform dissolution of BT As or dispersion of HNT in the PBT melt as well as the
post-modification of PBT with the CE took place in the A-extruder. A maximum temperature
of 260°C at the A-extruder was selected to assure the complete solubility of BT A in the polymer
melt. After cooling the polymer melt mixture in the B-extruder, the strand was quenched in a
water bath and subsequently granulated with the help of a granulator. To remove the excess
water, the granulates were then dried overnight at 80 °C. The standard temperature profiles
(with a deviation of + 5 °C) and parameters for the compounding of the materials are listed in

Table 5.

Table 5 Parameters for reactive extrusion of the materials.

Throughput [kg/h] 5

Screw speed at A-extruder [rpm] 135-145
Temperature profile at A-extruder [°C] 35, 180, 210, 230, 250, 260, 260, 260, 260, 260, 260

Screw speed at the B-extruder [rpm] 6-8
Temperature profile at B-extruder [°C] 236,231, 230, 230, 230, 230
Melt temperature at the die [°C] 232-236

The temperature at the die [°C] 250

4.2.3 Compression Molding

The specimens for rheological characterization were prepared by compression molding. For
plate-plate shear rheology measurements, circular samples with a diameter of 25 mm and a

thickness of 2 mm; for extensional viscosity measurement, rectangular specimens with 10 mm
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width, 18 mm length and 0.8 mm thickness were pressed by using hot/cold electrohydraulic lab
presses (Weber PW 10, Remschalden, Germany). Prior to compression molding, the granulated
materials were dried overnight at 120 °C under vacuum. The dried granulates were first hot
pressed for 2.5 mins at 260 °C with 10 kN. Then, the force was increased to 60 kN for 4 min,

and subsequently cold pressed for 4 min at room temperature with 20 kN to become solidified.

4.2.4 Reactive Foam Extrusion

To produce all foams of neat mPBT and mPBT with 0.02, 0.04, 0.08, 0.1 and 0.25 wt%
nanoadditive (BTA1, BTA2, HNT and their combinations), the same tandem extrusion line was
used. Powder mixtures of PBT, CE and additive were fed by powder hopper. As in the reactive
extrusion, the overnight-dried PBT granulates were hopped at the same position. As a physical
blowing agent, 2 wt% sc-CO; was injected into the polymer melt mixture using a positive
displacement syringe pump connected to a gas-dosing unit (Maximator DSD 500, Nordhausen,
Germany). Intimate mixing of CE, additive and sc-CO> was provided in the A-extruder under
pressure. The highest temperature in the A-extruder was set as 260 °C to assure the dissolution
of BTA1 and BTA2. The temperature profile was kept the same to produce HNT-based mPBT
foams to compare the effect of additives on the final properties of the foams. The melt mixture
was transferred to the B-extruder for cooling down to the melt temperature providing optimum
foamability, foam morphology and properties. The detailed optimization study, where melt
temperatures were varied to define process temperature window and parameter optimization, is
described in the results and discussion chapter (see Chapter 5.1.3 and 5.2.1). Cylindrical foam
strands were obtained by using a round die with a diameter of 3 mm. At the exit of the die, the
foam samples were collected with the help of a conveyor belt (SK25-K55, Schulz Férdertechnik
GmbH, Waldmohr, Germany). The standard temperature profiles (with a deviation of + 5 °C)

and parameters for the foaming of the materials are listed in Table 6.
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Table 6 Parameters for reactive foam extrusion of the materials.

Throughput [kg/h] 4

Screw speed at the A-extruder [rpm]| 135-145

Temperature profile at the A-extruder [°C] 35,180,210,230,250,260,260,260,260,260,260
Screw speed at the B-extruder [rpm] 6-8

Temperature profile at the B-extruder [°C] 223,218,217,217,217,217

Melt temperature at the die [°C] 223-227

Temperature at the die [°C] 235

Pressure at the exit of the die [bar] 90-140

4.3 Material Characterization

4.3.1 Thermal Analysis

In this thesis, differential scanning calorimetry (DSC) was used to determine the melting and
crystallization behavior of the materials. The measurements were performed using a Mettler
Toledo DSC/SDTA 821 ¢ (Columbus, United States). The standard method consists of a
heating-cooling-heating cycle in a temperature range from 25 °C to 260 °C with a heating or
cooling rate of 10 K/min under nitrogen atmosphere (flow rate: 50 ml/min). Between each
cycle, the temperature was kept constant for three minutes. The crystallization temperature of
the samples was evaluated from the cooling cycle with the help of the Mettler Toledo STARe

software.

For crystallization kinetics measurements, the method consisting of a heating-cooling cycle
under nitrogen atmosphere (flow rate: 50 ml/min) was used. The temperature was ranged
between 25 °C and 260 °C with a heating rate of 10 K/min. For cooling from 260 °C to 25 °C,
various cooling rates of 2, 4, 8, 16 K/min were applied. Between each cycle, the temperature
was kept constant for three minutes. The non-isothermal crystallization activation energies of

the samples were estimated by the Kissinger equation (Eqn. 21) [176,177].
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where ¢ is the cooling rate, R; is ideal gas constant, T), is the peak temperature, which can be
determined automatically with the help of the Mettler Toledo STARe software. The

crystallization activation energy (AE) of the samples was obtained from the slope of the plot of

In <¢ /Tf,) versus 1 /Tp'

4.3.2 Rheological Analysis

4.3.2.1 Shear Rheology

The shear rheology measurements of the pressed circular samples (25 mm x 2 mm) were
conducted using a plate-plate rotational rheometer Anton Paar MCR702 (Graz, Austria). At
first, the strain where linear viscoelastic behavior is present was determined by dynamic strain-
controlled sweep measurements at 260 °C, at a deformation range from 0.1 to 100 %, at a
frequency of 1 rad/s. Afterward, the complex viscosity of the samples was measured within the
linear viscoelastic region at 260 °C by frequency sweeps ranging from 0.1 to 100 rad/s. At least

three samples were tested to minimize the experimental errors.

4.3.2.2 Start-up Shear Experiments

Start-up shear experiments for each pressed circular sample (25 mm x 2 mm) at a strain rate of
0.001 s and a temperature of 230 °C were conducted using an Anton Paar MCR702 (Graz,
Austria). These measurements were performed to determine if the time-dependent transient
shear viscosity (17 (t)) of the samples exists in the linear viscoelastic region. At least three

samples were tested to minimize the experimental errors.
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4.3.2.3 Extensional Viscosity Fixture

The extensional viscosity fixture measurements of the pressed rectangular samples
(10 mm x 18 mm 0.8 mm) were performed using a stress-controlled dynamic-mechanical
rheometer (RDA III, Rheometrics Scientific, Piscataway, NJ, US) equipped with a universal
extension viscosity fixture tool consists of a fixed drum and a rotating drum that winds the
sample at a constant Hencky rate, measuring the force generated in the sample. The transient
extensional viscosity (nj (t, £))) of the samples as a function of time was determined at 230 °C
under nitrogen atmosphere. A Hencky strain rate of 1 s'! was applied since strain rates during

foaming processes appear around 1 s7![178,179].

Calculation of Strain Hardening Coefficient

The strain hardening coefficient S, is defined as a deviation from the Trouton relation towards
higher extensional viscosities (Equation 21). According to the Trouton relation [180], the
transient extensional viscosity (7 (t, £))) (from extensional viscosity measurements) equals
three times the transient shear viscosity (1™ (t)) (from start-up shear experiments). Equation 22

shows the calculation of time-dependent coefficient S (t, €) [181]:

ng (&) (22)

SED =350

where n7 (¢, €) is the transient extensional viscosity as a function of time (t) and Hencky strain
(€), and n*(t) is the transient shear viscosity in the linear viscoelastic region. The S values
were calculated at t =2 s, which is relevant to the foam extrusion process as the foam expansion
time is approximately 2 s [39]. At least three samples were tested to minimize the experimental

CITors.

4.4 Foam Characterization

Different characterization methods were conducted for analyzing the microstructure of the foam

cells and their properties. Here, it is noteworthy that cubic shaped samples with the length of
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10 mm (see Fig. 24) were cut from the core of the extruded foam strands by cutting the skin

layers for the determination of foam density, open-cell content and compressive strength.

4.4.1 Foam Density

Before compression tests, the bulk densities of cubic shaped foam samples were measured using
an AG245 analytical balance with a density kit (Mettler Toledo, Colombus, US). The
measurements were carried out by applying the water displacement method (Archimedes'
principle) according to ISO 1183-1. The foam density values were then calculated from

Equation 23.

_ (M (23)
Pr= (ma - mw) Pw

where py is foam density, p,, is the density of water, m, and m,, are weights of the foam sample

in air and water, respectively. At least five samples from various locations of the foam strand

were measured and the average values are reported.

4.4.2 Foam Morphology

4.4.2.1 Micro-Computer Tomography (p-CT)

The morphology of the cylindrical foam strands was visualized by p-CT (Skyscan 1072-100kV,
Bruker microCT, Kontich, Belgium) with the resolution of 5 um/pixel. The X-ray source had
an acceleration voltage of 100 kV and a tubular flow of 90 pA. The reconstructed X-ray
projections of the foam strands' cross-sections were used to estimate the total foam cell areas
A;, with the aid of the software ImagelJ. With the assumption of all cells being circular, the cell
diameter D, and cell density p,. of the foam samples were calculated from Equation 24 and 25,

respectively [95].

D¢ = 2/A; /1t (24)
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N3 (25)
= (—)2

pc = ( As)

where N, is the number of cells in the selected area and A is the area of the selected section.

Data analysis on the cell size and density were determined based on the total number of cells

per cross-section of the foam strand.

For the sake of the more precise interpretation of the compressive properties, cell edge (strut)
thickness and strut length of the foam samples were determined. To determine the strut
thickness, the manual size analysis was performed by using the software ImagelJ on the 2D p-
CT images taken from the cross-section of the foam strands. Strut length (l;) of the foam

samples was estimated by using the following correlation (Eqn. 26) [182].

I, = 0.4490280 D, (26)

4.4.2.2 Field Emission Scanning Electron Microscopy (FE-SEM)

To visualize the crystal structure of mPBT, the characteristics (length and diameter) and
orientation of the BTA and HNT fibers in the cell walls and struts, the FE-SEM Zeiss LEO
1530 from Carl Zeiss AG (Jena, Germany) with an acceleration voltage of 3 kV was used. With
the purpose of precise imaging, the amorphous phase of the mPBT was partially removed via
the hydrolyzation process. The foam samples were hydrolyzed in a slowly stirred 10 wt%
sodium hydroxide (NaOH) solution in deionized water (DI-H,O) for 2.5h at 110 °C.
Subsequently, the hydrolyzed samples were washed with water to remove residual NaOH and
overnight dried at room temperature and atmospheric pressure. Before microscopical imaging,
the samples were coated with a platinum layer thickness of 0.8 nm using a high-resolution

sputter coater Cressington 208HR (Watford, United Kingdom).

4.4.3 Degree of Crystallinity

The foam samples were tested by using the same DSC from Chapter 4.3.1. under nitrogen

atmosphere with a heating rate of 10 K/min from room temperature to 260 °C. The degree of
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crystallinity was then calculated with the help of the Mettler Toledo STARe software using
enthalpy of fusion of 140 J/g for 100 % crystalline PBT [183].

4.4.4 Open Cell Content

Open cell content (OCC) of the foam samples were estimated in agreement to DIN ISO 4590
by using a gas pycnometer Ultrafoam 1000, UPY-15F, Quantochrome Instruments (Florida,
Unites States). Cubic-shaped foam samples were replaced in a cell with a volume of 10 cm?.
The samples (placed in the closed cell) were exposed to a nitrogen atmosphere at 0.6 bar for a
designated period. At least three samples from various locations of foam strand were analyzed
and the average values are reported. The OCC values were then calculated based on Equation

27 [184]:

0CC = <Vgeometric - Vdiffused) x 100 (27)
Vdiffused

where V geometric 18 the geometric volume of the sample and V¢ ryseq 18 the volume of the

sample into which nitrogen diffused.

4.4.5 Compressive Properties

Characteristic ~ stress-strain ~ behaviors of the cubic shaped foam samples
(10 mm x 10 mm x 10 mm) were analyzed by a universal compression test machine (Z050,
ZwickRoell GmbH & Co. KG, Ulm, Germany) in agreement with the test standard DIN 53421,
ISO 844. The compressive loads were applied in out-of-plane direction to the foam samples.
The compression strain was limited to 30 %, which was sufficient for characterizing each
sample's compressive modulus and strength. The test speed was 1 mm/min with a preload of
0.5 N to assure a complete contact between the sample surfaces and plates of the test machine.
To find the most representative stress-strain curve, at least eight samples per material were

tested and the average compressive strength values are reported.
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5 Results and Discussion

5.1 Material Analysis and PBT Modification

This chapter will determine the selection of one PBT grade showing the best rheological
properties (complex and extensional viscosity). Eventually, modification of the selected PBT
grade with different CE concentrations will reveal the influence of CE amount on the strain
hardening behavior, foamability, and thus morphology and density of the foams. Based on the
findings, optimum CE concentration will be chosen and used to modify PBT for the rest of this
work. Consequently, the optimization study of the process parameters, including melt

temperature at the exit of the die, will be conducted.

5.1.1 Selection of PBT Grade

Complex viscosity measurements at the maximum processing temperature under shear forces
can give an insight into the melting behavior at the extruder during processing. Furthermore,
extensional viscosity tests at the temperatures where the foaming at the die starts to take place
might indicate the foamability of the polymer and foam stabilization. Therefore, to confirm the
most suitable PBT grade for the foaming trials, it is crucial to check the rheological behavior
of the materials. Figure 32a shows the complex viscosities over frequency, while Figure 32b

indicates the relationship between extensional viscosities and time.
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Figure 32 (a) Complex viscosities and (b) extensional viscosities of different PBT grades.

According to the complex viscosity versus frequency graph (Fig. 32a), quasi-Newtonian
behavior is shown for all three PBT grades at the maximum processing temperature of 260 °C
in the A-Extruder. Furthermore, Ultradur B6550 exhibits relatively higher complex viscosity
values in the whole frequency range, in particular at lower frequencies, than the other grades.
This can be associated with the higher molecular weight of Ultradur B6550
My =90,000 g/mol) compared to the other two grades of Pocan 1700 (My, = 55,000 g/mol)
and Pocan 1600 (My, = 51,000 g/mol).

It is well known in the literature that linear polymers, such as PBT, show low melt strength and
weak strain-hardening behavior [185]. As shown in Figure 32b, all three extensional viscosities
of PBT grades increase slightly over time, exhibiting almost no strain hardening as expected.
Similar to complex viscosity, Ultradur B6550 has the highest extensional viscosity due to its
highest My. The higher the molecular weight, the more entanglements exist in polymers,

making the deformation more difficult which is better for foaming.

Therefore, based on the rheological findings, Ultradur B6550 was selected as a polymer matrix

for foaming for the rest of the work, which is designated as PBT in the following sections.
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5.1.2 PBT Modification and Effect of CE Concentration

Influence of CE Concentration on Rheological Properties of PBT Melt

Melt properties of linear PBT can be improved through post-modification reactions, in other
words, long-chain branching with CE [15]. In order to determine the optimum CE concentration
in terms of complex viscosity and melt strength, four different concentrations (0.15, 0.3, 0.6
and 0.9 wt%) of CE were used for the modification of PBT. Figure 33a and Figure 33b represent
the effect of CE concentration on the complex viscosity over frequency and extensional

viscosity over time, respectively.
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Figure 33 (a) Complex viscosities and (b) extensional viscosities of the neat PBT and PBT
modified with 0.15, 0.3, 0.6 and 0.9 wt% of the epoxy-based CE.

According to Figure 33a, all modified samples exhibit an increased zero-shear viscosity
compared to one of the neat PBT (around 100 Pa-s), which can be attributed to the increased
Mw and intrinsic entanglements in the PBT melt induced by the long-chain branching. From
lowest to highest CE concentration, this effect gets more noticeable. At 0.15 wt% CE, a quasi-
Newtonian behavior is present, while 0.3 wt% CE follows the Newtonian behavior, where the
complex viscosity remains constant over the frequency range from 100 to 0.1 rad/s. From

0.6 wt% CE, long-chain branching starts to get more pronounced, resulting in shear-thinning
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behavior, where increasing frequency leads to a decrease in viscosity. At the high-frequency
range (around 100 rad/s), PBT with 0.6 wt% CE leads to slightly higher viscosity values than
those of 0.9 wt% CE. This might be due to the too high melt viscosity of PBT with 0.9 wt%
CE, leading to higher torque in the extruder. Therefore, the shear-induced chain scission of PBT
at high frequencies and thus decreased melt viscosity occur. Similar side effects caused by the

high CE concentration have already been shown elsewhere [15,186].

Chain extension or long-chain branching is one of the most strategies for polyesters, PET and
PBT, as chemically modified polymer melt offers higher extensional viscosity and melt strength
leading to more improved foamability and foams with more stable cells [3,15,187]. Melt
strength can be correlated with the polymer's strain hardening (extensional thickening)
behavior, where a quick increase in extensional viscosity with increasing time is observed.
Therefore, polymer melt with more pronounced strain hardening is expected to have the highest
melt strength resulting in foams with the most improved foamability as well as foam
morphology. The influence of CE concentration on foam morphology will be discussed in the
next section. Figure 33b shows that 0.15 wt% of the CE is not sufficient to provide a strain
hardening, where the extensional viscosity remains constant over time. Although PBT with
0.3 wt% CE indicates a noticeable strain hardening, more pronounced strain hardening is visible
with 0.6 and 0.9 wt% CE concentrations. This finding is compatible with the previous complex

viscosity results.

Influence of CE Concentration on Foam Morphology and Density

Figure 34 exhibits the overview of the morphology of the neat PBT foam and PBT foams
modified with 0.15, 0.3, 0.6 and 0.9 wt% CE together with the corresponding foam densities.
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Neat PBT 0.15 wt% CE 0.3 wt% CE 0.9 wt% CE

py =356 + 72 kg/m? py =319 + 31 kg/m® py =142 + 1 kg/m? pr=100 = 4 kg/m? ps =188 + 3 kg/m?

Figure 34 p-CT images of the neat PBT foam and PBT foams modified with 0.15, 0.3, 0.6
and 0.9 wt% CE.

Neat PBT foam shows improper and coarse foam morphology with partially non-foamed areas
resulting in a very high foam density of around 356 kg/m?. This might be due to the very poor
melt viscosity and strength as well as foamability. A similar finding has already been reported
in Koppl's dissertation [4]. Up to 0.3 wt% CE, almost no improvement in foam morphology
and density is present, which can be attributed to an insufficient increase in complex viscosity
and melt strength due to the very low amount of CE (0.15 wt%). The modification with 0.3 wt%
CE features a significant decrease (around 1.6 times) in foam density while foam morphology
becomes noticeably more homogeneous than those of the neat PBT and PBT with 0.15 wt%
CE. Further increase in CE concentration to 0.6 wt% increases the expansion ratio leading to
lighter foams with a density of around 100 kg/m? and increased cell density with much smaller
cells. Improved foam density and morphology induced by 0.6 wt% CE might be associated with
the significantly increased zero shear viscosity as well as more pronounced strain hardening
behavior compared to the foams with lower CE concentrations. Surprisingly, increasing the CE
amount to 0.9 wt% results in non-uniform PBT foams with a higher foam density of around
188 kg/m?. This can be attributed to the increased torque in the extruder due to suddenly
increased chain extension and intrinsic entanglements as well as deteriorated process stability.

Figure 35 summarizes the influence of CE concentration on the resulting PBT foam density.
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Figure 35 Foam densities of the neat PBT and PBT modified with 0.15, 0.3, 0.6 and 0.9 wt%
of the epoxy-based CE.

According to Figure 35, compared to the foam density of neat PBT foam, the foam densities of
all modified PBT foams are lower, which shows the necessity of modifying the PBT to reach
light-weight foams. From 0.15 to 0.6 wt% CE, an increase in CE amount leads to a decrease in
foam density. However, a further increase in CE concentration to 0.9 wt% causes an increase

in foam density.

All in all, based on the findings from rheological, morphological and foam density analysis as
well as observations during processing, 0.6 wt% CE is selected to be the optimum CE
concentration for the modification of the PBT. Only modified PBT with 0.6 wt% of CE is used

in the following, which is designated as mPBT.

5.1.3 Influence of Melt Temperature on the Foam Density

The significant effect of the melt temperature at the exit of the die on the foam stabilization and
resulting foam density have already been reported in the doctoral study of Koppl [4]. It was
claimed that a few degrees change in melt temperature results in significantly different foam

densities. With this knowledge, the process optimization study was conducted for the current
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material systems, such as neat mPBT and neat PBT as reference. The influence of melt
temperature on the density of the neat PBT and neat mPBT foams at the constant die

temperature of 235 °C is shown in Figure 36.

900

l@235°c T, ,2wt%sc-Co,
800

{ Neat PBT
700 - i
: } 0 wt% CE

600 +

500

400 +
1 Neat mPBT

300

0.6 wt% CE

Foam density / kg/m’
HH

200

100 -

0 T T T T T T T T T T T T T T T T T

— .
212 214 216 218 220 222 224 226 228 230 232 234
Melt temperature / °C

Figure 36 Change in foam density of the neat PBT (0 wt% CE) and the neat mPBT
(0.6 wt% CE) by altering melt temperatures at the exit of the die at the constant
die temperature of 235 °C. For the density measurements, the samples were
directly cut as slices from foam strands and the solid lines are guides to the eye.

Looking at the density values of the neat PBT over the whole melt temperature range, a
significant deviation in the values is visible, which might be attributed to the very narrow
processing temperature window of PBT induced by very poor melt properties (Fig. 36). The
smallest foam density is obtained at 226 °C. In contrast, temperatures lower than 226 °C result
in increased foam densities, which might be associated with the faster solidification of the PBT
melt, which restricts a proper expansion. Higher melt temperatures (> 226 °C) lead to an
increase in foam density values. This might result from a noticeable decrease in melt viscosity

and strength leading to fast diffusion of CO- out of the extrudate and cell coalescence [188].

In contrast to the neat PBT, the density values of the neat mPBT foams possess minor deviations

indicating that the foam samples are more uniform. More homogeneous foams with
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significantly decreased foam densities can be explained by the improved melt viscosity and
strength induced by the chemical modification of the PBT. Similar to the neat PBT foams, there

is an optimum melt temperature (around 226 °C), leading to the minimum foam density.

5.1.4 Summary

Among three PBT grades, Ultradur B6550 is selected as the most promising polymer matrix
for foaming due to its relatively higher My and thus, complex and extensional viscosity values.
Nevertheless, poor melt strength and foamability of the neat PBT resulted in improper foam
morphology with partially non-foamed areas as well as very high foam densities (> 300 kg/m?).
Therefore, post-modification (long-chain branching) of Ultradur B6550 is found crucial to
obtain low-density foams (< 100 kg/m?). Based on rheological findings and foaming trials,
among four different CE concentrations (0.15, 0.3, 0.6 and 0.9 wt%), 0.6 wt% CE is selected
as optimal concentration leading to the best foaming performance and the lowest foam density
of around 100 kg/m?. For this reason, mPBT (PBT modified with 0.6 wt% CE) foams will be

used as reference material for the rest of the work.

5.2 mPBT Modified with BTAs

This chapter includes, on the one hand, the understanding of the role of BTAs as a crystal
nucleating agent for the mPBT resin based on the determination of the crystallization activation
energies of compact mPBT samples with 0.08 wt% BTA1 and 0.02 wt% BTA2. On the other
hand, the influence of type and concentrations of BTAs on the shear viscosity and strain

hardening behavior of the compact mPBT will be covered in this chapter.

After understanding the effect of BTAs on crystallization behavior and melt properties of the
compact mPBT, the role of BTA1 and BTA2 as a cell nucleating agent for mPBT foams at the
concentrations of 0.02, 0.04, 0.08, 0.1 and 0.25 wt% will be investigated. By applying various
characterization methods, the influence of BTA1 and BTA2 having different concentrations on
the morphology, density, compressive properties as well as crystallinity of foams and OCC will

be discussed.
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5.2.1 Compact Material

Effect of BTAs on the Crystallization Activation Energy of the Compact mPBT

The extrusion foaming process of polymers takes place under non-isothermal conditions. There
are close relations between the crystallization behavior of the mPBT resin during processing
and the foaming quality, including foam expansion, stabilization, and resulting foam
morphology and properties. Therefore, it is crucial to investigate the influence of BTAs on the
non-isothermal melt crystallization behavior without blowing agent. To address this, the
concentrations of 0.08 wt% BTA1 and 0.02 wt% BTAZ2 are particularly of interest for this
section as the best foamability and foam properties are achieved with these concentrations.

These will be reported in detail in the following sections.

Figure 37 shows the activation energy of the neat mPBT resin and the mPBT resin with 0.08
wt% BTAI and 0.02 wt% BTA2. Furthermore, the activation energy of the neat PBT resin is
also demonstrated to consider the effect of the post-modification on the crystallization behavior.
The activation energies were obtained according to the macro-kinetic model described

elsewhere by Kissinger [177].



5 Results and Discussion 81

Neat Neat 0.08 wt% 0.02 wt%
PBT mPBT BTA1 BTA2

504
-100 i
-150 —
-200 ]
-250 ]
-300 ]
-350 ]

-400

Activation energy / kJ/mol

-450

-5004 compact

Figure 37 Crystallization activation energies of the neat PBT, mPBT resin as well as mPBT
resin with 0.08 wt% BTA1 and 0.02 wt% BTA2.

The negative activation energies for non-isothermal crystallization of PBT systems (shown in
Fig. 37) indicate that the crystallization mechanisms are induced by decreasing the temperature.
Similarly, the negative activation energies for the non-isothermal crystallization of i-PP [189]
and PBT [190] have been reported in the literature. The lower activation energy value of neat
mPBT compared to the one from neat PBT indicates that the ramification, induced by long-
chain branching, acts as a nucleating agent for the PBT crystals. 0.08 wt% BTA1 in mPBT
leads to a significant decrease (around 40 %) in the activation energy compared to the neat
mPBT showing its contribution to the crystal nucleation of mPBT. Nevertheless, the mPBT
with 0.02 wt% BTA2 shows similar values with the neat mPBT, showing that BTA2 do not
contribute to crystal nucleation significantly. These findings are in good agreement with the
literature, where the solubility and self-assembly behavior of BTAs as well as their suitability
to provide an epitaxial surface for polymer crystallization, have been studied comprehensively
[171]. It was found that the resulting BTA size and nucleation efficiency are strongly dependent
on the individual chemical structure of BTA. BTA1 can act as a nucleating agent and increase
the crystallization temperature of PBT, while BTA2 exists as nanofibers but is not able to
nucleate PBT [171]. Therefore, in this work, BTA1 is considered as a nucleating agent for both
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crystal and foam cells, while BTA2 acts as only a nucleating agent for foam cells. The role of

BTAs as nucleating agents for mPBT foam cells will be discussed in Chapter 5.2.2.

Effect of BTAs on the Complex Viscosity of the mPBT Melt

Organic nanoadditives, such as BT As, are well-known for their ability of intimate dispersion in
polymer melt without changing the melt viscosity of the polymer dramatically. However, it is
noteworthy to mention that the concentration, chemical nature of the nanoadditive as well as
processing conditions (e.g., temperature and pressure) play a significant role in the complex

viscosity of the polymer melt.

Figure 38 depicts the complex viscosities of the neat PBT, the neat mPBT and mPBT resins
including BTA1 (Fig. 38a) and BTA2 (Fig. 38b) at the concentrations of 0.02, 0.04, 0.08, 0.1
and 0.25 wt% at 260 °C. This is the maximum processing temperature in the A-extruder and at

this temperature, BT As are assumed to be present as intimately dissolved in PBT melt.
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Figure 38 Complex viscosities of the neat PBT, the neat mPBT, mPBT with various
concentrations of (a) BTA1 and (b) BTAZ2.
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Figure 38a exhibits that neat mPBT resin and mPBT resins containing BTA1 at every
concentration show pseudoplastic behavior, where complex viscosity of resins decreases with
increasing frequency. This behavior is more pronounced at lower frequencies (< 1 rad/s).
Looking at the flow curves of the neat PBT and mPBT resins from 1 rad/s to 0.1 rad/s, a
dramatic increase in complex viscosity is visible. This is attributed to the long-chain branching
of PBT in the presence of CE, getting less pronounced and negligible at higher frequency values
(from 1 rad/s to 100 rad/s).

Furthermore, apart from 0.02 wt% BTA1, a change in BTA1 concentration has a noticeable
effect on the viscosity values at minimum frequencies. The viscosities of mPBT resins with
0.04, 0.08 and 0.1 wt% at the lowest frequency of 0.1 rad/s are found to be very similar and
smaller than those of the neat mPBT and mPBT with 0.02 wt% BTAI. Further increase in
BTAT1 concentration to 0.25 wt% BTAI leads to a significant decrease in viscosity at 0.1 rad/s.
This might result from an incomplete solubility of the BTA in mPBT melt due to the too high
concentration. These non-dissolved remaining aggregates may interfere with the branched
chains and act as a plasticizer causing a decreased viscosity at low frequencies. At higher
frequencies (around 100 rad/s), the shear stress increases and is high enough to disentangle the
molecules. Disentangled molecules can flow fast each other easier, thereby decreasing the
viscosity. At these frequencies closer to the processing frequencies, it is assumed that the
presence and the concentration of BTA1 do not influence the complex viscosity noticeably.
This is one of the most crucial benefits of organic, soluble nanoadditives as they provide easy

processing.

With the addition of BTA2, the pseudoplastic behavior of mPBT resins gets less pronounced
than the one of the neat mPBT and the orientation of chains in the presence of BTA2 seems
different than BTA1 (Fig. 38b). Like the neat PBT, the complex viscosity of the highest BTA2
concentration of 0.25 wt% BTA2 follows the quasi-Newtonian behavior. In contrast to BTAI,
at the lowest frequency, a significant reduction in viscosity at a very low concentration of
0.02 wt% BTA2 compared to the neat mPBT is present. 0.04 and 0.08 wt% BTA2 also exhibit
very close values of the viscosity at 0.1 rad/s to 0.02 wt% BTAZ2. This difference might be
attributed to different solubility of BTAs in the mPBT melt resulted from their different
chemical natures. An increase in BTA2 concentration to 0.1 wt% leads a to decrease in viscosity
at 0.1 rad/s which is still higher than the neat PBT. Furthermore, 0.25 wt% BTA2 results in

much lower viscosity value at low frequencies than BTA1 at the same concentration, which
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might be induced by different chemical structures and solubilities of BTAs in mPBT melt. A
dramatic decrease in viscosity at low frequency region can be explained again with the non-
dissolved remaining aggregates of BTA acting as plasticizers in mPBT melt. At higher
frequencies (around 100 rad/s), mPBT resins with BTA2 show similar complex viscosity

values, closer to the neat PBT's viscosity than neat mPBT.

Comparing the effect of BTA1 and BTA2, both BTAs lead to a decrease in viscosity values at
low frequencies compared to the neat mPBT. Up to 0.25 wt%, the change in viscosity with
increasing frequency remains similar for both BTA1 and BTA2. Too high BTA concentration
of 0.25 wt% results in a dramatic decrease in viscosity of mPBT resin with BTA1 at the lowest
frequency of 0.1 rad/s. Apparently, this effect is seen much more pronounced for BTA2 at
0.25 wt%, causing the viscosity values similar to the neat PBT. This might be due to the
interference of BTA2 in the organization of mPBT polymer chains by inhibiting the anchoring
of branches, which leads to diminish of dramatic increase in viscosity at low frequencies in
contrast to the neat mPBT. The different flow behaviors of the mPBT resins at the same BTAs
concentration may be attributed to the different chemical structures and solubilities of BT As in
mPBT melt affecting the disentanglement of the molecules when they encounter with the shear

stress.

Effect of BTAs on the Extensional Viscosity and Strain Hardening Behavior of
the mPBT Melt

Extensional viscosity and strain hardening behavior of mPBT resin give significant insight into
the foamability of mPBT and foam cell stabilization. The strain hardening behavior of the
polymers can be quantitatively estimated. As a result, the various materials' strain hardening
coefficient (S) for a particular value of time and Hencky strain is obtained. If the S value is
higher, it is an indication of improved melt strength. Compared to the polymer melt with lower
S, the one with higher melt strength performs better when exposed to the elongational and
extensional deformations during the foam extrusion process. Therefore, superior foamability

and foam stabilization and thus finer foam morphology are expected with increasing S value.

Figure 39 shows the extensional viscosity curves of the neat PBT, neat mPBT and mPBT with
different concentrations of BTA1 (Fig. 39a) and BTA2 (Fig. 39b) at 230 °C and strain rate of

1s.



5 Results and Discussion 85

(a) (b)

10° 108

— — Neat mPBT BTA1 — — NeatmPBT BTA2

——0.02 Wt% ——0.02 wt%
1 ——0.04 Wt% ) ——0.04 Wt%
&“ 4054 ——0.08 wt% & 1054 0.08 wt%
~ ~
> ——0.25 Wt% > ——0.25 wt%
= =
8 3
3 10°3 3 10'4
S =
T EFo-eeemmmm T T T l=—===T- o= ~ Neat PBT
& 5
‘@ 10%4 ‘» 10°4
< c
L ) y nj

102 Temperature= 230 °C, Strain rate=1's ) T= 230 °C, Strain rate= 1 s™
T T 10
0.1 1 10 01 1 10
Time /s Time /s

Figure 39 Extensional viscosities of the neat PBT, the neat mPBT, mPBT with various
concentrations of (a) BTA1 and (b) BTAZ2.

Expectedly, all mPBT resins show strain hardening behavior, except for neat PBT. The effect
of CE-induced long-chain branching on strain hardening behavior of PBT has already been
reported in detail in Chapter 5.1.2 and literature [15]. The addition of BTA1l with
concentrations up to 0.08 wt% provides moderately higher extensional viscosities than the one
from neat mPBT, as shown in Figure 39a. Further increase in BTA1 concentration to 0.1 and
0.25 wt% leads to a reduction in extensional viscosity and retarded strain hardening behavior,
where a sudden increase in viscosity starts a few seconds later compared to the other materials.
Similar to the complex viscosity results, the incomplete solubility of the BTA1 with too high
concentration might result in decreased extensional viscosity and retarded strain hardening
behavior. This might be associated with the aggregates of non-dissolved BTAs, which may
interfere with the branched chains and act as a plasticizer [191]. Figure 39b exhibits the
influence of BTA2 concentration on the change in extensional viscosity of the mPBT resins by
time. The smallest BTA2 concentration shows similar extensional viscosity with the neat mPBT
but a retarded strain hardening behavior. The sudden increase in extensional viscosity of the
mPBT with 0.02 wt% is observed at around 2 s, which is an approximate time required for the
expansion during the extrusion foaming process [39]. Therefore, this retardation with 0.02 wt%
BTA2 might be considered beneficial for the expansion and stabilization of the foam during

processing and thus resulting in a better foam morphology. The BTA2 concentrations larger
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than 0.02 wt% result in a significant decrease in extensional viscosity compared to those of the
neat mPBT and mPBT with 0.02 wt% BTAZ2. A retarded strain hardening behavior and much
lower viscosity are noticeable with the 0.25 wt% BTA2, which may be attributed to the similar

case seen in BTAL.

To analyze the influence of BTAs on melt strength quantitatively, S values of the mPBT resins
were determined, as described in Chapter 4.3.2, for Hencky strain rate of 1 s and a time of 2 s.
Figure 40 depicts the calculated S values of the neat mPBT, mPBT with 0.02, 0.04, 0.08, 0.1
and 0.25 wt% BTA1 and BTA2.
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Figure 40 Strain hardening coefficients of the neat mPBT, mPBT with various concentrations
of BTA1 and BTA2 for a Hencky strain rate of 1 s and a time of 2 s.

Below 0.25 wt%, BTA1 enhances melt strength where the S coefficients are larger than the neat
mPBT. The S coefficient value gets larger with increasing BTA1 concentration from 0.02 to
0.08 wt%. The maximum increase of 32 % is achieved with 0.08 wt% BTA1 compared to the
neat mPBT. Further increase in BTA1 concentration to 0.1 wt% features decrease in S value. It
gets much smaller (lower than the neat mPBT) at 0.25 wt% BTA1, which can be explained by

the lower extensional viscosity and retarded strain hardening behavior. A similar phenomenon
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is also present with the S coefficient of mPBT with 0.25 wt% BTA2. Furthermore, compared
with the neat mPBT, the highest increase of 64 % in melt strength is obtained with 0.02 wt%
BTA2. The larger concentrations of 0.04, 0.08 and 0.1 wt% as well as 0.25 wt% BTA2 result
in lower S values and thus deteriorated melt strength. It is believed that the different BTA
concentrations (0.08 wt% for BTAIl and 0.02 wt% for BTA2) leading to maximum S
coefficients are associated with the difference in chemical structures of BTAs. For instance,
BTAI1 is based on 1,3,5-triaminobenzene and shows better solubility than BTA2 trimesic acid
in PBT melt [171]. The different solubilities, concentrations and cooling rate of BTAs affect

the self-assembly behavior and thus resulting fiber diameter [171].

All in all, it can be assumed that a percolated network like BTA fibers having sub-micron
diameters in polymer melt are able to provide an additional improvement of the melt strength

of mPBT.

5.2.2 Foamed Material

Effect of BTAs on the Process Temperature Window of mPBT Foams

The process temperature windows of the mPBT resins with the BTA concentrations leading to
the highest melt strength values are established and depicted in Figure 41. The melt
temperatures of the neat mPBT, mPBT with 0.08 wt% BTA1 and 0.02 wt% BTAZ2 resins were

varied at the constant die temperature of 235 °C.
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Figure 41 Change in foam density of the neat mPBT, mPBT with 0.08 wt% BTA1 and
0.02 wt% BTAZ2 by altering melt temperatures at the exit of the die at the constant
die temperature of 235 °C. For the density measurements, the samples were
directly cut as slices from foam strands and the solid lines are guides to the eye.

Looking at the curve of neat mPBT, there is only a small processing temperature window
between 216 °C and 226 °C featuring the foams with a low foam density of around 100 kg/m?.
Addition of 0.08 wt% BTAI results in a more stable and broader processing temperature
window (between 216 °C and 232 °C) as well as mPBT foams with a much lower foam density
of around 80 kg/m? compared to the one of the neat mPBT. A sudden increase in foam density
at 234 °C might result from non-assembled or disassembled nanofibers of BTA1 at these high
temperatures. Furthermore, the most stable and the widest processing temperature window in
the range of 220 °C and 260 °C is obtained with 0.02 wt% BTA2. The lowest foam density of
mPBT foams containing 0.02 wt% BTA2 is found as around 100 kg/m* which is similar to the
one of the neat mPBT and a little higher than the one of the mPBT with 0.08 wt% BTAI.

Noticeably, BT As provide a wider processing temperature window of mPBT, leading to much
more controlled foamability than the neat mPBT. This may be associated with the larger strain
hardening coefficients induced by the presence of supramolecular nanofibers. The melt
temperature range around 226 °C seems to be optimum to achieve mPBT foams based on

selected concentrations of BTA1 and BTA?2.
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Effect of BTAs on the Morphology of mPBT Foams

To understand the influence of BTA type and concentration on the morphological properties of
mPBT foams, pu-CT images of each foam specimen (in the out-of-plane direction) were
reconstructed. As PBT foams based on the neat reference PBT result in very improper and
coarse foam morphology as well as too high foam densities (Figure 34), it was not possible to
determine average cell size and cell density from the u-CT images of those foams. Figure 42
gives a morphological overview of the u-CT images of the neat mPBT foam and mPBT with
0.02, 0.04, 0.08, 0.1 and 0.25 wt% BTA1 and BTA2 with the corresponding mean cell sizes,
cell densities and foam densities as well as histograms of the cell sizes. All foam samples were

processed at the melt temperature at around 226 °C and the die temperature of 235 °C.
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Figure 42 Overview of the u-CT images, histograms of cell sizes including mean cell size,
cell density and foam density of the neat mPBT foam and mPBT foams with 0.02,
0.04, 0.08, 0.1 and 0.25 wt% BTA1 (left) and BTAZ2 (right). The same scale bar

(3 mm) is shown for all images.
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As expected, the mPBT foams nucleated with the optimum BTA concentrations of 0.08 wt%
BTA1 and 0.02 wt% BTAZ2 leading to the most stable foamability and largest strain hardening
coefficients, also show the best morphology with the smallest mean cell size. Compared to the
neat mPBT foams, 0.02 and 0.04 wt% BTAI feature larger mean cell sizes with broader cell
size distribution while 0.08 wt% BTA1 leads to a 7 % decrease in mean cell size of

689 + 227 um and foams with the highest cell density of 1.5 x 10° cells/cm? at the similar foam

densities of 80 kg/m>. To the best of my knowledge, this is the lowest achieved foam density

for PBT foams with the smallest cell size and narrowest cell size distribution in literature. Much

more coarse and inhomogeneous foam morphology as well as increased foam density are
obtained at higher BTA1 concentrations of 0.1 and 0.25 wt%. Surprisingly, these foams with
much larger cells do not show lower foam densities than those of the neat mPBT foam and
mPBT with 0.08 wt% BTA1 foams. It is noteworthy to mention here that during the processing,
for the sake of the process stability, the screw speed of the B-Extruder had to be adjusted to the
melt properties of each material to avoid a rapid increase in barrel pressure and sudden shut-
down of the extruder. Thus, at 0.1 and 0.25 wt% BTA1, the screw speed was increased to 7 rpm,
while for the neat mPBT and lower BTA1 concentrations (0.02, 0.04 and 0.08 wt%), 6 rpm was

used.

Nevertheless, an increase in screw speed results in larger shear forces and shorter residence
time of the polymer in the extruder. As a result, worsened foam stability, cell coalescence and
thus increased density mPBT foams with thicker cell walls and struts are obtained. In the case
of BTA2, 0.02 wt% leads to the smallest cell size of 707 + 197 um and highest cell density of
1.8 x 10° cells/cm? and the narrowest cell size distribution compared to those of the neat mPBT
foam and mPBT foams at higher BTA2 concentrations. Similarly, an increase in BTA2

concentration features foams with larger cells and relatively higher foam densities.

Effect of BTAs on the Deformation Mechanism and Compressive Properties of
mPBT Foams

Similar to extruded PET foams, extruded mPBT foams are also composed of an anisotropic
cellular structure resulting in different deformation mechanisms when loaded in in-plane

directions (a bending-dominated mechanism) and out-of-plane direction (a stretch-dominated
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mechanism). As stretch-dominated wood-like cellular structures are more relevant for
lightweight structural applications, the influence of BTAs on the deformation mechanism of

mPBT foams in the out-of-plane direction is the main focus in this section [148].

Figure 43 demonstrates the most representative compressive stress-strain curves of the neat

mPBT foam and mPBT foams with various concentrations of BTA1 (Fig. 43a) and BTA2
(Fig. 43b) together with the corresponding foam densities. For the sake of better comparison,
the stress-strain curve of the mPBT with 0.25 wt% BTA2 is excluded from Figure 43b due to
the very large compressive strength induced by more than 3-times higher foam density

compared to the other foams. Yet, it is shown in the Appendix (Figure A1) for completeness.
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Figure 43 Compressive stress-strain curves of the neat mPBT foam and mPBT foams with
various concentrations of (a) BTA1 and (b) BTA2 without 0.25 wt%.

The curves of all foam samples show a typical stretch-dominated deformation behavior (out-
of-plane direction), in which (1) stress increases linearly until the yield point, (2) followed by
anoticeable decrease in stress, (3) continued with variations in stress level until a sharp increase
with densification due to the interlocked, irregularly elongated cells. The slope of the tangent
at the linear region gives the compressive (elastic) modulus, Ef of the foam. The stress, where
plastic collapse initiated by the buckling of the cells and/or plastic hinge formation, is defined
as compressive strength (plastic collapse stress, ;). Obviously, the compressive modulus of
the foams strongly depends on foam density and elastic modulus of the cell wall material

(Eqgn. 18), while the compressive strength of foams is mainly affected by the ratio of the strut
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thickness to strut length as well as the yield strength of the cell wall material (Eqn. 20). In
addition, OCC and degree of crystallinity of the foam samples are also significant foam
characteristics affecting compressive properties. Figure 44 shows the change in average
compressive modulus by changing the average density of the neat mPBT foam samples and

mPBT foam samples, including various concentrations of BTA1 and BTA2.
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Figure 44 Change in compressive modulus with changing foam density for the neat mPBT
foam and mPBT foams with (a) BTA1 and (b) BTA2 without 0.25 wt%.

Figure 44a shows that, as expected, compressive modulus gives rise with increasing foam
density apart from mPBT with 0.1 and 0.25 wt% BTAI. There is a slight increase in modulus
of the mPBT foam with 0.08 wt% BTA1 compared to the neat mPBT foam having the same
foam density (around 80 kg/m?). It is supposed that this improvement at the same foam densities
might be resulted from more homogeneous foam morphology and better orientation of the cells
through the compression direction. According to Okamoto et al. [192] high-aspect-ratio
nanoadditives (4 wt% clay particles) might improve the modulus to a greater extent in a foam
due to the well-aligned particles along the cell walls. Nevertheless, this seems not to be the case
for the systems of mPBT foam with BTAs as neither a large increase in modulus values nor the
change in the degree of crystallinity of the foams compared to the neat mPBT foam is visible
(Table Al). This might be attributed to the very low concentrations of BTAs in mPBT and
having the elastic modulus of BTA fibers (around 2.3 GPa [193] in the same range as the one
of the bulk material of PBT (about 2.6 GPa [s]). This also results in similar elastic modulus
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values of the compact cell wall materials. For instance, the compact neat mPBT has an elastic
modulus of 1860 + 127 MPa, whereas mPBT with 0.08 wt% BTA1 and 0.02 wt% BTA2 show
the value of 1810 + 180 MPa and 1833 + 123 MPa, respectively. In addition, independent from
the foam density, the moduli of the mPBT foams with 0.25 wt% BTAT1 (Fig. 44a) and 0.08 wt%
as well as 0.1 wt% BTA2 (Fig. 44b) show a slight decrease compared to the neat mPBT foam.
This might be resulted from higher OCC values induced by cell opening due to the high
concentration of BTA (Table Al)[1]. Besides, the coarse and more heterogeneous foam
morphology with a wider cell size distribution also leads to improper cell orientation through
the compression direction and thus reduced modulus. Figure 45 demonstrates the effect of the
strut thickness to strut length ratio on the compressive strength of the neat mPBT foams and

mPBT foams, including various concentrations of BTA1 and BTA2.
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Figure 45 Influence of the ratio of average strut thickness to average strut length on the
compressive strength of the neat mPBT foam and mPBT foams with (a) BTA1 and
(b) BTA2 without 0.25 wt%.

According to Figure 45, no matter what type or concentration of BT A, the compressive strength
of mPBT foams gives rise to the addition of the BTA fibers compared to the one of neat mPBT
foam. BTA1 leads to more significant improvements in strength values, while BTA2 results in
relatively smaller changes. The highest increase in compressive strength (around 76 %) is seen
with 0.04 wt% BTA1, which can be correlated with the largest ratio of strut thickness to strut

length, also leading to a larger foam density of around 20 % than the one of the neat mPBT



5 Results and Discussion 95

(Fig. 45a). An increase in foam density with the addition of 0.04 wt% is not desired for this
study as the key challenge here is increasing compressive strength with improving the foam
morphology (by lowering the mean cell size and narrowing the cell size distribution) while
keeping the strut thickness to length ratio as well as the foam density, constant or very similar.
Aside from that, comparing the neat mPBT foam and mPBT foam with 0.08 wt% BTAT1 having
almost the same foam density of around 81 kg/m?, 0.08 wt% BTAI1 features a significant
increase (25 %) in compressive strength despite the lower ratio of the strut thickness to length

of around 0.36 than the one of the neat mPBT (0.38).

Moreover, the yield strength values of the compact neat mPBT and mPBT with 0.08 wt% BTA1
are found as 55 £ 3 kPa and 59 + 3 kPa, respectively. As the yield strength values of the cell
wall materials, the degree of crystallinity as well as the OCC values of the neat mPBT and
mPBT with 0.08 wt% BTA1 foams exhibit very similar values (Table A1), this enhancement
might be attributed to the intrinsic reinforcing effect of BTA1 fibers playing a significant role
in increasing buckling resistance by retarding the edge bending and face stretching. It is claimed
that these percolated network-like nanofibers, located on the cell walls (Fig. 46a) and struts,
contribute to the stress transfer through the foam featuring the increase in compressive strength.
The similar intrinsic reinforcing effect of BTA fibers leading to the increased compressive

strength of extruded PS and i-PP foams has already been reported elsewhere [26,166].

Furthermore, in the case of BTA2, the highest increase (around 35 %) in compressive strength
is achieved with mPBT foam 0.02 wt% BTA2, which has higher strut thickness to length ratio
of 0.43 and foam density of around 93 kg/m? compared to the neat mPBT foam. These higher
values might mainly explain the larger strength value. Obviously, the yield strength of the
(compact) cell wall material and the degree of crystallinity of the foam do not have an influence
on the increased compressive strength value of mPBT with 0.02 wt% BTAZ2 since it has almost
the same value as the one from the neat mPBT foam (Table A1). Nevertheless, it is supposed
that the following factors might also contribute to the reinforcement of mPBT foam by means

of the addition of 0.02 wt% BTA2:

e Improved foam morphology, including reduced mean cell size and narrower cell size
distribution, compared to the neat mPBT foam
e Around 28% less OCC compared to the neat mPBT (Table A1)



5 Results and Discussion 96

e Like BTAI, the intrinsic reinforcing effect of the BTA2 fibers embedded in the cell
walls (Fig. 46b) and struts increase buckling resistance by retarding edge bending and
face stretching.

(b)

0.02 wt% BTA2 |

Figure 46 FE-SEM micrographs of the hydrolyzed mPBT foam with (a) 0.08 wt% BTA1 and
(b) 0.02 wt% BTAZ2. Orange arrows on the images show BTA nanofibers on the
cell wall.

Figure 46a and 46b exhibit the percolated network-like BTA1 and BTA2 nanofibers,
respectively, which are embedded within the cell walls of the mPBT foams. The mean diameter
of BTA1 nanofibers is found to be in the range of 75-85 nm, whereas the mean BTA2 nanofiber
is around 45-55 nm. This difference might be attributed to the BTA1 concentration (0.08 wt%)
being 4-times as high as the concentration of BTA2 (0.02 wt%) as well as their different

solubility in the mPBT melt resulted from their different chemical natures.
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5.2.3 Summary

Compact Material

Compact resins of mPBT at various concentrations of BTA1 and BTA2 were obtained via
reactive extrusion. According to the crystal nucleation investigations, long-chain branching of
PBT with 0.6 wt% CE leads to decrease in activation energy compared to the neat PBT. Further
decrease (around 40 %) in the activation energy is observed with 0.08 wt% BTA1 whereas
0.02 wt% BTA2 do not result in significant change in activation energy value in comparison
with the neat mPBT. Hence, BTA1 nanofibers serve as nucleating agent for mPBT polymer
crystals while BTA2 only forms nanofibers but does not nucleate mPBT. Complex viscosity
results show that use of BT As at all concentrations leads to decrease in viscosity values at lower
frequency range. This gets more pronounced with increasing BTA concentration (in particular
at 0.25 wt%), which can be associated with non-dissolved aggregates of BTAs showing
plasticizer effect. At higher frequency range, which is closer to processing frequencies,
presence of BTAs in mPBT melt do not change the rheological properties of polymer melt
dramatically. The difference in complex viscosity values at certain frequencies and additive
concentrations of BTA1 and BTAZ2 is attributed to the different chemical nature and solubility
behavior of BTAs in mPBT melt. Based on the findings from extensional viscosity fixture,
long-chain branching of PBT with 0.6 wt% CE features strain hardening behavior. Use of
BTAT1 at the concentrations below 0.1 wt% leads to increase in extensional viscosity compared
to the neat mPBT. However, higher BTA1 concentrations result in decreased viscosity values
as well as retarded strain hardening. In the case of BTA2, the minimum concentration of
0.02 wt% features similar extensional viscosity with the neat mPBT whereas increase in
concentration up to 0.25 wt% leads to noticeably lower viscosity values and retardation in strain
hardening. Like the complex viscosity results, these decrease in viscosity values and retarded
strain hardening at too high BTA concentrations are attributed to having non-dissolved
aggregates due to the incomplete solubility of BTAs in mPBT melt. Comparing S coefficients
of the neat mPBT resin and mPBT resins including various concentrations of BTAs, mPBT
modified with 0.08 wt% BTA1 and 0.02 wt% BTA2 exhibit the highest melt strength values

when compared with the neat mPBT and the other concentrations. The higher melt strength



5 Results and Discussion 98

values compared to the neat mPBT resin are explained by a percolated network like BTA

nanofibers in polymer melt reinforcing the melt strength.
Foamed Material

Process temperature optimization study with a focus on foam density shows that modification
with BTAs enables mPBT to have wider processing temperature window compared to neat
mPBT. This features a foamability in a more controlled manner. The lowest densities of mPBT
foams including BTAs are achieved at the melt temperature of around 226 °C. Besides, the
morphological findings agree with the extensional viscosity curves (Fig. 39) and resulting S
coefficients (Fig. 40). Therefore, it is claimed that BTAs with optimum concentration can
improve the melt strength of mPBT by forming network like nanofibers in the polymer melt
and provide superior foamability as well as foam morphology. Comparing the performance of
BTAL1 and BTA2 as nucleating agents for the cells of the best mPBT foams, both BTAs give
rise to similar mean cell sizes. More uniform mPBT foams having mean cell size with lower
standard deviation (707 & 197 pm) is obtained with only 0.02 wt% (a quarter of the BTA1
concentration), whereas foams possessing much lower density (14 %) are achieved with
0.08 wt% BTA1 concentration. Compressive results show that the characteristic stress-strain
diagrams of all foam samples show typical stretch-dominated deformation behavior (out-of-
plane direction). The elastic modulus of the BTA-based foams is mainly affected by changing
foam density. Due to the very low nanoadditive concentrations and having the modulus of BTA
fibers in the same range as the bulk material, no significant changes in elastic modulus of the
mPBT foams with the addition of BTAs are observed. In addition, the degree of crystallinity of
all foam samples are mainly influenced by high strain induced forces during the foam extrusion
process rather than BTAs. Similar behavior for i-PP foams has also been reported in the study
of Morl et al. [26]. Aside from that, OCC is another important phenomenon affecting the
compressive properties of the foams. It is worthy to note that the ratio of strut thickness to strut
length plays a significant role in the compressive strength of the mPBT foams. Although
0.04 wt% BTAI1 leads to the highest compressive strength value due to the largest strut
thickness to strut length ratio, 0.08 wt% is found to be the optimum BTA1 concentration
featuring 25 % reinforcement at the same foam density compared to the one of the neat mPBT.
As the yield strength of the bulk materials, OCC and degree of crystallinity values of these

foams are in the same range, the improvement in the compressive strength is explained with the
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finer and more uniform foam morphology as well as the intrinsic reinforcing effect of the BTA1
fibers which are embedded in the cell walls and struts making the foam more buckling resistant.
Furthermore, 0.02 wt% is found to be the optimum BTA2 concentration leading to the foams
with 35 % increased compressive strength compared to the one of the neat mPBT foam. It is
assumed that an improved foam morphology, increased cell density, higher strut thickness to
strut length ratio and foam density, lower OCC as well as the intrinsic reinforcing effect of
BTA2 fibers might contribute to this reinforcement. Comparing the performance of 0.08 wt%
BTAT1 and 0.02 wt% BTA2 in mPBT foams, both BTAs lead to increased compressive strength
values. 35 % increase (compared to the neat mPBT) is obtained with only 0.02 wt% (a quarter
of the BTA1 concentration), while a 25 % increase is achieved at a much lower density (14%)

with 0.08 wt% BTAL.

Considering all factors, particularly the improved mechanical performance of the foams at the
low-foam density and commercial availability of the nanoadditive, mPBT foam with 0.08 wt%
BTAL is selected as the optimum material. Because it shows a significant enhancement in

compressive strength at the lowest foam density among all materials.

5.3 mPBT Modified with HNTs

In this chapter, the role of insoluble nanoadditive HNTs as a crystal nucleating agent for the
compact mPBT resin will be investigated by means of determination of the crystallization
activation energies of neat PBT, neat mPBT and mPBT with 0.02 wt% HNT samples. After
explaining the selection of HNT concentrations considering literature and BTA results, effect
of different HNT concentrations (0.02, 0.04, 0.08, 0.1 and 0.25 wt%) on the rheological
properties, including complex and extensional viscosity, of mPBT resin without blowing agent
will be analyzed. Afterwards, the role of HNTs as a cell nucleating agent for mPBT foams at
various concentrations will be covered. After implementing various characterization tests, the
effect of HNTs at different concentrations on the morphology, density, degree of crystallinity,

OCC as well as compressive behavior of the foam samples will be discussed.
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5.3.1 Compact Material

Effect of HNTs on the Crystallization Activation Energy of the Compact mPBT

Similar to BTAs, it is significant to analyze the effect of HNTs on the non-isothermal melt
crystallization behavior to determine whether inorganic nanoadditive HNTs act as a nucleating
agent for PBT crystals. To do so, the impact of HNT on the crystallization activation energy of
mPBT resin was determined with the help of the Kissinger macro-kinetic model [177].
0.02 wt% HNT was selected as this concentration gives the best melt and foam properties which

will be reported in detail in the following sections.

Figure 47 exhibits the activation energy of the neat mPBT resin and mPBT resin with 0.02 wt%
HNT. Besides, the activation energy of the neat PBT resin and mPBT resin with 0.08 wt%
BTA1 and 0.02 wt% BTA2 are also included to get a better insight into the effect of post-

modification as well as the influence of different nanoadditives on the crystallization behavior.
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Figure 47 Crystallization activation energies of the neat PBT, mPBT resin as well as mPBT
resin with 0.08 wt% BTA1, 0.02 wt% BTA2 and 0.02 wt% HNT.
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Looking at the activation energies of the neat mPBT resin and mPBT with HNT, it is seen that
0.02 wt% HNT in mPBT results in a noticeable decrease of 38 %, which is even much higher
than the decrease (around 20 %) induced by 0.08 wt% BTA1. Based on this finding, it can be
attributed that HNTs in mPBT resin can act as nucleating agents at even very low concentrations
like 0.02 wt% and contribute to the crystal nucleation of mPBT as 0.08 wt% BTA1 does. The
role of HNTs as a nucleating agent for PBT and their influence on the crystallization behavior
has already been reported elsewhere [194] showing that this finding is in good agreement with

the literature.

Therefore, in this work, the insoluble nanoadditive HNT is considered as a nucleating agent for
both crystals of mPBT resin and cells of mPBT foams. Their role as nucleating agents for mPBT

foam cells will be discussed in Chapter 5.3.

Effect of HNTs on the Complex Viscosity of the mPBT Melt

In contrast to BTAs (organic nanoadditives), inorganic insoluble nanoadditives, like HNTs, are
known for their significant contribution to conformational changes in polymer molecules
affecting the rheological properties of the resin under certain circumstances. Concentration,
aspect ratio of the nanoadditive as well as processing conditions are decisive parameters

influencing the complex viscosity of the polymer melt. [29,34,35].

To determine whether the melt viscosity of mPBT is affected by the HNTs, the complex
viscosities of the neat PBT, neat mPBT resin and mPBT resins with various concentrations of
HNTs (0.02, 0.04, 0.08, 0.1 and 0.25 wt%) were determined at 260 °C and are shown in
Figure 48.
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Figure 48 Complex viscosities of the neat PBT, the neat mPBT, mPBT with various
concentrations of HNT.

As mentioned in Chapter 5.1.2, long-chain branching of the neat PBT resin with 0.6 wt% CE
features an increase in melt viscosity, changing the melting behavior from quasi-Newtonian to
pseudoplastic behavior. Neat mPBT resin exhibits a distinct pseudoplastic curve, whereas
mPBT resins with various concentrations of HNTs possess quasi-Newtonian behavior. Looking
at viscosity values of the neat mPBT and mPBT with HNTs at low frequencies, a significant
drop in the viscosity of the mPBT resins due to HNTs is noticeable. This might be attributed to
the interference of the nanoadditives with the branched chains leading to an increase in free
volume and thus decreased intra-molecular friction and viscosity. However, at higher
frequencies, the addition of the HNTs and increase in HNT concentration do not affect the
complex viscosity of the mPBT as much. One can expect that the addition of insoluble
nanoadditives increases the viscosity, in particular, at low frequencies, as the solid
nanoadditives (second phase) in mPBT melt (first phase) are not deformable. Therefore, more
stress is required to deform the polymer melt. Obviously, the HNT concentrations used in this
study are not high enough to form a percolation network and dramatically increase the viscosity.
However, this behavior is seen at much higher filler concentrations like 20 wt%, limiting the

flow and thus processing which is not desired [195].
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Effect of HNTs on the Extensional Viscosity and Strain Hardening Behavior of
the mPBT Melt

To determine the role of HNTs as well as the HNT concentration on the melt strength, strain
hardening behavior and foamability, extensional viscosity curves and S coefficients of the
HNT-based mPBT resins were obtained in the same way as reported for the BTA-based mPBT
resins (Chapter 5.2).

Figure 49 depicts the extensional viscosity curves of the neat PBT, neat mPBT and mPBT with

different concentrations of HNTs at 230 °C and strain rate of 1 s’..
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Figure 49 Extensional viscosities of the neat PBT, the neat mPBT, mPBT with various
concentrations of HNT.

Looking at the curve of the neat PBT resin and the other curves, independent of the presence
of HNT and HNT concentration, mPBT resins show a strain hardening behavior that might be
attributed to the long-chain branching as reported for BTA-based mPBT resins. The mPBT
resins with HNT concentrations up to 0.08 wt% feature similar extensional viscosity curves
until the first second followed by noticeable retardation of the strain hardening closer to the

time of 2s (approximate time required for the expansion during the extrusion foaming
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process [39]) compared to the one of the neat mPBT. This retardation is advantageous for the
expansion and foam cell stabilization during foam extrusion to obtain foams with improved
foam morphology and thus properties. Further increase in HNT concentration to 0.1 and
0.25 wt% provides significantly higher extensional viscosities than the neat mPBT until around
1.5 second. However, the neat mPBT resin exhibits more distinct strain hardening behavior
resulting in higher extensional viscosities at a time of 2 s compared to the viscosities of mPBT
with 0.1 and 0.25 wt% HNT. As a result, at these concentrations, worsened foamability and
foam morphologies compared to the lower HNT concentrations are expected. Yet, more
detailed findings of the influence of HNT concentrations on the foam morphologies will be
reported in the following section. Figure 50 shows the calculated S values of the neat mPBT,
mPBT with 0.02, 0.04, 0.08, 0.1 and 0.25 wt% HNT for Hencky strain rate of 1 s”! and a time
of 2's.
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Figure 50 Strain hardening coefficients of the neat mPBT, mPBT with various concentrations
of HNT for a Hencky strain rate of 1 s and a time of 2 s.

According to Figure 50, the minimum amount of HNT of 0.02 wt% provides the highest melt
strength resulting in the largest S value of around 18 % higher than the neat mPBT. Further
increase in HNT concentration leads to a slight decrease in S values compared to the neat

mPBT. Apparently, 0.02 wt% HNT is optimal for providing the highest melt strength for
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mPBT, which might be attributed to the well dispersed and aligned nanotubes in polymer melt
[196]. It is assumed that a larger HNT concentration might result in partially bigger aggregates
composed of several single nanotubes and worsened HNT dispersion in the polymer melt. As

a result, neither an improvement in melt strength nor larger S coefficients are present.

Based on these findings, it is expected that an improvement in foamability, best foam cell
stabilization and thus finest foam morphology might be obtained with 0.02 wt% HNT
concentration, whereas the other concentrations might feature foams with similar or worse foam

morphologies compared to the one of the neat mPBT.

5.3.2 Foamed Material

Effect of HNTs on the Morphology of mPBT Foams

To gain an understanding of the role of HNTs as a nucleating agent for foam cells and the effect
of HNT concentration on the morphology of mPBT foams, pu-CT images of each foam specimen
were reconstructed identically with BTA-based foam samples. Figure 51 exhibits the
morphological overview of the neat mPBT foam and mPBT foam with 0.02, 0.04, 0.08, 0.1 and
0.25 wt% HNT, including the corresponding mean cell sizes, cell densities and foam densities
as well as histograms of the cell sizes. All foam samples were processed at the melt temperature

at around 226 °C and the die temperature of 235 °C.
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Figure 51 Overview of the u-CT images, histograms of cell sizes including mean cell size,
cell density and foam density of the neat mPBT foam and mPBT foams with 0.02,
0.04, 0.08, 0.1 and 0.25 wt% HNT. The same scale bar (3 mm) is shown for all

images.
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Among neat mPBT and all HNT-based mPBT foams, mPBT with 0.02 wt% HNT shows the
most homogeneous foam morphology having the narrowest cell size distribution and the

smallest mean cell size of 330 + 83 um. It is worth noting that this is half of the smallest

achieved cell size of the mPBT foam with 0.08 wt% BTA1 at the same foam density. In

addition, compared to the neat mPBT foam, 0.02 wt% HNT leads to around 56 % decrease in
mean cell size and 3.6 times greater cell density while the foam density remains unchanged.
This is advantageous for applications where low-density foams with promising mechanical
properties are required. Further increase in HNT concentration results in coarse foam structure
and increased foam density. This might be due to the lower melt strength and smaller S
coefficients induced by HNTs at higher concentrations promoting the CO- diffusion, which
subsequently features larger cells. Like mPBT foams with BTAs at larger concentrations, foam
density does not reduce with increasing mean cell size. For better process stability, the screw
speed of the B-Extruder was adjusted according to the melt viscosity of each material with
different HNT concentrations to prevent a rapid barrel pressure increase. Therefore, at 0.04 and
0.08 wt% HNT and 0.1 and 0.25 wt%, the screw speed was increased to 7 rpm and 8§ rpm,
respectively, whereas for the neat mPBT and 0.02 wt% HNT 6 rpm was used. It is supposed
that higher screw speeds lead to larger shear forces and shorter residence time of the polymer
in the extruder, and thus worsened cell stabilization during foaming as well as more cell
coalescence are obtained. As a result, mPBT foams with coarse morphology, including thicker

cell walls and larger foam densities are present.

In short, the morphological findings agree with the S coefficients of the corresponding material.

The lowest concentration of 0.02 wt% is found to be the optimum HNT concentration leading

to a high number of nucleating sites, featuring mPBT foam with the finest achieved cell size

and the most uniform foam morphology at the lowest foam density so far.

Effect of HNTs on the Deformation Mechanism and Compressive Properties of

mPBT Foams

This section aims to understand the effect of HNT concentration on the stretch-dominated
deformation mechanisms of the mPBT foams loaded in the out-of-plane direction in the same

manner as the BTA-based mPBT foams.
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Figure 52 shows the most representative compressive stress-strain curves of the neat mPBT
foam and mPBT foams with various concentrations of HNT together with the corresponding

foam densities.
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Figure 52 Compressive stress-strain curves of the neat mPBT foam and mPBT foams with
various concentrations of HNT.

According to Figure 52, all mPBT foam samples follow a typical stretch-dominated
deformation mechanism exhibiting curves where a linear increase until the yield point and then
a remarkable decrease in stress, followed by large or small fluctuations in stress level occur
Apparently, the addition of HNT leads to a noticeable improvement in compression properties,
including compressive modulus and strength, of mPBT foams compared to those of the neat
mPBT foam. Looking at the deformation curves of the neat mPBT and mPBT with 0.02 wt%
HNT foams at the same foam densities, there is a significant reinforcement induced by HNTs.
Apart from 0.02 wt% HNT, the compressive properties of the mPBT foam samples with higher
HNT concentrations are proportional to the foam density values. Compressive properties,
including modulus and strength values of the foams with different HNT concentrations can be

found in Appendix (Table A1).
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To gain a better understanding of the influence of HNT concentration on the compressive
modulus of mPBT foams, average compressive modulus versus average density of the neat
mPBT foam samples and foam samples with 0.02, 0.04, 0.08, 0.1 and 0.25 wt% HNT are shown
in Figure 53.
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Figure 53 Change in compressive modulus with changing foam density for the neat mPBT
foam and mPBT foams with HNT.

Figure 53 exhibits that the compressive modulus of the HNT-based mPBT foams strongly
depends on foam density. Apart from mPBT with 0.02 wt% HNT, the modulus of the foams
gives rise to increasing foam density. Looking at the neat mPBT foam and mPBT foam with
0.02 wt% HNT, both materials have the same density and the elastic modulus of the (compact)
cell wall materials are in the same range (1860 + 127 MPa for neat mPBT and 1721 + 112 MPa
for mPBT+0.02 wt% HNT). However, there is a slight increase in the compressive modulus of
mPBT foam with the addition of 0.02 wt% HNT. This might be attributed to the more
homogeneous foam morphology and better orientation of the cells through the compression
direction. Obviously, among the other factors, larger OCC (69 + 3 %) of mPBT foam with
0.02 wt% HNT than the one (42 + 1 %) of the neat mPBT does not have a significant influence
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on modulus values. Furthermore, it seems like at 0.04 wt% HNT, the increase in modulus is
higher than expected from the higher density. This might be due to the smaller OCC value
(46 £ 5 %) of mPBT foam with 0.04 wt% HNT compared to the one (69 + 3 %) with 0.02 wt%
HNT. The effect of the degree of crystallinity is not considered here as all foam samples possess

values in the same range (Table Al).

Figure 54 depicts the change in the compressive strength of the neat mPBT foams and mPBT
foams with 0.02, 0.04, 0.08, 0.1 and 0.25 wt% HNT with the ratio of strut thickness to strut
length.
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Figure 54 Influence the ratio of average strut thickness to average strut length on the
compressive strength of the neat mPBT foam and mPBT foams with HNT.

As seen in Figure 54, all HNT concentrations in mPBT foam samples increase compressive
strength compared to the neat mPBT. mPBT foam with larger HNT concentrations of 0.08, 0.1
and 0.25 wt% show higher compressive strength values than the one of the neat mPBT foam.
This might be mainly the resulted by larger foam density values (around 38 %) despite lower
strut thickness the length ratio compared to the neat mPBT. Besides, the foam sample with
0.04 wt% HNT exhibit greater strut thickness to strut length ratio as well as foam density than
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the neat mPBT foam which might be the reason for the improved compressive strength. It is
worthy to note that the smallest amount of 0.02 wt% HNT in mPBT leads to around 26 %
improvement in compressive strength compared to the one of the neat mPBT foam at the same
foam density. This might be induced by the higher ratio (63 %) of strut thickness to strut length
of mPBT foam with 0.02 wt% HNT. Although this ratio is higher than those of the mPBT foams
with 0.1 and 0.25 wt% HNT, the increase in compressive strength values is smaller, which
might be due to the larger OCC (69 * 3 %) of the foam with 0.02 wt% HNT. According to Wu
et al. [35], larger OCC of mPBT foam with HNT might be resulted during the cell growth
process when the cell walls are critically thin and are damaged by the stress induced by HNTs.
This stress is occurred due to the different stretching behavior of the rigid HNT and the polymer
[35]. Therefore, the largest OCC of mPBT foam with 0.02 wt% HNT might be associated with
its small cell wall thickness of 37 + 12 um.

Furthermore, no significant influence from the yield strength of the (compact) cell wall
materials as well as the degree of crystallinity on compressive strength of the foams is expected,
as the yield strength values for the neat mPBT (55 + 3 kPa) and the mPBT+0.02 wt% HNT
(58 £ 3 kPa) and the degree of crystallinity values of both foams (Table A1) are in the same
range. Thus, the improvement of the compressive strength with 0.02 wt% HNT is mainly
attributed to the finer and very homogeneous foam morphology, including cells having a larger
ratio of strut thickness to the strut length as well as an increased number of cells through
compression direction compared to the reference foam. In addition, there might be an additional
intrinsic reinforcing effect of HNTs dispersed and embedded in the cell walls (Fig. 55) and
struts of the mPBT foam featuring an increase in buckling resistance by acting as stress transfer

points through foams.
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Figure 55 FE-SEM micrographs of the hydrolyzed mPBT foam having 0.02 wt% HNT with
(a) lower magnification and (b) larger magnification. Orange arrows on the images
show HNT nanoadditives on the cell wall.

5.3.3 Summary

Compact Material

For the sake of better comparison, mPBT resins including HNTs at the same concentrations
with BTAs are produced in the same manner as BTA-based mPBT. The findings from non-
isothermal melt crystallization analysis exhibits that similar to BTA1, HNT also act as
nucleating agent by decreasing the activation energy of mPBT around 38 %. No matter what
concentration of HNT, complex viscosity of HNT modified mPBT resins show lower complex
viscosity values compared to the neat mPBT at smallest frequency of 0.1 rad/s. This is
associated with the increase in free volume induced by an interference of inorganic
nanoadditives with the branched chains. Nevertheless, at higher frequencies closer to the
processing frequencies, the difference in viscosity gets negligible. Surprisingly the dramatic
increase in complex viscosity at higher HNT concentrations are not visible as it is usually seen
with inorganic insoluble nanoadditives. It is proposed that the HNT concentrations used for this
work are not high enough to rise the viscosity, which is more advantageous for achieving more

controlled and easier processability. Based on extensional viscosity fixture results, until the
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first second, similar viscosity values are obtained with the neat mPBT and mPBT including
HNT concentrations up to 0.08 wt%. Further increase in HNT concentrations leads to higher
extensional viscosity values compared to the neat mPBT until 1.5 second. An advance strain
hardening with these high concentrations compared to the other materials is resulted in
worsened foamability. This is explained by the drop in the extensional viscosity reaching
smaller values compared to the neat mPBT at around 2 s which is approximate time required
for the expansion during the extrusion foaming process. Comparing S coefficients of HNT
modified mPBT resins at different concentrations, 0.02 wt% is found as the optimum

concentration featuring the highest melt strength.
Foamed Material

Similar to BTAs, the morphological findings and the extensional viscosity fixture results
including S coefficients are found compatible. mPBT foam modified with 0.02 wt% HNT
combines highest melt strength, best foamability and thus, foams having the finest cell size of
330 £+ 83 um and the narrowest cell size distribution at the same foam density with the neat
mPBT. Findings from compressive tests demonstrates that all HNT-based mPBT foams follow
a typical stretch-dominated deformation behavior like BTA-based mPBT foams when exposed
to compressive stress in the out-of-plane direction. Elastic moduli of the foam samples strongly
depend on the foam density. Apart from an HNT concentration of 0.02 wt%, the elastic modulus
of the foams gets higher with increasing foam density. Yet, a slight increase in modulus with
0.02 wt% HNT is present, although the (compact) cell wall material has a similar elastic
modulus as well as the foam has a similar degree of crystallinity, even higher OCC compared
to those of the reference material. More homogeneous foam morphology and better orientation
of the cells through the compression direction might influence the slightly increased modulus
value of the mPBT foam with 0.02 wt% HNT. Looking at the compressive strength values of
the foam samples, 0.02 wt% HNT is found as an optimum concentration providing foams with
noticeably increased compressive strength (26 %) at the same foam density, which is quite
essential for foaming applications. Considering all affecting parameters, such as the yield
strength of the (compact) cell wall material, ratio of strut thickness to strut length, degree of
crystallinity, OCC, the improvement in compressive strength is assigned to the improved foam
morphology in which cells have a larger ratio of strut thickness to the strut length, and better

oriented, increased number of cells through compression direction compared to the reference
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foam. In addition, the intrinsic reinforcing effect of HNTs located in the cell walls and struts
might act as stress transfer points through foams and result in an increased buckling resistance

and thus improved compressive properties.

5.4 Synergistic Effects of BTAs and HNTs on mPBT Foams

So far, the influence of soluble nanoadditives (BTA1 and BTA2) and an insoluble nanoadditive
(HNT) on the various properties of mPBT resin and foam has been discussed in detail.
Morphological analyses show that at their optimum concentrations BTA1, BTA2 and HNTs act
as nucleating agents for mPBT foam cells, providing an increased number of nucleating sites.
As a result, foams with improved foam morphologies, including smaller mean cell size,
narrower cell size distribution as well as higher cell density compared to those the reference
(neat mPBT) foam, are achieved. Besides, it was shown that these nanoadditives improve not
only the foam morphology but also compressive properties. Thus, the question is if the
morphology and compressive properties of mPBT foams could be further improved by
combining nanoadditives in a synergistic way. Therefore, in this chapter, four combinations of
mPBT foams including (1) 0.08 wt% BTA1+0.02 wt% BTA2, (2) 0.02 wt% HNT+0.08 wt%
BTAI1, (3) 0.02 wt% HNT+0.02 wt% BTA2, (4) 0.08 wt% BTA1+0.02 wt% BTA2+0.02 wt%

HNT are investigated and compared with the neat mPBT foam.

5.4.1 Synergistic Effects on the Morphology of mPBT Foams

To understand if different nanoadditive combinations in mPBT foams have synergistic effects
on cell nucleation behavior and foam morphology, u-CT images of each foam specimen were
reconstructed as in the previous chapters. Figure 56 exhibits the morphological overview of the
neat mPBT foam, mPBT foams with 0.08 wt% BTAI1, 0.02 wt% BTA2, 0.02 wt% HNT and
the combinations of BTA1+BTA2, HNT+BTA1l, HNT+BTA2 and BTAI1+BTA2+HNT,
including the corresponding mean cell sizes, cell densities and foam densities as well as
histograms of the cell sizes. For nanoadditive combinations, the concentrations of 0.08 wt%,
0.02 wt% and 0.02 wt% for BTA1, BTA2 and HNT are used, respectively. All foam samples

were processed at the melt temperature at around 226 °C and the die temperature of 235 °C.
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Figure 56 Overview of the u-CT images, histograms of cell sizes including mean cell size,
cell density and foam density of the neat mPBT foam and mPBT foams with BTA1,
BTA2, HNT, BTA1+BTA2, HNT+BTA1, HNT+BTA2 and BTA1+BTA2+HNT. The
same scale bar (3 mm) is shown for all images.
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Figure 56 exhibits that apart from the combination of HNT+BTA1 and BTA1+BTA2+HNT,
using multiple nanoadditives in mPBT foams promotes synergistic effects on the foam
morphology resulting in smaller cells and narrower cell size distributions compared to the one
of the neat mPBT foam and mPBT foam with only one type of nanoadditive. This might be
associated with the high quantity of nucleating sites, given by the large surface area of BTA
and HNT nanofibers enhancing the cell nucleation by reducing the free energy barrier.
Nevertheless, mPBT foam containing HNT and BTA1 exhibits a larger mean cell size than the
one of the mPBT foam with only HNT showing that the addition of BTA1 does not promote a
synergistic effect on foam morphology. However, comparing mPBT foam only with BTA1 and
HNT+BTAI, the addition of HNT to the mPBT with BTA1 results in a 33 % reduction in mean
cell size. Compared to the neat mPBT foam, a combination of BTAs leads to around a 23 %
reduction in cell size but a 21 % increase in foam density which is not very profitable for foam
applications. Using single nanoadditive HNT instead of BTA1+BTA2 features more decrease
(56 %) in cell size compared to the neat mPBT foam at the constant foam density of around
81 kg/m>. Obviously, using two commercially available nanoadditives is more cost-effective
when it comes to obtaining foams with smaller cell sizes while keeping the foam density

constant.

Nevertheless, the combination of HNT with tailor-made, experimental nanoadditive BTA2
results in the largest reduction of cell size (68 %) at an even lower foam density than the
reference foam. Adding BTAI to this combination (HNT+BTA2) induces an increase in cell
size and foam density. Nevertheless, the mean cell size is still around 56 % greater than the neat

mPBT, while the foam density is found unchanged.

All in all, comparing all combinations, the addition of 0.02 wt% HNT and 0.02 wt% BTA2 in
mPBT leads to the best foam with the mean cell size of 235 + 59 um, cell density of

1.9 x 10° cells/cm? at the foam density of 75 kg/m?. It deserves to be mentioned that this is the

finest foam morphology with the most homogenous cellular structure and smallest foam density

achieved so far. This might be excellent for the insulation applications at elevated temperatures,

the applications for sound absorption in the engine compartment as well as fish or seafood

packaging.
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5.4.2 Synergistic Effects on the Deformation Mechanism and Compressive
Properties of mPBT Foams

For many foam applications, aside from fine cellular structure and lightweight, sufficient
mechanical properties are also essential. Therefore, this section aims to understand if different
nanoadditive combinations in mPBT foams also synergistically affect compressive modulus

and strength on the foams.

Figure 57 shows the most representative stretch-dominated deformation curves (out-of-plane
direction) of the neat mPBT foam and mPBT foams with 0.08 wt% BTAI1, 0.02 wt% BTA2,
0.02 wt% HNT and the combinations of BTAI+BTA2, HNT+BTAl, HNT+BTA2 and
BTA1+BTA2+HNT together with the corresponding foam densities. 0.08 wt% BTA1 is used,
while for BTA2 and HNT, the concentration of 0.02 wt% is selected to be used in mPBT foams.

BTA1+BTA2+HNT (80 kg/m®)
HNT+BTA1 (82 kg/m®)
BTA1+BTA2 (97 kg/m®)

HNT+BTA2 (76 kg/m3)
BTA2 (93 kg/m”)

Neat mPBT (80 kg/m®)

Compressive stress / MPa

0.0 T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

Compressive strain / %

Figure 57 Characteristic compressive stress-strain curves of the neat mPBT foam and
mPBT foams with BTA1, BTA2, HNT, BTA1+BTA2, HNT+BTA1, HNT+BTA2 and
BTA1+BTA2+HNT.
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All foam samples show characteristic stress-strain curves composed of a linear increase and the
decrease in stress and a quasi-plateau region in which stress level exhibits noticeable or slight
fluctuations. At first glance, looking at the deformation curves at corresponding foam densities,
combining nanoadditives seems to have synergistic effects on compressive properties compared

to those of the neat mPBT foam and mPBT foams with only BTA1, BTA2 and HNT.

To gain a deeper insight into the synergistic effects on the improvement of compressive
properties, compressive modulus versus the density of the neat mPBT foam, mPBT foams with
0.08 wt% BTAI1, 0.02 wt% BTA2, 0.02 wt% HNT and their combinations are plotted and
depicted in Figure 58.
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Figure 58 Change in compressive modulus with changing foam density for the neat mPBT
foam and mPBT foams with BTA1, BTA2, HNT, BTA1+BTA2, HNT+BTA1,
HNT+BTA2 and BTA1+BTA2+HNT.

Comparing the compressive moduli of the neat mPBT, mPBT with only BTA1 and BTA2, it is
noticeable that, the combination of BTA1 and BTA2 leads to the greatest increase of 133 % in

modulus of 21 + 2 MPa, which is the highest achieved modulus in this study. There might be

several reasons for this improvement, including a 20 % increase in foam density and/or
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synergistic effect since OCC and degree of crystallinity values of both foams are very close. To
gain a better understanding of the enhancement, the moduli of the mPBT foam with only BTA2
and the foam with BTA1 and BTA2 are compared. As a result, it is found that combining of
BTAs at their optimum concentrations features a 90 % increase in modulus at the foam densities
and the degree of crystallinities being in the same range. Although the OCC of mPBT foam
with both BTAs is found larger than the one with only BTA2, there is a significant increase in
modulus value which might be assigned to the finer foam morphology with a better orientation
of the cells through the compression direction induced by synergistic effects of combining
BTA1 and BTAZ2. In addition, looking at the combination of mPBT with HNT+BTAI1, there is
a significant improvement of 78 % compared to the neat mPBT and 60 % compared to the
mPBT with only HNT or BTA1 in compressive modulus at the almost identical foam densities
and degree of crystallinities. Here, it is believed that synergistic effects result in higher modulus
for mPBT foam with the mixed nanoadditives providing an additional intrinsic reinforcing

impact despite its larger OCC compared to those of the neat mPBT and mPBT with only HNT.

Furthermore, although mixing HNT and BTA2 leads to a reduced foam density of 75 kg/m?, a
noticeable enhancement of compressive modulus compared to neat mPBT and mPBT with only
HNT or BTA2 is observable. This might be again attributed to the smaller and more uniform
cellular structure finer foam morphology, including better orientation of the cells through the
compression direction, resulted from synergistic effects. However, a mixture of all three
nanoadditives in mPBT foam does not increase the compressive modulus further than the mPBT
with HNT+BTAI, although 77 % improvement in modulus is present when compared to one
of the neat mPBT foam. Apparently, combining BTA2 with HNT+BTA1 is not necessary to

obtain foams with a higher modulus.

Besides compressive modulus, compressive strength also plays an essential role in numerous
foaming applications. To determine whether synergistic effects exist on compressive strength
of mPBT foams, the change in the compressive strength with the ratio of the strut thickness to
the strut length of the neat mPBT foam, mPBT foams with 0.08 wt% BTA1, 0.02 wt% BTA2,

0.02 wt% HNT and their combinations are indicated in Figure 59.
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Figure 59 Influence of the ratio of average strut thickness to average strut length on the
compressive strength of the neat mPBT foam and mPBT foams with BTA1, BTAZ2,
HNT, BTA1+BTA2, HNT+BTA1, HNT+BTA2 and BTA1+BTA2+HNT.

As in the case of the compressive modulus, mixing two types of BTAs at their optimum
concentrations creates synergistic effects resulting in a significant increase in compressive
strength compared to those of the neat mPBT and mPBT with only BTAI and BTA2. It is
assumed that despite the very close or slightly lower ratio of strut thickness to strut length,
improved foam morphology including better-oriented cells through the compression direction
plays an essential role in enhanced compressive strength. Larger foam density of the mPBT
foam having two BTAs might also an impact on higher strength values. Similarly, the
combination of HNT with BTA1 leads to increased compressive strength compared to the neat
mPBT foam (67 %), mPBT with only HNT (32 %) and BTA1 (26 %), showing that combining
these soluble and insoluble nanoadditives results in synergistic effects. Nevertheless,
considering the higher compressive strength value of the mPBT foam with only BTA2, this
effect could not be achieved by mixing HNT with BTA2 despite its higher ratio of the strut
thickness to strut length. Lower foam density of mPBT with HNT and BTA2 than those of the
foams with only HNT and BTA2 might be responsible for the slightly lower compressive
strength. However, compared to the one of neat mPBT foam, the compressive strength of the

mPBT foam with the combination of HNT+BTA2 is found 26 % higher. The compressive
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strength of the combination of all three nanoadditives in mPBT foam lies in the same range of
the values of the foams with BTA1+BTA2 and HNT+BTA1. However, among these foams, the
highest compressive strength of 626 + 15 kPa at the lowest foam density of around 82 kg/m?
is achieved with the mixture of three nanoadditives. This improvement in compressive strength

might be assigned to the synergistic effects and the high strut thickness to strut length ratio.

5.4.3 Summary

Based on the morphological results of the mPBT foams containing the combinations of multiple
nanoadditives at their optimum concentrations, there is a synergistic effect. Among all
combinations (BTA1+BTA2, HNT+BTA1, HNT+BTA2 and BTAI+BTA2+HNT), the best
foam having the finest mean cell size of 235 + 59 um at the minimum achieved foam density
of 75 kg/m? is obtained with the mixture of 0.02 wt% HNT and 0.02 wt% BTA2. The findings
from compression tests show that depending on the combination, the use of multiple
nanoadditives results in synergistic effects on compressive properties of the foams when
compared to those of neat mPBT, and mPBT foam with the only BTA1, BTA2 and HNT.
Combining BTA1 and BTA2 features the foam with the highest compressive modulus of
21 4+ 2 MPa, which is the highest achieved modulus in this study. This might be attributed to
the improved foam morphology (compared to the foam with only BTA2) that resulted from the
synergistic effects of combining BTA1 and BTA2. Similarly, the combination of BTAs results
in synergistic effects on the mPBT leading to a significant increase in compressive strength and
higher density compared to those of the foams with only BTA1 and BTA2. The compressive
strength of 622 + 47 kPa at the foam density of around 98 kg/m® is obtained with
mPBT+BTA1+BTA2 foam, whereas the highest compressive strength of 626 + 15 kPa at the
density of about 82 kg/m? is achieved with the mixture of all three nanoadditives. It is worthy
of mentioning here that depending on the application, one must consider if it is reasonable to
use all nanoadditives in terms of financial aspects to obtain foams having the compressive
strength of around 620 kPa at about 82 kg/m? or use the mixture of BTAs for the foams having

the similar compressive strength but the higher density of around 98 kg/m?.
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6 Summary

This thesis aimed to investigate mPBT foams with low foam density (< 100 kg/m?) and
improved foam morphology with a mean cell size of smaller than 500 um via a tandem-foam
extrusion process. By using organic soluble (BTAs) and inorganic non -soluble (HNTSs)
nanoadditives as nucleating agents for polymer crystals and foam cells, it was attempted to
reach this goal. Aside from this, enhancement in compressive properties at low foam densities
with the help of nanoadditives at various concentrations was set as another target that is crucial
for numerous foam applications. The main scientific focus of this thesis was to establish
structure-property relationships of mPBT foam strands affected by BTAs and HNT concerning

melt strength, foamability and crystallization kinetics of mPBT-based resins.

First, the optimum PBT grade out of three grades was selected based on a rheological
characterization test to address these aims. The findings showed that Ultradur B6550 led to the
highest viscosity at the lowest frequency due to its highest molecular weight as well as melt
strength which might be advantageous during processing to achieve more stable foam cells.
However, pre-trials and literature showed that due to its very poor rheological properties, post-
modification of PBT with CE is inevitable to achieve more straightforward and more stable
foamability, better foam morphology and properties. After applying several CE concentrations
for long-chain branching of PBT, 0.6 wt% was selected as optimum CE concentration featuring
easiest and the most stable foamability, the lowest foam density and fine and uniform foam
morphology. Findings from the process parameter optimization study exhibited that the
optimum melt temperature at the exit of the die and die temperature giving the lowest foam

density are around 226 °C and 235 °C, respectively.

Furthermore, the influence of organic soluble nanoadditives, including commercially available
BTA1 and tailor-made BTA2, on the crystallization behavior, rheological properties of the
mPBT resin was investigated. Calculating crystallization activation energies of the mPBT
resins with 0.08 wt% BTAI1 and 0.02 wt% BTA2 according to the Kissinger macro-kinetic
model, BTA1 led to around 40 % decrease in activation energy whereas BTA2 show similar
value compared to the one of the neat mPBT. Thus, it was concluded that BTA1 nanofibers

could act as a nucleating agent for mPBT crystals while BTA2 nanofibers do not nucleate
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mPBT. According to complex viscosity results of the mPBT with 0.02, 0.04,0.08, 0.1 and
0.25 wt% BTA1 and BTA2, use of BTAs resulted in decreased viscosity at the lowest
frequencies compared to the one of the neat mPBT whereby the difference gets smaller at higher
frequencies. Nevertheless, a too high concentration BTA (= 0.25 wt%) induced a much more
pronounced decrease in the complex viscosity at low and high frequencies. This was assigned
to the limited solubility of BTAs at high concentrations forming non-dissolved aggregates in
the mPBT melt. It was assumed that these aggregates might interfere with the branched chains

and act as a plasticizer leading to decreased viscosity values.

To obtain the right BTA1 and BTA2 concentrations for optimum melt strength and thus best
foamability, S coefficients of all resins were calculated according to the Trouton relation based
on the transient extensional viscosity (from extensional viscosity measurements) and transient
shear viscosity (from start-up shear experiments). It was found that a maximum increase of
32 % and 64 % in S coefficients were achieved with 0.08 wt% BTA1 and 0.02 wt% BTA2,
respectively. Improved melt strength was associated with the percolated network like BTA
nanofibers at their optimum concentrations. Moreover, the effect of BTA type and
concentration on morphology, density, OCC, degree of crystallinity and compressive properties
of the mPBT foams was determined. The u-CT images of the foam samples demonstrated that
0.08 wt% BTA1 features foams with 7 % decreased mean cell size and much more
homogeneous foam morphology while with 0.02 wt% BTA2, the smallest cell size of
707 £ 197 um is obtained. This was associated with BTAs acting as nucleating agents for
mPBT foam cells by increasing the number of nucleating sites and decreasing the activation
energy barrier for cell nucleation. The morphology results agreed with S coefficient values
showing that the higher the coefficient, the higher the melt strength, the better the foam cell
stabilization and thus more improved foam morphology. In addition, the degree of crystallinity
of all foam samples found within the same range shows that the high strain induced forces
mainly dominate the crystallinity during the foam extrusion process. There is no noticeable
effect of BTAs at these concentrations. According to compression tests, the characteristic
stress-strain diagrams of all foam samples followed typical stretch-dominated deformation
behavior (out-of-plane direction). The compressive modulus of foam samples was mainly
dependent on the foam density and was not affected by BTAs as the modulus values of BTAs

and the polymer matrix lied within the same rpvc
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ange. Looking at the compressive strength values of the foams, a 25 % increase was achieved
at the same foam density with 0.08 wt% BTA1 while 0.02 wt% BTAZ2 led to a 35 % increase
at around 15 % larger foam density compared to the one of the neat mPBT. The improvement
in the compressive strength with BTA1 was assigned to the finer and more uniform foam
morphology as well as the intrinsic reinforcing effect of the BTA1 fibers, which are embedded
in the cell walls and struts, making the foam more buckling resistant. In the case of BTA2,
improved foam morphology, increased cell density and thus foam density, lower OCC as well
as the intrinsic reinforcing effect of BTA2 fibers were responsible for the enhanced compressive
strength. In a nutshell, mPBT foam with 0.08 wt% BTA1 (commercially available
nanoadditive) was found as the most optimum material exhibiting the best mechanical

performance at the lowest foam density, which is crucial for numerous foam applications.

Aside from organic soluble nanoadditives, the influence of inorganic insoluble nanoadditive
HNT on the crystallization behavior, rheological properties of the mPBT were evaluated. 38 %
decrease in crystallization activation energy of the mPBT resin with the addition of 0.02 wt%
HNT compared to the one of the neat mPBT showed that HNTs could also act as a nucleating
agent for polymer crystals like BTA1. Looking at zero viscosities of mPBT resins having 0.02,
0.04, 0.08, 0.1 and 0.25 wt% HNT, it was concluded that HNTSs at all concentrations result in a
noticeable decrease in viscosity at the lowest frequencies compared to the one of the neat
mPBT. This was assigned to the increase in free volume and decrease in intra-molecular friction
due to the interference of the HNTs with large branched mPBT chains. Nevertheless, this
difference in viscosity was diminished at higher frequencies, which are close to the frequencies
seen in the foaming process. Thus, it was claimed that HNTs at these concentrations do not
increase the melt shear viscosity and hinder processability, which is beneficial considering the
drawbacks of using insoluble inorganic nanoadditives on the processability of the polymer

melts.

Furthermore, the largest S coefficient was resulted from 0.02 wt% HNT in mPBT leading to
the highest melt strength and the finest and the most uniform foam morphology with the mean
cell size of 330 + 83 um (half of the cell size of the mPBT with 0.08 wt% BTAI at the same
foam density). Improved foam morphology was assigned to the successful role of HNT as a
nucleating agent for mPBT foam cells leading to an increase in the number of the nucleating

sites and a decrease in energy barrier for foam cell crystallization. Further rise in HNT
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concentration could improve neither melt strength nor foam morphology. It was concluded that
the morphological findings are compatible with the extensional viscosity analysis. According
to the results from compressive tests, all HNT-based mPBT foams exhibited typical stretch-
dominated deformation curves like BTA-based mPBT foams. As expected, elastic moduli of

the foam samples increased with foam density.

Nevertheless, mPBT with 0.02 wt% HNT showed a slight increase in modulus compared to the
one of the neat mPBT having almost the same foam density. This increase was assigned to more
improved foam morphology and better cell orientation through the compression direction.
Besides, 0.02 wt% HNT concentration gave rise in compressive strength (26 %) compared to
the neat mPBT at the same foam density, which is very profitable for foaming applications.
This improvement was also associated with better foam morphology, including a higher ratio
of the strut thickness to strut length and better-oriented cells through the compression direction
compared to the one of the neat mPBT. It was also assumed that HNTs embedded in the cell
walls and struts might act as stress transfer points providing larger buckling resistance and thus

further reinforcement in compressive strength of mPBT foam with 0.02 wt% HNT.

Finally, the multiple mixtures of nanaoadditives including (1) 0.08 wt% BTA1+0.02 wt%
BTA2, (2) 0.02 wt% HNT+0.08 wt% BTAL, (3) 0.02 wt% HNT+0.02 wt% BTA2 and (4)
0.08 wt% BTA1+0.02 wt% BTA2+0.0.02 wt% HNT were used to understand if different
nanoadditive combinations in mPBT foams have synergistic effects on foam morphology and
compressive properties. Morphological findings showed that among all combinations,
HNT+BTAZ2 nanoadditive mixture in mPBT features the finest foam morphology (cell size of
235 4+ 59 um, cell density of 1.9 x 10 cells/cm?) and smallest achieved foam density of
75 kg/m? in literature and this study. This improvement in foam morphology compared to the
neat mPBT foam and mPBT foam with only one type of nanoadditive was attributed to the
synergistic effects induced by using multiple nanoadditives in mPBT foams. Looking at the
compressive properties of the mPBT foams with multiple nanoadditive mixtures, the
combination of BTAl and BTA2 led to the highest achieved compressive modulus
(21 £ 2 MPa) of this thesis. This was associated with the better foam morphology induced by
synergistic effects of mixing two BTAs compared to the mPBT with only BTA2. Compressive
strength results also exhibited that the same combination of BT As leads to a significant increase

in compressive strength compared to the mPBT foam only with BTA1 and BTA2 at the same



6 Summary 126

foam density. Nevertheless, the highest compressive strength (626 + 15 kPa) was obtained with

the mixture of all three nanaoadditives at a relatively higher foam density of 98 kg/m?.
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7 Zusammenfassung

Ziel dieser Arbeit war es, mPBT-Schiume mit niedriger Schaumdichte (< 100 kg/m?®) und
verbesserter Schaummorphologie mit einer mittleren ZellgroBe von weniger als 500 pm in
einem Tandem-Schaumextrusionsverfahren zu untersuchen. Diese Ziele wurden durch den
Einsatz von organisch loslichen (BTAs) und anorganisch unléslichen (HNTs) Nanoadditiven
als Nukleierungsmittel fiir Polymerkristalle und Schaumzellen erreicht. Daneben war die
Verbesserung der Druckeigenschaften bei niedrigen Schaumdichten mit Hilfe von
Nanoadditiven in verschiedenen Konzentrationen ein weiteres Ziel, das fiir zahlreiche
Schaumanwendungen entscheidend ist. Der wissenschaftliche Schwerpunkt dieser Arbeit lag
auf der Erstellung von Struktur-Eigenschafts-Beziehungen von mPBT-Schaumstringen, die in
Bezug auf Schmelzfestigkeit, Schaumbarkeit und Kristallisationskinetik von mPBT-basierten

Materialien durch BTAs und HNTs beeinflusst werden.

Zunichst wurde auf der Grundlage einer rheologischen Charakterisierung der optimale PBT-
Typ aus dreien ausgewihlt, um diese Ziele zu erreichen. Die Ergebnisse zeigten, dass
Ultradur B6550 die hochste Viskositdt bei der niedrigsten Frequenz aufweist, was bei der
Verarbeitung von Vorteil sein konnte, um stabilere Schaumzellen zu erzielen. Dieses Verhalten
ist auf das sehr hohe Molekulargewicht und der daraus resultierenden Schmelzfestigkeit
zuriickzufithren. Die Vorversuche und die Literatur zeigten jedoch, dass aufgrund der sehr
schlechten rheologischen Eigenschaften eine Nachmodifizierung von PBT mit CE
unumgénglich ist, um eine einfachere und stabilere Schidumbarkeit, eine bessere
Schaummorphologie und -eigenschaften zu erreichen. Nach Anwendung verschiedener CE-
Konzentrationen fiir die langkettige Verzweigung von PBT, wurden 0,6 Gew.-% als optimale
CE-Konzentration ausgewihlt, welche die einfachste und stabilste Schiumbarkeit, die
niedrigste Schaumdichte und eine feine und gleichmiBige Schaummorphologie aufweist. Die
Ergebnisse der Studie zur Optimierung der Prozessparameter zeigten, dass die optimale
Schmelzetemperatur am Austritt der Diise und die Diisentemperatur, die die geringste

Schaumdichte ergibt, bei 226 °C bzw. 235 °C liegen.

Dariiber hinaus wurde der Einfluss von organisch 16slichen Nanoadditiven, darunter

kommerziell — erhéltliches @ BTAl und  malgeschneidertes @ BTA2, auf das
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Kristallisationsverhalten und die rheologischen Eigenschaften des mPBT untersucht. Die
Berechnung der Kristallisations-Aktivierungsenergien (nach dem makrokinetischen Modell
von Kissinger) des mPBT mit 0,08 Gew.-% BTA1 und 0,02 Gew.-% BTA2 ergab, dass BTAI
zu einer Verringerung der Aktivierungsenergie um etwa 40 % fiihrte, wihrend BTA2 einen
vergleichbaren Wert zum reinen mPBT aufwies. Daraus wurde gefolgert, dass BTAI-
Nanofasern als Keimbildner fiir mPBT-Kristalle fungieren konnten, wihrend BTA2-
Nanofasern keine mPBT-Keimbildung bewirken. Die Ergebnisse der komplexen Viskositét von
mPBT mit 0,02, 0,04, 0,08, 0,1 und 0,25 Gew.-% BTA1l und BTA2 zeigen, dass die
Verwendung von BTAs zu einer Verringerung der Viskositét bei den niedrigsten Frequenzen
im Vergleich zu der des reinen mPBT fiihrt, wobei der Unterschied bei hoheren Frequenzen
geringer wird. Eine zu hohe BTA-Konzentration (> 0,25 Gew.-%) fiihrte jedoch zu einer
wesentlich stirkeren Abnahme der komplexen Viskositét bei niedrigen und hohen Frequenzen.
Dies wurde der begrenzten Loslichkeit von BTAs bei hohen Konzentrationen zugeschrieben,
die ungeloste Aggregate in der mPBT-Schmelze ausbilden. Es wurde angenommen, dass diese
Aggregate mit den verzweigten Ketten interferieren und als Weichmacher wirken kdnnten, was

zu niedrigeren Viskositdtswerten fiihrt.

Um die richtigen BTA1- und BTA2-Konzentrationen fiir eine optimale Schmelzefestigkeit und
damit beste Schdumbarkeit zu erhalten, wurden die S-Koeffizienten aller Polymere nach der
Trouton-Beziehung auf der Grundlage der instationdren Dehnviskositit (aus
Dehnviskositdtsmessungen) und der instationdren Scherviskositit (aus Anfahr-
Scherversuchen) berechnet. Es wurde festgestellt, dass mit 0,08 Gew.-% BTA1 und 0,02 Gew .-
% BTA2 ein maximaler Anstieg der S-Koeffizienten von 32 % bzw. 64 % erreicht wurde. Die
verbesserte Schmelzefestigkeit wurde mit der Ausbildung eines Perkolationsnetzwerks der
BTA-Nanofasern bei ihren optimalen Konzentrationen assoziiert. Dariiber hinaus wurde der
Einfluss von BTA-Typ und -Konzentration auf Morphologie, Dichte, Offenzelligkeit,
Kristallinititsgrad und Druckeigenschaften der mPBT-Schiume bestimmt. Die p-CT-Bilder
der Schaumproben zeigten, dass 0,08 Gew.-% BTA1 Schiume mit einer um 7 % verringerten
mittleren ZellgroBe und einer deutlich homogeneren Schaummorphologie aufweist, wihrend
mit 0,02 Gew.-% BTA2 die kleinste Zellgrofle von 707 + 197 um erreicht wird. Dies wurde
damit in Verbindung gebracht, dass BTAs als Keimbildner fiir mPBT-Schaumzellen wirken,
indem sie die Anzahl der Keimbildungsstellen erh6hen und die Aktivierungsenergiebarriere fiir

die Zellkeimbildung senken. Die Ergebnisse der Morphologie stimmten mit den Werten des S-
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Koeffizienten iiberein, die zeigen, dass je hoher der Koeffizient, desto hoher die
Schmelzfestigkeit, desto besser die Stabilisierung der Schaumzellen und somit eine bessere
Schaummorphologie vorliegt. Dariiber hinaus lag der Kristallinitdtsgrad aller Schaumproben
im gleichen Bereich, was zeigt, dass die Kristallinitdt wihrend des Schaumextrusionsprozesses
hauptséchlich durch die hohen dehnungsinduzierten Krifte bestimmt wird. Bei diesen
Konzentrationen gibt es keine nennenswerten Auswirkungen von BTAs. Den Druckversuchen
zufolge  folgten die  charakteristischen = Spannungs-Dehnungs-Diagramme  aller
Schaumstoffproben dem typischen dehnungsdominierten Verformungsverhalten (Richtung:
aullerhalb der Ebene). Der Druckmodul der Schaumstoffproben hing hauptsichlich von der
Schaumstoffdichte ab und wurde nicht durch BTAs beeinflusst, da die Modulwerte von BTAs
und der Polymermatrix im gleichen Bereich lagen. Betrachtet man die Druckfestigkeitswerte
der Schaumstoffe, so wurde bei gleicher Schaumdichte mit 0,08 Gew.-% BTA1 ein Anstieg um
25 % erzielt, wahrend 0,02 Gew.-% BTA2 zu einem Anstieg um 35 % bei einer um etwa 15 %
hoheren Schaumdichte im Vergleich zu der des reinen mPBT fiihrte. Die Verbesserung der
Druckfestigkeit mit BTA1 wurde der feineren und gleichméBigeren Schaummorphologie sowie
dem intrinsischen Verstiarkungseffekt der BTA1-Fasern zugeschrieben, die in den Zellwidnden
und Verstrebungen eingebettet sind und den Schaum knickfester machen. Im Fall von BTA2
waren eine verbesserte Schaummorphologie, eine hohere Zelldichte und damit Schaumdichte,
eine geringere Offenzelligkeit sowie der intrinsische Verstarkungseffekt der BTA2-Fasern fiir
die hohere Druckfestigkeit verantwortlich. Zusammenfassend ldsst sich sagen, dass ein mPBT-
Schaum mit 0,08 Gew.-% BTAT1 (handelsiibliches Nanoadditiv) das optimale Material darstellt,
welches die beste mechanische Leistung bei der geringsten Schaumdichte aufweist und damit

fiir zahlreiche Schaumstoffanwendungen entscheidende Vorteile bietet.

Neben den organischen 16slichen Nanoadditiven wurde auch der Einfluss des anorganischen,
unldslichen Nanoadditivs HNT auf das Kristallisationsverhalten und die rheologischen
Eigenschaften des mPBT untersucht. Die 38%ige Verringerung der Kristallisations-
Aktivierungsenergie des mPBT mit 0,02 Gew.-% HNT zeigte im Vergleich zum reinen mPBT,
dass HNTs auch als Keimbildner fiir Polymerkristalle, analog zu BTA1 wirken kdnnen.
Betrachtet man die Nullviskositdt von mPBT mit 0,02, 0,04, 0,08, 0,1 und 0,25 Gew.-% HNT,
so kommt man zu dem Schluss, dass HNTs bei allen Konzentrationen zu einer spiirbaren
Abnahme der Viskositdt bei den niedrigsten Frequenzen im Vergleich zu der des reinen mPBT

filhren. Dies wurde auf die VergroBerung des freien Volumens und die Verringerung der
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intramolekularen Reibung aufgrund der Interferenz der HNTs mit den weit verzweigten mPBT-
Ketten zuriickgefiihrt. Dieser Viskositdtsunterschied verringerte sich jedoch bei hdéheren
Frequenzen, die in der Ndhe der beim Schiumungsprozess auftretenden Frequenzen liegen.
Somit konnte bewiesen werden, dass HNTs in diesen niedrigen Konzentrationen die
Scherviskositét der Schmelze nicht erhéhen und die Verarbeitbarkeit nicht beeintrachtigen.
Dieses Verhalten widerlegt in diesen Fall die allgemeine Annahme, dass sich die Verwendung
unldslicher anorganischer nachteilig auf die Verarbeitbarkeit von Polymerschmelzen

auswirken.

Dariiber hinaus ergab sich der grofite S-Koeffizient bei 0,02 Gew.-% HNT in mPBT, was zu
der hochsten Schmelzfestigkeit und der feinsten und gleichméaBigsten Schaummorphologie mit
einer mittleren Zellgroe von 330 + 83 pum fiihrte (entspricht der halben Zellgro3e von mPBT
mit 0,08 Gew.-% BTA1 bei gleicher Schaumdichte). Die verbesserte Schaummorphologie
wurde der erfolgreichen Rolle von HNT als Nukleierungsmittel fiir mPBT-Schaumzellen
zugeschrieben, was zu einer Erhohung der Anzahl der Nukleierungsstellen und einer
Verringerung der Energiebarriere fiir die Schaumzellkristallisation fiihrte. Eine weitere
Erhohung der HNT-Konzentration konnte weder die Schmelzfestigkeit noch die
Schaummorphologie verbessern. Es wurde festgestellt, dass die morphologischen Ergebnisse
mit der Analyse der Dehnviskositit vereinbar sind. Nach den Ergebnissen der Drucktests
zeigten  alle  HNT-basierten = mPBT-Schiume  typische streckungsdominierte
Verformungskurven, analog zu BTA-basierte mPBT-Schiume. Wie erwartet, stiegen die

Elastizitdtsmoduln der Schaumproben mit der Schaumdichte.

Dennoch zeigte mPBT mit 0,02 Gew.-% HNT einen leichten Anstieg des Moduls im Vergleich
zum reinen mPBT mit fast derselben Schaumdichte. Dieser Anstieg wurde einer verbesserten
Schaummorphologie und einer besseren Zellorientierung in Kompressionsrichtung
zugeschrieben. Auflerdem filihrte eine HNT-Konzentration von 0,02 Gew.-% zu einem Anstieg
der Druckfestigkeit (26 %) im Vergleich zum reinen mPBT bei gleicher Schaumdichte, was fiir
Schaumanwendungen sehr von Vorteil ist. Diese Verbesserung wurde auch mit einer besseren
Schaummorphologie in Verbindung gebracht, einschlieBlich eines hoheren Verhéltnisses von
Strebendicke zu Strebenldnge und besser ausgerichteten Zellen in Kompressionsrichtung im
Vergleich zum reinen mPBT. Es wurde auch angenommen, dass die in den Zellwidnden und

Verstrebungen eingebetteten HNTs als Spannungsiibertragungspunkte fungieren konnen, die
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eine groflere Knickbesténdigkeit und somit eine weitere Verstirkung der Druckfestigkeit des

mPBT-Schaums mit 0,02 Gew.-% HNT bewirken.

SchlieBlich wurden die Mehrfachmischungen von Nanoadditiven einschlieBlich (1) 0,08 Gew.-
% BTA1+0,02 Gew.-% BTA2, (2) 0,02 Gew.-% HNT+0,08 Gew.-% BTAI, (3) 0,02 Gew.-%
HNT+0,02 Gew.-% BTA2 und (4) 0,08 Gew.-% BTA1+0.02 Gew.-% BTA2+0,02 Gew.-%
HNT verwendet, um herauszufinden, ob verschiedene Kombinationen von Nanoadditiven in
mPBT-Schdumen synergistische Effekte auf die Schaummorphologie und die
Druckeigenschaften haben. Die morphologischen Ergebnisse zeigten, dass von allen
Kombinationen die = HNT+BTA2-Nanoadditivmischung in mPBT die feinste
Schaummorphologie (ZellgroBe von 235 + 59 pum, Zelldichte von 1,9 x 106 Zellen/cm?) und
die kleinste in der Literatur und in dieser Studie erreichte Schaumdichte von 75 kg/m? aufweist.
Diese Verbesserung der Schaummorphologie im Vergleich zum reinen mPBT-Schaum und
zum mPBT-Schaum mit nur einer Art von Nanoadditiv wurde auf die synergistischen Effekte
zuriickgefiihrt, die durch die Verwendung mehrerer Nanoadditive in mPBT-Schiaumen
entstehen. Betrachtet man die Druckeigenschaften der mPBT-Schdume mit mehreren
Nanoadditivmischungen, so fiihrte die Kombination von BTA1 und BTA2 zu dem hdchsten
erreichten Druckmodul (21 +£2 MPa) dieser Arbeit. Dies wurde mit der verbesserten
Schaummorphologie in Verbindung gebracht, die durch die synergistischen Effekte der
Mischung von zwei BTAs im Vergleich zum mPBT mit nur BTA2 hervorgerufen wurde. Die
Ergebnisse der Druckfestigkeit zeigten auch, dass die gleiche Kombination von BTAs zu einer
signifikanten Erhohung der Druckfestigkeit im Vergleich zum mPBT-Schaum nur mit BTA1
und BTAZ2 bei gleicher Schaumdichte fiihrt. Die hdchste Druckfestigkeit (626 + 15 kPa) wurde
jedoch mit der Mischung aus allen drei Nanoadditiven bei einer hoheren Schaumdichte von

98 kg/m?® erzielt.
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8 Outlook

In polymer foams, density and cell size reduction are essential to achieve improved thermal
insulation properties for various applications such as insulation in the engine compartment, fish
or seafood packaging or construction applications. 10 % better insulation in a building could
have a significant impact on global energy consumption and contributes to the protection of the
environment by reducing the carbon dioxide (CO>) emissions during heating and cooling [197].
Reduction in cell size leads to decreased thermal conductivity through the solid phase due to
the tortuosity of the cellular structure [198]. In addition to improved insulation properties, high
mechanical performance (under shear and bending as well as compression) is a demand for
applications such as aircraft, wind energy systems, automobiles and construction [29,33-35].
To address this, the nanoadditives of BTA1, BTA2 and HNT were used and set goals were
achieved with quite promising morphological and mechanical findings. Nevertheless, for the
sake of achieving lightweight mPBT foams with more enhanced properties, the following is
recommended for future works:
e Use of BT As having different chemical structures resulting in better solubility and self-
assembly behavior in mPBT and thus nano-objects with larger aspect ratio to
reduce the cell size of the foams further at the same foam density.
e Selecting various HNT types having different aspect ratios as well as surface
modification for obtaining a better quality of dispersion in mPBT even at higher

nanoadditive concentrations. By doing so, achieving much finer cell morphology and
further reinforcement in compressive properties at low foam densities might be possible.

Furthermore, to be able to apply additional characterization tests to determine insulation, shear
and bending properties of the foam samples as well as to increase precision in compression

analysis, the following is recommended for future works:

Applying technical-scale foam extrusion (scale-up) with higher barrel pressure providing
mPBT melt with higher expandability at the slit die, which is more common and suitable for
producing commercial extruded foams. By doing so, it would be possible to manufacture foam
samples with higher diameter and larger geometries that can be prepared according to the

standards for various characterization.
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Figure A1 Compressive stress-strain curve of the neat mPBT foam and mPBT foams with all
concentrations of BTAZ2 including 0.25 wt%.

Table A1 Properties of all foam samples.

Sample Comp. Comp. Foam Strut Strut Open Degree of
modulus  strength density thickness length cell crystallinity
[MPa] [kPa] [kg/m’] [um] [um] content [%o]
(7]
Neat 9+1 368 £ 21 8l +1 127 £ 24 334 +£ 128 42+ 1 33+ 1
mPBT
BTA1

0.02wt% 12+2 486 + 22 86 + 2 141 £34 454 +194 65%1 29+£2
0.04 wt% 1442 650 £+ 33 97 £ 1 177+44 400 £ 158 802 3143
0.08 wt%  10x1 460 + 16 80 + 1 113 £ 20 309 £102 42+1 29+2
0.1 wt% 12+1 451 £ 62 137+4 264+ 118 853 +394 71+9 31 £3
0.25 wt% 7x3 585+ 54 9+ 6 191 £ 73 578 £220 85%1 34+t1
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Sample Comp. Comp. Foam Cell edge Strut Open Degree of
modulus  strength density (strut) length cell crystallinity
[MPa] [kPa] [kg/m®]  thickness [um] content [%]
[nm] [Yo]

0.02wt% 11x1 498 +£ 23 93 +1 128 £+ 25 317+£88 301 301

0.08 wt% 9+1 383 £20 107 £2 113 +£50 543+195 53+3 29+1

025wt 27+6 1408 £180 240+20 153 £52 393+168 59+2 311

0.02wt% 101 463 + 16 81 +1 95+ 15 154 +£45 69+3 31£2

0.08 wt% 14 %2 520 £ 59 108 £2 187+ 66 616 +237 59+2 29+1

025wt% 1712 605 £ 23 113+ 3 188+ 56  545+292 51+1 29+1

BTAl+ 21+£2 622 + 47 98 1 100 £+ 23 257+98 42+1 3212
BTA2

HNT+ 13+1 464 + 26 75 %2 97 £ 20 98 +3 4712 311
BTA2
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