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Abstract

The demand for energy-efficient houses has led to greater demand by the building and construction
industry for polymeric foam materials with superior thermal insulation properties. The prerequisite
for this is the preparation of microcellular or, better still, nanocellular low-density foams. Attaining
the aforesaid goal comes of course with several challenges concerning the selection of the right foam

base material, nucleating agents, processing conditions and processing techniques.

This work outlines a systematic approach to realize low-density foams based on polystyrene (PS),
poly(methyl methacrylate) (PMMA) and blends of polystyrene/poly(methyl methacrylate) (PS/PMMA)
by incorporating carbon-based fillers such as carbon black, thermally-reduced graphite oxide and talc
(inorganic filler) as cell-nucleating agents. The foaming experiments were performed via batch-process

and foam extrusion methods.

The results of this work showed that the quality of the filler dispersion in the matrices depends on
the surface functionality of the fillers and the configuration of the screw used to prepare the
nanocomposites. Slightly decreased mechanical strength and elongation at break of the non-foamed
nanocomposites showed that the fillers are not reinforcing in nature. Different viscoelastic behaviours
of the nanocomposites were observed as the filler contents were raised from low to high concentrations.
With TRGO, the compact nanocomposites displayed a more elastic character compared to carbon
black and talc.

Furthermore, low-density foams with high volume expansion ratios were realized, especially via
blending of PS with PMMA. The COy-philic (the high affinity of PMMA to carbon dioxide due to
the presence of carbonyl oxygen) property of PMMA was exploited to realize the cell densities and
nucleation densities of 101 cells/cm3. Microcellular-extruded PMMA foams that have mean cell sizes
of approximately 7 pm at a target density of 190 kg/m3 were achieved with TRGO filler. Also, the
extruded low-density foams realized respectively with polystyrene and PMMA revealed homogeneous
cell microstructures and the cell size distributions followed a Gaussian distribution. The thermal
conductivity value of extruded PS/TRGO nanocomposite foams were found to be superior to neat
polystyrene foams (reference material) and Styrodur® C (a commercially-available extruded

polystyrene foam from BASF) by 8 % and 3 %, respectively.



Kurzfassung

Die Nachfrage an energieeffizienten H&Ausern fiihrt zu einer erhohten Nachfrage der Bau- und
Konstruktionsindustrie an polymeren Schaumstoffen mit hervorragenden Wirmedamm-
eigenschaften. Voraussetzung hierfiir ist die Herstellung von mikrozelluldaren oder, im besten Fall,
nanozelluldren Schdumen mit niedriger Dichte. Das Erreichen des oben genannten Ziels bringt
natiirlich einige Herausforderungen mit sich, wie die richtige Auswahl des Schaumbasismaterials,

der Nukleierungsmittel, der Verarbeitungsbedingungen sowie der Verarbeitungstechniken.

Diese Arbeit skizziert einen systematischen Ansatz zur Realisierung von Schiumen mit niedriger
Dichte auf Basis von Polystyrol (PS), Polymethylmethacrylat (PMMA) und einem Blend beider
Materialien durch Zugabe von kohlenstoffbasierten Fiillstoffen wie Ruf} (CB), thermisch-reduzierten
Graphitoxid (TRGO) und Talk (anorganischer Fillstoff) als Zell-Nukleierungsmittel. Die
Schaumexperimente wurden im Batch-Schaumprozess und im Schaumextrusionsverfahren
durchgefiihrt.

Die Ergebnisse dieser Arbeit zeigen, dass die Dispergiergiite der Zell-Nukleierungsmittel in den
Matrices zum einen von der Oberflichenfunktionalitit des Fillstoffs, zum anderen von der
Schneckenkonfiguration des zur Nanokompositherstellung verwendeten Extruders abhangt.
Geringfligig niedrigere Festigkeiten und Bruchdehnungen der kompakten Nanokomposite zeigten,
dass die Fiillstoffe keine verstirkende Wirkung ausiiben. Es wurden Unterschiede im viskoelastischen
Verhalten der Nanokomposite festgestellt, wenn die Fiillstoffbeladung erhoht wurde. Im Vergleich zu
Rull und Talk zeigten die mit TRGO-gefiillten kompakten Nanokomposite einen elastischeren
Charakter.

Dariiber hinaus wurden Schiume niedriger Dichte mit hohen Volumenexpansionsverhiltnisssen
realisiert, insbesondere durch das Blenden von PS mit PMMA. Die COs-phile Eigenschaft (die hohe
Affinitdt von PMMA zu Kohlenstoffdioxid aufgrund des Carbonyl-Sauerstoffs) von PMMA wurde
ausgenutzt, um Zell- und Nukleierungsdichten von 10 Zellen/cm? zu realisieren. Mikrozellular-
extrudierte PMMA-Schidume mit mittleren Zellgrof3en von ca. 7 um bei einer Dichte von 190 kg/m?3
konnten mit TRGO erzielt werden. Aullerdem wiesen die extrudierten Schaumstoffe mit geringer
Dichte, die mit PS sowie PMMA realisiert wurden, homogene Zellmikrostrukturen auf und die
ZellgroBenverteilungen folgten einer Gaull-Verteilung. Der Wert der Wirmeleitfahigkeit von
extrudierten PS/TRGO Nanokompositschdumen war gegeniiber des reinen Polystyrolschaumstoffs
(Referenzmaterial) und Styrodur® C (ein im Handel erhiltlicher extrudierter Polystyrolschaumstoff
von der BASF) um 8 % bzw. 3 % tiberlegen.

Vi
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Recurring notations and symbols

Notations

BA

CB
CBA
CFCs
CNT
CO,

CS
EMA
EPDM
EPS
EtOH
GO
HDPE
HMS-PP
LDPE
LS-C
MAM
MMA
MMA-co-EMA
MS-C
MWCNT
NA
ODP
PBA
PC

PEI
PEOc
PF
PHBV
PIR
PLA
PMMA

PMMA-co-EMA

PMMA-MAM
PPE
PPE/SAN
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PS-b-PFDA
PS/PMMA
PTFE

PUR

Blowing agent

Carbon black

Chemical blowing agents

Chlorofluorocarbons

Classical nucleation theory

Carbon dioxide

Corn starch

Ethyl methacrylate

Ethylene-propylene-diene terpolymer

Expandable polystyrene

Ethanol

Graphite oxide

High-density polyethylene

High melt strength polypropylene

Low-density polyethylene

Medium-shear screw configuration
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Poly(methyl methacrylate-co-ethyl acrylate)
Medium-shear screw configuration
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Heterogeneous cell nucleating agents

Ozone depleting potential

Physical blowing agents
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Polyetherimide
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Phenolic foams
Poly(hydroxybutyrate-co-hydroxyvalerate)
Polyisocyanurate

Polylactic acid

Poly(methyl methacrylate)

poly(methyl methacrylate)-(ethyl methacrylate) copolymer
Poly(methyl methacrylate)-co-poly(methyl methacrylate) copolymer
Poly(2,6-dimethyl-1,4-phenylene ether)
Poly(2,6-dimethyl-1,4-phenylene ether)/poly(styrene-co-acrylonitrile) blend
Polystyrene
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1 Introduction

Thermoplastic polymer foams are cellular materials consisting of gaseous voids packed by a denser
polymer matrix. Their diverse properties such as light weight, high relative strength, high surface-
volume ratio and resilience makes them versatile materials for packaging, acoustic, prosthetic,
cushioning and thermal insulation applications [1,2]. The application of polymeric foams depends
greatly on their cellularity', wall stiffness®, cell size and weight. The cell size and foam density are
the two most important foam characteristics because careful control of both features dictates the

product's overall performance and cost.

The development of polymeric closed-cell foams started in the early 1930s and, in 1931, the first
patented extruded closed-cell foam made out of polystyrene (PS) was granted to Munters C. G. et al.
[1]. These foams were macrocellular; i.e. they had an average cell size larger than 100 pm.

Further development in this direction continued until, in 1981, Martini J. E. et al. [3] at Massachusetts
Institute of Technology (MIT) invented microcellular foams®. These foams were processed via a solid-

state batch foaming technique using supercritical CO; as a blowing agent. The motive behind their

invention was to reduce material weight and save costs.

The advancements made in polymer foam processing technologies from the late 1980s to late 1990s

brought about the classification of foams into the following categories:

* Fine-celled foams. They are foams with a mean cell size (¢, ) between 10 pm and 100 pm.

=  Microcellular foams. Foams with a mean cell size of less than or equal to 10 pm and cell densities

larger than 10 cells/cm?.

These classifications, however, failed to specify the corresponding foam density ranges or volume

expansion ratios (VER) to be fulfilled.

It is a known fact supported by several studies in the literature [4-9] that microcellular foams possess
superior properties in comparison to conventional foams. Consequently, it was expected that foams

with smaller mean cell sizes (nanocellular foams)* would offer even far superior properties, especially

95

in areas of thermal insulation where the so-called “Knudsen effect™ could be exploited to decrease

the thermal conductivity of polymeric foams.

From early 2000 to date, the foam industry began a paradigm shift towards nanocellular foams (Figure
1.1). But in spite of the extensive research studies [10-13] that have focused on achieving this target,
the realization of even microcellular low-density foams, i.e. foams with VER larger than 10, remains
a hurdle. Several attempts have also been made where the use of tailor-made fillers, as well as the use

of different combinations of blowing agents and fine-tuned processing parameters did not yield

" Open-cell or closed cell or a mixture of both.

2 Flexible or rigid cell walls.

3 Foams with an average cell size of less than or equal to 10 pm with cell densities exceeding 10° cells/cm3.
4 Foams having an average cell size <1 pm with cell densities > 10% cells/cm3.

5 Thermal conduction of gas molecules in restricted spaces such as in cell walls of polymer foams.
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satisfactory results [14-16].

Paradigm shift
N el L'\}t(: i e M:h;w.:m'),
Microcellular closed-cell polymer foam Nanocellular closed-cell polymer foam
(1980 - 2000) (2001 - date)

Figure 1.1: Paradigm shift from microcellular to nanocellular closed-cell foams.

Polystyrene (PS), due to its cellular structure, light weight and cost effectiveness, has become the most

widely-used thermoplastic polymeric foam for thermal insulation applications, especially in

commercial and domestic buildings [17]. PS foams (XPS® and EPS’) account for roughly 32 % of the
European thermal insulation market as of 2017 [17]. In spite of the advantages PS foams offer, they
have an inherently high burning rate and high smoke emissions that emanate from the benzene rings
of the material [18].

Additionally, without the use of fillers, PS in itself performs poorly as a weak infrared-wave absorbing
material [19], thus offering low insulation performance during service life, especially when thermal

radiation is increased.

The outstanding weatherability, lower burning rate, and lower smoke emissions due to the absence of
the phenyl group in poly(methyl methacrylate) (PMMA) [18] make it a potential candidate for thermal
insulation applications and also an alternative to or possible substitute for PS. The aforesaid inherent
properties would minimize, to a large extent, the need for incorporation of high amounts of flame-
retardants as is usually done with PS, hence reducing the overall cost.

Unlike PS, PMMA can absorb infrared radiation at wavelengths of between 2.8 pum and 25 pm [19],
meaning that foams made out of PMMA would block infrared radiations more effectively.

PMMA is also well known to be CO,-philic because of the Lewis acid-base interaction that takes place
between its carbonyl oxygen and CO;[20]. This high absorption behaviour of PMMA can be exploited
to reduce the foam densities. In addition, it points to PMMA as a potential candidate for the

fabrication of microcellular and nanocellular nanocomposite foams.

The motivation of this thesis is to prepare low-density nanocomposite closed-cell foams based on PS,
PMMA and PS/PMMA immiscible blends. These targets are realized by the use of carbon-based
fillers, coupled with fine-tuning of the foam blend ratios and processing parameters.

Carbon-based fillers already known to absorb and/or reflect infrared radiation [21,22] are used as cell

6 XPS: extruded polystyrene foam.
" EPS: expandable polystyrene bead foam.
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nucleating agents. The influence of the individual filler geometries and filler content on the cell size,
cell size distribution and thermal conductivity of the nanocomposite foams are investigated.

Via blending, the high CO; absorption of PMMA is exploited to improve foam processability by

decrease of the glass transition temperature (Ty). Blending also aims at increasing the absorption and
retention of the blowing agent which, in turn, leads to: (i) increase of the foam cell densities above
109 cells/cm3, (ii) decrease of the foam mean cell size below 10 pm, and (ii) increase of the volume
expansion ratio to values higher than 10.

Batch-foaming and foam extrusion techniques are used in this work to fabricate the nanocomposite

foams.
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2.1 Thermal conductivity in polymeric closed-cell foams

In foams, thermal conductivity (A) is the total amount of heat that flows through a material of defined
thickness under a temperature difference. Heat flow across such foams as shown in Figure 2.1 occurs

via the following transport mechanisms:

* Conduction through the movement of free electrons or lattice vibrations® of the molecules in the
solid and gas phases.

= Convection via atom or molecule exchange of the fluids. This can be ignored if the cell size is
less than 4 mm [23].

= Radiation via photons of the cell wall and cell struts.

Thermal conductivity

through the matrix \

]
|

/11111

Thermal conductivity
via radiation

Thermal conductivity
through the cell gas

—

Figure 2.1: Thermal conductivity through a polymeric foam.

Thus, the total thermal conductivity of a polymer foam (A;ptq;) can be estimated by using the

expression in equation 2.1 [23].
Atotat = Asotia /1gas + Aradiation (2.1

where Agqiq is the solid conductivity, 444, is the conductivity via the gas molecules and A,qgiqation

accounts for the radiative contribution. The mathematical expressions for Asoiq, Agas and Aragiation

are given in equations 2.2 to 2.4 [24].

Asoria = (1 = Vf)(z_Tfs)kgozid (2.2)

8 Thermal conductivity through phonons.
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4 (Ti_Te)4
= m—— 2.3
0 Cn (1T 29
16n2KgT3
Aradiation = 3K z (2.4)
e,R

V represents the void fraction of the foam, fs denotes the strut volume and k24 is the bulk solid
conductivity. In equation 2.3, ¢ is the emissivity of the inner cell walls®, T; is the interior (indoor)
temperature (K) and T, stands for the exterior (outdoor) temperature (K). In equation 2.4, K is the
Stefan-Boltzmann’s constant, n signifies the effective index of refraction, T stands for the absolute
temperature (K) and K, y is the Rosseland extinction coefficient'® [24]. Additionally, of all three modes

of heat transport, the 444 is presumed to have the highest contribution (1545 = 50 %) [2511261.

The classical Stefan’s Boltzmann law given in equation 2.3 describes the relationship between the
radiative thermal conductivity and operating temperatures and, according to Figure 2.2, the amount
of solar radiation that reaches the surface of an exterior wall of a building is linked to heat build-up
that is equal to or above 70 °C. Therefore, it is reasonable to expect that, at higher temperatures, the
influence of Arqgiation Will increase relative to Asiiq and Agqs. Similarly, it is expected carbon-based

fillers such as graphene will absorb more infrared radiation at such high temperatures.

=+70°C

Ca. +22°C

—

Figure 2.2: Typical surface temperature of exterior wall of buildings (adapted from www.brillux.com).

9 ¢1is assumed to be identical for all cells.

10 Absorption plus scattering coefficient.
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The strategies to lower the A;y¢q; to the lowest value possible are:

= To decrease the foam bulk density. In other words, decreasing the solid fraction of the cell wall
and struts will reduce Agy;i4.

* Having nano-sized foam cells. This will lower 4,45 via the so called “Knudsen effect”.

® Inclusion of infrared absorbing and reflecting fillers such as carbon black, expanded graphite,

functionalized graphenes etc. in order to decrease A,qq4iqtion 121,22,27.

2.1.1 Knudsen effect in polymeric foams

“Knudsen effect” describes the contribution of gas molecules in restricted spaces to the thermal
conductivity. It occurs when the cell sizes of the foams are less than the mean free path11 (75 nm) (28]
of air molecules at ambient temperature and pressure. This effect comes into play as collision among
the confined gas molecules becomes insufficient, thereby upsetting the energy transfer'? between the
gas molecules and the cell walls.

Fundamentally, it is based collectively on the kinetic theory of gas, thermal conduction through

cellular structures and Rosseland diffusion approximation of thermal radiation [27]. The relationship

between the cell size and the mean free path (l) is defined by the Knudsen number (K;,) in equation

2.5 129].
K,=1/ i (2.5)

where lis the mean free path of the gas molecules and d. is the distance between two cell walls. The

effect of the mean cell sizes on Ay, is graphically presented in Figure 2.3 [30]. It is clear that A4 is
reduced by almost 50 % when the mean cell size is approximately 200 nm. A tremendous reduction

is further observed as the cell size approaches 100 nm.

Furthermore, Gong P. et al. [24] investigated the influence of PS foams nucleated with MWCNT on
Agas- They observed that the A4, increased from 23.6 mW/mK to 24.8 mW/mK for foams of the

same VER when the ¢ changed from 5 pm to 100 pm. By this, they clearly demonstrated the
contribution of the Knudsen effect as a function of cell size.
Also, it has been experimentally proven in a few published articles [31,32] that nanocellular foams at

low density exhibit remarkable thermal insulation properties compared to microcellular foams due to
the Knudsen effect.

" The mean free path is the average distance gas molecules travel between successive collision
12 This energy transfer is due to vibration
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Figure 2.3: Theoretical predicted reduction of the thermal conductivity (4445) component via the
Knudsen effect with decreasing cell size [30].

2.1.2 Traditional versus state-of-the-art thermal insulation materials

Generally, materials used for thermal insulation purposes have attracted much attention, especially
from industrial and governmental agencies. This is because of the need to improve the energy
efficiency of buildings and to reduce rising greenhouse gas emissions. Based on the survey report [17]
on the European Thermal Insulation Market, commercial and domestic buildings consume the bulk
(87 %) of insulation materials while the rest (13 %) is used by the construction (process plant, pipe

lagging, transport, domestic appliances etc.) industry.

The A values of traditional and state-of-the-art insulation materials are presented in Figure 2.4. To
date, vacuum insulation panels (VIP), which are a state-of-the-art material, offer the lowest A values

(5 £ 2 mW/mK) but they are much more expensive to purchase than traditional ones. The thermal
conductivity values of some of these commercially available insulation materials are summarized and

compared in Table 2.1
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Figure 2.4: Typical thermal conductivities and densities values [33-35] of various insulation materials
at normal operating conditions. EPS: expandable polystyrene, XPS: extruded polystyrene, PUR: polyurethane, PIR:
polyisocyanurate, PF: phenolic foams, VIP: vacuum insulation panels.

Table 2.1: Thermal insulation performance of traditional and state-of-the-art materials [36-43].

Material type Brand name Company A values (mW/mK)

VIP va-Q-pro Va-Q-Tec 4
OPTIM-R Kingspan 7
Aerogel Calostat Evonik 19
Slentite BASF 17
Spaceloft Aspen aerogels 14
PF Xtratherm (SR/CW) Kingspan 20
PIR Xtratherm (Thin-R XT/CW) Kingspan 22
XPS Styrodur® 3000 CS BASF 33

EPS Styropur® BASF 31-38

Note: Lower A values are preferred for thermal insulation application purposes.
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2.2 Microcellular to nanocellular polymer foams: A review

In order to realise the full benefit of polymeric foams as efficient thermal insulation materials, they

must possess two important properties, which are:

= Small mean size cells, i.e. cells less than 1 pm.

= Very high VER > 10. In other words, the foam density must be less than 64 kg/m?3 [44].

Since the goal of this thesis is to prepare low-density nanocomposite foams based on PS, PMMA and
blends of PS/PMMA using carbon-based fillers, it is pertinent to consider other studies with similar
goals but where different polymer matrices were used. Therefore, a compendium of polymeric foams

taken from the literature over the last decade that generated the smallest mean cell sizes coupled with

VER <10 is presented graphically based on the most frequently used foam processing technologies,

which are: the batch and foam extrusion process.

2.2.1 Microcellular and nanocellular foams manufactured via batch foaming process

The batch foaming process can either be temperature-induced or pressure-induced (section 2.7.2). A
survey of the literature revealed that the pressure-induced batch foam method was the most frequently
used technique of the two. Figure 2.5 summarizes a collection of microcellular and nanocellular foams
[2,30,31,45-74]. These foams have been classified into high density, medium-density and low-density
based on their volume expansion ratios. It can be clearly seen that the base polymer matrices cut
across the entire range of thermoplastics (commodity, engineering, high-performance). Below are some

of the studies producing foams that came closest to achieving the aforesaid ultimate goal.

Costeux S. et al. [30] processed, via a pressure-induced method, PMMA-co-EMA"™ foams with silica
as a heterogeneous nucleating agent. They applied in their experiments a pressure of 30 MPa and
temperature of 40 °C. With a 30 wt% CO; uptake by the matrix, medium-density nanocellular foams
having a ¢, of 95 nm, cell density (pcey) of 8.6 x 10™ cells/cm? and a VER of 4.88 (absolute density of

242 kg/m3) were realized. In a similar study, Costeux S. et al. [75] prepared PMMA-co-EMA' foams.
No nucleating agents were used and the foaming temperature was 5 °C lower than in their previous
study. The CO, uptake by the copolymer was up to 40 wt% presumable caused by the additional 1 wt%
EMA in the copolymer. The ¢,_was decreased from 90 nm to 80 nm, while the cell density and VER
increased to about 15 x 105 cells/cm3 and 5, respectively. The cell size achieved was only 10 nm larger
than the theoretical cell size of 70 nm for the “Knudsen effect” but, nonetheless, they were far from

being classified as low-density foams.

3 A random copolymer with of poly(methyl methacrylate) with 50 wt% ethyl methacrylate.
4 EMA content in the copolymer is 51 wt%.
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Figure 2.5 illustrates a plot of mean cell sizes as a function of volume expansion ratios of various
thermoplastic closed-cell foams prepared via batch foaming (2,30,31,45-74].

Furthermore, a 50/50 wt% miscible blend of SAN/MMA-EA'® blend foams was prepared via a
pressure-quench batch process by Costeux S. et al. [63]. The SAN contains 28 wt% acrylonitrile while
MMA-EA' contains 9 wt% of EA. The high affinity to CO, by the MMA-EA component in the blend
enabled the dissolution of 36.5 wt% of CO; compared to SAN (21.9 wt%). Their study produced foams
that were characterized by a ¢ of 92 nm, pcey; of 4.7 x 10® cells/cm?® and VER of 3.5. By definition
and classification, the foams produced from their study of SAN/MMA-EA were nonetheless high-

density nanocellular foams.

Guo H. et al. [61] processed polycarbonate (PC) without nucleating agents into foams via a temperature-
induced method by saturating the samples at -30 °C for 72 h. The samples absorbed about 20.4 wt%
of CO, and foaming was carried out at 70 °C in a hot silicon oil bath. Their experiment resulted in
high-density (670 kg/m?) nanocellular foams having ¢, of 21 nm, pcey; of 4 x 10 cells/cm?® and VER
of 0.56.

Miller D. et al. [73], by means of a temperature-induced batch foam process, saturated PEI'" sheets
(1.5 mm in thickness) at 21 °C with a pressure of 5 MPa for 280 h. The samples absorbed 40 wt% of

CO; and were foamed in a hot silicon oil bath to obtain high-density nanocellular foams with the

following characteristics: ¢, of 30 nm and VER of 1.4.

15 Poly((styrene acrylonitrile)/methyl methacrylate-co-ethyl acrylate).
6 Methyl methacrylate-co-ethyl acrylate.
7 Poly(ethylenimine).

10
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Yang J. et al. [50], via a pressure-induced batch process, saturated PS nanocomposites filled with 5
wt% of spherical-ordered mesoporous silica (OMS). They showed that the CO, absorption capacity of
unfilled PS and PS/5 wt% OMS was similar. They absorbed between 10.33 wt% and 10.53 wt%,
respectively. The PS-OMS samples were processed at 120 °C for 18h under high pressure, which was

released under 0.5 seconds. The samples were cooled afterwards with ice water to fix the morphology.

The foams were characterized by a ¢, of 7.8 pm, pce; of 3.55 x 10° cells/cm? and a VER of 8.6. These
foams were still medium-density but displayed the highest VER of all batch foams presented in the
plot in Figure 2.5.

2.2.1.1 Conclusion on micro-and nanocellular batch foams

A one-to-one comparison between the mean cell sizes and VER of foams prepared with same polymer
by different authors cannot be made due to slight differences in the amount of physical blowing agent
dissolved, filler type/filler content and variations in processing parameters. However, the following

points could be deduced from the survey:

® The saturation temperatures as well the foaming temperatures account for the major differences
observed in ¢ and VER. In addition to that, foams fabricated at pressures higher than 13 MPa
and at temperatures (T) above 100 °C or at T > T, of the base polymer resulted in medium-density
foams (VER 2 4 - 10) with larger ¢ _> 6 pm. The effect of a high foaming temperature on the
polymer density was more pronounced compared to the effect of s higher pressure [76,77].

* Foams which were seen to have ¢ _ < 1 pm were mostly prepared either at relatively low

temperatures or at temperatures well below their normal T, and at relatively high pressures of up
to 35 MPa.

* Foams which generated ¢ as low as 150 nm were fabricated with CO;-philic homopolymers,
copolymers or blends. These polymers were shown to absorb at least 20 wt % of CO, [61,63].

®* From all indications, high pressure drop rates and relatively low temperatures are necessary to

obtain nanocellular foams but processing at such low temperatures could produce foams with

densities closer to the density of the non-foamed material. e.g. with PMMA-MAM?2 copolymer
[691.
= Moderate use of nucleating agents (0.01 wt% to 5 wt%) that possessed high specific surface areas

decreased the ¢,_of foams significantly.

18 MAM: poly(methyl methacrylate)-block-poly(butylacrylate)-block-poly(methyl methacrylate).

11
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2.2.2 Microcellular and nanocellular manufactured via foam extrusion

It is easier to prepare low-density foams with very high volume expansion ratios (VER > 10) via
extrusion than by a batch foaming process. This is because the loss of blowing agent through the foam
skin can be minimized by adjustment of the processing temperatures, especially the die temperature
[1,78]. Lower processing temperatures have generally led to microcellular foams with higher VER
(16,791.

Figure 2.6 shows a graphical representation of extruded foams reported in the literature [5,13,44,80-
98|. A first look at the plot shows that commodity plastics were predominantly used as base materials.
Therefore, the scope of this section will be to discuss only foam studies irrespective of their polymer

matrix, which gave foams with the smallest mean cell sizes coupled with high VER.
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Figure 2.6: Plot of mean cell sizes as a function of volume expansion ratio of various thermoplastic
closed-cell foams prepared via foam extrusion [2,30,31,45-74].

Homopolymers

Zhang C. et al. [82] prepared extruded polystyrene foams by using CO, and water as a co-blowing
agent. For their experiment, a throughput of 4 kg/h, a slit die of 0.4 mm and a die temperature of
120 °C were used. The authors were able to generate fine-celled (75 pm) low-density foams (VER:
37.14) nucleated with 0.5 wt% of graphite (GR).

Larson A. et al. [84] processed PLA into foams using a single-line extruder using 2 % epoxy-
functionalized chain extenders in the form of a masterbatch. By metering 8 wt% of CO, at a fixed die
temperature of 125 °C, they obtained low-density fine-celled (22 pm) foams demonstrating a very high
VER of 42.76.

In another similar study, Mihai M. et al. [86] incorporated 0.5 wt% of chain extenders (epoxy-styrene-
acrylic oligomer) into PLA. They metered in to PLA 9 wt% of CO, at a fixed die temperature of 120
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°C. Low-density fine-celled (100 pm) foams having a very high VER of 41.9 were generated.

One peculiarity found in both studies is the use of specially-designed co-rotating screws to process
PLA foams. Emphases were placed on the screw configuration and the specific number of zones in
the barrel in order to ensure adequate mixing, control and maintenance of pressure build-up

Xu Z. et al. [97] studied the foaming behaviour of HMS-PP with SiO; as a cell nucleating agent. They
performed their studies on a single-screw-single-line extruder by fixing the die temperature at 160 °C.
The use of a combination of CBAs: Azodicarbonamide'® and EPTcor 882%° resulted in fine-celled-
medium-density fine-celled foams characterized by a low VER of 7.5 and a mean cell size of 60 pm.
Chaudhary A. K. et al. [85], incorporated 3 wt% of organoclay into PP and an unstated amount of
maleic-anhydride-grafted-polypropylene (PP-g-MA) as a compatibilizer. Using a single-screw extruder
with a fixed die temperature of 145 °C, the authors generated high-density fine-cellular (87 ym) foams
characterized by a very low VER of 3.

Both investigations reveal one interesting point, which is that the temperature of the die is always set

some few degrees higher than the T, of PP.

Lee Y. H. et al. [5] prepared extruded LDPE nanocomposites foams with as little as 0.05 wt% layered
silicate in addition to 15 wt% of LLDPE-g-maleic anhydride, which served as a coupling agent. By
metering 8 wt% of CO, and setting the die temperature to 95 °C?', they were able to generate high-

density-microcellular foams having ¢,_of 5 pm at a very low VER of 3.6.

Copolymers

Costeux S. et al. [90] used a single-line extruder equipped with a long residence time cooling device
which was fixed before the die element, to produce the only extruded nanocellular foam (XMMA-EA)
available to date in the literature. With a CO, content of 20 wt% along with 0.25 wt% of silica particles

as nucleating agents, they successfully produced nanocellular foams having a ¢, of 389 nm. The VER

(3.24) of these foams were found to be very low meaning that they are of high densities.

2.2.2.1 Conclusion on extruded foams

It is obvious from Figure 2.6 that there are neither microcellular nor nanocellular low-density foams.
In view of this, the target of this research work will be the areas marked in blue boxes in the above
figures. Another important observation is that some of the frequently used polymers in batch foaming
studies are currently not being investigated in many foam extrusion studies. For instance, there are
virtually no articles on extruded PMMA (XPMMA) despite the fact that its high CO, retention
capacity could be exploited to make low-density foams. A reason for this may lie in the price of PMMA
which, based on market surveys (2016), was found to cost: (2.60 - 3.2) € per kg in comparison to PS
(1.20 -1.40) € per kg.

9 An exothermic chemical blowing agent.
20 An endothermic chemical blowing agent.
21 A relatively low temperature for foam extrusion.
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2.2.3 Conclusion on micro-and nanocellular batch and extruded foams

Although huge advancements have been made in the production of microcellular and nanocellular
foams, the bulk of these investigations has focused on cell size reduction at the expense of high foam
density, which beyond question is one of the most important properties of polymeric foams.

Furthermore, in order to further advance the foam processing research community, the following

should be stated in any article published in the future:

= The bulk density of the pure polymer material or unfoamed polymer.
= The mean cell sizes along with either one of the following: foam densities or volume expansion
ratios or the relative densities.

= The amount of blowing agent absorbed by the samples, the processing temperatures and the

pressure drop rates observed in foaming.

And based on the findings of this survey, the following conclusions are made:

= To date, there has been no success at fabricating low-density-nanocellular foams by any of the foam
processing techniques that have been considered in this survey. The closest results achieved are:
(1) medium-density-nanocellular foams based on PMMA-co-EMA [30,75] and (ii) high-density-
nanocellular foams based on MMA-EA [90]. Both foams were respectively prepared via batch and
foam extrusion methods.

= The realization of low-density nanocellular foams can be made possible when copolymers and
blends with very high affinity for CO, (> 20 wt%) are employed.

= (COj; appears to be the chief blowing agent for processing of foams via batch process and foam
extrusion.

= It took over 20 years (1980-2000) for the foam community to shift completely from macrocellular
to microcellular foams and a period of over 15 years to move to making nanocellular foams.

= Polymers with T, > 130 °C usually produced foams with smaller mean cell sizes while polymers
with T, below 130 °C are able to yield foams with low densities.

= The possibility to produce closed-cell nanocellular low-density foams (VER > 50) using the
aforementioned technologies could be conceivable in the near future with the development of new
novel materials which include: nucleating agents, copolymers, blends, combination of blowing

agents. More Advanced processing techniques will also help to achieve this target.
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2.3 Foaming principle and process

2.3.1 Cell nucleation in polymeric foams

Nucleation is the first step in the fabrication of polymeric foams and it occurs by random formation
of distinct thermodynamic nuclei that have the ability to irreversibly grow into larger sized nuclei
within the body of a metastable parent phase®. The resultant nuclei as shown in Figure 2.7 have free
energies lower than the parent phase. The difference in free energy between the two systems is the

driving force behind the transformation. In relation to the foaming process, the resultant nuclei and

parent phases are referred to as the bubble®® and polymer melt, respectively.

2.3.1.1 Classical nucleation theory

The classical nucleation theory (CNT) is an empirical theory most frequently used to describe the
mechanisms of cell nucleation and growth in polymeric foams. The postulations and approximations
of CNT are highlighted below [99-101].

= All nuclei are spherical droplets with distinct sharp boundaries.

= The nuclei possess the same physical properties as the bulk.

* The effect of pressure drop?* (AP) on cell nucleation is taken into account but with disregard for
pressure drop rates (AP /At).

®= An instantaneous pressure drop is followed by instantaneous nucleation. This scenario is
improbable in reality because pressure drop occurs over a period of time.

= Cell interfaces are infinite flat planner surfaces.

Due to these assumptions and approximations adopted by CNT, a couple of published works [99,102]
have demonstrated some remarkable deviations from this theory and these have called to question the
accuracy and validity of the CNT. Nonetheless, and in spite of these shortcomings, the CNT provides
a dominant conceptual understanding of the cell nucleation process in polymeric foams. Henceforth,
it shall be adopted to further explain the mechanism of bubble nucleation and growth with respect to
polymeric foams.

The CNT classifies cell nucleation into two categories, namely: homogenous and heterogeneous cell

nucleation and these are schematically presented in Figure 2.8 for visualization purposes.

Classical homogeneous cell nucleation

Homogenous cell nucleation involves the spontaneous formation of cells without the presence of any
heterogeneous particle or pre-existing cavities present in the development stage. This usually occurs

in response to random fluctuations or changes in temperature or pressure. The free energy barrier

(AQ) reaches a high-energy maximum when R (Figure 2.7) equals the critical radius (r*). The critical

22 The metastable parent phase is the polymer melt.
23 Foam cell.
24 The difference between the internal cell pressure and the pressure surrounding the cell.
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radius represents the minimum size a nucleus must attain before it can grow to become a stable bubble

or cell.

There are two scenarios as shown in Figure 2.7 that could occur depending on the apparent size of

the nucleus:

i. When R < r*, the nucleus collapses back into the polymer melt.

ii. When R > r*, a stable nucleus is formed and will continue to grow until it stabilizes.

Also, the stability of the cells depends on the competition between the pressure drop (AP) and the
interfacial energy® (y, ). By taking these factors into account, an expression for the Gibb’s free energy

of cell nucleation is obtained as shown in equation 2.6 [59].

4
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Figure 2.7: Modified schematic diagram [100] of (a) bubble nucleation and growth as a function of free
energy, (b) contact angle and semi-conical angle for heterogeneous bubble nucleation.

The dependence of r*on AP and the y,p is expressed in equation 2.7. Consequently, the Gibb’s free

energy barrier for homogeneous nucleation (AG};,.,,) can be expressed in equation 2.8 as:
gy g Hom

r* = 2)/_(13 (2.7
AP )
16 my3
AG,y = —£ 2.8
Hom 3AP2 ( )

25 Also referred to as surface energy.
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Since homogenous nucleation occurs in the absence of heterogeneous particles, the AV term in
equation 2.6, which accounts for free volume?® due to the presence of heterogeneous particles, can be

ignored. Hence, the rate of homogenous nucleation (Ny,,,) can be calculated from the expression

derived in equation 2.9.

where fj is the frequency factor of the gas molecules to join the nucleus?’,

Nuom = foCoexp (%)

gas molecules, Kj is the Stefan-Boltzmann’s constant and T is the temperature.

(2.9)

Cy is the concentration of
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Figure 2.8: Modified schematic diagram [21] of homogenous and heterogeneous cell nucleation in
polymer foams.

Classical heterogeneous cell nucleation

Unlike homogenous cell nucleation, heterogeneous nucleation does not occur spontaneously. It is
triggered by the presence of heterogeneous particles such as fillers that consequently act as nucleation
centres. The introduction of fillers of any kind?® lowers the Gibb’s free energy maximum but it largely

depends on the filler type and topography; i.e. shape factor (S). Equation 2.10 shows the expressions

for heterogeneous cell nucleation (AGp,;).

16T yaB

AGy
Het = 3pp2

—=+5(0,) (2.10)

26 Is to the ratio of the specific free volume to the specific volume of a polymer.
27 The frequency factor varies with the surface area of the nucleus.
28 Assumed by the classical nucleation theory to be plate-like and with planer surface.
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$(8c) =7(2+3 cos(6,) — cos*(6,)) (2.11)

The shape factor in equation 2.11 depends on the wetting or contact angle (6,.) between the cell having
a radius (R) and the surface of the filler. S will decrease as 6, increases and this will lead to further
reduction of AGjj.;.

Considering that in reality some standard heterogeneous nucleating agents (NA) such as talc are not
plate-like in geometry but particle-like, nucleation is assumed to occur in a conically-shaped pit as
shown in Figure 2.7b; i.e. the preferred nucleation site will therefore be defined by the semi-conical
angle () as shown in equation 2.12 [103]. The size of § will influence the work required to nucleate

a cell.

cos 0. cos?(6.—p)

Sin 8

S(0c, ) = [-2sin(8, — ) + ] (2.12)

2.3.2 Nanofillers as functional nucleation materials

Nanofillers are generally regarded as particles having at least one of its dimensions in nanometre

length scale. Based on their dimensions, they are classified [104] into three major categories:

=  Three-dimensional nanoparticles (3D). This include particles such as silica, carbon black (CB),
titanium dioxide (TiO,), etc., which have all dimensions in the nanometres as can be seen in
Figure 2.9.

= Two-dimensional nanoparticles (2D) include platelet-like particles that have their thickness in
nanometre and lateral dimensions between few hundreds of nanometres to a few micrometres.
Examples of such particles include: graphite-based particles (functionalized graphene, expanded
graphite), layered silicates (nanoclays), etc.

=  One-dimensional nanoparticles (1D) comprise of particles such as carbon nanofibers (CNFs),
carbon nanotubes (SWCNT, MWCNT), cellulose whiskers, etc. They have at least two of their

dimensions in the nanometre range, thus they are all referred to as nanotubes.

a v

One-dimensional nanofiller Two-dimensional nanofiller Three-dimensional nanofiller

Nanoplate Nanofibre Nanoparticle
Thickness < 100 nm Diameter < 100 nm All dimensions < 100 nm

Figure 2.9: Categories of nanoparticles [105].
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Basically, nanocomposites can be prepared either through solution casting, melt blending or in-situ
polymerization techniques [105]. The properties of the nanocomposites depend greatly on the filler
concentration and the dispersion quality of the fillers. Figure 2.10 illustrates the types of dispersion

for clay-filled nanocomposites [105].

Clay Polymer

Non mixing
Convenﬁonal Composite Intercalated structure EXfOliated structure

Figure 2.10: Schematic representation of clay platelet dispersion in a polymer matrix [105].

Zeng C. et al. [6] reported outstanding nucleation efficiency in PMMA nanocomposite foams when as
little as 1 wt% of MWCNT was added as nucleating agent. In another foam extrusion study of PLA/clay
nanocomposite foams, Keshtkar M. et al. [106] reported that a tremendous reduction of the cell size
and increase of cell density and melt strength was achieved with good dispersion of 5 wt% of clay.
Also in another study, Zhang C. et al. [14] observed a decrease of the thermal conductivity of extruded
PS nanocomposite foams with the addition of activated carbon particles.

Furthermore, it has also been demonstrated that nanoparticles led to significant improvements in
mechanical [53], thermal [107] and electrical conducting properties [70,108] of polymeric foams. All
these notable improvements show dependence not only on the size of the nanoparticles but on their
dispersion quality®®. In general, well-exfoliated fillers yielded the best results.

A list of assorted multifunctional, heterogeneous particles that have been used for the manufacture of

polystyrene nanocomposite foams is given in Table 2.2 [12,13,23,82,109-130].

29 Quality expressed in terms of degree of particle aggregation, agglomeration or exfoliation in the polymer
martrix.
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2.3.3 Significance of carbon-based nanofillers in polymer foam applications

Currently, specific attention is being given to the use of carbon-based nanofillers such as graphene,
expanded graphite, carbon black, carbon nanotubes, carbon nanofibers etc. in various foam
applications due to significant improvements in the thermal, electrical as well as flame-retardant
properties achieved with the addition of little amount of such fillers [70,131-135].

Apart from thermal insulation applications, there are two other highly researched areas where carbon-
based nanocomposite foams are in very high demand:

® in electromagnetic interference shielding (EMI) foam materials

® in halogen-free flame retardants (HFFR) foams

Electromagnetic interference shielding foam materials

For high EMI shielding efficiency (SE), good electrical conductivity of the nanocomposite foams is of
paramount importance because the foam material should be able to absorb or reflect electromagnetic
radiation. Electrically conductive carbon-based nanoparticles function very well as effective shielding
materials because they are able to change the properties of microcellular foams from insulating to a

semiconducting one. A target SE value of about 20 dB [136] is required for commercial purposes.

Zhang H. B et al [57]. reported a high electrical conductivity (3.11 S/m) of PMMA foams with very
low amount of graphene (1.8 vol%) which is three times higher than the required target value (1 S/m)
[137] for good EMI shielding properties. A corresponding EMI shielding efficiency of 13 -19 dB at 8 -
12 GHz was also achieved at same filler content (Figure 2.11).

Thomassin J. M et al [137]. achieved high shielding efficiencies between 60 dB to 80 dB with 0.25 vol
% of MWCNT for PCL foams. Their results further show that the SE of the foams were three to four
times higher than that of the PLC compact (unfoamed) material. In another similar study [138], an
EMI SE of approximately 20 dB was realised with polyvinylidene fluoride (PVDF) nanocomposite

foams reinforced with 5 wt% of functionalized graphene.
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Figure 2.11: (a) Electrical conductivity of PMMA/Graphene nanocomposite versus PMMA/graphene
nanocomposite foam (b) Electromagnetic shielding efficiency of microcellular PMMA/Graphene

nanocomposite foam [57].
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Halogen-free flame-retardant foams

Considerable improvements in the combustion behaviour of polymer foams have been achieved mostly
with the use of Phosphorus-halogenated flame-retardants but the dense and toxic smoke caused by

these compounds during combustion has led to their limited use especially due to environmental and

health concerns [134,139]. Therefore, the development and use of intumescent®® halogen-free flame

retardants (HFFR) have become imperative.

Carbon-based fillers such as expanded graphite®’ (EG) is a perfect example of such intumescent
halogen-free flame retardant that has been used and is still currently being used in many of these
applications [134,139-141]. The flame-retardant mechanism of EG [142] is such that when heated to
above 220 °C, the molecules of EG reacts with sulphuric acid to form gases (carbon dioxide, sulphur
dioxide and water). This action causes the graphite layers to expand into a voluminous worm-like
structure on the surface of the material that suffocates the flames, and the resulting char layer hinders
heat penetration and diffusion of flammable volatile products towards the flame as well as diffusion
of oxygen into the underlying material. Figure 2.12 [140] exemplifies the flame-retardant (self-
extinguishing) behaviour of EG in semi-rigid polyurethane foam. The burnt layer (top-most layer)
which appears almost degraded due to complete expansion and more exposure to the flame could
hinder heat flux and oxygen diffusion. The surface layer is only partially degraded because the
temperature there is not high enough to severely destroy the foam material. The inside layer remained

intact due to complete protection from heat and oxygen.

Burned Layer-

Surface

Figure 2.12: Flame-retardant behaviour of expanded graphite in semi-rigid polyurethane foam [140].

Tests such as limiting oxygen index (LOI)** and underwriter laboratory flame rating test®> (UL 94)
are generally used to evaluate the flame-retardant performance of polymer foam materials. When the

LOI value of a material is less than 21 % it is classified as flammable because it will support an open

30 An intumescent compound is one which during combustion generates in combination with other components,
a charred barrier layer on the surface of the material that hinders heat penetration and diffusion of oxygen.

31 EG is a graphite intercalated compound in which sulphuric acid has been inserted between the carbon layers.

32 Standard test method for determining the minimum oxygen content required to support candle-like
combustion of a plastic.
33 This test method rates a material’s tendency to either extinguish or spread a flame once it has been ignited.
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air burning situation; between 22 % and 25 %, the material self-extinguishes automatically and above
26 %, the material will have burning difficulties.

The vertical burning (UL 94-V) test requires a material to self-extinguish in order to pass the test. A
V-0 rating is regarded as the best, V-1 rating as good and a V-2 rating as drips (dripping of flaming

material).

Table 2.2: Commonly-used nucleating agents for the production of PS nanocomposite foams

[12,13,23,82,109-1301.

Heterogeneous nucleating agents

Acetylene black ¢

Activated carbon (AC)“

Alkali lignin

Aluminium trihydroxide (ATH)
Azodicarboxylic acid diamide
Barium sulphate

Black Iron oxide

Boron nitride

Calcium carbonate (CaCOs)
Carbon black®?

Carbon nanotubes (CNT)T ¢
Channel black®

Carbon nanofibers (CNF)*
Cellulose fibres

Ceramic microspheres
Chemically reduced graphite oxide (CRGO) *
Clay (organic and inorganic)
Crystalline silica (SiOy)
Diatomaceous earth (inorganic)
Ethyl lactate

Ethylene methyl acrylate (EMA)?®
Ethyl vinyl acetate (EVA)*
Expandable thermoplastic microspheres (ETM)
Expanded graphite (EG)

Furnace black

Flax fibres

Glass fibres

Granulated asphalt®

Graphite (natural or milled) *®

Graphite oxide (GO)

Graphite nanoplatelets

Magnesium hydroxide (M (OH),)
Magnesium Oxide

Mica®

Metal flakes

Modified layered silicates (MMT, OMMT)
Nanowhiskers (chitin, cellulose)

Nanoclays (Cloisites)

Pine (standard softwood)

Poly ethylene glycol (PEG)*

Powdered amorphous carbon®

Silicates (calcium, sodium, lithium)

Silk fibroin powder

Sodium bicarbonate (NaHCO3)

Sodium hydrogen tartrate (organic)

Sodium and potassium hydrogen succinate (organic)
Spherical ordered mesoporous silica (ss-OMS)
Stearates (barium, calcium, sodium)
Supramolecular compounds

Talc®

Thermally reduced graphite oxide (TRGO)%?
Titanium dioxide (TiOy) %

Waste ground rubber tire powder

Wood fibres

Zeolites

% infrared attenuating agents (IAA), : heat reflectors (HR), < cell enlarging/anti-blocking agents (CE/ANBA).
IAA, HR and CE/ANBA are materials that can be very useful in terms of decreasing the thermal
conductivities of polymeric foams.
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2.3.4 Effect of polymer-filler interaction on cell nucleation

The extent to which fillers bond to the polymer matrices determines their nucleation efficiency.
Interestingly, the expectation that fillers with smaller dimensional sizes will lead to higher nucleation
densities was found to be valid for particles with certain size limits [143,144].

In addition to particle size, the shape as well as topography of the particle surface also influence cell
nucleation. For instance, a study by Fletcher N. H. [145] revealed that particles with flat surfaces offer
better nucleation rates compared to tubular particles due to their curved edges. His arguments were,
however, countered in another work by Chen L. et al. [146]. Goren K. et al. [56] concluded that there

is competition between the number of nucleation sites and nucleation efficiency.

Leung S. N. et al. [147] studied the effect of wetting angle and the angle of conical cavity of a nucleating
agent. They found that the difference (6, - ) determines the growth rate of a bubble. Both angles
were observed to have affected the free energy in such a way that increasing 6 led to a decrease of
AGy,t, whereas the effect of f was dependent on 0. It was also shown that when 8, = 90 °, smaller
B improved heterogeneous cell nucleation but when 8, < 90 °, heterogeneous cell nucleation is not

favoured.

Conclusively, ideal nucleating agents for polymer foams should fulfil the following criteria [148]:

* They must not severely adhere to the polymer matrix>*.
= They should be homogeneously dispersible and adequately exfoliated within the polymer matrix.
= They must be present in sufficient quantity to foster the creation of more nucleation centres.

= The nucleants should be characterized by uniform size, shape and surface properties.

2.4 Role of blends in polymeric foams

Blending of polymers has become a beneficial and versatile means to produce novel multi-phase
materials that are able to satisfy complex demands for high performance. It involves physical mixing
of two or more chemically-distinct homopolymers, copolymers and /or terpolymers. The properties of
the resulting polymer blends are a combination of the properties of the individual components. A

blend may be miscible*®, partially miscible®® or immiscible®” depending on the properties of the

8

components, composition ratio, interfacial characteristics, viscosity ratio, deformation®® and

disintegration phenomena as well as their methods of synthesis [62,149].

34 This is equivalent to large wetting angle.

35 Blends with single-phase morphological structures.

36 Blends with either a single phase or two-phase morphological structures.

37 Blends with multi-phase morphological structures.

38 The relative displacement within a material measured by shear strain and resisted by elasticity.
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2.4.1 Basic thermodynamics of blend miscibility

The miscibility of polymer blends depends on the value of Gibbs free energy of mixing (AG,,) as
shown in equation 2.13 [150], where AH,, is the enthalpy of mixing®® and AS,, is the entropy of
mixing.

AG,, = AH,, — TAS,, 2.13

Thermodynamically, binary blends will be miscible if the following conditions are fulfilled:

i. AG, <O0.
ii. The second derivative of the free energy with respect to the volume fraction of a component in

the blend should be positive as given in equation 2.14.

2
(a AGp, >0 9.14

awﬁ)m

where @; is the blend composition and it is taken as the volume fraction of one of the components.
Figure 2.13 further illustrates the miscibility of binary blends based on the value of the Gibbs free

energy of mixing as well as composition.

?;

Figure 2.13: Gibbs free energy of mixing for binary blends as a function of their composition. Curve-
A - represents total miscibility, curve-B - complete immiscibility, C- partial miscibility.

A blend represented by curve-A satisfies the aforementioned conditions i and ii for miscibility and is
therefore miscible. Curve-B on the other hand has AG,, > 0 and as such is completely immiscible
irrespective of the blend composition. A blend system described by curve-C would be partially miscible
because AG,, > 0 and the second derivative of the Gibbs free energy of mixing is greater than zero.

Miscibility can only be possible on the left and right composition areas of local minima of curve-C.

39 The heat either generated during mixing (exothermic) or consumed (endothermic) during mixing.
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2.4.2 Miscible polymer blends

Miscible blends are basically for investigating and refining polymer combinations [151]. The properties
of miscible blends are affected by their chemical structure, molecular weight, combinatorial ratio and
interfacial interactions of the pure components. However, with respect to foaming processabilities and
foam properties, blends of this nature basically show additivity behaviour [152] with no known

morphological characteristics.

2.4.3 Immiscible polymer blends

Immiscible blends are multi-phase systems that result in various interesting morphologies at the
molecular level. These interesting morphologies illustrated in Figure 2.14. are dependent upon having
control over the interfacial interactions. A sea-island morphology is that in which the minor
component is the island (dispersed phase) and the major component is the sea (continuous phase). A
co-continuous phase morphology results when both components are present at comparable
concentrations and, as such, interpenetrate each other to form a network structure. The droplet-in-
droplet*® morphology is generated when the blending polymers are near the phase inversion region

or by selective imposition of phase inversion and subsequent control of the time of mixing [153].

The microstructural changes that occur in immiscible binary blends having a sea-island morphology
are governed by two dimensionless numbers, namely: the viscosity ratio (17,-) of the blend and capillary
number (Ca). 1, is the ratio of the viscosity of the droplet phase (14) to the viscosity of the continuous

phase (1,,), while Ca is the ratio between the deforming hydrodynamic stresses and the restoring

interfacial stresses.

The expressions for these numbers are given in equations 2.15 and 2.16 [154] where 7}is the shear

rate*’, Ry is the radius of the droplet and a represents the interfacial tension. Comprehensive details

on droplet deformation mechanisms and the thermodynamics of immiscible blends have been covered
adequately in the work of Ruckdaschel H. [62] and Gutmann P. [155].

40 Also known as composite droplet morphology or core shell structure or sub-inclusion or particle in particle
morphology.

41 The rate of change of shear strain (), i.e. the amount of deformation due to shearing.
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Figure 2.14. Typical phase morphologies of immiscible blends as a function of composition.

Nr = Na/Mm (2.15)

Ca= Ny ¥ Ry/a (2.16)

Immiscible polymer blends have been employed in numerous foam studies since they offer several

advantages like: increase of cell nucleation [156], enhancement* of the foamability of semi-crystalline
polymers [157,158], increase of cell densities [157], improvement of melt strength to support cell
expansion and growth [159], realization of nano-sized foams [154] and decrease of foam densities by

use of COy-philic polymers [160] etc.

In conclusion, the focal point of these studies indicates that the final cell morphologies of immiscible
foam blends are dependent upon the interfacial properties, which can be manipulated by the blend

ratios and processing parameters.

2.5 Blowing agents for foaming

Blowing agents (BA) are substances that are capable of expanding to create the cellular structures
required in polymeric foams. The quantity of blowing agent that is absorbed by polymer matrix
influences properties such as the cell sizes, cell densities and, most importantly, the volume expansion

ratios of the foams or foam densities. These blowing agents are classified into chemical blowing agents

(CBA) and physical blowing agents (PBA) depending on the phase transitions* which they undergo.

42 Decrease of crystallinity.
43 Solid — gas or liquid — gas.
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Some examples of blowing agents [12,13,23,82,109-130] used in foam processing are listed in Table 2.3
(for PBA) and Table 2.4 (for CBA).

2.5.1 Chemical blowing agents

CBA create the cellular structures in polymer foams by chemically reacting or decomposing either

exothermically or endothermically under elevated processing conditions** to liberate gases that expand
the foam. One of the most frequently used CBA is Azodicarbonamide (ADC) and it is exothermic in
nature. Its decomposition at temperatures of 205 °C - 215 °C produces solid residues which remain in
the foam plus gaseous mixtures of nitrogen (Ns), carbon monoxide (CO), carbon dioxide (CO,) and
ammonia (NHj3). Ny makes up approximately 65 % of the total gas liberated from ADC. Bicarbonates
of sodium and zinc are examples of the most frequently used endothermic CBA. The use of CBA
does not give good control over porosity and they often result in foams having non-uniform cellular
structures. Conclusively, in comparison to physical blowing agents, CBA have the advantage of being
easier to incorporate into the polymer to be foamed via compounding but their low solubility,

especially in thermoplastic materials, is a disadvantage.

2.5.2 Physical blowing agents

In contrast to CBA, PBA are generally gases that do not react chemically because of their inert nature.
They result from physical processes such as evaporation or desorption at certain pressures and
temperatures to liberate the desired gas.

In earlier times, Chlorofluorocarbons (CFCs) were typically the blowing agents of choice because of
their ease of use. Their use was banned in 1987 by the Montreal Protocol due to stratospheric ozone
depletion concerns [161]. As a result of this ban, partially-hydrogenated CFCs that have lower ozone
depleting potential (ODP) were then used as temporary replacements [162] but were later phased out
in 2010. As an alternative, volatile organic compounds (VOC) were also used but were strictly regulated
due to their flammability issues. These restrictions necessitated the use of non-VOC and
environmentally benign PBA which have zero-ODP. Nowadays, environmentally-friendly PBA such
as CO,, Ny and water (H,0) [30,53,87,163,164] are extensively in use either as mono- or co-BA.

44 High temperatures.

27



2 Theoretical background and literature review

Table 2.3: Commonly-used physical blowing agents for the production of polystyrene foams
(12,13,23,82,109-130.

Physical blowing agents

Halogenated hydrocarbons Inorganic blowing agents
Chlorofluorocarbons (CFCs) Carbon dioxide
Hydrochlorofluorocarbons (HCFCs) Nitrogen
Hydrofluorocarbons (HFCs) Water
Diffluoromethane, Trichlorofluoromethane Argon
Dichlorofluoromethane, Helium
Boron trifluoride Xenon
Ethylchloride Ammonium

Chlorotrifluoromethane
Methyl chloride

Aliphatic cyclohydrocarbons Aliphatic alcohols
Cyclobutane Ethanol
Cyclohexane Methanol

Isobutane Ethyl-hexanol
4-methylbenzene-1-sulfonohydrazide Isopropanol
Ethers Aliphatic hydrocarbons
Dimethyl ether n-Pentane
Vinyl methyl ether Isopentane
Methane
Ethane
Ester

Methyl formate

Table 2.4: Commonly-used chemical blowing agents for the production of polystyrene foams

[12,13,23,82,109-1301.

Chemical blowing agents

Azodicarbonamide (ADC)

Azobisisoibutyronitrile (AIBN)

Bicarbonates or carbonates

2-methacryloyloxyethylhy-hexadecyldimethyl Ammonium bromide (MHAB)
Sodium bicarbonate in combination with citric acid

Sulfonyl hydrazide
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2.5.2.1 Supercritical fluids as blowing agents

Supercritical fluids (SCF) are gases that have been heated above their critical temperature (T,) and

compressed above their critical pressure (P,) as shown in Figure 2.15. As a consequence, they exhibit
intermediate properties between liquids and gases as shown in Table 2.5. SCF possess liquid-like
densities, gas-like viscosities, diffusivities intermediate to that of liquid and gas and low surface
tension. Although a number of substances such as nitrogen, water, ammonia, ethane, methane, etc.

are useful examples of supercritical fluids, supercritical CO; has been the most widely used in

processing polymeric foams [51,54,165-168|.

Supercritical
region

Q 20
) £ Liquid
0 Critical point
a
Te=31.1°C
pc = 73.8 bar

Temperature, T

Figure 2.15: Phase diagram of supercritical fluids [169].

The non-flammable, non-toxic, chemically-inert nature of CO, as well as its availability at high

purities and its low-cost place it as a top-notch PBA for processing of foams. Besides, the critical point

of CO, (T,:31°C,P.:7.38 MPa) [163] is easily accessed and allows it to be used at relatively low

temperatures below 60 °C.
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Table 2.5: Comparison of the properties of SCF with those of liquids and gases [170].

Liquid SCF Gas

Density (kg/m?) 0.6 -1.6 01-1 107
Viscosity (Pas) 103 10 - 10 10
Diffusivity (cm?/s) 10 107 - 10+ 10!

Another advantage of processing foams with supercritical fluids is the depression of T; due to their

high plasticization power effect*. This consequently allows for foams to be processed at lower
temperatures that give the melt sufficient strength to sustain cell expansion. T, depression has been
found to be more pronounced in amorphous than in semi-crystalline polymers because, in the latter,
crystallinity decreases gas solubility and diffusivity and also enhances viscosity [171].

Additionally, the high compressibility of such fluids enables their plasticizing power to be tuned and
controlled by small changes in temperature and pressure. Examples of polymers where the T, were

depressed by supercritical CO, are listed in Table 2.6 [160].

Table 2.6: Ty of various polymers depressed by 8 wt% to 23 wt% of supercritical CO [160].

Polymer matrix Bulk density (g/cm?) Initially measured Tg °C) Depressed Tg °C)
PS 1.05 103 48
PMMA 1.17 11 52
PS + SBM 1.01 98 39
PMMA + MAM 1.02 109 43
MAM 1.08 95 40
SBM 1.01 96 34

PS: polystyrene, PMMA: poly(methyl methacrylate), SBM: styrene-butadiene-methlymethacrylate.
MAM: methylmethacrylate-butylacrylate- methlymethacrylate.

The sorption experiments for these polymers were conducted at 40 °C for 16 hours using a pressure
of 30 MPa. The quantity of CO;, absorbed by the polymers was between 8 wt% to 23 wt%. It was
further demonstrated in the same study that absorption of CO; decreased as the processing
temperature was increased. This means that processing foams at lower temperatures are more likely
to yield better results in terms of achieving smaller cell sizes, higher cell densities and high volume

expansion ratios.

45 The SCF molecules are able to act as diluents that causes chain segmental mobility to increase, thereby
lowering the polymer T..
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2.5.2.2 Solubility and diffusivity of blowing agents

For foams to be processed at relatively low temperatures, a sufficient amount of the blowing agent gas
e.g. CO, has to be absorbed by the polymer. This quantity is dependent on the solubility limit which
defines the maximum amount of gas that can be dissolved in the polymer either in the solid or melt

state under a given pressure and temperature.

There are basically two methods used to estimate the total amount of CO, absorbed by a polymer
specimen. The first method involves (i) saturating the polymer sample in a high-pressure autoclave,
(ii) periodic but gradual depressurization of the autoclave at relatively low temperatures and (iii)
removal of the specimen and measurement of its corresponding weight. This action is continued until
no further change in weight is observed; meaning that the specimen is fully saturated with gas*®. The
mass uptake of CO; at any given time is then calculated using equation 2.17 [60,172], where M4 ; is
the gas concentration at time t, W; is the mass of the specimen after time t and W; is the initial mass

of the sample.

Myqse = (va;lwi) x 100 % (2.17)
Figure 2.16a presents an example of this method using PMMA. It must be mentioned that the
limitation of this method lies in the fact that it does not provide any data on the gas diffusivity of the
system and does not estimate accurately the amount of gas absorbed by the sample.

Additionally, there is usually a slight loss of gas as the autoclave is depressurized inclusive of the time
the sample is removed from the autoclave to be weighed. A more accurate method to make such an
estimation is to use a magnetic suspension balance but it has a pressure limitation of about 25 MPa.
Therefore, it cannot be used for very high gas pressure measurements.

The second method involves saturating the sample to equilibrium, removing the sample from the
autoclave and subsequently measuring the weight loss of the sample at certain time intervals as CO,
diffuses out. In order to obtain the equilibrium concentration (M;) of CO, in the polymer specimen

without any desorption, i.e. estimation of the total amount of CO, at time, t = 0, a plot of the amount

of CO; absorbed by the polymer at time t (M,) versus the square root of the desorption times recorded
is made as illustrated in Figure 2.16b.

M, is obtained by fitting the desorption curve linearly and extrapolating to zero. Assuming that the
sample thickness L (cm) remains unchanged, Fick’s second law (equation 2.18) [173] can be applied

and the diffusion coefficient D; (cm?/min or cm?/s) is obtained from the slope ((4/L)(Dy/m)Y/?)

of the curve.

M‘/M0 = 4(Dq/m)'/2(t1/2/1) (2.18)

46 Tt can be said here that the polymer has attained its equilibrium gas concentration.
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Figure 2.16: (a) CO, sorption curve (b) CO; desorption curve of poly(methyl methacrylate).

2.6 Role of rheology in foaming

Since the final foam microstructure is governed by the viscoelastic properties of the polymer matrix
[174], it is important to perform rheological experiments to predict the foaming behaviour of polymers
under deformational stresses. In foam extrusion, for example, the melt is subjected to two types of
deformations, namely: shear and elongational deformations. Shear deformation occurs when the melt
is subjected to the shearing actions of the screw in the barrel, while elongational or extensional
deformation starts as soon as the melt exit the die and takes place for a very short period of between

one and five seconds [88].

2.6.1 Shear Rheology

For large numbers of melt processing operations, shear deformation is essential because it provides
information about the material structure and its flow characteristics [174,175]. It has been shown that

the foam microstructure is strongly dependent on their shear rheological properties [176,177] and that
enhanced cell morphologies were achieved for matrices with higher complex viscosities (%) and

storage modulus (G') [178,179].

Furthermore, when polymer materials are filled with nanoparticles, additional information such as
particle-particle interactions or particle-matrix interactions can be obtained from the n*, G'and phase
angle (tan (0)) data. The relationship between the complex shear viscosity and storage and loss moduli

(G"") is given in equation 2.19, where @ is the angular frequency.
2.19

1
Il ==V6'* + 6"

Oscillating rheometers, capillary rheometers, etc. are examples of laboratory devices that can be used

to obtain shear viscosity data.

32



2 Theoretical background and literature review

2.6.1.1 Van Gurp-Palmen plot for linear and branched polymers

In 1998 [180], Van Gurp and Palmen presented what is today known as the van Gurp-Palmen plot
(vGP-plot) as a rheological method to verify the time temperature superposition principle (TTS). For

this, a plot of the phase angle (6 = tan! (G’/G”) is plotted against the corresponding absolute value of
the complex shear modulus (|G*|). Using this approach, Tinkle S. et al. [180], discovered that more
shear rheological information due to the effect of molecular weight, polydispersity, chain branching
and multiple (main chain and side chain) relaxation processes [181] could be obtained from such plots.
In addition, information about structural composition in relation to filler dispersion can be obtained

from a vGP plot.

For linear polymers, the shape of the vGP-curve is sensitive to the chemical composition, molecular

weight, molecular weight distribution and tacticity [180]. Furthermore, the shape of the curve reveals

excellent information about the plateau modulus (G,(\),)M, entanglement molecular weight (M.) of
polymers, miscibility of blends [182] etc. of linear or branched chain polymers. For example, linear
polymers generally exhibit a characteristic curve like those shown for polystyrene in Figure 2.17a [180]
where the the 8 value decreases as the molecular weight of the polymer increases. The influence of
difference in polydispersities (M,,/M,) of some selected poly(olefin)s is presented in a reduced van
8

Gurp-Palmen plot (rvGP-plot)™ in Figure 2.17b. Regardless of chemical structure and tacticity, all

rvGP- curves of polymers with the same polydispersity will superimpose on one another [180].
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Figure 2.17: (a) Van Gurp-Palmen plots of three polystyrene samples with different molecular weight
(b) reduced vGP-plots of thermoplastic polymers having different chemical composition and
polydispersities [180].

Miao H. [182], employed vGP-plot to determine the plateau modulus (GY) of linear and cyclic

polyoctenamer (PCO). They found out that the (GJ) of cyclic PCOs were lower than that of linear
PCOs as shown in Figure 2.18.

47 The corresponding absolute value of complex modulus (|G*|) at tan (8) minimum.
48 The rvG-Plot is obtained by plotting the phase angle (5) versus (|G*|)/(GJ)
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Figure 2.18: Van Gurp-Palmen plots of linear and cyclic polyoctenamer at a reference temperature of

40 °C [182].

Furthermore, vGP-plot was used by Hao X. [183] to confirm the miscibility of PLA/PMMA blends.
They observed negligible deviation in comparison to the curve of neat PMMA. The superimposition
of the blend curves irrespective of experimental temperature, indicated that the blends are
thermorheologically simple. i.e. the various relaxation times exhibit similar temperature dependence
(183].

Also, the liquid-solid transformation of filled polymer nanocomposites can be determined from vGP-

plots [184,185]. An example of such transformation is shown with the shear rheological data of
PLA/GNP nanocomposites in Figure 2.19. The liquid-like behaviour is indicated by 8-|G*| = 90°
(Glim0 6 = 90°) whereas in a solid-like behaviour 6-|G*| curve approaches 0° at low absolute complex

modulus [185]. The filler content beyond which the liquid-like behaviour is changed into a solid-like

behaviour is referred to as the rheological percolation threshold [185].
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Figure 2.19: Van Gurp-Palmen plots of PLA/GNP*® nanocomposites at (a) 180 °C (b) 200 °C [185].

4% GNP: Graphene nanoplatelets
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2.6.2 Elongational rheology

Elongational rheological characterization on the other hand is also vital as information about melt

strength which relates to cell expansion and growth can be obtained. There are three types of

151 52

elongational flow, namely: uniaxial®®, biaxial®' and planer®®. Biaxial elongation is the major
deformation mode in polymer foaming processes but experimental complexities and the non-
availability of reliable techniques makes it difficult to accurately carry out these studies [1].
Elongational properties can be calculated from shear data when the deformation is small, but when
the deformation is large - i.e. outside the linear viscoelastic region - extensional properties cannot be

predicted from shear data. Still, in order to compare elongational and shear data outside the linear
regime, the Trouton law which relates elongational uniaxial viscosity (77,,;) to shear viscosity (77,) was

introduced [1] and it is given in equation 2.20. The expressions for biaxial and planer viscosities in

relation to shear viscosity are also given in equations 2.21 and 2.22, respectively.

Mug = 37, 2.20
Ng = 67, 2.21
Np = 41, 2.22

Elongational rheological experiments are primarily done to select the optimum matrix candidate to
be foamed. These experiments are basically performed for in processes such as blow-film extrusion,
injection blow moulding etc. where biaxial stretching of the polymer melt is encountered. In order to
have comparable results, it is important to investigate polymers that have the same processing history.
In particular, polymers with very low-melt strength that do not exhibit strain hardening under

extensional flow [85] are mostly appropriate for this purpose.

Polymers with such characteristics, when foamed, develop thinner cell walls during cell expansion
and; when this happens, cell coalescence and even cell rupture occur. Examples of such polymers with
foamability challenges are: polypropylene (PP), low-density polyethylene (LDPE), polylactic acid
(PLA) etc. Despite these challenges, chain branching, blending, control of the processing temperatures
and adjustment of molecular weight and molecular weight distributions [86,88,149,186-190] are some
of the methods that have been used to enhance the melt strength and strain hardening properties of

these polymers.

Furthermore, for illustrative purposes, the extensional deformation behaviour for two high melt

strength polypropylenes (HMS-PP) having different thermo-mechanical history is shown in Figure

%0 Elongation in only the z-direction with corresponding contraction in the x and y-directions.
51 Elongation in z- and x-directions with corresponding contraction in the y-direction.
52 Elongation in z-direction, contraction in the y-direction and no elongation or contraction in the x-direction.
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2.20 [191]. Strain hardening (SH) behaviour®® can be seen for both samples and this is important for
selecting the polymers to be foamed. SH is seen as a form of enhanced viscosity that is needed to help
prevent cell coalescence and rupture during growth and expansion [88]. Besides, strain hardening is

barely observable for biaxial extension [1].
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Figure 2.20: Elongational rheological behaviour of pure HMS-PP after one and three extrusion cycles
(191].

Semi-crystalline polymers such as those mentioned earlier are mostly associated with low melt
strength and strain hardening problems unlike amorphous polymers that exhibit better melt strength
properties.

High molecular weight PS (M,,> 150,000 g/mol) [192], which is an example of an amorphous polymer,
is able to form a strong entangled polymer network that leads to higher viscosity and melt strength at
normal processing temperatures (190 °C to 230 °C). Additionally, its benzene ring side chain favours
the formation of higher entanglement density at even higher temperatures.

Elongational measurements can be executed using Miinstedt rheometer, Meissner rheometer,
Rheotens extensional device etc. Procedural details of the aforesaid measuring devices can be found
elsewhere [193,194]. Elongational viscosity values can also be obtained using contact-free optical

methods such as Laser-Doppler anemometry (LDA) [195]196].

53 Strain hardening is known as extensional thickening and is related to the rapid increase of a polymer viscosity
at large strains.
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2.7 Foam processing technologies

Since the focus of this work is to manufacture microcellular and nanocellular low-density closed-cell
foams for thermal insulation purposes, this section will concentrate on briefly reviewing the two most
extensively used foam-processing methods, namely: batch foaming and foam extrusion. The basic

similarities and differences between both methods are summarized in Table 2.7.

2.7.1 Stages of the foaming process

Fundamentally, the principles of foaming are the same for the three aforesaid processing methods

and the stages involved are:

=  Saturation: the polymer is saturated with a physical blowing agent at sufficiently high pressures
and defined temperatures. This of course depends on the T for amorphous polymers and T, for
semi-crystalline polymers.

®* Nucleation: thermodynamic instability, i.e. pressure drop (AP) is introduced into the
supersaturated polymer-gas mixture either by a sudden increase of temperature or a rapid decrease

of pressure. At this point, phase separation of the mixture occurs, prompting cell nucleation due

to decrease of gas solubility.

= Cell growth: growth evolves as gas diffuses into the stable nuclei. The growth rate of the
successfully nucleated cells is controlled by (a) the gas diffusion rate, (b) the viscoelastic behaviour

of the polymer at that temperature and (c) state of supersaturation, etc.
= Stabilization: cell growth is impinged by rapid cooling of the resultant foam either by water,
non-reactive solvents or by air. Consequently, the cellular structure is solidified and a stabilized>*

microstructure is formed.

2.7.2 Batch-foaming process

Batch foaming, as the name implies, is a batch-wise process typically conducted in an autoclave. It
involves the aforementioned sequential foaming stages which can be performed in either one-step®

or in two-steps®. If a one-step procedure is observed, it is referred to as the pressure-quench method
or pressure-induced method and, if a two-step process is followed, it is referred to as the temperature-
induced method.

The specimens for batch-foaming experiments are usually in the form of a circular disc, rectangular
or square-shaped compact materials. The thickness of such specimens is usually between 0.5 mm and
3 mm and it is a very important dimensional factor because information about gas diffusivity can be

extracted.

54 The stabilization of the cell structure depends on the melt-strength and cell growth stresses.
55 All the stages of foaming are observed at once in an autoclave without any transfer of the sample.

% The specimen saturation stage is carried out in one-step and in another step, the inducement of cell nucleation,
growth and stabilization are performed in a separate second-step.
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Pressure-induced batch foaming (a one-step process)

In the pressure-induced method presented schematically in Figure 2.21, the specimen is saturated at
a specified pressure in the autoclave with a physical blowing agent. After the equilibrium saturation
time has been reached, cell nucleation and growth are induced by rapid depressurization of the
autoclave to atmospheric pressure. Afterwards, the final cell microstructure is fixed. Unlike in the
two-step method (temperature-induced batch foaming), the saturation process usually takes place at

higher temperatures.

Pressure is released
usually at higher
Pressure temperature
release valve

Pressure /
Autoclave ’—Nf % %

T, P
| || e | :
/ / /
Pol melrsam le /
Polymer sample ol pl Foam cell
|mpreg(r:1(a)ted with nucleation and
CO, Cylinder 2 growth
\ )
Y
One-Step

Figure 2.21: Pressure-induced (AP /At)batch-foaming process

Temperature-induced batch foaming (a two-step process)

In contrast to the pressure-induced method, saturation here is usually conducted at moderately low
temperatures. After the equilibrium saturation time has been achieved, the specimen is taken out of
the autoclave as shown in Figure 2.22. Thermodynamic instability is introduced by dipping the
supersaturated specimen into an already prepared hot oil bath set at a fixed temperature of choice
(usually between 80 °C and 150 °C) for a specific time period (typically between 1 sec and 600 sec).
Cell nucleation is induced and growth continues. The sample is taken out of the oil bath and immersed

in a cooling bath filled with water or a mixture of other solvents.
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Figure 2.22: Temperature-induced (AT /At) batch-foaming process.

2.7.3 Foam extrusion

Foam extrusion is a continuous process which consists of an extruding unit and die-shaping unit. It
follows the same principle as the conventional plastic extrusion process with the slight difference of
blowing agent introduction at a certain point on the extrusion line as illustrated in Figure 2.23. Most
foam extrusion lines used industrially are tandem lines as opposed to single lines because (i) they offer
higher output rate and (ii) the problem of screw snap caused by temperature differential as a result of
heating and cooling different zones of the screw in single lines does not occur. This is because tandem
lines have one barrel specifically for melting and the other for cooling. However, single lines are still
in use for sensitive polymeric materials, e.g. polylactic acid (PLA), that require shorter residence time
(190].

Polymers in pellet form are introduced into the first barrel (melt-extruder) through the feed hopper.
The pellets are then melted under high pressure at relatively high temperatures. Via an injecting unit
located on the barrel, PBA such as CO; in supercritical condition is injected into the melt and a one-
phase homogenous system is formed from a two-phase system (polymer-gas) due to the high pressure
in the barrel. CBA can also be used but it must be fed together with the pellets. Under certain

temperatures and pressures, the CBA decomposes to liberate the required gas into the melt.
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Figure 2.23: Schematic diagram of foam extrusion on tandem-line.

The gas-loaded melt is advanced into the second barrel by the motion of the screw. Here, the melt is
slightly cooled to a temperature lower than in the first extruder but temperature is remaining high
enough to provide good mixing. Nucleation is suppressed due to high pressure encountered in the
barrel. The melt-pump controls the polymer melt flow rate, independent of the temperature and
pressure changes. The heat exchanger provides further cooling for the polymer melt to suppress cell
coalescence. As the polymer-gas melt leaves the extruder through the die, foam cells are nucleated by
a rapid pressure drop generated as the mixture exits the die. The cells keep growing until vitrification
occurs. It is important to note that cell nucleation can occur either in the die or after the die as shown
in Figure 2.24. In most cases, the final part of the foam extrusion process consists of calibration and

cutting of the extruded foams.

(a)

Figure 2.24: Cell nucleation (a) occurring inside the die, (b) occurring outside of the die.
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Table 2.7: Comparison between batch-foaming and foam extrusion processing technologies

[1,30,53,165].

Basis for comparison

Batch foaming

Foam extrusion

Process type

Purpose

Material amount required

Pre-moulding step

Screw type

Addition of nucleating
agents/ process flexibility

Filler dispersion/mixing
quality

Sample state during gas

loading/ saturation
temperature

Blowing agent supply

Blowing agent uptake

Maximum achievable
pressure

Temperature adjustment
and control

Driving force for
nucleation

Shear impact on polymer

Cell density range

Cell size distribution

Batch-wise

Fundamental foam studies of new
materials

Small amount (in grams)

Pre-moulding step such as
injection moulding, compression
moulding or casting is normally
done to mould the species into the
required geometry

No screw

Foam composition is fixed from
the onset. Must be done in the pre-
moulding step using either
injection moulding or extrusion,
etc.

Determined from the result of the
pre-moulding step

Solid-state. Done conventionally
below T, for amorphous polymers
and above T, for semi-crystalline
polymers

Polymer sample is saturated with
the blowing agent until
equilibrium is reached

Moderate to high

Up to 400 bar (40 MPa) [45-74]

Experimental temperature is fixed
but can be changed from one level
to another. This method offers only
one temperature zone

Pressure drop or change in
temperature

No shear, therefore sensitive
materials can be processed

106 - 10'6 cells/cm?

Uniform cell size distribution can
be achieved

Continuous

For economically feasible and large-
scale foam production

Large amount is needed (usually in
kilograms).

Not required, as it is a moulding tool in
itself

Long-single or double (usually co-
rotating) screws.

Composition can be changed at any
time. i.e. nucleating agents can be
introduced at any time during
processing

Better mixing quality compared to foam
injection moulding.

Melt state. Metered above Tg for

amorphous polymers and above T, for
semi-crystalline polymers

Blowing agent is metered (i.e. a specific
amount of gas is supplied) but not more
than the melt can take

Low to high

Up to 250 bar (25 MPa) [5,13,44,80-98|.

Offers more opportunities to use
different temperatures due to the
availability of different zones

Pressure drop
High shear

10%- 10" cells/cm?

Although uniform cell size distribution
can be achieved, sometimes the
diameter of the cells found at the core
are different from those found at the
edges. This might be due to variations
in cooling between the foam surfaces
and the core
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Basis for comparison

Batch foaming

Foam extrusion

Foam density reduction
achievable

Volume expansion ratio

Surface quality
Foam skin
Size of foam parts that can

be produced

Shaping
element/flexibility

Total experimental time
required to obtain a foam
sample

Foaming of multiple
specimens

Tooling cost

Up to 85 %

moderate to high expansion

Good
Light skin

Small parts that can be used to
make some very basic
measurements

Foams take the shape of the
preformed sample but are often
irregular.

Varies from 30 minutes to 72
hours depending on polymer type
and sample thickness

Possible with many sample holders
in the pressure autoclave

Relatively cheap compared to the
other two methods.

Up to 80 %

Low to very high expansion

Good and often glossy
Light skinned foams

Simple but large parts such as foam
slabs.

The geometry of the die determines the
shape of the part. Foams exiting the die
can be calibrated. Allows for more
flexibility of changing dies

Shorter times (2-15 minutes)

Limited/not possible

Expensive depending on machine
capacity. Additional cost is incurred
from other peripherals like melt pump,
calibrator, etc.
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2.8 Polymeric foam characterization and classification

2.8.1 Foam structure characterization

The features of polymeric foams are characterized by the following terms:

Foam density

The density of foams (pf) is usually evaluated by a density kit based on the water-displacement method

of Archimedes' principle. The expression in equation 2.23 shows how the foam density is calculated.

X represents the mass of the sample in air and Y is the mass of the sample in water.

pr =—— (2.23)

Foam relative density

The relative density (py¢;) of a foam is the ps divided by the density of the unfoamed or solid polymer

(Ppotymer)- It is the inverse of the volume foam expansion ratio as shown in equation 2.24.

prot = —L—=— (2.24)
Ppolymer VER

Cell density

Cell density (pcey;) signifies the number of cells per unit volume with respect to either the foamed
polymer (equation 2.25) or with respect to the unfoamed solid polymer (equation 2.26), where n is the

number of cells selected for evaluation, A is the total area occupied by the selected cells, and M is the

magnification factor of the microscope. V stands for the void fraction of the foam in equation 2.27.

Peetl = (nMZ/A)% (2.25)
Peell = (nMZ/A)%(l/l — V) (2.26)
Pr
=1—-|— 2.2
Vf ! <ppolymer> ( 7)

Further information about the purposes of the respective equations serve is given in greater detail
elsewhere [197,198].
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Cell size

The mean cell size (¢,,) is usually the average value of all cell sizes estimated by examining a
reasonable number (usually three) of scanning electron micrographs. The cell size distribution is also
another important characteristic to consider because it indicates the homogeneity level of the foam
cell morphology. It is calculated according to equation 2.28 [199] by assuming the cells to be spherical

in shape.

1/3

) (2.28)

1 6
¢m — X — X (1 — L
Pcet T ppolymer

Nucleation density

The nucleation density (pyyc;) gives an indication of the nucleation efficiency of the nucleating agents
especially by assuming the absence of cell coalescence. It is expressed in equation 2.29 [199,200] as
the number of nuclei or nucleated cells per cubic centimetre of the unfoamed polymer. This

calculation is also based on the assumption that the cells are spherical.

Pceu Pceut
= = 2.29
Pnuct 1 Vf Drel ( )

Nucleation efficiency

The efficiency of the nucleants (Ny,;) can be estimated from equation 2.30 [201], where w;, is the
weight fraction of the nucleating particle in the polymer composite, p,, and ppoiymer are the densities

of the nucleating particles and the polymer, respectively, and V}, is the volume of an individual
nucleating particle.

Nucleants w,
uclea =_pxppolymer (2.30)

N =
Nul cm3 pp Vp
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2.8.2 Classification of polymeric foams

Polymeric foams are commonly classified according to their cellularity, wall stiffness, volume

expansion ratios and mean cell sizes.

Cellular structure

This refers to connectivity of cells within the foam. When the cells are interconnected®’, they are
referred to as having an open-cell structure. But if the cells exist as separate discrete entities, they are

described as having a closed-cellular structure.

Wall stiffness

Foams with cell walls that collapse when pressed are said to be flexible while those with relatively

stiff cell walls are referred to as rigid foams.

Volume expansion ratio

Volume expansion ratio refers to the ratio of the bulk density of the pure or compact polymer material

to the bulk density of the foamed polymer material. Based on this definition, foams are categorised

as:

= High-density foams: VER = 4.

= Medium-density foams: VER >4 - 9.

® Low-density foams: VER > 10 - 50.

Size of foam cells

Polymeric foams are classified nowadays as macrocellular, fine-cell, microcellular and nanocellular

based on the following criteria:

=  Macrocellular: cell size > 100 pm

=  Fine-cell: cell size > 11-100 pm
=  Microcellular: cell size < 1-10 pm

=  Nanocellular: cell size < 1 pm

It is important to mention that the aforesaid classification unfortunately does not take into account
the foam densities; a property which is considered one of the most important properties of polymeric

foams.

57 Connection of cells through holes.
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3 Motivation, aims and strategies

3.1 Motivation

About 40 % of the energy generated in the EU is consumed by commercial and domestic buildings
[17]. Concerns over enhanced energy efficiency in buildings coupled with rising energy prices have
triggered demand for high performance thermal insulation materials. One of the key ways to decrease
energy consumption has been the use of polymeric microcellular closed-cell. To achieve a low thermal
conductivity (less than 34 mW/mK), low density foams (less than 64 kg/m3) [44] foams are required.
The current trends in microcellular and nanocellular foam production, involves the use of mostly
carbon-based nano-sized nucleating agents. Some of these nucleating agents have infrared radiation
absorption and reflection capabilities [21,22], that enable the reduction of the overall thermal
conductivity by decreasing the thermal radiative contributing component.

The conventional methods for preparing microcellular and nanocellular nanocomposite foams are via

batch-foaming and foam extrusion techniques using CO; as the blowing agent.

Literature survey on microcellular (cell size < 10 pm) low-density (VER > 10) closed-cell foams
manufactured either through a batch foam process [45,46,50,54,71,202-204] or via foam extrusion
[13,14,87,110,127,205], revealed that polystyrene (PS) and poly(methyl methacrylate) (PMMA) were the

most frequently used polymer matrices to fabricate these foams. Analysis of the data which is presented

in Figure 3.1 showed that low-density foams®® could be generated with PS while foams with cell sizes
less than 10 pm were generated with PMMA.

Astonishingly, it can be seen that microcellular low-density foams have so far not been successfully
fabricated using either PS or PMMA [31,53,54,56,57,70,72,206]. This is indicated by the target area
marked with a blue rectangular box in Figure 3.1.

Therefore, the focus of this work is to prepare microcellular low-density nanocomposite foams of PS,
PMMA and PS/PMMA blend that meet the criteria in the target area.

Blending PS with PMMA provides a synergistic approach to exploit the high CO, absorption capacity
of PMMA in order to:

= reduce the overall foam density, decrease the mean cell size and increase of cell density.

= improve foam processability at lower temperatures due to a further decrease of the glass transition

temperature in order to increase VER.

Carbon-based fillers such as carbon black (CB) and thermally-reduced graphite oxide (TRGO) well
known for its infrared radiation absorption and reflection capabilities [21,22], will be used as cell-
nucleating agents, while talc will serve as the benchmark nucleating agent. Therefore, foams with
superior thermal insulation performance compared to commercially-available foam materials that
show thermal conductivity values between 34 mW/mK and 37 mW/mK is also one of the focus of this
study.

%8 Foams with volume expansion ratio greater than 10 (VER > 10).
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Besides, there is no available literature on extruded PS (XPS) or PMMA (XPMMA) foams with TRGO

as nucleating agent.
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Figure 3.1: Volume expansion ratios (VER) as a function of mean cell size for batch and extruded PS

and PMMA nanocomposite foams®® [13,14,45,46,50,54,71,87,110,127,202-205].

3.2 Aims

= The ultimate aim of this thesis is to prepare low thermal conductivity (< 33 mW/mK) microcellular
low-density closed-cell nanocomposite foams based on PS, PMMA and PS/PMMA blends. As
mentioned before, the foams are to be characterized by mean cell sizes of less than 10 pm, density
of less than 64 kg/m3 or volume expansion ratio larger than 10.

= To investigate the influence of blending on CO, sorption, desorption and diffusivity properties of
the nanocomposites and how it affects the cell sizes, cell densities and volume expansion ratio.

= To investigate the influence of filler size, geometry and content, surface area and dispersion quality
in order to control the cell morphology.

= To study the effect of the filler-matrix interfacial interaction on the tensile and rheological
properties of the nanocomposites in order to understand and predict foaming behaviour under
deformational stresses.

= To study the influence of the use of variable amounts of CO, and different die temperatures on

the cell microstructure in order to identify the optimum processing conditions for foaming.

% The survey only considered articles where the densities and corresponding cell sizes were stated. No
published articles were found in the literature on XPMMA foams that fulfilled such criteria.
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3.3 Strategies

The approaches to be taken in order to realize the set objectives are as follows:

The nanocomposites of different filler concentrations will be prepared via melt blending from
synthesized masterbatches.

Compounding of the nanocomposites will be performed on a lab-scale twin-screw extruder having
configurations that differ in pitch length and number of kneading blocks. This is aimed at
achieving high filler dispersion quality within the selected polymer matrices.

In order to understand and analyse the influence of interfacial strength® on the resultant
nanocomposite properties, tensile test will be carried out. In addition, dynamic shear rheological
experiments will be performed to determine the viscoelastic properties of the nanocomposites,
especially if the added fillers are able to form a percolation threshold at very low filler
concentration.

CO; solubility experiments will be performed with unfilled and filled nanocomposites to determine
their maximum sorption capacities and the diffusivity properties of CO..

The knowledge gained from the gas solubility kinetic experiments will serve as a guide for
subsequent solid-state batch foaming studies. From the batch foaming experiments, (i) the foaming
behaviour of the homopolymers nanocomposites and nanocomposite blends will be understood. (ii)
The right processing parameters will be determined and fine-tuned to realise foams with smaller
cell sizes, high cell densities and high volume expansion ratios.

Foam extrusion studies will be conducted on a tandem line. Since solid-state batch process
conditions are not identical to the conditions of the melt state, the knowledge gained from batch
foam experimental studies will provide a good base for defining the amount of blowing agent to be

metered during foam extrusion.

60 Interface between the fillers and the matrix.
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4 Experimental Section
4.1 Materials

4.1.1 Polymer matrix

Commercially-available thermoplastic amorphous polymers: polystyrene (PS 158 K) and poly(methyl
methacrylate) (PMMA Plexiglas®7N), were used as base matrices in this work. PS and PMMA were
provided by BASF SE, Ludwigshafen, Germany and Evonik Industries AG, Germany, respectively.

The PS 158 K is characterized by a density of 1048 kg/m3, a weight average molecular weight (M,,) of
335,000 g/mol and a melt flow rate (MFR)®! of 3 g/10 min. PMMA, on the other hand, has a density

of 1190 kg/m3, M, of 78,000 g/mol and MFR®? of 7.14 g/10 min. The chemical structures of both
polymers are illustrated in Figure 4.1.

CHj3

(a) (b) HO 0

Figure 4.1: Chemical structural formulas of (a) Polystyrene, (b) Poly(methyl methacrylate)

4.1.2 Physical blowing agents

Liquid carbon dioxide with less than 5% moisture content was purchased from Riessner-Gase,

Lichtenfels, Germany and ethanol (EtOH > 95 %) was purchased from Sigma-Aldrich, Germany.

4.1.3 Nucleating agents

Nanofillers such as talc, carbon black (CB) and thermally-reduced graphite oxide (TRGO) were used
as the main foam nucleating agents, while multi-walled carbon nanotubes (MWCNT) and expanded
graphite (EG) were used solely for supplementary experimental purposes. The nanofillers were
provided by the respective companies listed in Table 4.1.

All the aforementioned nucleating agents are commercially available with the exception of TRGO.
TRGO was synthesized as described in section 4.2.1 at Freiburg Materials Research Centre (FMF),
Institute of Macromolecular Chemistry, University of Freiburg, Germany within the framework of

the joint project “FUNgraphen” with grant number 03X0111A-D.

61 MFR measured according to ASTM D955, at 200 °C, 5 kg.
62 MFR measured according to ISO 1133 at 230 °C, 3.8 kg.
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Table 4.1: Suppliers of the respective nucleating agents used in this research work.

Filler Designation Supplier Particle size (um)
Talc Mistrocell® M90 Imerys-Talc, Belgium 6
CB Printex® 60-A Orion Engineered Carbons, Germany 0.021¢
TRGO TRGO FMF, Freiburg 5-7¢
MWCNT Baytubes C 150 P Bayer Material Science, Leverkusen, (4-13)x 103
Germany L>1
EG V-EG 98-40 Graphit Krofmiihl AG, Germany 6 -11¢

d: Median diameter provided by material suppliers.
e: Mean particle length estimated by scanning electron microscopy.
L: Length of nanotubes.

4.2 Sample preparation

4.2.1 Synthesis of thermally-reduced graphite oxide

Thermally-reduced graphite oxide was synthesized via a modified two-step procedure (Figure 4.2)
described by Hummers and Offeman [207]. In a standard experimental procedure, 60 g of natural
graphite (KFL 99.5, AMG Mining AG, Hauzenberg, Germany) was dispersed in sulfuric acid (1.4 L).
Sodium nitrate (30 g) was introduced into the mixture and it was stirred overnight to allow for
complete reaction. The mixture was cooled with an ice bath during which potassium permanganate
(180 g) was slowly added over a period of 3 h. The ice bath was then removed and the mixture was
left to stir for another 2.5 h until a highly viscous paste was formed. Quenching of the mixture was
done by adding ice water and hydrogen peroxide (3%, 200 mL) in a slow fashion until no further gas
formation was observed.

In order to obtain graphite oxide (GO) flakes, the resulting mixture was subjected to the following
sequential steps: (i) purification by cross-flow filtration with water, (ii) drying under circulating air at
40 °C, (iii) milling with a Cryo-ball mill (Retsch GmbH, Haan, Germany), while being cooled by
liquid nitrogen, (iv) drying again at 40 °C under vacuum.

In the second step, the dried GO particles were thermally reduced in a tube furnace at 750 °C under
a nitrogen atmosphere to yield TRGO. Elemental analysis of TRGO reveal it to contain: carbon
(85.0%), hydrogen (0.4%), sulphur (0.5%) and a total oxygen content of 14.0%.

1. Oxidation
—_—
H,SO4
NaNO3
KMnO4
[ Graphite oxide (GO)] Thermally reduced graphite oxide
‘ (TRGO)

Figure 4.2: Schematic route to TRGO synthesis [208]. The red colour pendant groups on the surface of GO and
TRGO represent oxygen functional groups.
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4.2.2 Masterbatch production

Masterbatches containing 5 wt% of the respective nanofillers (nucleating agents) were prepared as
follows:

In separate glass beakers, the fillers were dispersed in ethanol for the synthesis of PS masterbatches
and in THF for PMMA masterbatches. By means of an ultrasonic tip dispenser (Sonopuls HD 2200),
a typical mixture was sonicated typically for 12 min.

In a second stand-alone step, the respective neat polymer granules were first cooled down with liquid
nitrogen and then milled into powder form using a variable speed rotor mill (Pulverisette 14 classic
line). The powders were afterwards introduced into another beaker containing the filler-solvent
solution mentioned earlier. The resulting dispersion was further sonicated for another 20 min while
the beaker is being cooled in a water bath to prevent a rise in temperature of the mixture. The solvent
was removed from the dispersion on a rotary evaporator at 40 °C under vacuum, with a pressure of
0.012 MPa. The resultant masterbatches (also in powder form) were subsequently oven-dried at 80 °C
under vacuum for 7 days prior to melt blending. It is worth mentioning that the same procedures

were carried out for preparing the nanocomposite blends.

4.2.3 Melt compounding

The masterbatches were extruded using an intermeshing co-rotating twin screw extruder (Brabender
DSE 20/40, Duisburg, Germany) characterized by an L/D ratio of 40 and a diameter of 20 mm. The
setup of the screw is shown in Figure 5.2. The screws were configured with conveying elements having
two different pitch lengths (45 mm and 30 mm) in addition to three 45° kneading blocks placed at
different zones of the screw. A screw speed of 100 rpm together with the temperature profiles, which
can also be found in Figure 5.2, were fixed to achieve a throughput of 2.5 kg/h. A 3-mm-diameter
round die was used to extrude the melt strands which were then under-water pelletized into cylindrical
pellets in a 2-m-long water bath of 23 °C. The pellets were oven-dried under vacuum at 80 °C for a
minimum of 48 h.

In a second extrusion step, the masterbatches were diluted further to the desired filler concentrations

(0.1 wt. % to 2.5 wt. %) as required for succeeding experimental steps.

4.2.4 Injection moulding

Prior to moulding, the pellets of the respective polymer matrix were dried in a vacuum oven for 24 h

at 80 °C. Afterwards, dumbbell tensile test specimens were moulded on an injection moulding machine
(Krauss Maffei KM 65/180/55 CX V) according to DIN EN ISO 527-1, type 1A. The processing

parameters are summarized in Table 4.2.
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Table 4.2: Injection moulding machine specification and processing parameters.

Clamping force L/D | D (mm) Max. injection Vol (cm?) Max. injection P (MPa)

65 26 25 52 250

Injection moulding processing parameters

Sample Melt temperature (°C) Mould temperature (°C)
PS 210 60
PMMA 230 80
PS/PMMA blends 230 80

L: screw length; D: screw diameter; Vol: volume; P: pressure

4.2.5 Compression moulding

Compression-moulded specimens were prepared either for CO, sorption experiments, dynamic shear
rheological or batch foaming experiments. A hydraulic laboratory hot press PW 100 (P/O/ Weber)
with a maximum compression force of 130 kN and maximum operating temperature of 500 °C was
used for moulding the samples. Prior to compression, the pellets were dried at 85 °C under vacuum
for a period of 24 h. For PS-based samples, a compression melt-temperature of 200 °C was used, while
a temperature of 230 °C was used for all PMMA and PS/PMMA blend samples.

First, the pellets were loaded in the appropriate mould and compressed with a force of 10 kN for 5
min at the aforesaid temperatures. Afterwards, the compression force was increased to 110 kN and
compression was continued for another 7 min. Secondly, the mould containing the compressed
specimens was removed from the hot press and transferred to a cold press which was cooled by
circulating water at room temperature. Further compression was continued but with a lower force of
20 kN. The mould was left to stand for 4 min and the specimens were manually removed. The
dimensions of the specimens pressed for each test are reported in the corresponding measurement

subsections.
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4.3 Material characterization

4.3.1 Nanofiller surface area characterization

Brunauer-Emmett-Teller (BET) specific surface area measurements were carried out on a surface area
and pore size analyser (Quantachrome Nova 2000 e) at 25 °C and 40 °C, respectively. Prior to carrying
out the measurement, the fillers were degassed at 200 °C with standard mantles for 24 h under reduced
pressure so as not to cause any structural change to the fillers. BET analysis was conducted under
nitrogen gas at 77 K and the specific surface areas of the fillers were determined from the adsorption

and desorption isotherms based on equation 4.1 under nitrogen at a 77 K.

1 1 C—1(P) 4.1

W(P/P)— 1) WiC | WinC \B,

where W is weight of gas adsorbed, P/ P, is the gas’s relative pressure, W, C is the weight of the fillers

that relates directly to the surface area, C is the BET constant which is related to the interaction

between the nitrogen gas and the fillers.

4.3.2 CO, sorption and desorption kinetics

For these measurements, a pressure autoclave (BERGHOF Lab autoclave HR-500) having a capacity
of 500 ¢cm3 with a maximum operating temperature and pressure of 100 °C and 5 MPa, respectively,
was used. As an example, a rectangular compression moulded sample with dimensions (13 mm x 9
mm x 2 mm) was placed into the autoclave and was saturated at 23 °C with a pressure of 5 MPa for
24 h. There were two methods that were employed to estimate the maximum amount of CO, absorbed
by the sample.

In the first method, the weight gain of the specimen was determined by removing the specimen at
regular intervals from the autoclave and weighing the sample on a precise scale. As soon as the
specimen exhibited constant weight over time, it meant that the specimen had absorbed the maximum
amount of CO,. The final weight of the specimen was compared to its initial weight prior to sorption.
In the second method, the specimen was saturated with CO, until equilibrium was achieved. The
specimen was then removed and the weight loss at selected intervals was recorded. From equation
2.18, the equilibrium concentration of CO, in the specimen (M;) without any desorption (i.e.
estimation of the total amount of CO; at time, t = 0) was estimated. For each system, three samples
each were measured and the average value was reported. The standard deviations of the measurements

were in the range of + 0.09 wt%.
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4.3.3 Dynamic shear rheology

The dynamic shear rheological characteristics of the pressed circular disk samples of the
nanocomposites with dimensions (24 mm x 2 mm) were studied under a nitrogen atmosphere using

an oscillatory parallel plate rheometer (Rheometric Scientific RDA III).

Prior to testing, the specimens were dried under vacuum at 80 °C for 15 h. The gap between the
plates was adjusted to zero position and measurements were conducted at 200 °C. Dynamic strain-
controlled sweep measurements (0.1 % to 100 % at 1 rad/s) were performed at first so as to determine
the linear elastic regime of the samples, and thereafter frequency sweep tests (0.01 rad/s to 500 rad/s,
at 10 % strain) were conducted. A minimum of three samples were tested to obtain the complex shear

viscosity #*%, dynamic storage modulus (G'), dynamic loss modulus (G”) and tan delta (5).

The conversion of the filler content from weight percentage (wt% into volume percentage (vol%) was

calculated using equation 4.2.

Pm.- Wf

Ve =
L pp Wi + pm. Ws

(4.2)

Where V is the volume fraction of the filler, p,, and ps are the densities of the polymer matrix and

filler respectively and W, and Wy are the weight fractions of the matrix and filler. The densities of

the respective fillers are given in Table 4.3

Table 4.3: Densities and geometry nanofillers employed in this study.

Filler type Geometry Density (g/cm?)
Talc Plate 2.78
Carbon black (CB) Spherical 1.80
Thermally reduced graphite oxide (TRGO) Platelet 2.30

4.4 Morphology characterization

4.4.1 Scanning electron microscopy

The morphologies of compact nanocomposite materials as well as foamed samples were examined on
a scanning electron microscope (SEM) (Carl Zeiss Ultra plus FE SEM, Oberkochen, Germany) with
an acceleration voltage of 2 kV. To be able to analyse the resultant cellular structures of the foamed
materials, the samples were immersed in liquid nitrogen and fractured using a pair of pliers to expose
the needed surface area. These surfaces were then manually sputtered with a thin layer of gold prior

to microscopic investigation.
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4.4.2 Transmission electron microscopy

The quality of filler dispersion in the compact as well as foamed nanocomposite materials were
observed under a transmission electron microscope (Zeiss CEM 902A EFTEM) at an acceleration
voltage of 80 kV. Ultra-thin sections of the specimens (50 nm) were cut at room temperature using a
microtome. For foamed materials, the samples were either pressed into compact form or were

embedded in epoxy resin at room temperature prior to being microtomed.

For the estimation of the mean droplet sizes (D,,) of PMMA in PS matrix, a minimum of three TEM

images of each blend nanocomposite were analysed using a public domain software “Image J” and the
mean taken. The number average densities (p, . ) of the droplets were estimated by counting the

number of droplets per total area of the image under evaluation.

4.5 Mechanical testing

4.5.1 Tensile test

The tensile properties of the compact nanocomposites were measured on a Zwick 1445 universal testing
machine according to DIN EN ISO 527-2. The tests were carried out with an initial cross-head speed
of 1 mm/min to determine the tensile modulus (E) and was increased afterwards to 10 mm/min to

determine the tensile strength (c,,) and elongation at break (¢j) until the specimen yielded to fracture.
The tensile property values reported are the average of 5 independent measurements from each

specimen.

4.6 Foam processing

4.6.1 Batch foaming

Rectangular specimens (13 x 9 x 2 mm?) were used for all batch-foaming studies. Prior to foaming,

the specimens were dried in an oven at 80 °C under vacuum for 12 h.

Temperature-induced batch foaming

For temperature-induced (AT/At) batch-foaming experiments, the specimens were loaded in the
autoclave as shown in Figure 4.3a. Saturation was done with a pressure of 5 MPa at 23 °C for 24 h to
ensure complete equilibrium concentration condition. Afterwards, the autoclave was slowly
depressurized and the samples were taken out. After a desorption time of not more than 5 seconds,
the samples were dipped into a pre-heated hot silicon oil bath (Thermal H, Julabo Labortechnik) of
120 °C for between 10 s and 25 s to foam the specimens.
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@

Figure 4.3: Batch-foaming autoclaves (a) BERGHOF lab autoclave HR-500, (b) customized high-
pressure autoclave.

The specimens were removed from the hot oil bath and transferred into another cold silicon bath and

lastly into a beaker of water (23 °C) to finally quench, stabilize and fix the final cell microstructure.

Pressure-induced batch foaming

The pressure quench (AP/At) experiments were performed in a customized autoclave as shown in
Figure 4.3b. The autoclave has a capacity of 25 cm3 with a maximum operating temperature of 200 °C
and a maximum pressure of 30 MPa.

In a standard experiment, the specimens were placed into the autoclave which was then sealed. The
autoclave was heated from room temperature up to 135 °C (selected saturation temperature). After the
set temperature was reached, the specimens were saturated with CO, at a constant pressure of 15 MPa
to 20 MPa for 6 h to 20 h to attain the equilibrium saturation concentration. The autoclave was then
rapidly depressurized through a valve at a controlled pressure drop rate of 2 MPa/s to 6 MPa/s. The

foamed specimens were promptly removed from the autoclave and cooled by air or water. After several
trials, the following conditions were fixed as the optimum foam-processing parameters: Tsuturation =

Troaming = 135 °C, Psaturation = 20 MPa, dP/dt 63 = 6 MPa/s because foams with smaller cells,

homogenous cell structures and VER larger than 5 were generated.

4.6.2 Foam extrusion

All foam extrusion studies were performed on a tandem-extrusion-line (Dr Collin) schematically
illustrated in Figure 4.4. The primary melt-extruder had a screw length of 42 D and the secondary
extruder had a screw length of 30 D. The maximum allowable screw speeds were: 460 rpm for the
primary melt extruder and 240 rpm for the secondary extruder. The maximum throughput of the

tandem line was 15 kg/h and foams were processed with a maximum melt temperature of 450 °C.

63 Pressure drop rate.
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Supercritical CO, was injected into the melt by means of a positive displacement syringe pump
connected to a gas-dosing Maximator at a specific point indicated in Figure 4.4.

A standard representative processing profile for the nanocomposite foams is depicted in Figure 4.4
and other processing details are reported in the corresponding results and discussion section of this

thesis. Typically, nanocomposite foams using 0.025 wt%, 0.1 wt%, and 1 wt% and the respective
nucleating agents were prepared using the standard temperature profile with a deviation of £ 10 °C.

Supercritical CO; and ethanol were used individually and in combination (details are explained in

the results and discussion section).

Feed entry point
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Figure 4.4: Standard foam extrusion processing parameters and conditions. P; and P, are the pressures
in the respective extruders

For foam expansion ratio experiments, a round die of diameter 3 mm was used, while a slit die of 10
mm in length and gap of 0.5 mm was used for the production of regular foam panels. The cylindrical
foams obtained from the round die needed no form of calibration but the foam panels were calibrated
by means of two metal fabric-coated temperature-controlled-plates (200 mm x 100 mm). The plates
were fixed between 5 mm and 10 mm away from the die and the foam panels were cut manually at

specific lengths after exiting from the plates.

4.7 Foam property characterization
Foam density

The foam densities of the prepared nanocomposite foams were ascertained by a water-displacement
method density scale kit (Mettler Toledo AG245) and according to ISO 1183. A minimum of 5

specimens of each nanocomposite foam were measured and the average values are reported.
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Cell density

The cell densities were estimated from equation 2.26. As a standard, a minimum of three SEM images
of each foam sample were analysed to obtain the mean cell size, cell size distribution and cell density.
About 100 to 200 cells were selected from a well-defined area on the 2D SEM images and the

estimations were made using a public domain software “Image J”.

Cell wall and struct thickness

The t.,, and ts ., were determined from the evaluation of three SEM images of the respective foams
having more than 150 cells. t.,, was estimated by measuring the thickness in the middle of the cell

walls, while t; o4 was estimated according to equation 4.3 by modelling the cell strut as a circle.

teeq = ([4/m) (4.3)

Open cell content

The open cell contents of the prepared nanocomposite foams were analysed according to DIN ISO
4590 with the aid of a gas pycnometer (ULTRAFOAM 1000 Model UPY - 15F). Cylindrical samples
were loaded into the cell of 10 cm? which was then closed. Nitrogen gas was passed through the

specimen at a very low pressure (0.035 MPa) for a designated period of time. The open-cell content
(OC) was then determined from the expression in equation 4.4 which compares the volume of the

sample into which the applied gas diffused (V;ffyseq), with the geometric volume (Vgeometric) of the

sample. Three specimens were analysed per foam material.

OC — (Vgeometric B Vdiffused) X 100 % (44)

Vdiffused

Thermal conductivity

A Lasercomp FOX50 double-plate heat flow meter with a resolution of 10* W/mK was used to measure
the thermal conductivities of the extruded nanocomposite foams. The measurements were conducted
at the following temperatures: 23 °C, 35 °C, 50 °C, 70 °C, 90 °C with a temperature difference of 10
°C between the hot and cold plate. Circular samples of diameter 60 mm and thickness 2.5 mm were

used for these measurements.
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5 Results and Discussion
5.1 Characterization of bulk materials
5.1.1 Specific surface areas of nanofillers

The specific surface areas (Agp) of the nanofillers were determined via Brunauer-Emmett-Teller (BET)
measurements and the results are presented in Table 5.1. The graphite-based fillers such as TRGO
and EG were observed to have the highest specific surface areas. The fillers were further examined

under a scanning electron microscope to reveal their primary structures as shown in Figure 5.1.

Table 5.1: Particle characteristics of the fillers employed in this study.

Filler type Geometry Specific surface area (m?/g)
Talc Plate 17
Carbon black (CB) Spherical 122
Thermally reduced graphite oxide (TRGO) Platelet 600
Expanded graphite (EG) Platelet 60
Multi-walled carbon nanotubes (MWCNT) Tube 198

MWCNT

Figure 5.1: Scanning electron microscope images of the primary filler structures.
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5.2 Morphology of compact nanocomposites

5.2.1 Nanocomposite production via melt blending

The masterbatches and nanocomposites were compounded with closely intermeshing co-rotating twin-
screws having a configuration that is illustrated in Figure 5.2. The very close gaps between the screws
and the different pitch lengths of the conveying elements enabled good mixing in the axial and radial
(cross-sectional) directions of the screws. Prior to selecting this screw configuration, which was

designated as medium-shear (MS-C), several other combinations were tested and were evaluated based

6

on the quality of the filler distribution® and dispersion® in the polymer matrix.

x: axial direction
z-y: radial directions

Yy
‘B Feed zone die position
x X
z 45mm pitch 30 mm pitch
conveying 45 ° kneading blocks conveying
elements | ) elements

v

.')/‘/!.'»f I/ - NN ey by by by by by

T Y By By Y Y Y Y Py By Ny P |

Axial direction (z)

Temperature profile (a) —»>160°C — 210 °C 210 °C 210°C — 210 °C

Temperature profile (b and c}—» 160 °C —— 235 °C 235 °C 235°C —— 235°C

Figure 5.2: Schematic of the MS-C screw setup and temperature profile for melting blending of (a) PS,
(b) PMMA and (c) PS/PMMA blends (90/10 and 80/20).

For instance, the dispersion quality of expanded graphite in PS processed under identical processing
conditions (screw speed: 100 rpm; throughput: 2 kg/h) by two differently configured screws, namely
low-shear screw (LS-C) and medium shear screws, was evaluated. The LS-C screw was configured with
four 45 ° kneading blocks and all-through 45 mm conveying elements while the MS-C screw was
designed with six kneading blocks and a mixture of 45 mm and 30 mm conveying elements.

The light microscopic images in Figure 5.3 reveal that better dispersion of EG was achieved with the
MS-C screw. Furthermore, agglomerates were apparent in the PS nanocomposite compounded with
LS-C. The is because of the longer pitch lengths of the conveying elements in the LS-C screw which
implies that higher pitch lengths lead to faster transportation (higher velocity) of polymer melt along
the axial direction but with less mixing in the cross-sectional direction of the screw and vice versa.
However, in the case of MS-C screw, having a mixture of both 45 mm and 30 mm conveying elements
led to improved mixing in both directions and this interpretation is well supported by the light
microscopic image. Based on these results, the MS-C screw was adopted as the standard screw

configuration for all other compounding trials.

64 Distribution refers to the way the particles fill homogenously in the space or spatial arrangement of the
particles; i.e. how equally spaced the particles are from their nearest neighbor.

65 Dispersion refers to the level of particle agglomeration.
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Figure 5.3: Light microscopy micrographs of PS/1.0 wt% EG compounded LS-C screw and MS-C screw.

5.2.2 Morphology of PS nanocomposites

For PS nanocomposite morphology studies, the geometries of the fillers were taken into account. PS
nanocomposites were first prepared with tale, CB and TRGO at a filler content of 5 wt% and were
further diluted to lower concentrations of 0.1 wt%, 0.5 wt% and 1 wt% that are suitable for subsequent
foaming studies.

The morphologies of the nanocomposites were examined under a transmission electron microscope
and the images are shown in Figure 5.4. At low magnification, the fillers appear well dispersed in the
matrix but a closer look at images at higher resolution shows the presence of tiny agglomerates. It is

well-known that particles that possess van der Waals forces of attraction are able to agglomerate even
if these forces are weak. The characteristic properties of the particles are presented®® in Table 5.2.

The number of particles (N,,) per area (um?) of the respective fillers estimated from at least three
TEM images can be found in Table 5.2 as well. The mean thickness of the individual talc particles
was found to be 25 nm and about 190 nm for the talc particle agglomerates. The mean particle
thickness of TRGO particles was estimated to be 10 nm. Irrespective of the filler concentrations, the
mean thickness of the individual fillers more or less did not change. Slight changes were only observed

with respect to the mean particle sizes for all particles.

The aspect ratio (Ag) of the particles estimated from equation 5.1 shows talc particles to have larger

Ap than that of TRGO.

l
Ap = =2 (5.1)

tave

where [ ye is the average lateral length and t,ye is the average thickness or diameter of the filler

particle. The Ar of TRGO is seen to decrease as the filler content was decreased to 0.5 wt% by 23 %.

These reductions are a result of filler attrition caused by melt-blending. Further to that, the inter-

particle distance was found to be larger for talc particles, followed by CB®’, and then TRGO particles.

66 Please note: the estimated values for nanocomposites of 0.1 wt% and 1 wt% are omitted as the results do not
significantly differ from those of 0.5 wt% nanocomposites.

67 if the tiny size of the agglomerates is not considered.
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Figure 5.4: TEM images of PS nanocomposite morphologies (a) low magnification (b) high

magnification.

Table 5.2: Particle characterization of PS nanocomposites.

Filler content (5 wt%)

Filler content (0.5 wt%)

Filler lnp (nm) Np (pm?) Ag lnp (nm) Np (pm?) Ag
CB 105 + 4 11% 1 92 + 5 0.40% 1
Talc 502 + 20 0.61 20 483 + 26 0.32 19

TRGO 208 + 24 35 21 157 + 33 6.11 16

Linp: mean particle lateral length; ag: agglomerated particles.

Conclusively, the screw configuration MS-C used for the compounding of the nanocomposites resulted

in good distribution and dispersion, also at lower filler content (Figure 5.5).

Since TRGO fillers have the highest N}, values, PS/TRGO nanocomposite foams are expected to

generate higher cell and nucleation densities, followed by PS/CB, and then PS/talc nanocomposite

foam.
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Figure 5.5: TEM micrographs showing the morphologies of the PS nanocomposites at filler content
of 0.5 wt%.

5.2.3 Morphology of PMMA nanocomposites

Analogous to PS nanocomposites, PMMA nanocomposites were prepared with tale, CB and TRGO
with exactly the same filler content. The morphology results shown in Figure 5.6 (a-b) indicate that,
at a filler content of 5 wt%, talc and TRGO fillers were well dispersed in PMMA matrix in comparison
to CB nanoparticles. The CB particles appeared to form large clusters about three orders of magnitude
larger than was seen in PS nanocomposites (Table 5.3). A possible reason for this might be insufficient
shear force impacted by the MS-C screw or that the surface functional groups of the CB particles are
hydrophobic to the carbonyl functional groups of PMMA.

Further dilution of the filler content to 0.5 wt% resulted in breakage and a tremendous decrease of
the cluster sizes from about 1400 nm to 285 nm. Figure 5.6¢ shows that CB nanoparticles were

successfully distributed and dispersed within the PMMA matrix. Table 5.3 summarizes the
characteristics of the nanocomposite morphology. The t,,, of talc particles was estimated to be 35 nm
and 100 nm for the small agglomerates present in the system. The t,,, of TRGO particles was found
to be approximately 10 nm, similar to their size in the PS matrix. Similarly, there were no noticeable
changes in t,,. at low filler concentration.

By comparing the morphology of PS and PMMA nanocomposites based on N, and tgye, it can be
concluded that talc particles are better dispersed in PMMA than in PS while CB and TRGO fillers
are well dispersed in PS compared to PMMA.

Again, the higher N, values of TRGO in comparison to talc and CB means that

PMMA/nanocomposites would deliver foams characterized by higher cell and nucleation densities,

followed by PMMA/CB, and then PS/talc nanocomposite foams.
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Figure 5.6: Morphology PMMA nanocomposites at (a) low magnification (b) high magnification (c)
low filler content.

Table 5.3: Filler size characterization of PMMA nanocomposites.

Filler content (5 wt%) Filler content (0.5 wt%)

Filler lnp (nm) Np (pm?) Ag lnp (nm) Ny, (nm?) Ag
CB 1148 + 22 0.07¢ 1 285 + 4 0.35% 1
Talc 470 + 12 1.23 13 376 + 20 0.95 8

TRGO 295 + 14 22 23 291 + 7 3.50 22

Linp: mean particle lateral length; ag: agglomerated particles.
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5.2.4 Morphology of PS/PMMA blend nanocomposites

Blends of PS with PMMA were processed for synergistic reasons as earlier stated. Unfilled blends
ratios: 90/10 and 80/20 were prepared and the resultant morphologies were examined under a
transmission electron microscope. Both blend ratios resulted in sea-island structures as shown in
Figure 5.7; i.e. droplets of PMMA dispersed in PS (the continuous phase). This is a consequence of
the viscosity ratio difference between PS and PMMA.

S/PMMA(G0/10)) PS/PMMIA(BO/20)) . “+49 *

)

Figure 5.7: Morphology of neat PS/PMMA blends.

The morphologies of the blends are observed to be characterized by small®® and big® droplets of
distinct sizes. The corresponding mean droplet diameter (D,,,) and droplet number average densities
(P,,,) Of the respective blends are given in Table 5.4.

On one hand, D,,, D, s, and D, of the dispersed phase in the 90/10 blend were increased by at
least 100 % when the PMMA component was increased from 10 wt% to 20 wt% (i.e. 80/20 blend). On

the other hand, the p,, .., p,,,, s @and p, ., decreased in equal fashion when PMMA content was

increased from 10 wt% to 20 wt%.

Table 5.4: Characteristics of PMMA droplet sizes in PS matrix.

Blend ratio Do s Db Dy, Prins Prinb P
(PS/PMMA)
(pm) (pm) (pm) (pm) (pm) (um2)
90/10 0.14 + 0.01 0.27 + 0.01 0.17 + 0.02 173 0.58 2.30
80/20 0.29 + 0.02 0.71 + 0.03 0.45 + 0.01 0.57 0.29 0.76

Dy, s mean diameter of small droplets; Dy, ,: mean diameter of big droplets

number average density of small droplets; number average density of big droplets

pmn.s: pmn.b:

For subsequent morphology studies, the blends were prepared only with TRGO based on the fact that
TRGO filled nanocomposites displayed noteworthy and remarkable flow behaviour compared to the

68 Droplets are designated as small if they fall below the median value of the distribution.
69 Droplets are designated as big if they fall above the median value of the distribution.
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nanocomposites filled with talc and CB. Similar filler concentrations (0.1 wt%, 0.5 wt%, 1 wt% and 5
wt%) were used to prepare the blend nanocomposites. The resultant morphologies of the neat versus

filled blends are displayed in Figure 5.8.

PS/PMMA/I‘RGO (90/10/5) /PVVA/TRGO (80/20/5)

Figure 5.8: TEM images showing the morphology of PS/PMMA/TRGO blends.

The dimensional characteristics of the TRGO fillers in the blends are summarized in Table 5.5. There

were no considerable changes observed in the length and aspect ratio of TRGO particles at lower

content of 0.1 wt%, 0.5 wt% and 1 wt%. The t,,, was estimated to be 10 nm at all filler concentration.

Table 5.5: Filler size characterization of PS/PMMA blend nanocomposites

Filler content (5 wt%) Filler content (0.5 wt%)
Filler lnp (nm) Np (pm?) Ag lnp (nm) Ny, (nm?) Ag
90/10 188 + 24 29 19 180 + 18 41 18
80/20 196 + 15 25 20 185 + 20 3.4 19

5.2.5 Conclusions on nanocomposite morphology

Based on the morphologies of the respective nanocomposites prepared, the following conclusions could

be drawn:

= Irrespective of the filler concentration, the size of CB nanoparticle agglomerates observed in
PMMA was larger than that in PS nanocomposites. This might be due to hydrophobic interaction
between the functional groups of CB nanoparticles.

* CB and TRGO fillers show a higher N, in PS than in PMMA while talc particles demonstrated a
higher N, in PMMA than in PS.

®* The designed MS-C screw led to better mixing and dispersion of the fillers in the PS and PMMA
matrices, especially with TRGO fillers.

* Judging from the estimated N, of TRGO in PS, PMMA and PS/PMMA blends, it can be concluded
that TRGO particles have stronger affinity for PS than for PMMA.
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= Increase of the PMMA content by a factor of two in the blend increased the mean sizes of the

droplets as well as the droplet number average densities by at least a factor of two.

5.3 Rheology of compact nanocomposites

Rheological studies of nanocomposites are important because information obtained from these
experiments can be used to predict the foaming behaviour of the nanocomposites under deformational
stresses. As explained earlier, elongational rheological studies are best suited for semi-crystalline
polymers that have low melt strength such as PP and polymers that display a different viscoelastic
behaviour when a slight change such as branching is made to their molecular architecture. Since such
challenges are not associated with neither high molecular weight PS nor PMMA, shear rheological
experiments were used to characterize the nanocomposites in this work.

By performing isothermal dynamic frequency sweep measurements on an oscillatory parallel plate-
plate rheometer, the viscoelastic responses of the prepared nanocomposites reinforced with talc, CB
and TRGO at different filler content were investigated. The test results revealed the melt rheological

and microstructural characteristics at the molecular level in relation to the filler concentration.

5.3.1 Dynamic shear response of PS nanocomposites
Complex shear viscosity

Figure 5.9 shows the dynamic shear responses of PS nanocomposites where the complex shear viscosity

(n*) is plotted as a function of the angular frequency (). The relationship between n* and © is

expressed in equation 5.2.

nt=— 5.2

At 5 wt% filler concentration, a two-fold increase of the *of PS/TRGO in the non-terminal region’®
was observed in comparison to the all other nanocomposite systems. While the nanocomposites of
PS/CB and PS/talc exhibited Newtonian behaviour at low frequencies, that of PS/TRGO indicated a
phenomenon known as yielding’'. This phenomenon signifies the presence of filler-network
formation, which implies that flow began after a certain magnitude of stress was reached. In other
words, the shear stress overcame the chain entanglements. The filler network formation by TRGO
particles can be supported by the number of particles/pm? (Table 5.2), which was observed to be
significantly higher than that of CB and talc particles.

0 1 ow frequency region.
™ Yielding is a time dependent non-linear transition from elastic behaviour to flow.
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Figure 5.9: Complex shear viscosity as a function of angular frequency for PS nanocomposites (a) 5
wt%, (b) 1 wt%.

At higher angular frequencies, all nanocomposites displayed shear thinning behaviour, which is
characteristic of linear chain polymers. At a lower filler content of 1 wt%, no particle network
formation was observed with any of the fillers. The n*of PS/1 wt% TRGO (0.1 wt. % and 0.5 wt % not
shown) was slightly higher than PS/neat, PS/1 wt% talc and PS/1 wt% CB but all remained at the

same magnitude as can be seen in Figure 5.9b.

Storage Modulus

The storage modulus (G') as a function of angular frequency for all PS nanocomposites is shown in
Figure 5.10. At low angular frequencies and at a filler content of 5 wt%, a Newtonian plateau was

observed for PS/TRGO nanocomposite due to particle network formation.
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Figure 5.10: Storage modulus as a function of angular frequency for PS nanocomposites (a) 5 wt% and
(b) 1 wt%.
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This Newtonian plateau showed that PS/TRGO nanocomposite had a more elastic structure compared

to the nanocomposites of talc and CB. At 1 wt% (Figure 5.10b), a slight increase of G'particularly at

low angular frequencies was seen with TRGO compared to talc and CB fillers.

Melt percolation threshold formation

In Figure 5.11 is shown a plot of phase angle (8) versus the absolute complex modulus (/G*/). For the

PS/neat nanocomposite, the 6 curve rises (Figure 5.11a) as /G*/ decreased until it plateaus at 90°. This

type of curve is typical of unfilled PS and corresponds to what has been described in the literature

[180]. It also means that unfilled PS exhibited viscous behaviour when 6 = 90°.
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Figure 5.11: van Gurp-Palmen plot of PS nanocomposites with filler contents of (a) 5 wt%, (b) 1 wt%

At a filler concentration of 5 wt%, the phase angles of talc (6 = 84°) and CB (6 = 81°) were observed
to be lower than 90° and, as such, they possessed a character similar to viscous materials. Still, at the
same concentration (5 wt%), TRGO particles presented a contrasting remarkable elastic response that
showed the rise of the &-curve as /G*/ decreased. It passed a maximum at 6= 52° and then dropped.
This is an indication of the particle percolation threshold formation and it signifies the presence of
constraints during the chain relaxation process. Unlike in electrical threshold, the particles do not
necessarily have to touch each other in order to form rheological thresholds [209]. Likewise, at a filler

concentration of 1 wt% (Figure 5.11b), all the nanocomposites showed characteristic curves very similar

to the unfilled PS but with a slight decrease of 6 from 86° to 87°.
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5.3.2 Dynamic shear response of PMMA nanocomposites
Complex shear viscosity

The complex shear viscosity curves of the prepared PMMA nanocomposites can be viewed in Figure
5.12. The presence of a yield stress is visible in the 1*curve for PMMA/5 wt% TRGO nanocomposite.
Similar behaviour was also observed in PS/TRGO nanocomposite at the same filler concentration.
The PMMA/talc and PMMA/CB nanocomposites exhibited Newtonian behaviour identical to that of
PMMA/neat at low angular frequencies. The n*in this region is more than one order of magnitude

higher than for PMMA/neat. As the angular frequency increased, all the nanocomposites displayed

shear thinning behaviour as expected.
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Figure 5.12: Complex shear viscosity as a function of angular frequency for PMMA nanocomposites
at (a) 5 wt% (b) 1 wt% filler concentration.

At a filler content of 1 wt%, the n*of PMMA/neat was slightly decreased by the presence of CB
nanoparticles in comparison to talc and TRGO. A reasonable explanation for this might be that, at
such low filler content, the molecular interaction of the CB nanoparticles with PMMA (illustrated in
Figure 5.13) allows the neighbouring chains of the matrix to disentangle and thus slide past one

another. Similar results have also been reported in the literature [173].

(a) (b)

Polymer chain lubrication

Molecular chain entangleme;

CB nanoparticles
N

PMMA polymer chain

Figure 5.13: Schematic diagram showing the effect of CB spherical nanoparticles agglomerate sizes on
polymer chain mobility at (a) low concentration (b) high concentration.
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Storage Modulus

The storage modulus curves of the PMMA nanocomposites are presented in Figure 5.14. Interestingly,
the formation of plateaus at low angular frequencies was observed for all filled PMMA nanocomposites
at 5 wt% filler concentration. Although it is less pronounced for PMMA/talc and PMMA/CB
nanocomposites but it is in contrast to what was observed for PS nanocomposites filled with the same
fillers. Again, the significantly higher number of particles/pm? estimated (Table 5.3) for TRGO in
comparison to talc and CB is ascribed to this result. Also, at a filler content of 1 wt%, what appears

to look like the start of plateau formation can be seen for the PMMA/TRGO nanocomposite.
Additionally, a slight decrease of G’ is seen with CB nanoparticles at higher frequencies, due to that

already reported for PS/CB nanocomposites.
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Figure 5.14: Storage modulus as a function of angular frequency for PMMA nanocomposites at (a) 5
wt% and (b) 1 wt% filler content.

Melt percolation threshold formation

The shape of the PMMA/neat curve in the van Gurp-Palmen plot shown in Figure 5.15 is concave.
As /G*/ decreases, the phase angle curve rises until it plateaus at & = 90°. This behaviour is consistent
with viscous linear chain polymers. The inclusion of 5 wt% TRGO particles caused a maximum at &

= 67° before descending downward. This implies the formation of a rheological threshold’? by the
fillers. Unlike in PS, the curves are all shifted to the right of PMMA/neat and it is interesting to see
that the shape of the curves changed slightly from concave to convex when the respective fillers were
added at 5 wt% and 1 wt%, respectively.

Lastly, significant changes of the flow behaviour of PMMA are influenced more by TRGO particles
than CB and talc at 5 wt%. This effect is associated with the difference in dispersion quality found in

the respective nanocomposites.

72 Rheological threshold is an indication of elastic behaviour.
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Figure 5.15: Van Gurp-Palmen plot of PMMA nanocomposites at filler content of (a) 5 wt% (b) 1 wt%.

5.3.3 Dynamic shear response of PS/PMMA blend nanocomposites

For the shear rheological studies of the blend nanocomposites, only blends filled with TRGO fillers
were carried out. This is because TRGO has proven to display significant and interesting flow

behaviour in both PS and PMMA nanocomposites in comparison to talc and CB nanoparticles.

Complex shear viscosity

Figure 5.16 shows comparatively complex shear viscosities of all PS, PMMA and PS/PMMA blends
nanocomposites prepared with TRGO at filler concentrations of 5 wt% and 1 wt%. As expected, all
nanocomposites filled with 5 wt% TRGO exhibited particle network formation at low angular
frequencies, and, at higher angular frequencies, shear thinning behaviour characteristic of linear
chain polymers was observed. Further to that, the PS/PMMA/neat (80/20) blend showed a slight but
insignificant increase of n* in contrast to the 90/10 blend. This can be a direct influence of the PMMA-
droplet sizes in the blend as the ratio is increased from 10 wt% to 20 wt%. In a similar fashion, both
90/10 and 80/20 blends portrayed marginally higher n* than the individual homopolymers of PS and
PMMA.

Furthermore, at low angular frequencies, the n*of the PS/PMMA blends (90/10 + 5 wt% TRGO and
80/20 + 5 wt% TRGO) were observed to increase from 10* to 10° compared to their neat counterparts
(90/10/0 and 80/20/0). Blending of PS with PMMA led to a minor increase of * compared to the
individual component systems, especially as the weight content of PMMA was increased from 10 wt%
to 20 wt%. The addition of TRGO fillers at 5 wt% and 1 wt% had a more pronounced effect in
increasing the complex viscosity of PS than in PMMA. This is attributed to the higher mean number
of particles per pm? of the TRGO particles in PS in comparison to PMMA as summarized in Table
5.6. Based on the estimated N, higher n* were observed for 90/10 + 5 wt% TRGO and 90/10 + 1 wt%
TRGO in comparison to the 80/20 + 5 wt% TRGO and 80/20 + 1 wt% TRGO blends.
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Also, judging from the n* values of the blended nanocomposites, it can be concluded that the number

of particles/pm? played a more important role in raising the complex shear viscosities of the blends

than did the number densities of the droplets.
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Figure 5.16: Complex shear viscosity as a function of angular frequency for PS/PMMA/TRGO blend
nanocomposites at 5 wt% and 1 wt% filler content.

Table 5.6: Number of particles of TRGO in homo- and blended nanocomposites.

PS/PMMA N, PS/PMMA N,
100/0 + 5 wt% TRGO 35 pm? 100/0 + 1 wt% TRGO 10 pm?
0/100 + 5 wt% TRGO 22 pm? 0/100 + 1 wt% TRGO 7 pum?
90/10 + 5 wt% TRGO 29 pum? 90/10 + 1 wt% TRGO 9 pm?
80/20 + 5 wt% TRGO 25 pm? 80/20 + 1 wt% TRGO 7 pum?

Storage Modulus

Figure 5.17 shows the storage modulus curve for the PS/PMMA/TRGO-blended nanocomposites.

Plateaus similar to that observed for the individual components of the blends were also observed in

this case at a filler concentration of 5 wt%. At lower filler concentration (1 wt%), there were no

observable plateaus, probably because the particle density per pm? was not sufficient to trigger such

behaviour in the blended nanocomposites.
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Figure 5.17: Storage modulus as a function of angular frequency for PS/PMMA/TRGO blend
nanocomposites at 5 wt% and 1 wt% filler concentration.

Melt percolation threshold formation
A van Gurp-Palmen plot showing the percolation network formation of TRGO particles in the blend
systems is illustrated in Figure 5.18. The phase angle curves of the unfilled polymer systems, which

fell between 80° and 90° as /G*/ decreased, indicate that they have more viscous characteristics. In

other words, they are less elastic.
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