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ABSTRACT

This dissertation thesis deals with the preparation and characterization of polymer
nanocomposite foams with a focus on means to control their structure at multiple length scales
and application in 3D printing in their fabrication. The aim of this work is to investigate polymer
nanocomposite with hierarchical structure — from the nano-, through the micro to macro scale.
The structural properties of polymer nanocomposites prepared from glassy polymers
by the solvent-casting method were investigated in the first part of the work. It has been shown
that the difference in the solubility parameters of the polymer and the solvent plays a crucial
role. This finding has been verified for systems containing various nanoparticles, polymers,
and solvents. With the knowledge of the general principles controlling the structure
of nanocomposites, impact polystyrene filled with nanosilica was investigated in greater detail.
These nanocomposites were used for the preparation of nanocomposite foams. The porous
structure was achieved using a thermal chemical blowing agent azodicarbonamide.
The filaments were extruded and the material was processed by 3D printing into the required
shapes and foamed. The result was a hierarchical system with the organization of the structure
from nano (organization of nanoparticles), through micro (two-component polymer blend
structure and foam structure) to macro scale (foam structure and 3D printed design). The effect
of nanoparticles on the structure and the thermal and mechanical properties of polymeric foams
were observed. The nanoparticles operate as a nucleating agent in the formation of the foam.
Pores are easily formed on their surface so that with the content of nanoparticles in the system
smaller pores have been formed, which helped to make the foam fine and homogeneous.
The presence of nanoparticles changed the surface energy of the blowing agent grains, thanks
to which it decomposed at lower temperatures and foaming was even faster. At the same time,
nanoparticles have the potential to reinforce foam walls and thus improve mechanical
properties. 3D printing is a popular and widespread technique, due to its simplicity it is in many
laboratories and test institutions, therefore the demand for filaments with special properties is
growing. The material developed in this dissertation is essentially a finished and characterized
product that could contribute to the satisfaction of this claim.

KEYWORDS

Polymer nanocomposites, foams, nanoparticle organization, cellular composites, hierarchical
systems, 3D printing, structure, mechanical properties, HIPS, azodicarbonamide, nanosilica.



ABSTRAKT

Tato dizerta¢ni prace se zabyva ptipravou a charakterizaci nanokompozitnich polymernich pén
se zaméfenim na strukturu materialu a aplikaci v 3D tisku. Cilem prace je studium materialu
s vysoce organizovanou hierarchickou strukturou — od nanoméfitka, ptes mikroskopickou
strukturu po makroskopicka télesa. V prvni casti prace byly feSeny strukturni vlastnosti
nanokompozitii pfipravenych z polymernich skel roztokovou metodou. Byl hledan obecné
platny trend, pomoci kterého by bylo mozné piedpovidat disperzi nanocastic v kompozitu.
Ukazalo se, Ze fidicim faktorem miize byt zavislost na rozdilu parametr rozpustnosti polymeru
a rozpoustédla. Tento poznatek byl ovéfen na systémech obsahujicich rGzné nanocastice,
polymery a rozpoustédla. Se znalosti principti pro fizeni struktury nanokompoziti byly
piipraveny nanokompozity impaktniho polystyrenu plnéného nanosilikou. Tyto
nanokompozity poslouzily jako zaklad pro pfipravu polymernich nakompozitnich pén. Porézni
struktury bylo dosazeno pomoci termélniho chemického nadouvadla azodikarbonamidu.
Z téchto materiald byly extrudovany filamenty, které byly nasledné zpracovany pomoci
3D tisku do pozadovanych tvari a vypénény. Vysledkem byla hierarchicka struktura
s organizaci struktury od nano (organizace nanocastic), pres mikro (Struktura dvoukomponentni
polymerni smési a struktura pény) po makroméiitko (struktura pény a design 3D tisku). Byl
pozorovan vliv nanocastic na strukturu a termalni a mechanické vlastnosti polymernich pén.
Nanocastice funguji pfi tvorbé pény jako nukleacni ¢inidlo, na jejich povrchu snadno dochézi
k tvorbé pori, takze s obsahem nanocéstic v materidlu bylo vytvofeno vice menSich pora,
coz napomohlo k homogenité pénové struktury. PFitomnost nanocastic zmeénila povrchovou
energii zrn nadouvadla, diky ¢emuz dochazelo Kk jeho rozkladu za niZich teplot a pénéni bylo
i rychlejsi. Nanoc¢astice maji zaroven potencial vyztuzit stény pény a zlepsit tak mechanické
vlastnosti. 3D tisk je oblibena a hojné rozsitena technika, diky své jednoduchosti je v mnoha
laboratotich a zkuSebnach, proto roste poptavka po filamentech se specidlnimi vlastnostmi.
Materidl vyvinuty v této dizertacni praci je v podstaté¢ hotovym a charakterizovanym
produktem, ktery by mohl piispét k uspokojeni této pohledavky.

KLICOVA SLOVA

Polymerni nanokompozity, pény, organizace nanocastic, celularni kompozity, hierarchické
systémy, 3D tisk, struktura, mechanické vlastnosti, HIPS, azodikarboamid, nanosilika.
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1 INTRODUCTION TO POLYMER NANOCOMPOSITE FOAMS

Future materials and fabrication technologies will need to integrate unprecedented
combinations of stiffness, strength, and toughness at low density and environmental
friendliness with end-use specific functions, such as super-hydrophobicity, self-cleaning,
mechanical and chemical sensing, shape memory, etc. Even the most advanced synthetic
composites do not exhibit the desired structural and functional hierarchy that is found
in nature’s load-bearing structures. Structures of natural materials are created by self-
assembling processes from relatively simple components. For example, nacre is made of stiff
but fragile aragonite and tough but weak protein. These components are organized in a precisely
defined hierarchical structure (bricks and mortar) from nano to macro-scale which can make
the final material of nacre stiff and tough simultaneously. [1] Nature materials with a cellular
structure are widespread and include wood, cork, plant parenchyma, glass sponge, and even
certain bones, such as a vertebra, femoral head, or skull are filled with a spongy structure called
trabecular bone. Exceptional mechanical properties of these materials are believed to be due
to a functional adaptation of the structure at levels of hierarchy. For example, the honeycomb-
like microstructure of wood gives it a high-performance index for resisting bending
and buckling. The radial and longitudinal density gradients and fiber-reinforced composite
structure make bamboo strong and stiff with significantly low density. The mineralized
cylindrical cage skeleton of a deep-sea glass sponge is structured over at least six levels
of hierarchy — biogenic silica reduces its stiffness but an architecture provides substantial
toughening that overcomes that of technical glass thanks to structuring at the nanometer and
at the micrometer level. [2; 3; 4; 5]

Understanding the role of preparation protocol in the morphogenesis of hierarchical
nanocomposites is vitally important for the future applications of polymer nanocomposites
in high value-added engineering components. The key obstacle in transforming polymer
nanocomposites into industrially viable materials lies in our current inability to directly control
the nanoparticle organization over multiple length scales on reasonably short production time
and with an industrially viable throughput. Numerous polymer nanocomposites have achieved
complex structural hierarchy, from the nanometer to micrometer length scales. However, all
of these examples are limited in their ability to organize into larger structures, lacking
the necessary combination of simple fabrication and mechanical robustness that span length
scales greater than tens of microns.

One possible way how to improve the organization to a higher hierarchical level is to use
block copolymers (Figure 1). Block copolymer consists of at least two different monomer
blocks that can organize into distinct domains consisting of the constituting homopolymers.
For example, two-component polymer blend high impact polystyrene (HIPS) consists
of microscale polybutadiene rubber (PBR) particles dispersed in a homopolymer polystyrene
(PS) matrix. Adding nanoparticles in such a system will result in their different distribution
in the different domains enabling a new level of structural organization. [6; 7]



nanoparticles

0oS
09 %%
o %@

+

nanocomposite

block copolymer

- foamed nanocomposite

Figure 1: Scheme of foam material with multiple hierarchical levels of structural organization. The state
of nanoparticle (grey) dispersion in a polymer matrix (green) represents an organization of material on a nano-
scale level. An arrangement of domains (blue) in a block copolymer (e.g., rubber particles in the PS matrix)
exhibits the organization of structure on a micro-scale. A micro-to-macro-scale organization is determined
by a structure of walls and cells forming polymer foam. The final macroscopic shape of a product could be
organized via 3D printing.

Polymer foams are used in many applications because of their excellent thermal and sound
insulation properties or because of the flexibility of generating desired morphologies to meet
specific applications. On the other hand, foam applications are in many ways limited because
of their inferior mechanical strength, poor surface quality and low resistance to high
temperatures, and poor dimensional stability. Recently, polymer nanocomposite foams have
received increasing attention in both scientific and industrial communities. The combination
of functional nanoparticles and foaming technology has a high potential to generate a new class
of materials that are lightweight, high strength, and multifunctional. Nano-scaled particles are
suitable for microscaled reinforcement (reinforcing of walls of bubble cells), thus achieving
the macroscopic mechanical enhancement of foam. Moreover, a small amount of well-
dispersed nanoparticles in the polymer may serve as nucleation centers for forming bubbles
during the foaming process. Pore nucleation is facilitated and a more homogenous and fine
structure of the foam is produced. [8; 9; 10] It has already been shown that nanoparticles can
significantly enhance the strength and stiffness of polymer foams and introduce additional
functions such as electrical conductivity (with carbon or semiconductive nanoparticles), fire
resistance (magnesium hydroxide), hydrophobicity, etc. [11; 12; 13]

Recently, a breakthrough in the 3D printing of versatile, compressible solids
with programmable microstructure, customizable shapes, and a tunable mechanical response
has been reported. [14; 15] However, the success of 3D printed materials possessing regular
cellular architecture as viable replacements for traditional stochastic foams [16; 17; 18]
critically depends on their mechanical performance and stability of their micro-architecture
under long-term mechanical stress and temperature oscillations. By using polymer
nanocomposites instead of neat polymers in this process, it could be envisioned to rapidly
fabricate hierarchical, lightweight, functional engineering components possessing the desired
balance of stiffness, strength, and toughness.



2 AIMS OF THESIS

1.

Finding thermodynamic variables governing nanoparticle spatial organization in polymer
solutions.

Preparing two-component polymer blend nanocomposites with engineered dispersion
of nanoparticles.

Optimizing preparation protocol for two-component polymer blend copolymer
nanocomposite foams using chemical foaming agents employing 3D printing technology.
Analyzing structural-mechanical property relationships in cellular nanocomposites
and identifying the role of individual structural variables in these relationships.



3 MATERIALS, PREPARATION PROTOCOL, AND METHODS

3.1 Materials

Polymer matrices

Homopolymeric amorphous polymer glasses were used for the preparation of polymer
nanocomposites to establish a principle of governing dispersion state of nanoparticles
in matrice via the solvent-casting method, specifically PS (Sigma Aldrich), PC
(Makrolon 2407 C, Bayer AG), PMMA (Plexiglass P8N, Evonik) and PVAc (Sigma Aldrich).
Commercial grade HIPS PS HI 336M (Synthos Kralupy, Czech Republic) was used. It is
a thermoplastic material designed for injection molding with very easy flow and good
processability and also very suitable for 3D printing.

Nanoparticles

Two types of nanosilica were used — spherical silica pre-dispersed as a colloidal solution in
30.6 wt. % solution in isopropanol (IPA-ST) or 30.1 wt. % solution in MEK (MEK-ST). Both
types of colloidal silica had the same particle diameter (20 nm) and were purchased
from Nissan Chemicals. The second type of nanoparticles was powdered fumed silica (Sigma
Aldrich) formed by 7 nm particles sintered together into larger aggregates (about 70 nm) as a
result of production protocol.

Foaming agent — azodicarbonamide

Azodicarbonamide (1,1’-azobisformamide) is a foaming agent frequently used
in the production of thermoplastic. When azodicarbonamide is heated to 165-195°C an
exothermic decomposition occurs. During decomposition at 190 °C is produced 32 wt. % of
gasses, 41 wt. % of solid residue and 27 wt. % of sublimate. [19]

Solvents
All solvents used during the preparation of nanocomposites via the solvent-casting method were
analytical purity quality (p.a. quality).

3.2 Preparation protocol

3.2.1 Solvent-casting
The appropriate solvent was poured into a glass flask, heated under reflux to 50 °C, and stirred
with a magnetic stirrer. When the solvent was heated, the polymer beads were added in the ratio
of 150 cm® of solvent to 10 g of polymer (corresponds to 6.0 vol. % for solution of PS,
5.2 vol. % for PC, and 5.3 vol. % for PMMA and PVAc), which is in the semi-diluted region
of a polymer solution. After the complete dissolving of polymer beads, nanoparticles were
added. The mixtures were first ultrasonicated with an ultrasonic homogenizer with titanium tip
(Sonopuls, Bandelin) to break aggregates formed during particle storage. Spherical colloidal
silica was dispersed in its storage solvent (IPA or MEK) and powdered fumed silica was
dispersed in a small amount of solvent used for nanocomposite preparation.

After 60 minutes of stirring solvent-polymer-nanoparticle system, the solution was poured
onto a preheated aluminum sheet in an atmospheric drier with a forced airflow to ensure
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the most rapid evaporation of the majority solvent and fixing the obtained nanocomposite
structure with no additional nanoparticle aggregation caused by sedimentation.
The nanocomposite was dried in the atmospheric dryer for 24 hours. The temperature
of evaporation was always above the boiling point of the appropriate solvent and above
the glass temperature of an appropriate polymer matrix. After drying in the atmospheric drier,
the nanocomposite was minced and dried again in a vacuum drier for 6 days to remove residual
solvent. The absence of residual solvent and particle loading was checked by TGA.

3.2.2 Foams preparation

The preparation protocol of polymer nanocomposite foams is schematically described
in Figure 2. Masterbatch of foaming agent (33.3wt. %), i.e. polymer granules
with concentrated azodicarbonamide, were prepared first. Masterbatch was prepared
in laboratory mixer (Plastograph EC plus W 50 EHT, Brabender), where HIPS was heated
to 130 °C (actual melt temperature due to shear friction was 150 °C), this temperature was
sufficiently high to melt and process HIPS and also sufficiently low that no thermal
decomposition of the foaming agent occurred. After melting of HIPS, foaming agent Unicell
D200A was added and the compound was blended for 5 minutes with 60 rpm. After colling
down, the masterbatch was minced into granules.

Due to the considerable requirement on the fumed nanosilica melt homogenization, the HIPS
with fumed nanosilica was not processed in the form of a concentrated masterbatch but was
directly pre-mixed at the final concentration of nanoparticles intended for sample preparation
in Brabender mixer. To compare nanocomposite structures achieved by different processing
methods, the colloidal spherical silica (MEK-ST) was also incorporated into samples
by the solvent-casting method described above. Nanocomposites with silica (melt-blended
fumed or solvent-casted spherical) were also minced.
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Figure 2: Polymer nanocomposite foam preparation scheme.

Pure HIPS granules (for preparation of pure foams without nanoparticles) or pre-mixed
nanocomposite (for preparation of nanocomposite foams) were mixed with the appropriate
amount of foaming agent masterbatch in a single-screw extruder (HAAKE PolyLab OS system
with HAAKE Rheomex OS, Thermo Scientific) at 180 °C (actual melt temperature 170 °C).

3D printing of test bodies was performed with Reach 3D Printer or Rebel 3D Printer using
slicer software Repetier-Host. Bed temperature was set to 75 °C, the diameter of the nozzle was
0.4 mm. Two different nozzle temperatures were chosen, namely 180 °C for printing below
the decomposition temperature of the chemical blowing agent and 220 °C for printing above
the decomposition temperature of the foaming agent. Quality of the printing, i.e. height of one
printed layer varied according to temperature conditions — 0.1 mm layer for printing at 180 °C
to reach high quality printed body and 0.3 mm layer for printing at 220 °C to not overpress
bubbles formed by the decomposition of blowing agent at the higher temperature.

If the sample was printed under the decomposition temperature of the foaming agent,
the entire processing was carefully thermally balanced to allow the polymer to process well,
but the blowing agent did not foam. For example, during 3D printing, the temperature
processing range was very narrow. At 170 °C, the melt had too high viscosity, did not pass
through the nozzle and 3D printing was not possible. Thermal decomposition of the foaming
agent occurred at 190 °C, causing undesirable foaming during processing. The products printed
under the decomposition temperature of the foaming agent were tested directly after 3D printing
or finally foamed at 200 °C in an atmospheric oven (post-processing foaming). Time of post-
processing foaming varied according to nanosilica presence — 30 min for samples without
nanoparticles, 10 min for samples with 1 wt. % of fumed nanosilica and 5 min for 1 wt. %
of spherical nanosilica. The foaming process (Figure 3A) was carried out in a form, its
circumference was made of aluminum and the bases were made of glass. The form diameter ds



was 120 % compared to the diameter of the printed sample ds. The form height was the same
as that of the printed sample hs=hs. The entire form was carefully heated before sample
placement to allow more efficient heat transfer to the bulk of the sample. After foaming, the
sample was cooled down to room temperature to fix the formed porous structure.

A B C

o ds Tdi=dy

Figure 3: A — Post-processing foaming scheme. B — Photo of HIPS samples with 2 wt. % of Unicell D200A.
Unfoamed cylinder after 3D printing at 180 °C (1), cylinder foamed to 120 % of diameter at 200 °C for
30 minutes (2) and the foamed cylinder cut in half (3). C — Photo of HIPS sample with 2 wt. % of Unicell
D200A after 3D printing at 220 °C.

3.3 Methods

Samples for scanning electron microscopy (SEM) or transmission mode (STEM) and confocal
laser scanning microscopy (CLSM) observation were broken in liquid nitrogen first. Surface of
SEM samples was coated with 10 nm layer of Au deposited by sputtering to ensure better
surface conductivity (Coater Leica EM ACE 600). STEM samples for nanoparticle dispersion
determination were cut to 50 nm ultramicrotome slices. SEM and STEM samples were
observed by the high-resolution microscope Verios 460L (FEI). CLSM samples for pore
structure observation were observed on Olympus Lext OLS 4000.

Approximate determination of the thermal stability of the polymer matrix, verification of
residual solvent, filler loading, and blowing agent decomposition TGA measurements were
done on TGA Discovery (TA Instruments). Temperature ramp 10 °C-min~! to 650 °C in
nitrogen atmosphere.

Zeta potential ((-potential) of colloidal spherical nanosilica was measured in 1 wt. %
concentration in a series of solvents at Zetasizer instrument (Malvern Panalytical).

Tensile tests of filaments and compression tests of 3D printed cylinders were performed on
Zwick Roell Z10 device at room temperature. 5 specimens were measured for each sample
batch. Filament specimens had a round shape with a gauge length of 100 mm and were tested
with strain rate 2 mm-min~t. By tensile tests were evaluated tensile modulus (the maximum of
the peak of the first derivation from the stress-strain curve), 0.2 % offset yield strength, tensile
strength, and elongation. Directly 3D printed specimens had a cylindric shape with a high of
6 mm and a diameter of 6 mm. Specimens treated by post-processing foaming after 3D printing
had a cylindric shape with a high of 6 mm and a diameter of 7.2 mm. Strain rate during
compression tests was set to 1 mm-min~t. By compression tests were evaluated compression
modulus and 0.2 % offset yield strength. Specific properties were determined by dividing
certain property value by the mass density of the material.
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4 RESULTS AND DISCUSSION

4.1 Controlling nanocomposite structure

4.1.1 Nanocomposites with homopolymer matrices

This chapter Nanocomposites with homopolymer matrices is based on the published article
Thermodynamic parameters controlling nanoparticle spatial packing in polymer solutions from
authors K. Zarybnicka, F. Ondreas, P. Lepcio, M. Kalina, M. Zboncak, and J. Jancar
(Macromolecules. 2020, 53(19), 8704-8713. ISSN  0024-9297.  Available at:
doi:10.1021/acs.macromol.0c00698). The text is reproduced with permission from [20].
Copyright 2020 American Chemical Society.

4.1.1.1 General laws controlling morphogenesis in glassy nanocomposites

The only heteroatom present in the polymers investigated in this thesis (PC, PMMA, and PVAc
except for PS with no heteroatom) was oxygen, which interacted with its free electron pairs
as a proton acceptor (base). Hence, polymer chains and solvent molecules competed with each
other over the acidic silica surface. The polymer-solvent interaction seemed to be one
of the dominant parameters in the determination of the nanoparticle organization as will be
shown below. Nevertheless, when nanoparticle-solvent interaction was weak, particle-particle
and polymer-particle interaction strengths started to play a decisive role in the nanoparticle
aggregation process.

The surface chemistry of nanoparticles was recognized as an important parameter
influencing the polymer-particle interaction and, consequently, the quality of polymer
nanocomposite dispersion. The solubility parameter ¢ of a particle relates to its surface
properties rather than its bulk chemistry. Jouault et al. [21] suggested o to be one possible
criterion for the determination of nanoparticle dispersion in solvent cast polymer
nanocomposites. They hypothesized that better solvent for polymer (i.e. difference of solubility
parameter between solvent and polymer is very low) reduces dielectric constant ¢ — lowers
dissociation of silanol groups (lowers {-potential) — lowers solvation shell and repulsive
barrier around particles and contact aggregation may occur.

Nanosilica used in the current experiments contained bare particles with no surface
modification. Therefore, the values for bulk silica were used to predict the nanoparticle
dispersion state. Lepcio [22; 20] estimated Hansen solubility parameters [23] of silica from the
critical concentration of a displacer co-solvent [24] to (18.8 + 1.0) (J-em™3)®, (5.7 £ 0.8) (J-cm™
305 and (6.3+0.8) J-em™)% for dispersive (energy from dispersion forces between
molecules), polar (energy from the dipolar intermolecular force between molecule), and
hydrogen bonding (energy from hydrogen bonds between molecules) partial solubility
parameter, respectively. Hildebrant solubility parameter of bare silica dsiiica (Spherical colloidal
silica) could be then calculated as:

Ssitica = /4 - 8p + 8p + 6y = 20.6 MPa">, 1)

11



According to this dsiica Value, the affinity of polymers to silica scales in the order
PC > PVAc >PMMA > PS as determined by the difference in the solubility parameters
of silica and appropriate polymer (1 < 1.1 < 1.6 < 1.9 MPa’®).

Following the acid-base competition theory, the polarity of the particles and the polymer
must be taken into account. While the polarity of particles was fixed for all samples using the
same silica nanoparticles, the polymer dipole moments were evaluated according to the dipole
moments of their monomers. Methyl methacrylate monomer (PMMA) has a dipole moment
of 1.67 D, vinyl acetate (PVAc) has a dipole moment of 1.79 D, styrene (PS) has a dipole
moment of 0.12 D and the average of carbon acid and Bisphenol A (PC) dipole moment is
0.50 D. It has been previously reported [25; 21] that the dispersing solvent can control
the nanoparticle spatial organization in polymer nanocomposites. Nevertheless, the current data
of this work shows that the type of polymer matrix also had an essential effect on the resulting
nanoparticle organization and the relative change in nanocomposite properties induced
by nanoparticles. Therefore, all interactions between polymer-solvent-particle should be
considered.

For the purpose of quantitative analysis, individually dispersed particles, aggregates,
and clusters were considered as basic elements characterizing the actual nanoparticle
dispersion. The size of all organization types formed in the structure of nanocomposites
(individually dispersed particles, chain bound clusters, and agglomerates) was collectively
called the size of the agglomerates dw. Size of elements dw was divided by single nanoparticle
diameter dsp and related to the polymer-solvent interaction strength evaluated by the reciprocal
absolute difference in the Hildebrand solubility parameters 6 of solvent and polymer
1/|dsolvent—Opolymer| @S Shown in Figure 4.

There are at least two main regimes of nanoparticle organizational states as indicated
by the two auxiliary solid lines in Figure 4. The systems with very low reciprocal absolute
difference between the Hildebrand solubility parameters of solvent and polymer
1/|dsolvent-Opolymer| COUld be possibly attributed to the third independent mechanism as will be
discussed later. In this region (bottom left corner in Figure 4), dispersion of individual particles
is expected. At around 1/|dsolvent—0polymer] OF 0.6 MPa®®  the dependence splits into two
independent regimes. Systems on the lower curve keep a relatively good dispersion
of individual nanoparticles, very small aggregates of approximately 2—-8 nanoparticles or chain
bound clusters (i.e. good dispersion in global), while the systems on the upper curve show
a large systematic increase of element size with increasing 1/|dsoivent—dpolymer|. A detailed
characterization of the different nanoparticle self-assembly regimes will follow.

12
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Figure 4: The ratio of agglomerate size dw to the single-particle diameter ds, for spherical nanosilica
nanocomposites depicted as the dependence on the reciprocal absolute difference in the Hildebrand solubility
parameters of solvent and polymer. The two populations of dispersed individual particles and aggregated
populations in PMMA-THF and PVAc-THF and the two populations of small and larger aggregates in PMMA-
toluene composites were plotted separately as two points for each system. The anisotropic microfibrous structure
formed in PC-dioxane was a specific case and thus was not included in the trends defined by the solid lines. Raw
data are available in the appendix.
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It is supposed that the high negative charge on silica manifested by the high negative value
of (-potential is caused by strong solvation. Therefore, in such systems, solvent-nanoparticle
interaction won the competition against the polymer-nanoparticle counterpart for the particle
surface and almost no polymer segments could adsorb. The current results are consistent
with the previous study [25] which correlated the effective hydrodynamic volume
of nanoparticles in a polymer solution and the enthalpy of the acid-base interaction between
solvent and particle with the nanoparticle organization. Good dispersion was observed
at intermediate solvent-particle interaction strength altogether with little to no traces of polymer
adsorption shell as evidenced by the effective hydrodynamic volume. Suggestively,
the dispersion stability could be attributed to the combination of the solvation shell and weakly
absorbed polymer shell around the particles. This hypothesis is supported by many systems
in the bottom left corner of Figure 4. All these systems showed a relatively low (-potential
of less than —20 mV which corresponds to weak electrorepulsive stability as the threshold
of incipient electrorepulsive stability of colloidal solutions is considered about £10 mV. [26]

Strong particle-solvent interaction would normally provide a strong solvation shell
and a good electrorepulsive stability, the solvent would act as a displacer preventing polymer
adsorption on the nanoparticle surface. [21] However, in the presence of polymer, it reportedly
caused a depletion attraction which could compromise the otherwise good dispersion
of nanoparticles [25] as it can be seen on PC-DCM-silica system where large aggregates were
found (Figure4). PC had the strongest interaction strength with the silica surface
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of the investigated polymers, and yet, the aggregation tendency was imposed by an appropriate
solvent. Hence, it is apparent that the polymer-particle interaction could be equaled or even
outweighed by the role of solvent and the strong polymer-particle interaction alone is not always
a sufficient condition to obtain a good dispersion of nanoparticles. The difference between
the solubility properties of the competing polymer and solvent is the key parameter that,
together with the particle-particle interaction assessed by (-potential, governs
the nanocomposite structure. This finding is consistent with the seemingly superior importance
of the solvent and the known significance of the polymer matrix.

Moreover, stabilization of good dispersion possibly relies also on the chain conformation
rather than the surface interaction strength alone. With a larger difference in solubility
parameters between solvent and polymer (or its small reciprocal value), the polymer coil was
more packed, the radius of polymer coil rpoymer decreased (Figure 5A), as verified by DLS
measurement (Figure 5C). Unlike other polymers, PS had an approximately constant coil radius
in the investigated range of solvents. It could be possibly caused by its low polarity, relatively
high molecular weight, chain rigidity, and polydispersity.

In the solution state, when the compact coil adsorbs on the surface of the silica, a stiffer layer
of the modified matrix will be created around the particle and therefore another particle cannot
access the first particle. The packed coil in a poor solvent adsorbs to one particle surface
and forms a compact polymer shield layer which prevents direct particle-particle contact. Thus,
a layer of an adsorbed polymer is formed around the particle, followed by a polymer bulk,
thereby stabilizing good dispersion. Similar behaviour was observed by Jouault et al. [21] when
they described the adsorption of poly(2-vinyl pyridine) (P2VP) onto nanosilica surface in MEK.
The resulting “hairy” particles were sterically stabilized against agglomeration.
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Figure 5: A — Nanoparticles with an adsorbed layer of compact polymer coils formed in a poor solvent. B
— Nanoparticles with adsorbed flexible expanded polymer coils formed in a good solvent. Graph C — Radius
of polymer coils in solutions of various solvents (determined by DLS) dependence on the difference of solubility
parameter between solvent and polymer. Dashed lines are for eye guidance.
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On the other hand, expanded coil (Figure 5B) in a good solvent (the small difference
in solubility parameter or its large reciprocal value) can more readily act as bridging molecules
and thus promote a couple of the particles over short distances and hold the particles together,
creating clusters. Furthermore, more flexible expanded coil adsorbed on one particle is not such
a difficulty to another particle to approach and create contact aggregation.

Low negative values of {-potential above —5 mV and below approximately —10 mV, which
is the threshold for incipient electro-repulsive stability [26], allow for both particle-particle
agglomeration and acid-base adsorption of polymer onto silica taking place simultaneously.
The latter process led to a formation of an adsorbed polymer shell which could stabilize
a relatively good dispersion while the former yielded large aggregates. Unlike the previous
case, particle-polymer interactions seem to have an important role in this mechanism
of nanoparticle assembly.

The stability of silica in toluene was such low ({-potential of —3.3 mV) that the polymer
adsorption was competed by rapid nanoparticle contact aggregation. While this process was
of a completely different nature than the depletion attraction, as was shown in the previous
study [25], the formed nanocomposite structures followed in both cases a similar dependence
on 1/|dsoivent—polymer] (Figure 4), though it is not clear whether this was a coincidence
or a systematic behaviour.

Contact aggregates observed in toluene nanocomposites showed less symmetric and more
chaotic organization which was possibly attributed to their kinetic origin compared
to the thermodynamic one of the aggregates formed due to the depletion attraction. [25] Large
aggregates were observed for PS-toluene system, which showed the lowest particle-polymer
interaction strength and the greatest 1/|dsolvent—dpolymer| Values of all the toluene samples. Two
populations of aggregates were found in the PMMA-toluene system suggesting that lessened
coil swelling and increased strength of surface interaction helped to prevent nanoparticle
aggregation. Finally, polymer adsorption stabilized dispersion of individual nanoparticles
and very small clusters/aggregates were formed in PVAc-toluene, where the matrix showed
the lowest coil expansion and the strongest nanoparticle-polymer interaction.

Finally, dioxane was a special case since it was the only investigated solvent that acted
as an acid towards the silica ({-potential of +0.4 mV), which means that dioxane and silica
should compete together for the basic active sites of the polymer. Moreover, positively charged
silica could catalyze the decomposition of dioxane to acetaldehyde and subsequent
polymerization of acetaldehyde to oligomeric or polymeric (POE) chains which possibly leads
to the exceptionally large nanoparticle assemblies. In silica-PC-dioxane nanocomposite, the
20 nm spherical nanosilica was assembled into 5 um long microfibres with an aspect ratio
of 11 and dw/dsp of about 250 and 23.5 for longitudinal and transverse direction, respectively.
[27]

The solubility parameters represent the enthalpic parameters in the polymer nanocomposite
solutions. It should be taken into account that the dispersion of nanoparticles
in a nanocomposite system is also affected by entropic parameters, such as the molecular
weight of the polymer matrix. The conclusion of this thesis is based on experimental data, thus
the variation of molecular weight across all systems would be beyond the scope. Hashemi et al.
[28] observed that the stability of a good dispersion increases with increasing molecular weight.
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Due to the larger number of entanglements on the longer chains, the nanoparticles do not have
such an opportunity to diffuse freely through the system, and their aggregation is thus to some
extent more suppressed. Jouault et al. [21] stated that in the case of really strong adsorption
of polymer chains onto nanoparticles surface (e.g. due to strong hydrogen bonds between
the silanol groups on the nanoparticle surface and the functional nitrogen groups in P2VP),
the good dispersion in polymer nanocomposites is always achieved, independent of matrix
molecular weight.

4.1.1.2 Relaxation properties of polymer nanocomposites

The different strengths of the nanoparticle-polymer and the solvent-polymer interaction also
affected the thermomechanical properties of the investigated nanocomposites. The Tqg
of the nanocomposites prepared in the THF was determined employing the DSC (10 °C-min™?)
and compared to the glass transition temperature of the neat polymer matrices, Tg, matrix-
The change of nanocomposite Tg from the Tg, matrix Was determined as:

ATg = Tg - Tg, matrix- 2
In agreement with the existing models, the Tq increased with increasing heating rates.

Modified Arrhenius equation [29] can then be used for calculation of the activation energy
of glass transition, Ea Tq:

Eprg 1000
lnq = lnqo - R : Tg ) (3)

where q is the heating rate (K-min?), qo is the preexponential factor with the same unit
as the unit of heating rate, R is the universal gas constant (J-K™*-mol™). The Ea 14 (kJ) can be
calculated from the slope of the linear dependence of the Inq vs. 1/Tq plot. The relative Ea, g
was calculated by dividing Ea, tg 0f nanocomposite by activation energy of neat polymer matrix,

Ea, Tg matrix:

Ep T
rel. Ep rg = 8

(4)

EA, Tg matrix

Rel. Ea and ATg were related to the absolute difference between the solubility parameters
of solvent and polymer |Jsoivent—dpolymer| (Figure 7A). The increase of |dsolvent—Jpolymer| directly
correlates with the decrease of the size of aggregates dw as shown in Figure 4 . The function of
rel. Ea, and ATg on size of agglomerates dw (Figure 6) was consistent with this finding.
Therefore, further in the text, it is inherently considered that the increase of |dsolvent—dpolymer|
includes the decrease of dw.

Although the individual particles in the PVAc-THF and PMMA-THF samples exceeded
the aggregate population in frequency, a large number of primary particles with the inaccessible
surface area were concentrated in the aggregates reducing the overall available active particle
surface. Since this reduction had a significant effect on relaxation behaviour, the dw values
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for PMMA and PVAc were taken from the larger of the two populations present in these
systems.
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Figure 6: Dependence of the relative glass transition activation energy (Ea) and the increase of glass transition
temperature (ATg) on the element size dw.

A gradual increase in rel. Ea accompanied the increasing |dsolvent—0polymer|, i.€., decreasing
element size dw as expected. Polymer chains formed an affected polymer layer with retarded
molecular packing and dynamics around the solid surface of particles due to the attractive
interactions. [11; 25] The effective interfacial surface increases with increasing |dsolvent—Jpolymer|
(decreasing dw); therefore, the number of polymer chains with retarded dynamics also increased
for smaller particles and so did the energy expenditure required for the release of chain
segmental scale movement. However, ATq grew with decreasing |dsolvent—polymer| (increasing dw)
despite it was expected that ATy should follow the same trend as rel. Ea and increase
with increasing the effective interfacial area. [11; 25; 30; 31; 32; 33; 34; 35]

Nevertheless, the previous investigations were performed on a system with constant
chemical composition and the interfacial area controlled via nanoparticle concentration.
Therefore, the strength of the silica-polymer interactions expressed by the solubility parameters
(Figure 7B) was investigated. It was expected that the attraction between the particle surface
and the polymer chains was stronger for lower values of the absolute difference |Jsilica—dpolymer]-
PC had the strongest attraction to the nanosilica surface while PS had the weakest. Rel. Ea
increased with the increasing interaction strength in accordance with expectations; however,
ATy followed the opposite trend again.
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Figure 7: A — Dependence of the relative activation energy of glass transition (Ea) and glass transition
temperature (ATg) on the absolute difference in solubility parameters of solvent and polymer and B — on the
difference in Hildebrand’s solubility parameters of silica and polymer. Raw data are available in the appendix.
C — An illustrative picture shows the difference between the adsorption of flexible PC chains and rigid PS chains
onto nanoparticle surface, green color represents the immobilized layer, blue color represents the frustrated layer.

Before further interpretation, it would be useful to recall the detailed physicochemical
situation of the affected polymer layer [11; 25; 30] (Figure 7C) and the mechanisms of chain
interaction with nanoparticle surface [36; 37; 38; 39; 40]. It is assumed that the affected polymer
layer around nanoparticles consists of the immobilized and frustrated polymer layer. The
immobilized polymer layer consists of tightly adsorbed polymer segments that directly adheres
to the surface of the nanoparticle with greatly retarded chain dynamics and a typical thickness
of 1-3nm [41; 42; 43; 44] while the frustrated layer is formed by chains interacting
with the immobilized polymer layer via intramolecular (chain connectivity) or intermolecular
(entanglements) interaction. [11; 45] The packing of the frustrated layer is also influenced,
and its dynamics retarded, but to a much lesser extent compared to the immobilized layer.
On the other hand, the thickness of the frustrated layer is larger (10-20 nm) [46; 30; 44;
47], thus, it occupies a larger overall volume of the material.

Tannenbaum and Ciprari et al. [36; 37] assumed that polymers with a strong attraction to the
particles tend to adsorb with a larger number of their segments, possibly forming trains on the
nanoparticle surface. Subsequently, they form short loops and do not affect a large number of
surrounding chains due to short effective length and a frustrated layer. Weakly binding
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polymers prefer the adsorption of only one or a very few segments and form long loops with
long effective length forming a large frustrated layer.

Cheng et al. [38] investigated the dependence of the thickness of the interfacial layer
between the polymer matrix and the polymer rigidity defined through the characteristic ratio
Cw. They revealed that the thickness of the interfacial layer and length scale of dynamic
heterogeneity in polymer nanocomposites increased with increasing polymer C... Jouault et al.
[39] determined a greater amount of bound polymer for weakly interacting PS than
for attractively interacting PMMA matrix in a series of nanosilica filled nanocomposites.

Generalizing the results of this dissertation work altogether with the other available data, it
was assumed that the interaction strength and chain conformation (stiffness) control the size
of the affected polymer layer and the thickness ratio between the immobilized and the frustrated
layers within it. Moreover, it was suggested that glass transition temperature Tg and activation
energy Ea are susceptible to individual layers in different ways. Rel. Ea is assumed to be
susceptible mainly by the properties of the immobilized layer formed by adsorbed polymer
segments that directly adhere to the nanoparticle surface. The stronger the interaction between
polymer and silica was, the thicker the immobilized layer with more retarded dynamics was
formed. In turn, more energy was required to release the chain conformations. The rel. Ea scaled
in the following order: PC >PVAc >PMMA >PS which agrees well with the proposed
hypothesis. ATy is expected to be primarily dependent on the properties of the frustrated layer.
[30] Flexible chains (like PC) did not transfer the immobilization retardation over long
distances; hence, the frustration layer was rather thin. In contrast, the rigid PS chains transferred
the retardation furthest to the bulk polymer more effectively and the frustration layer around
the nanoparticles was thicker, shifting the glass transition to the higher temperature. Confirming
the hypothesis, chain flexibility, and interaction strength decreased while ATgy increased
in the following order: PC > PVAc > PMMA > PS. PC had the most flexible chains, which
characteristic ratio C. is 2.4, the characteristic ratio of PVAc and PS is 8.9 and 10.2,
respectively. PMMA’s C, is dependent on the chain tacticity — isotactic PMMA has
C» =9.2-10.7, syndiotactic 7.3-8.4 and atactic PMMA is assumed to have the greatest
stiffness. [48] The PMMA used in this study was atactic with a high portion of syndiotactic
chains. [49] In the light of the presented evidence, the widespread simple expectation that strong
polymer-particle interactions yield the best possible enhancement of all thermo-mechanical
properties seems no longer valid. More likely, the complex interplay of several mechanisms
operating at the nano-scale has to be considered. This complex situation can be easily solved
by taking the various thicknesses of immobilized and frustrated layers into account.

4.1.2 Nanocomposites with HIPS matrix

For the preparation of HIPS nanocomposite the cyclohexanone solvent was used (in this
solvents, the best dispersion of small silica clusters in the glassy PS phase was achieved.).
Cyclohexanone dissolved both, the PS matrix and rubber particles. The cyclohexanone solution
was clear when viewed with the naked eye. From DLS histogram, it is evident that the ratio of
the intensity representing polymer coils significantly exceeded that of the rubber particles.
Thus, most rubber particles were dissolved into individual polymer chains dispersed
homogeneously in colloidal solution.
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Figure 8: TEM images of HIPS nanocomposite prepared in cyclohexanone with 1 vol. % of spherical silica.
A — Overview of good dispersion. B — Occluded particle detected in BF mode.

To simplify the preparation protocol, many experiments were first performed with fumed
silica particles incorporated into the HIPS using melt-blending (Figure 9).

) 3 i *&::4! : &um;
Figure 9: TEM image of nanocomposne with 1 vol. % of fumed 5|I|ca prepared by the melt-blending method.
HIPS sample with the holes caused by the rupture of the rubber particles during ultramicrotome cutting.

4.2 Structural and thermal analysis of foams

4.2.1 Thermal decomposition of the foaming agent

The optimum foaming temperature and time were determined employing the TGA, in which
the foaming process in the air was simulated. One-hour isothermal hold of pure
azodicarbonamide or HIPS with 2 wt. % of azodicarbonamide at constant temperature is shown
in Figure 10. The temperature range for individual measurements was 160-250 °C in 10 °C
steps. It seems clear, that significant decomposition of the pure blowing agent and gas release
occurred at temperatures above 200 °C. In the case of HIPS with 2 wt. % of the foaming agent,
degradation of the polymer matrix in an oxidative atmosphere at elevated temperatures was
observed. The dashed line in the graph represents 2 wt. %, i.e. the limit at which the whole
amount of the foaming agent would theoretically decompose while maintaining all the polymer

20



matrix. As can be seen, when the sample was foaming at higher temperatures, there was
a massive degradation of the HIPS matrix, so the high temperature was undesirable.

Pure foaming agent (azodicarbonamide):
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Figure 10: TGA simulation of foaming process in air atmosphere — isothermal hold of the material at different
temperatures for 60 minutes. The upper graph shows the decomposition of the pure foaming agent
(azodicarbonamide). The lower graph shows the thermal decomposition of the HIPS sample with 2 wt. %
of foaming agent. The dashed line defines the content of the foaming agent in the sample.

When HIPS with the blowing agent was extruded from the 3D printer at 180 °C, almost
no blowing agent decomposed, because decomposition of azodicarbonamide at this temperature
was very slow, and the stay of the polymer in the heated printer extruder and nozzle was short.
At 220 °C, the probability of HIPS degradation was faster, however, the stay of melted polymer
in the printer and the heated nozzle was short but the time was sufficient for the blowing agent
to decompose and cause foaming.

Hence, foaming at 200 °C for 30 min after 3D printing at 180 °C was, found to provide
optimal conditions — azodicarbonamide decomposition was fast enough for a sufficiently long
time to produce the desired foam structure while minimizing HIPS degradation. With shorter
foaming times, the HIPS degradation was even more suppressed.
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4.2.2 Effect of nanoparticles on the foaming process

Thermogravimetric analysis (TGA) was performed using filaments to investigate the effect
of nanoparticles on the thermal behaviour of the thermal blowing agent and thus
on the behaviour of the entire polymer system during processing.

Complete TGA curves:
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Figure 11: TGA curves of extruded filaments. Top — complete curves. Bottom — detail of area when the
blowing agent was decomposed to gaseous products and causing foaming.

Figure 11 depicts the results of the TGA measurements. The TGA curves showed a similar
shape for all the systems investigated differing more significantly only above approximately
450 °C. Here, the curves deviated from each other due to different amounts of nanosilica.
However, magnifying the area in which the blowing agent decomposed, the significant effect
of silica on this process was observed. Increasing silica content, the decomposition behaviour
deviated more and more from the sample without nanoparticles. The sample with 1 wt. %
of solvent-casted spherical silica deviated more than the sample with 1 wt. % of melt-blended
fumed silica. To numerically compare this trend, the decomposition temperature of the blowing
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agent was determined (Figure 12) — the peak value from the first derivation of the TGA curves.
The blowing agent was the first component that decomposed in the system, so it was determined
from the first peak value in the temperature range of 180-240 °C. Since it was a peak
of derivation, it was more precisely the temperature at which the decomposition of the blowing
agent had the fastest rate.
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Figure 12: Dependence of blowing agent decomposition temperature on nanosilica loading.

Results in Figure 12 confirmed, that the decomposition temperature of the blowing agent
decreased with an increasing amount of nanoparticles. During processing, decomposition
of blowing agent in hanocomposites occurred at lower temperatures and the system was able
to foam in a shorter time under the same temperature conditions. For spherical silica, this effect
proved to be much more enhanced than for fumed silica. This was observed in practical terms
in later experiments (paragraph 4.2.4) when 3D printed cylinders were foamed in a glass-
aluminum mold at elevated temperatures. The system without nanoparticles needed 30 minutes
to fill the mold. The sample with melt-blended fumed silica reduced this foaming time
to 10 minutes and the sample with solvent-casted spherical silica to 5 minutes. Since
the solvent-casted spherical nanosilica was distributed in the polymer matrix in the form
of individual particles and its distribution homogeneity was on the nanoscale, it had a more
significant effect on the surface energy of the blowing agent than large isolated aggregates
of melt-blended fumed silica.

We ascribe this effect to the lowering the surface energy azodicarbonamide grains by silica
nanoparticles making it easier to release gaseous products. A similar effect was observed
by Zakiyan et. al [50] on the PS system but with a physical blowing agent (CO2) because
the nanoparticles reduced Gibb’s free nucleation energy. Saha et al. [51] observed three
different types of nanoparticles in PU foams and, conversely, observed an increase in thermal
stability with the addition of nanoparticles. However, this could be due to the influence
of nanoparticles on the synthesis of the PU polymer itself, when in their presence the polymer
could crosslink more and thus cause an increase in thermal stability.
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4.2.3 Effect of silica content on the foam porosity

The presence of nanoparticles had a major influence on the porosity, pore size, and spatial pore
distribution of the resulting foam. In Figure 13, foamed HIPS with 2 wt. % of the foaming agent
after single-screw extrusion is depicted. Samples had different nanosilica content — the first
sample was without nanoparticles and then with 0.25, 1, 2.5, 5, and 10 wt. % of melt-blended
fumed silica. All samples were prepared under the same conditions (temperature, rpm) to ensure
the same foaming conditions and reproducibility. All samples showed a relatively uniform
distribution of closed cells.

v % ;i - % . AP N v ol LA b
Figure 13: CLSM images of extruded filaments — HIPS with 2 wt. % of blowing agent after single-screw
extrusion with different amounts of melt-blended fumed silica (without nanoparticles, with 0.25, 1, 2.5, 5,
and 10 wt. % of fumed nanosilica).

It was clearly observable, that with higher silica content, the porosity of foams increased. It
was shown that nanoparticles served as nucleating agents when a thermal chemical blowing
agent was used. Bubble growth was facilitated on the surface of nanoparticles, creating more
stable nucleation centers leading to a structure with a larger number of smaller pores.

Samples without nanoparticles and with 0.25 wt. % of fumed silica had discrete individual
pores. In the sample with 1 wt. %, the number of pores highly raised and they slightly started
to connect, but most of the pores were still separated. From the 2.5 to 10 wt. % of nanoparticles,
the foam structure did not change significantly — all three samples showed the structure
of a larger amount of mostly coalesced pores. All samples passed through the extruder
at the same time, so they had also the same time for pore formation. Thus, the individual pores
are all approximately the same size. Large pores were observed due to the connection of several
of these individual pores, which grew close together. In the case of 10 wt. % of nanosilica,
the ratio of connected bubbles seemed to be so high, that the start of open porosity could be
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almost considered, but these large connected bubbles were not connected from a macroscopical
point of view.

One sample with solvent-casted spherical silica was also extruded (Figure 14). The whole
concentration series was not made due to the large demands on solvent material consumption,
which represent an increased burden in financial and environmental points and due to more
difficult way of solvent-casted samples preparation also time burden. Solvent-casted spherical
silica sample showed the structure of a large number of individual pores and unlike 1 wt. %
of fumed silica showed no coalescence of pores.

Figure 14: CLSM image of extruded filament — HIPS with 2 wt. % of'blowing_agent after single-screw
extrusion with 1 wt. % of solvent-casted spherical nanosilica.

4.2.4 Structure of the 3D printed foams

When HIPS with the blowing agent was 3D printed below the decomposition temperature
of azodicarbonamide, a very precise 3D printed structure was reached. No macroscopically
observable porosity was produced. This property is an important premise e.g. for multi-material
3D printing, where the printing of the next material follows directly on the previous material
to produce for example sandwich or gradient structures, where the foamable filament could be
effectively used.

The microscopical structure of cylinders printed below the decomposition temperature
of the blowing agent is depicted in Figure 15 (upper line). In the case of the sample without
nanoparticles, it was possible to print a solid body without pores. When nanoparticles were
added, the bubble formation occurred even below the standard decomposition temperature
of azodicarbonamide. As was explained in paragraph 4.2.1, the presence of nanoparticles
lowered the decomposition temperature of the blowing agent probably due to lowering surface
energy around blowing agent grains, and thus gaseous decomposition products were released
easier. Thus, it was possible to achieve porous structure even when 3D printing occurred at low-
temperature conditions. During 3D printing, there was no shear stress as in the extruder,
so the local overheating caused by shear friction could not be considered.
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Figure 15: CLSM images of 3D printed cylinders based on HIPS and azodicarbonamide without nanoparticles
(left column), with 1 wt. % of melt-blended fumed silica (middle column), and with 1 wt. % of solvent-casted
spherical silica (right column). Upper line — after 3D printing below the decomposition temperature
of the blowing agent (180 °C, scale bar 200 um). Middle line — after 3D printing above the decomposition
temperature of the blowing agent (220 °C, scale bar 200 um). Bottom line — after post-processing in the pre-
heated oven (200 °C, scale bar 500 pum).
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When HIPS with the blowing agent was 3D printed above the decomposition temperature
of azodicarbonamide with 100 % flow of the material through the printer, the expanding
material took up more space than the compact unfoamed solid material and therefore overflows
on the printed body arose. This inconvenience was suppressed by reducing the flow of material
into the printer. The degree of this reduction was set experimentally so that the printed bodies
had a shape precisely defined by the design, i.e. with no overflows or unprinted areas. The flow
reduction was about 80 % in all three cases. The microscopical structure of cylinders printed
above the decomposition temperature of the blowing agent is depicted in Figure 15 (middle
line). The homogenous microporosity was formed in all three cases (without nanoparticles,
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with melt-blended fumed silica, and with solvent-casted spherical silica). Printing above
the decomposition temperature of azodicarbonamide allowed producing of directly foamed
bodies with a precise outer structure designed by software without any post-processing
treatment. Needless to say, that the resulting pores were slightly compressed by the printer
nozzle during the deposition of the newly printed layer, i.e. they were reduced in size.
Cylinders, which were 3D printed below the decomposition temperature of the blowing
agent, were then thermally treated in a pre-heated oven — they were subjected to post-processing
foaming. 3D printed cylinders were closed in the aluminum mold with glass bases
with a diameter of 120 % compared to the diameter of the original cylinders and foamed in the
oven at 200 °C. Foaming time was set experimentally so that the cylinder was perfectly foamed,
i.e. it just took its place in the mold without overflows or unfilled spots. Foaming time varied
significantly depending on the material. Without nanoparticles, the foaming time was
30 minutes. With fumed silica distributed in the material in the form of micro aggregates,
the foaming time was 10 minutes, i.e. it was reduced by 66.7 %. In the case of spherical silica
distributed in the material in the form of individual nanoparticles, the foaming time was
5 minutes, i.e. reduced by 83.3 %. Another fact that contributed to the more rapid foaming was
that the samples with nanoparticles had small pores already immediately after 3D printing,
unlike the sample without nanoparticles. These pores then served as precursors for post-process
foaming and facilitated the formation of larger pores. Post-processing foaming after 3D printing
allowed the production of material with even larger pores, i.e. with even lower density. It
allowed to print small objects and then foam them into larger ones with little material
consumption. The microscopical structure of cylinders after post-processing foaming is
depicted in Figure 15 (bottom line). The effect of nanoparticles was striking in this case. Large
pores were formed in the sample without nanoparticles. The size of the pores was significantly
decreased and the number of pores was increased when nanoparticles were added.
Nanoparticles served as heterogeneous nucleation centers during bubble growth and thus
support growing large amounts of smaller pores. In the case of solvent-casted spherical silica,
pores seemed to be smaller and more homogenous than in the case of melt-blended fumed silica.

4.2.5 Tensile properties of filaments

Stress-strain curves of the materials investigated are shown in Figure 16. Tensile behaviour
with high deformations was observable in the pure HIPS sample, sample without nanoparticles
or only with a small nanoparticle loading (0.25 wt. % of fumed silica). A further increase
of nanoparticle content led to embrittlement and a decrease in the stress plateau region
and elongation. Pure HIPS, sample without nanoparticles, and sample with 0.25 wt. % of fumed
silica had significant overshoot in yield point area with strain softening region. On the other
hand, this overshoot disappeared and the yield point was followed only by gradual strain
hardening in samples with higher nanoparticle content. The sample with 10 wt. % of fumed
silica showed such a brittle behaviour, that not all of the test specimens reached the yield point
and their failure occurred immediately after the linear region of elastic deformation.
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Figure 16: Representative tensile stress-strain curves of extruded filaments. Top — complete curves. Bottom —
detail of low deformation area. All curves of specimens are in the appendix.

Very significant differences in the mechanical response were observed between samples
with 1 wt. % of the different silica. Sample with 1 wt. % of melt-blended fumed silica showed
still ductile behaviour, although it reached maximally half deformations than pure HIPS.
In contrast, the sample with 1 wt. % of solvent-casted spherical silica was the most brittle of all
the filaments but was able to achieve higher stress than other silica samples.

The different behaviour of samples with 1 wt. % of silica (solvent-casted spherical silica
or melt-blended fumed silica) was due to how nanoparticles were incorporated into the polymer
matrix. While fumed nanosilica particles remained exclusively in the PS matrix, spherical
nanosilica was also incorporated at the interface of the PS-rubber particles and in the occluded
rubber particles themselves (Figure 8). Disruption of the PS-rubber phase interface and
reinforcement of the rubber particles themselves leaded to a loss of the toughening rubber
effect. During deformation, there was no effective interface extraction of rubber fibrils, on
which energy dissipation would occur. The sample with spherical silica thus shifted its
mechanical properties towards the properties of pure PS away from the properties of rubber —
it lost ductility but was able to withstand higher stresses.
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Only a small amount of nanoparticles was sufficient enough to effectively modify
the mechanical properties. A higher content worsened the mechanical properties
in an undesirable way and made the cost of the material more expensive. Xu et al. [52]
concluded during their research of PU foams with organoclay nanofiller, that compressive
and tensile strength was maximized at 2 phr (= 1.96 %) of the nanofiller. Up to this value,
the nanoclay filler increased the strength, at higher contents the strength decreased. They also
observed that the average pore size decreased to 2 phr and increased when exceeded. Zhang et
al. [53] observed very similar behaviour directly on the HIPS system with TiO. nanoparticles.
They observed maximized notched impact strength, tensile strength, and tensile elastic modulus
at 2 % of nanofiller. The conclusions of these independent researches are practically identical
to the conclusions of this dissertation work. As for the practical observation of the filaments
examined in this work, filaments with a higher silica content (2.5 wt. % and higher) were
no longer suitable for 3D printing — filaments diameter fluctuated and the surface roughness
of the filament increased.

4.2.6 Compressive behaviour of 3D printed foams

Compressive stress-strain curves of the cylinders are in Figure 17, while the top graph shows
the deformation response of cylinders printed below the decomposition temperature
of the blowing agent, the middle graph shows the deformation response of cylinders printed
above the decomposition temperature and the bottom graph shows cylinders after post-
processing foaming.
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In the case of samples 3D printed below the decomposition temperature of the blowing agent,
the results fully corresponded to the structure of the samples. Samples without pores (pure HIPS
and HIPS without nanoparticles) could withstand higher compressive stresses. In contrast,
samples with nanoparticles that contained microscopically observable porosity showed after
linear elastic regime lower plastic collapse stress. For all samples printed below
the decomposition temperature, continuous strain hardening occurred after the linear regime
without overshoot at yield point and without constant plateau regime.

In the case of samples 3D printed above the decomposition temperature of the blowing agent,
the highest stress was again withstood by pure HIPS without porosity. Porous samples without
nanoparticles and with fumed silica showed lower plastic collapse stress after the elastic region
with gradual strain hardening without overshoot on yield point. On the other hand, the sample
with spherical silica reached higher stresses within the linear elastic region than other porous
samples, its elastic region was followed by a significant overshoot on yield and some of its
specimens switched to a constant plateau mode, some specimens collapsed before the plateau
regimen.

Pure HIPS was not included among the samples after post-process foaming, because
as the only sample it did not contain a blowing agent, it was not possible to foam it and the post-
processing thermal treatment did not make sense for this sample. All other samples had
approximately the same porosity and density, but the sample without nanoparticles had
significantly larger pores and significantly lower cell density. This difference in structure was
well reflected in the deformation response when due to the finer pore structure of the samples
with nanoparticles, higher plastic collapse stress was achieved than in the case of samples
without nanoparticles. All samples showed a significant overshoot in the yield region after
the elastic region followed by a plateau regime. Only the sample with spherical silica failed
before the plateau regimen, but this sample showed the highest yield point peak.

The effective improvement of mechanical properties by nanoparticles was demonstrated
especially in samples where nanoparticles were allowed to fully manifest during porosity
formation, i.e. post-processing foaming because the system was not limited by the short time
or limited space for foaming. Unlike samples directly after 3D printing, when porosity
formation was significantly affected by the deposition of individual printed layers
and the forming pores were spread with an extruder nozzle. Samples with solvent-casted
spherical silica were more brittle due to the disruption of the rubber effect by nanoparticles.
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5 CONCLUSION

Cellular nanocomposites with structure organized on multiple hierarchical levels were prepared
using the additive manufacturing technique. The principle governing the self-assembly of silica
in glassy polymer nanocomposites prepared by solvent-casting was found. The difference
in the Hildebrand solubility parameter between the polymer and the solvent was proved to be
the decisive parameter. In the case of a small difference between the solubility parameters,
the particles were coated with an adsorbed layer of compact polymer coils which stabilized
good dispersion. If the difference between the parameters was large, the polymer chains
adsorbed on one particle were more expanded and flexible and therefore did not form a steric
barrier for another particle, and contact aggregation occurred. The expanded coil could act
as bridging molecules within a cluster. Another important parameter was the (-potential
of nanoparticles in a given solvent, which represented the charge on the silica surface
and the ability of the solvent to create a solvation shell around the particles.

Three solvents producing very good dispersion of nanoparticles in glassy PS were also
investigated in systems with two-component polymer blend HIPS. Cyclohexanone dissolved
both components of the HIPS — PS matrix and rubber particles. Thus, small spherical nanosilica
was capable to penetrate into occluded rubber particles and assembled in the PS-rubber
interface. DMAC and DMF dissolved selectively PS and did not dissolve PBR particles.
Therefore, silica was unable to enter the rubber particles and remained only in the PS matrix.
Sufficiently small particles with spherical geometry and non-selective solvent were needed
for the efficient incorporation of silica into the rubber particles of the HIPS.

HIPS nanocomposite with solvent-casted spherical silica (prepared in cyclohexanone)
and melt-blended fumed nanosilica were used for the preparation of foamable filaments for 3D
printing using azodicarbonamide as the blowing agent. Azodicarbonamide had a sufficiently
high decomposition temperature to prevent its unwanted foaming during processing (filament
extrusion, 3D printing), but at the same time, its decomposition temperature was low enough
to avoid excessive HIPS degradation.

It has been shown that nanoparticles behaved as nucleating agents for the pores. Pore growth
was facilitated on the surface of the nanoparticles, creating more stable nucleation centers
leading to foams with a larger amount with smaller pores. The formed pores were always
closed. Nanoparticles were the most effective at low concentrations below 1 wt. % to create
foams with small pores.

The presented foamable HIPS-nanoparticle material for 3D printing offered a huge
variability of possibilities — a non-foamed solid sample was printed, a porous sample was
directly printed as well or the sample was foamed to large dimensions after printing by post-
processing foaming in the oven. And all of this was done using one filament by a simple
variation of printer settings.

Mechanical properties of the cellular foamable materials were also analyzed to characterize
prepared systems. Despite the used additives forming a small microscopically observable
porosity in the filaments themselves, the quality of the foamable filaments for 3D printing was
comparable to the pure HIPS standardly used for 3D printing as was shown by tensile tests.
In the case of compressive properties of 3D printed samples, the addition of nanoparticles
in many cases even improved the properties of the material compared to pure HIPS.
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The solvent-casted spherical silica system was more similar to the nanoparticle-free system
(in terms of density, cell density, porosity and did not form observable porosity during
extrusion, the filaments were smooth), which was advantageous for processing. At the same
time, it had more modified properties than a fumed silica system after 3D printing. The only
disadvantage of this system was the higher brittleness due to the suppression of the rubber effect
in HIPS by the presence of nanoparticles at the PS-rubber interface and in the rubber particles.
But despite this embrittlement, the 3D material was printable and showed, for example,
an increase in the modulus of elasticity.

The material based on HIPS and azodicarbonamide with the possible addition
of nanoparticles developed in this dissertation was essentially a finished and characterized
product that could contribute to the satisfaction of the growing demand for 3D printing materials
with enhanced specialized properties.
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