


Short Summary

For the first time, novel Janus nanoparticleJPs)were used insufficiently large quantities for
industrial scale blend compatibilizgion experiments. Several 100g batches of JPs were
prepared and successfully employed as compatibilizers in technologiba relevant poly(2,6-
dimethyl-1,4-phenylene ether)/poly(styrene-co-acrylonitrile) (PPE/SAN) blends. The obtained
small PPE droplet sizes of leshiain 300 nm (at 10wt.% JPsin the blend) greatly outperformed
the co-continuous neat blend but also the blend compatibilized witha linear SBM(polystyrene-
block-polybutadiene-block-poly(methyl methacrylate)) triblock terpolymer as benchmark
material. This clearly shows theoutstanding performance of JPsas compatibilizers in polymer
blends. Additionally, huge discrepancies in the blend morphology depending on the blending
equipment was found (mini-compounder (g scale) vs. extruder (kg scale))lhis demonstrates
the importance of largescale experiments before considering possible applicationsThe
optimum JP content, necessary to achieve twmogenous morphology aftercompatibilization,
was found to be between 25 wt.%, which is significantly lower than the amount needed folSBM
triblock terpolymers (10 wt.%).

Fracture mechanics analysis adPcompatibilized blends revealedsignificantly stronger interface
bonding compared to the neat and SBM compatibilized blends. The JP compatibilized blends
show higher strength and stiffness at the interface compared to the SBM compatibilized blends,
which results in lower toughness of the material whenused solely in the blend as
compatibilizers. However, it is possible to tailor the nano/micro structurevia a combination of
JPs and SBM triblock terpolymers to tune the macro properties such as toughness. Combination
of JPswith a SBM triblock terpolymer as compatibilizer in the blend resulted in a fine
morphology with small PPE droplets with radius of 100 nm which homogenized the
deformation in the blend. The toughnessas well as resistant against crack growttof the blend
was significantly improved ove a wide range of crack propagation rates, revealing the
synergistic effect of a reduced PPE domain size (mediated B3 and an elastic interface
(mediated by the SBM triblock terpolymer). Furthermore, understanding the deformation
micromechanisms of eab compatibilizer is the key point to design blend morphologies with
tailored mechanical properties.

As an outlook, JPsvere also employed in foaming PPE/SAN blends to observe their potential as
highly active foam nucleating agents. TheP3 increase the mét strength of the blend and
stabilize the cellular structure with smaller cell sizes. The stronglP mediated linkage at the
interface could also produce homogenous foams with a partially open cellular structure. The
average foam cell size was decreased &v50 % to 900 nm compared to the neat blend and the
minimum foam density reached was 550 kg/m (compared to the neat blend with densities of
around 900 kg/ms3).



Kurzasamimams sung

Neuartige JanusPartikel (JP)wurden zum ersten Malin technologisch relevanten Mengen
(mehrere 100 g) synthetisiert und fiur die Herstellung vonPolymerblends im industriellen
Mal3stab eingesetzt. Die JP wurden als Phasenvermittler in unvertrégien Poly(2,6-dimethyl-
1,4-phenylenether)/Poly(styrol -co-acrylnitril)  (PPE/SAN) Polynerblends im industrie-
relevanten Maf3stab durch Extrusion verarbeitet Im Vergleich zum reinen cekontinuierlichen

PPE/SANBIlend und dem mit SBMTriblockterpolymer (10 Gew%) kompatibilisierten Blend,
konnte mit JP eine wesentlich klmere PPETrépfchengréRe (unter 300 nm bei 10 Gewd JP)
und eine homogenere Verteilung dePPE Tropfchen in der SAMatrix erreicht werden. Dies
manifestiert die ausgezeibnete Einsatzbarkeit von JPals Vertraglichkeitsvermittler in

Polymerblends. Es muss hierbei alleradigs berticksichtigt werden, dasglie Blendmorphologie
sehr stark von der Art der Verarbeitung undden verwendeten Geraten (MiriCompounder (g
Maf3stab) gegeniber Extruder (kgMalRstab)) ehangt. Dies zeigt, dass Extrusionenim
industrierelevanten Maf3stab unabdinglich sind um mdégliche Awendungsfelder zu erschlie3en.

Bruchmechanische Untersuchungen haben gezeigt, dass die mit JP kompatibilisartBlends
eine viel starkere Grenzflachenanbidung besitzen als das reine a@er mit SBM
Triblockterpolymer kompatibilisierte Blendsystem. Dies fuhrt zu einer hohererFestigkeit und
Steifigkeit der Phasengrenzflache in den JP basierenden Blends, die allerding# einer im
Vergleich zum SBMompatibili sierten Blend wesentlich niedrigeren Zahigkeiteinhergeht. Um
Synergien in denmechanischen Eigenschaften zu erreichen, kann die Mik¢dlanostruktur der
Blends aber durcheine Mischung aus JP und SBM Triblagkpolymer malRgeschneidert und so
die Zahigkeit wesentlich verbessert werden. Diese Kombination aus JRind SBM
Triblockterpolymer als Phasenvermittler resultiert in einer pseudo co-kontinuierli chen
Morphologie und sowohl die Verkleinerung der PPETropfchengrofRe (durch JP) als auch die
elastischere Grenfiache (durch SBM) des PPE/SAMNBIends fiihrt insgesamt zu einer erheblich
verbesserten Bestandigkeit gegenErmidungsrissausbreitung. Fir die Entwicklung von
Polymerblends mit maf3geschneidertenmechanischen Eigenschaften ist es daher essentiell, die
wirksamen Deformationsmechanismen fujeden einzelnen Phasenvermittler zu kennen um die
Morphologie der Blend-Systeme exakt an diéd\nforderungen anpassen zu kdnnen.

JP kénnen zudem als hocheffiziente Nukleierungsmittel in PPEAN-Schaumen verwendet
werden, was das groRe Potential von JP in technologisch relevanten wandungen
unterstreicht. Die JPerhdhen die Schmelzefestigkeit wahrend der Verarbeitung, wodurch
Zellstrukturen mit kleineren Schaumzellen effizient stabilisiert werden kénnen. Die durch JP
vermittelte starke Anbindung zwischen den PPE und SAN Phasen fihrt zudem zu sehr
homogenen Schaumen mit einer partiell offenen Zellstruktur. Im Vergleich zum reinen PPE/SAN
Schaum konnte die ZellgréRe im JP kompatibilisierten Schaum um 50 % auf 900 nm reiut
werden und die Zelldichte nahm insgesamt um etwa@% von 900 kg/m3 auf 550 kg/m3 ab.
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1 Il ntroduction and motivati on

Multifunctionality is known to be one of the most importantfactors in current innovations. The
idea to design a material that has multiple tailored properties is the key to eliminate
unnecessary components within a given device. This can improve the performance while
keeping the design simplicity and remaining sustainable. Implementing the idea of
multifunctionality requires tailoring the material down to the molecular level and design of
materials with macro properties targeted for specificapplications. Nanostructured materials are
perfect examples of multifunctional designs which can combine multipleproperties in a single
high performance material. 4 EA  O1 AT [ilz4])AndEde Ss@uétures provides much larger
surfaces and interfaces for interactions and pla/an important role in materials properties.
Nanostructured materials can consist of one oiseveral componentsdepending on their design
and manufacturing methods. Examples of single nanostructured materials can includself-
assembled particles and structures, whereas for multicomponent nanostructures, polymer
nanocomposites, or polymer blends can be named. &lway different components interact with

each otherin thesematerials would determine the macro properties of the system.

Nanostructured polymer blends are among the most complex, yet most efficient designs for new
applications. The idea of using available materials and combining them to produce advanced
materials with multiple properties for new applications is of high econmical, industrial, as well
as scientificinterests [5z9]. Recently, several nanostructured blends produced in small scales
and via solvent based methods haveden introduced and discussed in the literatureSolution
based methods provide a medium for selissembly andallow a more precisecontrol of the
structure. However, in order to be able to transfer the knowledge to industrial applications,
more economic mehods such as melt blendingof such materialsneeds yet to be established.
Controlling the morphology and the blend structure during these processes requires
understanding of the complex thermodynamicaland rheologicalinteractions as well as design of

the elements producing the mixing forcebetween the components.

In the current study, the casing of chemical pumg(Figure 1) has been chosen as an example for
designing new multifunctional nanostructured materials. The material needs tdulfil several
functions such as processability, good mechanical propées under long term vibrations
produced by the pump, as well avigh chemical resistance against certain solvent$oly(2,6-

dimethyl-1,4-phenylene) ether (PPE) and polystyrene (PS polymer blends (PPE/PS)are the
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commercially available materials for such applications. While blending the highly viscous but
ductile PPE wih PS has improved the blend processabilitand provides good mechanical
properties for these materials, the chemical resistance of the blend isss than idealand often
additional protection layers are needed In order to improve the chemical resistance insuch
blend systens, one can replacePS by a material with similar viscosity to maintain the
processability, but showing a better chemical resistance.For this purpose, mly(styrene-co-
acrylonitrile) ( SAN, which is a copolymer & styrene with acrylonitrile (AN), is a suitable
candidate. However, while PPE/PS is a homogenaimiscible blend, the alternatve PPE/SAN
blend is immiscible. Immiscibility in polymer blends usually results in inhomogeneous
structures, in which unmodified blend interfaces often act as stress concentration pointsthat
AAT xAAEAT OEA | AOAOE A Héné, cdmpalitizeis,Bvhidnlimpve ith® A O O E A
blend homogeneity and often modify the blend interfaces, have to be addeditomiscible blend

systemsin order to fulfil the required mechanical properties.

Figure 1  Casing of a chemical pump made of PPE/PS [10]

Sate of the art compatibilizers for HAPE/SAN blend systems are polystyrene-block-
polybutadiene-block-poly(methyl methacrylate), SBM triblock terpolymers, which are discussed
in the literature [11z13]. Adding them to the blend will result in nanostructured materials in
which the morphology can be tuned via different parameters such as block lengths, molecular
weight, etc Recently, newer and novel structures such as Janus particlggPs)are introduced as
possible highly effective compatibilizers for similar systemg14]. JPs are also synthesized from
triblock terpolymers, however they are multicompartment micelles with 3D, double faced
structures. They combine the amphiphilicity of common surfactants with the Pickering effect of
particles and as a resultshow higher surface activities.Unlike triblock terpolymers that only

stabilize the morphology via emulsification, JPs promotéhe so-called Rckering effect as well
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which makes them more effective.However, all studies of JPs um know have been performed
on laboratory scale and often via solution based methodslence, it is of high scientifianterest
to study the behaviour of JP9n the engineering plastic blend systems like PPE/SANN addition,
it is important to evaluate their performance during largescale melt blending processing
methods, compared to thestudies up to now.The PPE/SAN blendcompatibilized with JPsis an
example of a multifunctional material which requires tailored nanostructures and motivates the

current study to explore the performance and effect ofIPson the blend properties.

Looking back at the targeted application area, one finds out that the compatibilized blends
would undergo vibrations during their lifetime as casings of pumpsThis means that the fracture
mechanic behaviour of the blends, specifically the crack propagation mechamis are of high
importance. Therefore, the fracture toughness of the blends, as well as their fatigue crack

propagation behaviour of them will be deeply studiel.



2 St ate of t he art

This chapter gives an overviewon polymer blends and their compatibilization especially with
block copolymers. The morphology of triblock terpolymers in bulk and hierarchical sel
assembly in solution will be shortly addressed anchovel Janus particles will be introduced.
Later on, theeffect of compatibilization on mechanical propertiesof blends, focusing onfracture
mechanics will be discussedFirst, immiscible polymer blends with their complex structures are
introduced and theinfluence of thermodynamical incompatibility and rheological properties on
their morphologies are reviewed. Further on different compatibilization methods for polymer
blends, with a focus on recent advances with Janus particles aexplained. Additionally,
previous studies on PPE/SAN blends and their compatibilization are also discussed to provide a
knowledge base for the current studyln the end,deformation mechanisms in polymer blends
and their mechanical propertiesare discussed The focus would be on the effect ofthe blend

morphology, blend interface, and compatibilization on fracture mechanics.

2.1 Polymer blends

The blending of polymers is a welestablished and versatile concept to economically unify
desirable material properties of multiple components within new materials and builds the
foundation of an entire industry [15z17]. It is one of the methods to produce polymer materials
with tailored properties chosen from two or more of its polymer components. Another driving
force to blend polymer materials is to improve the handling in production and processability.
Today, there is already ahuge number of polymers with wide range of progerties available to
industries for commercialization. Hence, there is less need for elaborate development of new
polymers, but one can target new, growing applications using available resourcesda the
blending of polymers. The possibility of using a minofraction of high performance polymers to
tailor the properties of the major fraction of commaodity polymers is extremely cost effective and
makes blending attractive for manufactures. These benefits have causadast growth of the

polymer blending industry for the past fourdecades[17,18].

The design and development of polymer blends strongly depends on two major parameters: The

control of blend morphology and interface. As most polymers are inherently immiscible,
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blending often results in formation of multiphase materials with complex structures. The size,
shape and distribution of one phase in the other one depends on material parameters (such as
the blend composition, viscosity ratio, elasticity ratio and interfa@ial tension) as well as on
processing conditions {.e, temperature, time, intensity of mixing and the nature of the flow).
Therefore, the greatest challenge in the field of multiphase polymer blends t® control the
blend morphology by tailoring the melt flow during processing and the interfacial interactions
between the components to stabilize the produced morphologjl9]. In the following sections,
fundamentals that allow for understanding the complex interactions between the blend
components are discussed. Thesénformationd &re essentialto control the blend morphology
and the interactions at the interface. Tailoring nanostructured polymer blends with improved

macro properties for spedfic applications is of high scientific as well as industrial interest

2.1.1 Thermodynamics

A polymer blend is defined as a mixture of at least two polymers or copolymers containing more
than 2 wt.% of each component20]. Polymer blendscan be classified into three groups:
Miscible, partially miscible and immiscible polymer blends (examples are given inTable 1).
Most polymers are in@mpatible, i.e, they do not mix and immiscible blends are formedA
miscible blend forms one phase(homogenous structure) whereas an immiscible blend
separates into two phaseginhomogeneousstructure). The partially miscible blend shows both,

phasesepaated and homogeneously mixed regions.

Table 1 Examples of different blend types

Miscible Partially miscible Immiscible

PPE/PS PC/SAN PPE/SAN
PVC/PCL PET/PHB PC/ABS
PMMA/SAN PMMA/PVC PE/PP

Miscibility is governed by some specific characteristics of each component. If the polarities of
polymers are similar, it is more likely that they are miscible with each other. By introducing

specific interactions, like hydrogen bonding, Vander-Waals and ionic forces,te miscibility can
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specifically befavoured towards one polymer. Miscibility also depends on the molecular weight
and is usually higher between blend componentsf lower molecular weights. This is due to the

larger effect of entropycompared to enthalpyin a polymer blend system[21].

The thermodynamic requirement for miscibility in a polymer blend can beexpressed by the

Gibbs freeenergy of mixing(3- @), shown in equation 1 [18].
Yo YO "¥Y (1

If '@ is negative, the polymes would be miscible. This requirement, however, is not enoud
and the second deviation o8- '@ with respect to the concentration has to be considereds well
This means that the behaviour of the Gibbs free energs a function of volume fractionshould
be a concave curvewvhich has a maximum point.The miscibility of two polymers can be sum up
in the equations 2 and 3. Where %o is the volume fraction of polymeri in the blend, and P,

representsthe pressure.

YO mand —— T (2)and (3)

h

For partially miscible blends, the Gibbdree energy is also negative. Hergn contrast to miscible
blends, the second derivative of the Gibbs free energy is negatias well. This leads to equation

4 and 5 which describe thepartially miscible blends.

YO mand —— n (4)and (5)

h

Partially miscible blends have an area in their phase diagram where they separate into two
phases (one is rich in blend component 1 and the other phase is rich in blend component 2). In
this case, the temperature plays a key rolen determining the blend miscibility. Increasing the
temperature leads to a largerT3& term which could drive the 3'@ to more negative valuesand
result in increased miscibility. However, for higher molecular components, th@3-%; is relatively
small andthere are other factors effecting the 3-H; term more significantly. This would lead to a
reverse behaviour, meaning that by increasing the temperature, miscibility would decrease.
Polymer blends belonging to the first group mentioned, exhibit upper critical solution
temperatures (UCST) behaviourand by increasing temperatre, their miscibility increases. The
latter group has lower critical solution temperature (LCST) behaviour, meaning that by

increasing the temperature, the miscibility decreases and the phase separation happens.
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In most casespolymer blends are immiscibke andequation 6 is for them valid.

YO 1 (6)
The positive value ofthe Gibbs free energy in immiscible blendsesults in phase separation and

formation of multiphase structures.

Among wellknown examples of miscible polymer blends are PPE/PS blends, which are miscible
over a complete composition rangd22,23]. The interactions between thea-electron donor site
(aromatic rings) in PS and electron deficient methyl groups of PPE has been proposed as the
cause for miscibility [24] . Blending with PS has facilitated the processability of the PPE, woh is
difficult to process due to its highTy and viscosity. This hasmade PPE/SAN blendsavailable for
several applications such as electronics (due to thénherent fire-retardant behaviour of PPB
under the trademark Noryl [25]. Another example of miscibility between polymers are blends of
polymethylmethacrylat (PMMA) and SAN. Here, the miscibility window is observed in a
composition range of 933 wt.% AN in SAN[26728]. The miscibility is suggested to happen due
to the repulsion effect between styrene and acrylonitrile units in SAN and other intermolecular
interactions [29,30]. Even though SANs a copolymer of PS and has a relatively similar structure
to it, the incorporation of AN strongly reduces its interactions with PPE. This leads to the
immiscibility of PPE/SAN blends for AN contents of more than 11 wt.% in SA[81]. This
miscibility window of the SAN with PPE with respect to the interfacial energy of the blend is
shown in Figure 2. Commercially available SAN grades have AN contents of38wt.% and fall

into the immiscible region.
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Figure 2 Interaction energy of PPE/SAN blends as a function of AN content in SAN [31]

2.1.1.1 Flory-Huggins theory

Flory and Huggins proposed the most populatheory for the thermodynamics of polymer
mixtures in 1941 [32,33]. They developed a simple expression for the Gibbs free energy of
mixing based on an empiric approach to describ¢he enthalpy (3'@) and entropy (3"¥) of
mixing. For describing the entropy, a lattice as a basis is defined and it is assumed that the
interactions between the polymer components in a mixture happens in this lattice. The second
assumption defines the polymer as a flexible chain with connected segmerttzat consists of

molecules with the same size, as can be seerFigure 3 [21,34,35].
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Figure 3  Schematic model of the Flory-Huggins Theory

Based on equatiori, in order to calculate the Gibbs free energy, the mixing enthalpy and mixing
entropy should be calculated separately. fle entropy of mixing in a FloryHuggins theory is
calculated based on thenumber of configurations that a collection ofpolymer chains with a
known number of segments(monomers) can have on the lattice. The change in entropy of
mixing is calculated based on statistical mechaniand the increase in spatial uncertainty as a
result of mixing the polymer with a solvent Hence, the entropy of mixing represents the
probability of a givenrandom lattice site being occupied by gpolymer segment or a solvent

molecule.

In order to calculate the enthalpy of mixing, different interactions (bonds) between the
molecules which can change the internal energy of the systenshould be taken into
considerations. The change in enthalpy is gual to the change in the monomersolvent
interaction multiplied by the number of such interactions. Here, the-lory-Huggins interaction
parameter, .., is introduced as a unitless equivalent of thesolubility parameter, ), which is
related to the molecularenergy of interaction between the components of a binary systerfor a
mixture consisting of polymer A and B, following equation describing the free energy of mixing

is proposed:

YO Y'Y —&% —& 8% %% — (7)
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Where R is the ideal gas constant, andthe total volume. The first two terms on theleft side of
the equation 7 represent the entropy of mixing. Therebyv;, representsthe molar volume of
Polymer A and B, andv; shows the molar volume of a specific segmeniThe third term
represents the enthalpy of mixing and cotains the Flory-Huggins interaction parameter .., is
the only material-specific parameter in this model and describesghe interaction between two
polymers in the solid state. It is a critical value indicating the miscibility of polymers and
describes the thermodynamic phase behaviour with equation 8. Here, z is the number of
contacts between polymersY0 is energy increment per monomer (A)ymonomer (B) contact,k
is the Boltzmann factor, ancha is the number of moles in polymer A. If the interaction parameter
has negative values, the polymer blend components are miscibldowever, in most cases, the

values are larger than zero which indicate immiscibility.

o (8)
YO Q Y & % .j (9)

The equation8 shows that by increasingeemperature andor decreasingthe amount of contacts,
the interaction parameter decreases. When inserting thigdecreasedvalue in equation9, it would
also decrease thechange inenthalpy. Looking at equation 1, one can conclude thathis would

result in lower 3 ' and improved miscibility of the blend.

Most interactions in polymer mixtures can be discussed based on the Floiiyuggins parameter.
Even though other parameters such as pressure and the volume influence the miscibility, they
are not considered in the FloryHuggins theory but appear in more advanced models like the
equation of statetheory [18,19,36,37].

2.1.2 Morphology and rheology of polymer blends

One important factor to consider for immiscible polymer blends is their morphology. The term

Oi 1T OPET 1T CcU6 OAEAOO OI OEA OEADPA AT A T®CAT EU/
morphology of polymer blends indicates the size, shape and spatial distributin of one blend

phase with respect to the other [19]. Most of the properties of polymer blends (mechanical,
rheological, optical, dielectrical) are highly dependent on the blend morphologyHence,
morphology control is of prime importance and has been a challengin@gsk in the past years

[16,37740]. When two immiscible polymers are mixed, the size, shape and distribution dfend
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phasesdepend on material parameters ie, blend composition, viscosity ratio, elasticity ratio

and interfacial tension) as well as processing conditiond.g, temperature, ime and intensity of

mixing, and the nature of the flow)[19]. Figure 4 shows common morphologies of immiscible

polymer blends. Gher possible complex structures includefibrillar [41z43], coreshell [44746]

and onion ring like morphologies[19,47]. Each morphology can contribute tdhe enhancement

of different blend properties.
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Figure 4  Schematic representation of common polymer blend morphologies [38]

2.1.2.1 Morphology development in immiscible polymer blends

The phase morphology developmenin immiscible polymer blends during melt mixing and
processing is an important topic to discuss. Even in a simplest assumption of dispersing one
polymer system in another, complex deformation, breakup and coalescence mechanisms should
be considered. At relatively high oncentrations of the minor phase, the final morphology results
from a competition between break up andcoalescence Whereas at low concentrations, the
droplet break up is the dominant effect that dictates the lower limit of particle size. In certain

compoasition ranges, dispersed droplets and semi continuous fibrils can coexigt8,49]. The final
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morphology depends on the fibril stability and whether nodulesare formed via Rayleigh
instability or phase inversionhas happened by coalescence of stable fibrilsThe Rayleighbreak
up mechanism defines the thread break up of one blend components into droplets by capillary

instabilities during melt mixing [50z52].

In order to be able to predict the morphologies in the blend system, the mechanisms leading to
such morphologies need to be considered. In case of immiscible polymer blends the second
phase can form different morphological structures such as droplets, fibers, laminar layers and
co-continuous phasesduring melt processing Superior mechanical properties in terms of
toughness and stiffnessan be obtained when one phase is dispersed dsoplets in the matrix of
the other blend component[38]. In addition, it is much easier to investigate the toughening
micromechanisms on a system with droplet morpholoyg rather than other structures (i.e. co-
continuous). The droplet breakup behaviour during melt blending depends on several
parameters, like interfacial properties, flow type (shear, elongation,and hyperbolic), etc. In a
simple shear flow, four different polymer droplets break up mechanismsan happen as shown
in Figure 5: 1. The droplets may form a sheet parallel to the flow direction and further gn
expand and break up (sheet break up)2. The droplets may erode at the surface slowly due to
high viscosity of one of the matrices (erosion); 3. The droplets may stretch in the perpendicular
direction and be cut by sheets in the other direction and break up; and 4. The droplets may spit

out small droplets via atip streaming mechanism[19].
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Figure 5 Droplet break up mechanism in polymer melt blends: 1) Parallel flow direction
break up, 0.05 < bl < 9; 2) Erosion, 0.05 < bl < 60, 3) Perpendicular flow direction break up,
biD 7.5 and 4) Tip streaming 0.05 < bl< 3 [19]

Usually, the morphology of polymer blends depends on the composition. It was found
experimentally for most polymer blends that at low concentration otomponent 2, the particles

of component 2 are dispersed in the matrix of component 1. With increasing concentration of
component 2, a partially continuous structure of 2 appears at first, and then, a fully eo
continuous structure is formed. After that, phase inversion occurs and component 2 forms the
matrix and component 1 the dispersed phasg52,53]. Control of the morphology during
processing is the key issue for the production of new materials with improwk properties
compared to theneat components. The size, shape and spatial distribution of the phases result
from a complex interplay between viscosity (and elasticity) of the phases, interfacial properties,

blend composition and processing conditions.

2.1.2.2 Rheology of immiscible polymer blends

Other factors such as rheological properties of the blend components (mainly their viscosity

ratio), interfacial tension between the componentsand the processing conditions (the type and
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amount of shear forces introduced) &o play an important role in determining the final blend
morphology. These properties define the droplet size and the complex break up and coalescence
mechanisms. Palierne[54,55] EAO DOl Bl OAA OE AwhebArel&es Ghe Ak 1 1T A/
viscoelastic material functions of the blend to1. rheological properties of its components,2.

interfacial tension between the blend componentsand3. droplet size distribution of the blend

inclusions. This most common model predicts higher elasticity at low frequencieand can

explain the relaxation of the dispersed phase. The model has been used successfully to predict

the interfacial tension betweenthe components by fitting values to the known dat456z59] or

estimation of the droplet size for systems with known interfacial tension$60,61].

In case of two viscouspolymers, drop formation is mainly governed by thecapillary humber.
The dimensionlesscapillary number (Cg) in equation 10 represents the relative effect of viscous
forces (coming fran shear fields produced during processing) versus surface tension
(parameter of the blend system)and summarizes all important factors influencing the blend

morphology.
0w — (10)

Where fin is the viscosity of the matrix,[ is the shear rate applied tothe system during
processing, R is the radius of the dispersed phase and is the interfacial tension. For each
system, a critical value(Ca) exists, above which thephases break up into droplets. Values
smaller than Ca result in elongated phases in a ceontinuous system where there is no droplet
break up[62,63]. Figure 6 shows the critical capillary number as a function of the viscosity ratio
of the dispersed phase to the matriX0 €& ) for shear flow. It shows that for a certain blend
material (with defined matrix viscosity and interfacial tension),a higher shear rate is needeih
order to increase thecapillary number to induce break up.A higher difference inthe viscosity of
the blend components (high viscosity ratios) induce a transient mechanism that applies the
maximum shear stress directly to the drop. Hencethe droplet goes through stretching and
finally breaks up into a finer blend morphology [64]. In reality, the melt viscosity of polymer
blends highly depends on the interactions at the interface and the phase morphology. These
properties can be tailored and modified via addition of an interfacial agent (such as

compatibilizer) and will be discussedin the next section.
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Figure 6 Critical capillary number to move from a co-continuous to a droplet-matrix

morphology for blends with different viscosity ratios (assumption of having a shear flow) [51]

2.2 Compatibilization of polymer blends

The inherent immiscibility of polymers usually demands the careful design of blend recipes,
processing conditions and/or the addition ofcompatibilizers to control the blend morphology
[35,65,66]. Most immiscible polymers tend to form macrophasseparated regions after
blending, that results in a decreasedhomogeneity in the final blend. The large interfacial
tension inducesphase coarsening phenomena such as coalescence and Ostwald ripef7g68].
Furthermore, the poor interfacial adhesion between the blend components causes inferior
mechanical properties in the solid stateln addition, one shoull always keep in mind that there
is a chance that the blend would melt further again after compounding (during molding, etc.).
Hence a rapidly cooled system which is quenched ag homogenous system can separate into a
multi -phase system due to coalescenceof its blend components.Using small amounts of
materials known as compatibilizers will help to stabilize themorphology [69] and preserve the
desired properties. Figure 7 [47,70] schematically shows the morphology development of

immiscible polymer blends inthe presence of compatibilizersCompatibilizers may add further
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functionality to the blend and range from organic molecules to block and graft copolymers
[47,71], nanoparticles [72775] and carbon based reinforcementagents [76,77]. Nanoparticle
reinforced composites have evoled into a vivid field of research, owing to the selective
localization of particles and thus, functional matter at the blend interface[8,65,78,79]. In some
cases, using compatibilizers can even promotsynergistic effects, e.g. compatibilization in
combination with enhancing the toughness of the systerf39,80]. Compatibilizers are defined as
functional additives exhibiting interfacial activities in immiscible polymer blends. The
compatibilization process often pursues 3 main goals: (1PDptimization (often reduction) of the
interfacial tension between the phases, (2) stabilization of the morphology against high stresses
and phase coarsening duringprocessing and forming, and (3) enhanceient of adhesion

between the phases in the solid statfl6,81z83].

Bavidiah distoib Morphology without
ayleigh disturbances =
Hole formation due to Al compatibilizer

Pellet interfacial instabilities

Thread formation

Coalescence

Film ribbon .
formation _ RN !
Distribution Dispersion

i Morphlogy with

Processing time compatibilizer

Figure 7 Morphology development in immiscible polymer blends [84]

Influence of compatibilization on the morphology

The goalhere is to decrease the interfacial tensiorbetween the blend components anaontrol
the blend morphology by influencing the break up and coalescence mechanisms. It is expected

for the blend with compatibilizer to result in finer morphologies with droplets of smaller sizes
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dispersed in the polymer matrix. The role of compatibilizers is to delay the formation of Rayleigh
disturbances on the generated polymer threads by decreasing the interfacial tgion [83]. The
lower the interfacial tension, the longerthe time where the deformation tension would be higher
than the interfacial tension,i.e, the thread would stretch for longer times. As a result, the
diameter of the thread would get smaller and the droplets generated from it would balso
smaller. On the other hand, the compatibilizer at the interface also prevents the coalescence of
the droplets occurring during the absence of shear forces and subsegnt processing.Reduction

of the domain size after compabilization has oftenbeenreported in the literature [85z91].
Influence of compatibilization on rheology

It is expected that theblend phasesare somehow attached teeach otherafter compatibilization,
which provides extra hindrance against flow Therefore, effective compatibilization would result

in a higher viscosity of the blends compared to the neat (not compatibilized) ones. Moreover, the
elastic properties of neat blends depend on energy storage mechanisms agtimterphase as the
relaxation of the dispersed phase is often much longer than the relaxation of the polymer chains
of the individual components[92,93]. The increase inblend viscosity after compatibilization is
discussed in several publicationg94z97]. Stary et. al showed that even addition of only 1 wt.%
styrene-butadiene-styrene triblock copolymer as compatibilizer toa PS/LLDPE blend lead t@a
pronounced increase of the stationary elongational viscosity and stabilises the droplets against

breakup during flow at Ca:[98].
Different compatibilization techniques

There are severalmethods for compatibilization of immiscible blends. Depending on their

modification strategy, they have been organized intd different groups:

1. Compatibilization via addition of graft or block copolymers

Emulsification of polymer blends has been proposed as the most efficient tool for obtaining a
fine morphology as well asgood mechanical propertieg99z104]. Since thisthesisis also based
on the addition of triblock terpolymers and Janus pdicles, synthesized from triblock

terpolymer precursors, thistechnique will b e reviewed in more detail in sectior2.2.1

2. Compatibilization via reactive processing

This method is based on the addition of a reactive polymer, whicis preferably miscible with

one component and reactive towards the functional groups in the other component. During the
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reaction, in-situ formed block or graft copolymers would compatibilize the blend. Another
approach is the addition of low molecular weight polymers such asperoxides (polymeric
epoxies), bifunctional chemicals, or a mixture of both to form a compatibilizer (block or graft)
during the reactive blending process. Hergthe competition between in-situ compatibilization,
crosslinking and degradation controls the blend properties. In case gfolyesters, interchange
reactions could also be used to compatibilize immiscible blends. In thermtastic/elastomer
blends selective crossliking agentscan be added to promote vulcanization of one phase and

resultsin thermoplastic vulcanizates (TPVS).

3. Mechanochemistry

This method is based on the degradation of the polymers under mechanical sheahich results
in formation of free radicals and oxidative degradation. The radicals can combine and form
bonds between the blend components. This method is mainly used for elastomees they are

prone to mastification.

4. Incorporation of functional groups/addition of miscible polymers

These less discissed methods of compatibilizng polymer blends includea) introduction of
specific interactions (where the goal is to modify the blend components in a way that Van der
Waals interactions or hydrogen bonds could be inducedl. Specific interactions betweenthe
polymer chains changes the enthalpy of mixing, reduces the interfacial tension and increase the
interphase thickness [83]. An example would be compatibilization of thePDLLAPS blends
through specific interactions of the modified PS with carbonyl groups of PDLLA. Here
incorporation of the -OH groups in the PS by copolymerization with hydroxystyrene causes the
OPAAEEEA | ( 8/ HG5]. Ambt@Acafmpledtoild b copolymerizingstyrene with p-
(hexafluroro-2-hydroxy-isopropyl)styrene to improve the miscibility of PS with hydrogen
acceptor containingpolymers such as PMMA, SANPET, etc[106]. b) Addition of ionomers for
promoting miscibility between the blend components. Similar to the previous method, ionic
functional groups could be used to achieve specific interactionsuch as iondipole, hydrogen
bonding or transition metal complexation with complementary functional groups on the other
polymer. Also, the repulsive interactions between the ionic and noeionic species of ionomers
(that are random copolymers) suggest thatthe charged polymers may mix with the other
polymers through a copolymer effec{107]. Some examples includeompatibilization of PBT/PP
blends by adding sidechain liquid crystalline ionomers with quaternary pyridinium groups.
This resulted in afiner and more uniform distribution of the PP phase in PBT as a result of better

intermolecular interactions [107]. Additionally, sulfonated polyester ionomers are commonly
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used as compatibilizers foramorphous polyester/ polyamide blends and effectively reduce the
domain sizeof the dispersed phasend enhance the mechanical propertiefl08]. c) Addition of

a third polymer, (partially) miscible with all blend phases can also compatibilize inmiscible
polymer blends.4 EA OEEOA AT i BIiTAT O EO OOOAI 1T U AEI OAIl
components and resuls in the formation of ternary blends. The miscibility is then dictated based

on the blend composition, hence, the phase diagram of $ublends gives important information
regarding the miscibility regions. Typical examples would be addition of chlorinated
polyethylene, CPE to the blends of PVC with different elastomers (such asthylene propylene
diene monomer, EPDM), in order to improve the miscibility and mechanical properties of the
elastomer modified PVC[109]. The incorporation of nanoparticles to produce compatibilized

blend nanocompositescan also be included in this categori110z114].

2.2.1 Compatibilization via graft and block copolymers

The basic interest when usinggraft or block copolymersis the unique possibility totailor their
characteristic features in a controlled way to (1) decrease the interfacial tension, and more
importantly, (2) impart a strong mutual anchoring of the phaseq83]. There are several
parameters, such & macromolecular architecture of the compatibilzer (graft, linear, star-
shaped8 qh A ZEEAAO 1 Aof B bldkikd EnOBlock 1 pdlymeré) Eamount of added
compatibilizer, etc. that influence the efficiency of such compatibilizers and their effect ongh
morphology and mechanical propertiesof blends [83]. A critical point here is the molecular
weight of each block that has to be higher than the critical molecular weight of entanglement

(Mc) [115,116] to ensure sufficient attachment to theblend phases

Block copolymers with selective miscibility of the blocks with each blend components are used
as compatibilizers to improve the adhesionin immiscible blends. Thelocation of the block
copolymer compatibilizers at the interfacestabilizes the morphology and resulss in finer blend
structures asdemonstrated in various studies[16,37,117z125]. Lee et. a[126] reported the use
of maeic anhydride grafted SAN as a suitable compatibilizer that results in small, form
dispersed domains and increases both flexural and tensile strengtlas PC/PLA blendsSimilarly,
compatibilizing blends of LDPE/doped Polyanilin (PAN) with polyethylene graftedmaleic
anhydride (PEg-MA) causeda large increase in the blend ductility[127]. More examples of
block copolymer compatibilizers and their influence on the mechanical properties, especially

toughness of the material are discussed in sectior?.3.
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In the particular case of PPE/SAN blendsSM diblock copolymers and later on SBM triblock
terpolymers have shown to enhance dispersion and load transfer betwedhe PPE and SAN
phases by selective entanglement ofthe PS and PMMAblocks in the interfacial region
[13,128,129]. Addition of the SBM triblock terpolymers, result in formation of the raspberry
morphology [118], which contains discontinuous PB blocks at thélend interface. Figure 8
shows a scheme of the raspberry structure for a PPE/SAN blend compatibilized by SBM triblock
terpolymers. The system has been subjected to many studiemn such blends producedvia
solvent-mediated as well as melt processinghanufacturing methods. Therefore, the well studied

SBM triblockterpolymers are chosen as benchmark material of the current study.

Figure 8 Raspberry structure of PPE/SAN blends compatibilized by SBM triblock
terpolymers [128]

Among disadvantage of block copolymersare their high tendencies to form micelles in the bulk
phase(especially during melt blending). Several micelleformation mechanisms(Figure 9) have
been proposed [11] that result in a decreasing compatibilization efficiency since the
compatibilizer is not located at the interfaceany more. The proposed mechanisms are based on
different values of FloryHuggins interaction parameters of the compatibilizer end blocks and
the blend components. Hence there is a need for the development of more efficient

compatibilizers. The most promising optiors arediscussed in the next section.
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Figure 9  Possible micelle formation mechanisms in SBM compatibilized PPE/SAN blends:
a) SBM at the interface (raspberry morphology, effective compatibilization), b) SBM micelles
in PPE, ¢) SBM micelles in SAN, and d) complex core-shell structures in PPE also known as

double emulsion morphology. (b to d are ineffective compatibilization) [11]

2.2.2 Hierarchical self-assembly of ABC triblock terpolymers in bulk and solution

Selfassembly of macromolecules in both bulk and solutionsenables the formation of well-
controlled nanostructures. ABC triblock terpolymers such as SBM show various exoti
morphologies in bulk[121] as a resilt of the balancebetween enthalpic (interfacial energy) and
entropic (chain stretching) contributions of block components.In general the system tries to
minimize the interfacial energy by minimizing the interfacial area between the blocks. Here, the
morphologies mainly depend on the polymetpolymer interaction parameters of the blocks with
each other as well as theveight fraction of eachblock. Stadler et al. studied the selassembly of
SBM triblock terpolymers in detail and showed diverse complex suctures such as sphere on
sphere, sphere on cylinder, and sphere on lamella, as well as helix on cylinder, gyroid, and a
OET EOOET ¢ PAOQAIB0R134.T OPET I T CU

The hierarchical selfassembly of such ABC triblockerpolymers in solution have gain scientific
attention recently [133,134]. Different bulk morphologies can be targeted in solutionas well
when the proper volume ratios and stability regions are chosen.Groschel has suggested a
ternary phase diagram for the morphologies that can appear in the solution (analogue to the

bulk morphologies discussed above). The phase separation here also strongly depends on the
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volume fraction of the blocks, interfacial tension between the blocks and the interaction
parameter. Additionally in solution, surface curvature and interfacial tension at the corsolvent
interface have to be considered as influencing factor35]. Triblock terpolymers rearrange
themselves intomulti compartment micelles (MCMs)in shape of complex morphologiesuch as
hamburger, football, clovers or worm like structures [133]. Miller et. al [133,136] have
demonstrated a wide array of seHassembled structures using different organic particles (mainly
different block copolymers). By changing thgparameters mentioned assemblies such as linear
strings of particles, kicked chains, and lattice like netwds can be produced[137]. In the
following section, one of the spherical MCMs, thatsichosen as the compatibilizer forthe

PPE/SAN system in this work, igdiscussedin more detalil.

2.2.3 Janus particles

Janus particles (JPs) are 3D, noncentrosymmetric, anisotropic, colloidal particles with two
strictly phase separated hemispheresdiffering in their chemical and/or physical properties
Figure 10. Due to their unique structure, they combine the amphiphilicity of common
surfactants with the Pickering effect of nanoparticles, resulting in auperior surface and
interfacial activity compared to homogenous particleg138]. Colloidal particles have often been
demonstrated to be very efficient in emulsion stabilization [139] and sccalled Pickering
emulsions can be stable indefinitely. The effect aothe amphiphilic nature of JPs on their
interfacial behaviour compared to that of homogenous particlesvas studied in detail by Blinks

et. al[138]. They showed that the interfacial adsorption energy of JPs can be up todhrtimes
higher than that of homogenous particles of the same size and average wettability (depending
on the wettability differences of the two anus sides). Due to pinning of the contact line on the
AEOCOEAET ¢ TETA AAOxAAI OEA OACEITOh *00 AAI
approaching 0 or 180°. This is different from homogenous particlesas their interfacial
adsorption energy becomes very small for extreme wettabilities. Therefore, JPs are generally
AT T OEAAOAA O1 AA 11 OA OET ©okeikElk & Ehd ihtérface dompaed A 6

to the homogenous particles.
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Figure 10 Overview of possible Janus structures: a) Spheres, b) Cylinders, c) Discs [140]

In that regard, JPshave received much less attention, despite their known exceptional
performance in applications that specifically rely on theminimization of interfacial energies
(emulsions, suspensions, melts]141z144]. JPs are the colloidal analogue of surfactants and
amphiphilic block copolymers and feature different physical prperties on opposing
hemispheres[145z147]. The combination of amphiphilicity and paticulate character (Pickering
effect) favours strong and selective adsorption to interfaces. Among others, this is considered
challenging when applying nanoparticle ompatibilizers in polymer melts [138,148]. Previous
work on PS/PMMA blends compatibilized by JPs with matching PS and PMMA hentigpes
served as an ideal smalscale model for comprehensive studies on JP location, blending
efficiency and morphological evolution[14]. Since then, only a handful of theoretical works
advancedthis prospective research field[149z151]. Studies involving JPs mostly focus on blend
polymers that allow convenient handling (in experiments and calculations) as to understand
underlying mechanisms, while studies on blends with material properties appealing for practical
Apbl EAAOGET T O EAOA OAI AETAA AAUITTA 1 AAT OAOT OEAO

There are several works addressing the interfacial actity of JB derived from ABC triblock
terpolymers at liquid-liquid [152z154] and polymer-polymer blend interfaces [130,138]. But
despite the tremendous progress inJP synthesis and application of this special particles in
solutions [135,140,157z159], their behaviour in polymer melts and their ability to perform and
stabilize morphologies under high shear forces has been rarely addressed in literatuy®&4,160].
Specifically, JPs synthesized from a SBM ptasor synthesized by the same groupl61] will be
used in this study.This gives us a similar chemical base of JPs to SBM tribldekpolymers as
benchmark materials. The synthesis of the JPs from their SBM precursor is based on the
selective precipitation of PB middle block which produces individual micellar particles
comprised of several copolymer chains (PB core and PS/PMMA grafted chains). Later on, the PS

chains are seledvely precipitated and the PB cores are partially crosslinked to form &CM
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Upon addition of a good solvent for both PS and PMMikgse MCMs yield dispersed JRBat can
be freeze dried into a powder form for later processingschematically shown inFigure 11). The
detailed methodology is published invarious studies[155,161] and discussed in more detail in

section4.1.2
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2. UV-cross-linking * * #
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SBM Janus micelle

Figure 11 Preparation of SBM Janus micelles from SM triblock terpolymers: a) Self-
assembly of multicompartment micelles (MCMs), subsequent cross-linking of the
compartments and redispersion in the solvent, b) TEM images of clover MCMs, and c) single
JPs (bottom). Scale bars are 200 nm and 50 nm in the inset. [162]

2.3 Mechanical properties of polymer blends

Polymer blends havea complex structure, which is usually composed of the matrix, the
dispersed phase and the interface. In order to be able to transfer the stress between the phases,
compatibilizers located at the interfaceare needed which further add to the complexity of the

system. The deformation mechanisms, and as a result mechanical properties of the blends
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mainly depend on the morphology and size of the dispersed phase, as well as the interface
properties such as its mobility (flexibility). In this section the different deformation mechanisms

in polymer blends are introduced first, followed by an introduction into methods of fracture
toughness and fatigue crack propagation measurements amportant tools for investigating the
micromechanicsof materials. Later on,the relevant literature focusing on compatibilized blends,

is reviewed. However, there are not many studies yet available in this field.

2.3.1 Deformation mechanisms in polymer blends

Plastic deformation in polymers happes when the ehsticity limit of the polymeris reached. In
case of polymer blends, it is important that the stress is transferred through an interface from
the matrix to the dispersed phase. Therefore, the properties of the interface play an important
role in determining the blend behaviour. The lack ofsufficient interactions at the blendinterface
and between the blend components result in a detachment of the phases. Even though a weak
adhesion is not efficient enough to transfer the stress, it can cause some friction generate
debonding of the phasesOn the other hand, astrong bond at the interface prevents slipping
between the matrix and droplets and ensures efficient stress transfer between the phasérhe
deformation mechanisms mainly depend on the characterigt polymer properties such as
entanglement density, chain flexibility, in addition to the measurement conditions such as
temperature, deformation speed, loading mode, geometry, etc. Howevennploying standard
testing methodsfor the comparison of polymers, the first two polymer characteristics stay the

dominant parameters influencing thebehaviour.

The deformation in microscale can be divided into three main categories: (1) Crazes, &jear
bands and (3)sheardeformation zones[162,163]. Crazes are cracKike sharply localized bands
of plastically deformed material that are initiated when an applied tensile stressauses
microvoids to nucleate at points of high stress concentrations created by heterogeneities
[162,1647166]. They usually form in planes normal to the direction ofmaximum tensile stress
and consist of highly orientated poymer fibrils of approximately 5-15 nm. Crazes are in fact
highly localized yielded regions and are capable of load transfer and commonly develop and
propagatevia two processes:(1) Craze tip advance that allows fibril generation and craze width
growth [162] and (2) craze thickening that involves more volume of the bulk polymer at the
interface. In this way, more material would be presentin the plastic deformation zone, hence

craze thickeningkeeps molecular stretch uniform within the craze. There are many theories and
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models available on initiation and growth of craze$163,165,167z169], but in summary one can
say that lower entanglement densities arefavourable for craze initiation. Increasing the
entanglement density of the molecwr network in a polymer will lead to an increase in the
surface energy per area of a void surfacédence the craze initiation stress [162] will also
increase Multiple crazing is referred to the increased concentration of crazes and often happens
in rubber toughened polymers[164]. Numerous crazes are usually initiated at the interface of
cavitated rubber particles due to a high stress concentration[164,170]. Presence of sharp
cracks, notches,defects, or in case of blendsuinmodified interface, favours craze initiation
leading to brittle fracture. This is opposite to a bulk shear yielding mechanism that commonly
results in a ductile behaviour [162]. Shear bands and shear deformation zones (made of thick
bands and coalescing shear bands) ageresult of shear processes and can be localized or diffuse
in the bulk. In both casestheir interface with the materials is much thicker than of crazes. Shear
yielding involves displacement of matter {.e. molecules sliding past each other) during
deformation [162]. The stress needed to initiate the shear yielding highly depends on the
temperature and, hence the chain flexibility (mobility). The higher the chain stiffness, the lower

the chainmobility and therefore the higher the yield intiation stress [171,172].

The competition between crazing and shear yielding usually defines thbehaviour of the
material (brittle or ductile). The entanglement density (influencing crazing phenomena) and the
chain flexibility (influencing shear yielding phenomena) are the key parameters to determine
the macro mechanical properties of the polymerssuch as tougimess. Additionally, the interface
between the blend components is a possible source of cavitation or debonding of phases. Both

phenomenaresult in the creation of new surfaceswhich dissipate a large amount of energy.

2.3.2 Fracture mechanics of polymer blends

Toughness is the ability of resisting fracture by absorbing and dissipating energy during
deformation prior to ultimate fracture [164]. Commonly, promoting the plastic deformations to
increase the toughnessvould result in a reduction of stiffness and strength. In case of polymer
blends with raspberry morphology this does not happenprobably due to the discontinuous
placement of the rubber patches at the interfac§l2,118,119,173]. Toughness isusually higher
for morphologies that allow lots of local yielding points simultaneously in the entire material
(similar to the raspberry morphology). There ae several strategiesto improve the toughness

such as blending with other material§174], copolymerization, addition of elastomer patrticles to
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increase the craze nucleation (such a#HIPS and ABS)inducing shear yielding in semiductile

polymers and addition of rigid particles.

Sinceinterfaces inimmiscible polymer blends usually act as weak spots andre prone to high

stress concentrations, the possibility of having a crack in these materials is very high. Once the

crack is formed and when it reaches a certain critical length, it can propagate very fast
(catastrophically) in the material and cause failre. This phenomenon can happen at stresses

much lower than that normally causingyielding or failure in a tensile test. This, together with

the application of PPE/SAN blends in casing of pumps, which go through constant vibration that

can speed up the crek growth, are the main reasonsthat make the understanding of the

i A OA mEhAvMiodr & the presence of acrackoOEA | AET AOPAAO 1T £#/ OEA AO
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inherent resistance to crack growth and the stress at which the crack propagates at high speed

to cause failure [175,176]. In this thesis, the two méhods of 2.3.2.1 measuring fracture
toughness and2.3.2.2fatigue crack propagation were used to evaluate and compare the SBM

and Janus compatibilized blends. The principles of tke methods will be discussed in the

following sections.

2.3.2.1 Fracture toughness (Ki)

There are two common approaches for quaifying the fracture process (1) the energy balance
method suggested bylrwin [177] and Omowan [178,179] and (2) the stress intensity method
that directly examines the stress state near the tip of a sharp cragk75,176]. The latter method
has proven more useful in enginering practice and allows to correlate the crack opening
stresses inmode | (tensile) to the so-called stress intensity factor K, wherel dictates the crack
opening mode. ThekK, factor contains the dependence on applied stress, crack length and
specimen geometry, and represents the overall intensity of the stress distribution. The materials
can withstand crack tip stresses up to a critical value of stress intensit¥, and beymd this
value the crack propagates rapidly. Reaching. means that the size ofhe plastic zone is so large
that it cannot grow further due to molecular mobility or microstructure constrains and unstable
crack propagation happensHence, he critical stress intensity factor is a measure of materia
toughness. The failure stressAy) is related to the crack length ) and fracture toughness Ki) by

the following equation 11.
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. —= (11)

Where | is a geometrical parameter usually equal to 1 for edge craskand many other
situations. The equdion is valid for plain strain condition. Here, the size of the plastic zone is
Oi A1 AT A TAEOEAO ET OAOAAOO xEOE ODPAAEI AT &0
singular stress distribution. Measurementdetails in ASTM standardqD5054, E 39983 and E
399-90) [180,181] specify the methods and geometries eeded to ensure this condition and are

taken into consideration during this work.

Even though fracture toughness measurements are able to precisely correlate the morphological
features and the microstructure with the macroscopic mechanical properties, only few studies
have so far focused on these correlations in case thermoplastic polymer blends[1827187]. By
studying the fractured surfaces ofABScopolymers toughened with coreshell particles, Michler
[183] suggested cordfibrillation mechanisms for the first time, consisting of fibrillation at the
craze interface during craze thickening in glassy polymers. Tiejune et 4l84] investigated
complex shear band formation mechanisms combined with rubber cavitatiomiPQABS blends.
Handge et al.[182,185] investigated the micromechanical deformations ofPAG SAN blends,
which were compatibilized with maleic anhydride grafted polyétyrene-co-acrylonitrile) (SAN-g-
MA), via in-situ tensile tests on semithin TEM specimensin the blend with a ductile matrix and
rigid particles, local failure is initiated by rupture and crazing of the interface between the
constituents. They concluded that the mechanical properties of the SAINMA compatibilized
PAG/SAN system improve due to an improved interfacial adhesion between the blend phases.
This effect was very pronounced and exceeded the influence of the particle size on the

mechanical properties.

In the current study, fracture toughness measurements are chosen dke first tool to obtain
information on the mechanical behaviour of the blends (especially toughness). Firstly, the effect
of domain size on these properties is studied forSBM compatibilized PPE/SAN blends at
different blend ratios. By keeping the interface flexibility consant (via having only one type of
compatibilizer, SBM) for the blends, one is able to exclude the effect different behaviour of SBM
triblock terpolymers compared to JPs. In the next step, one blend ratio is chosen and the effect of
different amounts of JPson the fracture toughness behaviour of the blends ardurther
investigated. However, due to the high degree of complexity of the JP compatibilized blends,
other methods which can deliver more information are chosen as welvhich will be discussed

in the next section.

AEO.
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2.3.2.2 Fatigue crack propagation (da/dN)

Oracks will grow under dynamical loading, even though the applied load maximum is far below
OEA 1 AOGAOEAI 60 OOOAT COE AAOAOI ET AA (FAR)is ek O E A
to be the most sensible test in mechanics to study micromechanical deformation and fracture

mechanism of the material4188,189].

The methodology fordetermination of the FCPbehaviour or the resistance of a material against
stable cracking under dynamic load has been described in ddtdoy Hertzberg and Manson
[190]. In this thesis FCP behaviouis investigated by determination ofcrack propagation speed,
da/ dN, as a function of the amplitude bthe stress intensity factor,3K. The measurement method
makes it possible to determine theFCPbehaviour over several decades ofrack growth speeds
As a result of thevariation of 3K, the rate of ¢ack growth in the sample changes from 1 nm/s up
to 1 mm/s which requires advanced software and hardvare test equipment. One should
mention that these valuesare calculated from the fatigue rack propagation measurementsper
oscillation cycle and are theaefore frequency dependent In this work, the test frequency of 10
Hz is applied, which represents the vibrations happening in a chemical pum®ne of the two
standardized specimen shapes for determination of the fatigue crack propagation behaviour is
the compact tension (CT) geometry that is schematically illustrated together with the load
direction in Figure 12a. If the resulting data is illustrated by a double logarithmic plot, a
characteristic curve with three discrete regimes is obtained for rigid and sermigid materials

(black curve inFigure 12b).

In region |, after exceeding the threshold value3- +, the fatigue crack propagation is initiated
For stress intensity ranges below this value, crack propagation is not possibl&91]. Region |,
which is also known as the Pariseagion, represents the stable crack propagatiann this range,

the FCPbehaviour can bedescribed by theParis law[192] shown in equation 12.

v

— 5 W (12)

0
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Figure 12 Schematic illustration of a) a compact tension specimen with vertical load

direction, and b) typical da/dN-goKtraces at frequency of 10 Hz (orange trace corresponds to

improved fatigue crack propagation behaviour) [188]

According to the Paris lawfatigue crack propagation per cycle da/dN) in the region of stable
crack growth is describedby the applied3 +a material constantC, and the Paris parametem. In

adouble-logarithmic plotted diagram ofda/dN-3- + ncorrespondsto the slope of thecurve in the
area of the stable crack preparationSnce the area of the stable crack preparationis strongly

material-dependent, a general area in the curve fadetermination of n can not be defined.n

section lll, crack propagation is unstable The amplitude of the stress intensity factor, which
above is theonset of unstable crack growth, is called +, indicating critical failure. A specimen
with improved fatigue crack propagation behaviour, as illustrated by the orange curve iRigure

12b, is characterized by an increase irsKy and 3K as well as a decreased slopen), which

results in a shift of the curve to the right sid¢188,193].

Since fatigue crack propgation is not a common test for thermoplastic materials, the
fundamentals of the test are briefly discussed here. The FCP behaviour is investigated on CT
specimens as a function of the amplitude of the stress intensity factogK. The load on the
sample s a cyclic sinusoidal one with a defined frequency and stress ratidg, as shown in
equation 13. The stress ratiocorresponds to the relation of minimum stress, Amin, to the

maximum stress Amax, in the cyclic loading.
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A (13)

The amplitude of the stress intensity factor 3K, is the difference of the maximunstress intensity

factor, Kmax, and minimum stress intensity factor, Kmin, as shown inequation 14.
wL U 0 (14)

Kmax and Kmin Values are calculated from equations similar to the equatiofl, that is previously
discussed for critical stress intensity factor €quations 15 and 16) Here as well| represents the

geometrical factor anda is the crack length.
0 . R (15)

In order to calculate theda/dN values at different 3K, one should have the applied force and
crack length at each time.The crack length can be calculatediia the compliance method
[189,194]. Compliance(Q) is the ratio of thedeformation to the applied load and during the test,

it is calculated with the known values of the crack openinglisplacements (COD) and applied
force. Considering the sample thickness, tensile modulus, and the compliance, one can calculate
the crack length @) at each time during the testkKnowing the crack length and the number of

cycles,N, the crack propagation peed can becalculated according to equation 17.

— (17)

A notch is machined in the centre of the specimen and then an actual fatigue crack is induced at
the base of the notchby applying a stress. Commonly alow stress rangeis used to inducethe
fatigue cracking. Employing high stresseéin order to speed up the procesgcan causea large
area of plastically deformed material to form ahead of the fatigue crackvhich makes the tet
result invalid. After the test, studyingthe fatigue crack surface is necessary to determine the
validity or the failure of the test. If the crack is not in a single plane, or at an angle to the
machined notch, or if the crack is notri the proper region, the test would benvalid. The crack

must bealsolong enough to pass through any area displaying plastieformation [195z197].

Fatigue crack propagation (FCP) measurements have proven to be a strong and sensitive tool to
study the role of interfacial adhesion and blend morphology in complex blend structas. The

behaviour during several decades of loading speeds can be detected and disentanglement and
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even rupture of polymer chains are possibleThe materials may exhibit a significantly different
mechanical behaviour when subjected to dynamic loadings. Uterstanding the molecular
motion and energy dissipation processes in complex blend structures is of significant

importance and could be directly correlated to their macro properties such as ductilitj198].

FCP behaviour of PS/HDPE blends were studied in detail by Bureati al[199]. The results
showed that several parameters such as loading direction (for injection molded parts),
morphology and orientation of the phases, blend composition, andes$ting conditions strongly
effect the FCP behavioulncreasing the HDPE content as the minor component in blend leads to
progressive reduction of the fatigue crack growth rates especially when SEBM terpolymer is
added as a compatibilizer[199,200]. The main mechanism contributing to this behaviour is
formation of large dimples around the HDPE particles, ahead of the microscopic crack (similar to
multiple crazing). In case of injection molded specimens, FCP rates are lower when samples are
tested pardlel to the melt flow direction compared to normal direction. This is correlated to the
oriented co-continuous morphology in absent of compatibilizer, and very oriented and
elongated minor phase morphology after addition of SEBS parallel to the FCP direat[98].

It was previously shown that in fine blend morphologies, where the dispersed phase forms
droplets smaller than a certain size (12 um), the process of crack propagation appears to be
uniform across the crack front[201]. The size of the droplets varies for different blends;
however, there have been only few studies providing such fine morphologiesith droplets
smaller than 1 um to prove this theory. The deformation mechanisms during fatigue crack
propagation of a miscible PPE/PS system, where the PS phase is modified with rubber particles
of 1.5 um has been previously investigated by Morelli et §R02]. The lack of fine morphologies
with phase sizes smaller than 1 um, due to the larger size of the added rubber particles, hinders
the formation of effective deformation mechanisms and causecraze growth termingion which
can deteriorate the toughnessSimilarly, Wyzgoski et a[203] investigated the fatigue resistaice

of different nylon 6,6 blends with PAand PPE. They concluded that the main deformation
mechanism, which is craze coalescence in their case, is not affected by blendiglpn 6,6 with
other materials, since the morphological features of the blend hinders occurrence of other
mechanisms. Surprisingly, addition oEPDMrubber particles did not improve the fatigue crack
growth behaviour and ductility of the blends. Here, the cavitabn of the rubber particles retards
the craze breakdown and coalescence process gndence cannot blunt the crack tip. To
understand the transition in deformation modes, Ramstein et a[204] investigated the plastic

deformation mechanismsin high impact PS (HIPS) after FCP test low and high speed regions.
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They showed that polymer chains in thermoplastic materials disentangle mainly at low
deformation speeds, whereas plastic deformationand chain scissiordominate at higher speeds.
Therefore, the deformation speed (local crackropagation rate) is another important factor that

influences the blend interface and reglting deformation mechanisms.

The fatigue crack growthbehaviour of SBM compatibilized PPE/SAN blends with 60/40 (w/w
ratio has been studied beforg205]. However, due to the cecontinuous structure of the blends
and excessive micelle formation that leds to rubber particles not locating at the interface, the
deformation mechanismsand the effect of the raspberry morphology could not be exactly
identified. Besides, the interface effect and role of JPs correlating the microstructure to the
macroscopic properties of the blend material has not been investigated yet. There are only few
studies investigating the relationship between the size of the dispersed phase and the
mechanical properties, especiallfFCPbehaviour, of polymer blends[206z209]. The size of the
blend phases and the ratio of thei moduli plays an important role in determining such
properties. Thus, a comprehensive study of the interface properties with different
compatibilizers and the deformation mechanismsin JP compatibilized systems with such fine

morphologies is still missing

In the current study, the influence of JPs on the FCP behaviour of the PPE/SAN blends will be
thoroughly investigated. In the last step, the hypothesis of having synergistic effects by
combining the SBM triblock terpolymers together with the JPs as congtibilizers would be

proposed and testedvia different methods.

2.4 Chemical resistance of polymer blends

Polymer materials can be attacked by different chemicals such as acids, alkalis, fuels, fats, oils,
solvents, and even water. Even if these materialfo not react with the polymer and change its
chemical structure, they can penetrate in the polymer and interact with it in the form of
absorption and swelling, plasticization, and dissolution. In our caseue to the application of the
studied PPE/PS blend in casings of chemical pumpsthe absorption of certain chemicaldy the

blends is of special interest.

The interactions between chemicals and polymerare mainly based ovanAAO 7 AAI1,6 0
which can lead to an absorption of the chemical by the fyoner [210]. For amorphous polymers

the chemicals are accumulating in thespecific free volume of the polymenfter absorption. This

Al
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results ET O O % ife] ah |dre@se in the volume of the polymer relative to its original state
prior to the interaction with the chemical [211,212]. The degree of swelling depends on the
chemical structure of the molecule and polymer, size of the malale, crystallinity, degree of
crosslinking, filler content, etc.

2.4.1 Measures to improve chemical resistance

Developing different protection mechanisms for polymers against chemicals has not advanced
compared to other stabilisation methods such as thermalbxidation, photo oxidative, or
biological degradation. This is probably due to the fact that modifications to the composition and
possibly the structure of the polymer would be necessary which requires efforts and expenses
comparable to the development ot completely new polymeric materials [213,214]. For certain
materials one can look into crosslinking, increasing crystallinity, or playing with molecular
orientation [214]. However, these options are not available for many amorphous structures, or
require special manufacturing methods and complex mold desigiilternatively, blending has
proven to be an effective way to improve the admical resistance of polymerg417,215z220]. The
exposure of a blend system t@ certain chemical camot only improve the chemical resistance,
but also influence the mechanical properties of the blendvith respect to that of the neat

polymers [221].

2.4.2 Methods of determining the chemical resistance of polymers

There are very few standard test methods (ASTM D12397, ASTM D368106, ASTM D439807,
ASTM D141710) for guantitative measurement of the chemical resistanceDue to the large
number of applications and conditions applied, which make them impractical, scientists usually
develop their own tests to compare material§210]. Determination of the level of attack and
possible damages to the materials is usually done by evaluation of the following parameters
after immersion of the polymer in the solvent, acid, base, or other chemidalr a certain amount
of time: (1) Appearance of the specimen before and after testind2) Weight change of the
specimen due to exposurg(3) Performing mechanical tests (tensile, impact) aftethe chemical

resistance tests
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In our case, the complex nature of th®PE/SANblends compatibilized with triblock terpolymers

or JRs, brings up the need fom more accurate evaluation. The chosen solvents can influence one
or both phase, and the PB midel block and its crosslinking density can also influence the
penetration and absorption of the chemicals. Hence, a method based on the molecular weight
(Mw) and the glass transition temperature Ty of the polymers is proposed and explained in
chapter 4.2.6 (experimental section). Molecular weight can directly confirm thedegradation of
polymer chains, andTy can provide information about the degree of the interaction between

eachblend componentand the chemicals.
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3 Goals and approaches

The goal ofthis thesis is to achievea fundamental understanding of the behaviour ofJ/ in
immiscible PPE/SAN blends. The influence of JPs on the morphological, rheological and
mechanical properties of such blends will be investigated in detaillPs synthesized from SBM
triblock terpolymer precursors combine Pickering effect with the biphasic structure
(amphiphilicity). JPshave been shown to have higler surface activities compared to triblock
terpolymers. Additionally, they have shown to act asefficient compatibilizers for PS/PMMA
blends, therefore, it is of high interest to study them in engineering blend systems such as
PPE/SAN.SBM triblockterpolymers arewell-known compatibilizers for PPE/SAN blends, hence,
they are chosen as the benchmark compatibilizers focomparison with JPs. The SBM triblock
terpolymers are known to result in the formation of the raspberry morphology [118] in
PPE/SAN blendsTherefore, it isimportant to investigate whether JPs couldalsoinduce similar
structures. One of the aplication areas of PPE/SAN blend material isas casing ofchemical
pumps. This work focuses on the mechanical properties of the JP compatibilized blends,
especiallytheir toughness and fatigue craclpropagation (FCP)behaviour which are relevant for
the application. Additionally, the influence ofthe type and amount of compatibilizer as well as
the blend morphology on the mentioned properties will be studiedUnderstanding the structure
property relationships in such nanostructured immiscible blends allows to tunetheir macro
properties via the use of tailormade compatibilizers, enabling the useof existing materials in
emerging applications. In complex systems, like JP or $Bcompatibilized PPE/SAN blendst is
important to analyse and distinguish the effects influencing th deformation micromechanics. In
the current study we correlate the formed blend morphology to the micremechanical and
finally macro-mechanical properties of the blends. In particular, the effect of JPs at the interface
on micro-mechanics is thoroughly claracterized with special emphasis on the fracture

toughness.
Following sub-goalsare derivedfor the current work:

1. Understanding the morphology development in JP compatibilized PPE/SAN blends
compared to SBM triblock terpolyme rs as benchmark materials . After finding the
optimum processing conditions andchoosing the suitableblend ratio for the investigations,

the influence of the JPs on the blend morphology is compared to the bench mark materials.
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Different amounts of JPs areadded to PPE/SAN blendss compatibilizers and compared
with the blend compatibilized with optimum amounts of SBM triblockterpolymers based on
previous studies [11,222]. Detailed morphological investigations confirm the formation of

raspberry morphology in JP compabilized blends, similar to SBM triblockterpolymers.

2. Understanding the deformation mechanisms in JP compatibilized blend s,
emphasizing on the raspberry morphology , during fracture. Influence of blend
morphology in JP and SBM compatibilized blends on micromechanics are studied and
explained. Correlation s between the two important parameters (domain sizeof the blends

and interface flexibility) and the induced plastic deformation inthe blend systens are made.

3. Improving the fracture mechanical propert ies of PPE/SAN blends after
compatibilization . With the gathered information up to this point, a strategy is proposed to
improve the materials toughness and FCP behaviourThe goal is to improve these
behaviours without deteriorating the modulus of the materials.A Hypothesis is proposed
that predicts combination of JPs and SBM triblock improves the fracture toughness
behaviour of the system.This hypothesis is confirmedvia experiments andthe parameters
contributing to this positive behaviour are explainedand correlated In the end, asystem
with tailored nanostructured is introduced for the targeted application. The morphological,
rheological, and mechanicabehaviour of this optimum system is compared with the JP, as
well as SBM compatibilized l#nds to confirm the hypothesis of havingynergistic effectsby

combining compatibilizers.
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Figure 13 Graphical abstract of the thesis summarizing the chapters in the result section

Figure 13 gives a schematic overview ofthe strategy development inthis thesis. Different
motivations for choosing PPE/SANblends instead of state of the art PPE/P®lends will be
discussedin chapter 5.1. The blendcomponents as well acompatibilizers will be analysedand
the optimum processing parameters and conditionssuch as blend ratios for further
investigations will be chosen In chaper 5.2, different blend ratios that result into different
blend morphologiesare compatibilized with benchmark SBMtriblock terpolymers. The effect of
compatibilization and different domain sizes on the mechanicgbroperties will be investigated.
An optimum blend ratio will be chosen for further studies with JPsin chapter 5.3 the JPs Which
produce astiff interface) are compared to the SBM triblockerpolymers (that result in aflexible

interface) in detail. Morphological, rheological, and mechanical aspectsf JPs are compared to
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the benchmark material The effect ofdifferent JP conten$ on the mentioned properties are
studied as well After understanding the deformation mechanismsn blends with flexible (SBM
triblock terpolymer) and stiff (JPs) interfaces, respectively, a strategy to tailor the macro
properties via changing the nanostructure is proposed in chapteb.4. A blend containing both
JPs and SBM triblockerpolymers as compatibilizers with improved mechanical propeiies (both
modulus and toughness) isproduced. The formation of a fine blend morphology and its
correlation to the rheological properties is determined and explained. Last but not least,
deformation mechanisms in the blends, at different crack growth rates during FCP

measurementsare identified.

The catents of chapters 5.2, 5.35.4, and 6.2.1are partially published by the authorin the form
of 4 peer reviewed articles. Rermissions to reprint the text and figures from them for this

dissertation are obtained from each journal
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4 Materials and experi ment al met h

4.1 Materials

4.1.1 Matrix polymers

Commercialgrade PPEPX100F) was obtained as powder from Mitsubishi Engineering Plastics
Europe, Disseldorf, Germany. It is important to mention that PPE is pure amdthout any PS
addition and therefore has a high viscosity. The weight averade molecular weight
Mw = 12.9kg/mol and the molar massdispersity bv =1.63 of PPE was determined by GPC with
THF as eluent at a flow rate of 1.0 ml/min (columns at 40C) usingan UV detector and narrowly

distributed polystyrene standards for calibration.

The commercially availableSANwith an acrylonitrile content of 19 wt.% was purchased as
pellets from BASF AG, Ludwigshafen, Germany (SAN VLL 19100). Mhe=97.1kg/mol and

Pwm =2.13 of SAN was determined the same way as mentioned abata GPC measurements. The
low acrylonitrile content of the polymer ensures homogenous miscibility of the SAN with the

PMMA blocks of the compatibilizers at the relevant processing conditiorj26,223].

Extrusion grade (PS 15&) polystyrene (PSE), were supplied by BASF AG, Ludwigshafen,
Germany.Injection moulding grade (PS 124 N/L) polystyrene (P$) was kindly donated by INEO
Styrolution GmbH. The name, grade and abbreviations of the materials used in this thesis is
listed in table Table 2.

Table 2 Different blend components used in this work

Material/Grade Abbreviation

PPEPX100F PPE

SAN VLL 19100 SAN

PS 158K PSE

PS 124N/L PSI
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A 2:1 mixture of Irganox 1010 and Irgafos 168 (0.1 wt.% in total) from BASF, Germamyas used
as stabilizer to prevent polymer heat degradation during the procesdrigure 14 shows the
chemical structure of the matrix polymers. It is important to note that the oxidation process of
the methyl side groups in PPE stastat 125 °C Hence,the resident times during the extrusion

processshould be kept as short as possible due to the limited thermal stability of PPE

a) b)
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Figure 14 Chemical structure of the blend components: a) PPE, and b) SAN

4.1.2 Compatibilizers

All solvents used were of analytical grade. Dialysis tubes of regenerated cellulose with a
molecular weight cutoff (MWCQ of 12,000z 14,000 g/mol were purchased fromCarl RothA,
equilibrated in deionized water for 30 min and washed with excess dioxane E@e use. The
photo-crosslinker, 2,4,6-trimethylbenzoyldiphenyl -phosphineoxide § max 7360 nm) was obtain-

ed from BASF AG, Ludwigshafen, Germany (Lucirin TPO®).

Synthesis of the SBM triblock terpolymer

The polystyrene-block-polybutadiene-block-poly(methyl methacrylate), (SBM), triblock terpoly-
mer was synthesizedvia sequential living anionic polymerization as reported elsewhere in
detail [11]. The used $B3sM3293 triblock terpolymer (subscripts denote the weight fraction of
the respective blockand the subscript gives the number averaged molecular weight in kg/mpl
hasa numberaveraged molecular weight oM, = 93 kg/mol and a molarmass dispersity ofby =
1.04. The SioB20Maot08 triblock terpolymers were synthesized via a similar method and were

used as precursors for sythesizing the Janus particles. Bothriblock terpolymers were
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prepared in several 1 kg scale batchesmaking them optimum for using in technologically

relevant conditions.

Synthesis of the Janus nanoparticles

Janus particles Figure 15), used as compatibilizey were synthesized from a SioBooMapl08
triblock terpolymer. The JPs feature a crodmked PB core and equally sized PS/PMMA
hemispheres. The polymer chains of the heispheres are above the critical entanglement
lengths, M., with Mnps=42kg/mol (Mcps=34kg/mol) [224] and M,pmma=42 kg/mol
(Mc¢pmma= 18 kg/mol) [225] ensuring sufficient interaction between JPs and the blended

polymers.

Figure 15  Schematic structure of a single Janus Particle (JP) with PS and PMMA chains

on both sides and a partially crosslinked PB core

The Janus nanoparticles were prepared according to a recipe modified from the earlier report to
satisfy the requirements d industry blending equipment[148]. In a typical experiment, 100g of
SBM triblock terpolymer was dissolved in 1L THF to yield a concentratiorof c=100 g/L. After
complete dissolution, the concentrated polymer solution was dialyzed against 10
acetone/isopropanol (60/40 v/v) (selective solvent for PMMA). The solvent mixture was
changed twice to generate JP clusters (spherical multicompartmenticelles that consist of JPs).

After dialysis, the phaseseparated state of the micelles was permanently fixed by crodisking
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of the PB block. Therefore, 0.25 edvalent (compared to the PB double bonds) of photo
crosslinker, 2,4,6trimethylbenzoyldiphenyl-phosphineoxide (Lucirin TPO®; 1 max B360 nm),
were dissolved in 1 L acetone/isopropanol (60/40 v/v) and added to the dispersion of the JP
clusters to dilute the highly viscous dispersion from 10@/L to 50 g/L. The sample was then
irradiated for 24 h usng a UVlamp with a cutoff filter of 1 =300 nm. Continuous stirring
ensured homogeneous croséinking of the opaque solution. TheJPswere recovered by
precipitation into 20 L methanol.Figure 16 shows the different stepsin JP synthesis from SBM

triblock terpolymers.

Figure 16 lllustration of the preparative steps in JP synthesis (100 g scale): a) Dissolution
of 100 g S10B20M40'%® triblock terpolymer in 1L THF yields a polymer concentration of
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10 wt.%, b) dialysis into acetone/isopropanol (60/40 v/v) as selective solvent for PMMA forms
patchy multi-compartment micelles (JP clusters), ¢) turbid colloidal dispersion of JP cluster of
defined size, d) additonof 0. 25 equi v. L-arosslinker (emaxE B60 M) pand o t o
UV irradiation (cut-off = 300 nm) for 24 h, e) dispersion after cross-linking, f) purification of

JPs via precipitation into excess methanol [155]

4.2 Experimental methods

4.2.1 Melt processing of polymer blends

Before melt blending of the homopolymers, the PPE powder and the SAN granulates were dried
at 80°C for at least 12h under vacuum. For SBM triblock terpolymers and JPs a lower
temperature of 40°C was chosen due tohe sensitivity of the PB block to degradation wen
longer exposed to oxygen atmosphere at elevated temperatures. In case of JPs, residues of the
crosslinker could promote further crosslinking of the PB middle block at higher temperatures. In
addition, the SBM and JP compatibilizers were crygrinded into a powder to facilitate the dry
mixing process. Prior to melt blending, PPE and SAN were dry blended with SBM or JPs using
powder mixers. The PPE/SAN ratios othe different blends were 50/50, 60/40, and 70/30
(w/w) . The amount of SBM compatibilizerused as the benchmark materiglwas 10 wt.%. The
employed amounts of JP compatibilizerswere 1, 2, 5, and 1@t.%. An additional blend
containing a combination of both compatibilizers, 5 wt.% of each compatibilizer, was also
compounded for further investigation. The stabilizers were added and mixed into the dry

mixture before compounding.

Lab-scale melt processing (batch)

On a small scale and for initial investigations, melt blending of the compounds was performed on
a micro-compounder (Xplore DSM)with co-rotating conical twin-screw setup and volume
capacity of 15mL. This process is comparable to a batch mixing process. The temperature inside
the micro-compounder was kept constant at 260 °C, the screw speed at 85 rpm and the mixing
time was 5 min (similar to the residence time in the extruder). The melt strands were cooled

down and cut into granulates.
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Large-scale melt processing (continuous)

A continuous scale, ceootating twin-screw extruder (Brabender DSE 20/40) with a screw
diameter of 20mm and a screw length of 600nm (L/D=30) was used to compound the polymer
blends. The screw configuration is shown inFigure 17. After optimizing process parameters
such as screw speed on the neat blend, all mixtures were extruded with the maximum barrel and
nozzle temperature fixed at 250°C and 245°C, respectivelyThe screw speed was kept constant
at 85 rpm with a constant throughput of 1kg/h using a gravimetric feeding. Therefore, the mean
residence time of the blends in the extruder was around fin. The blends were aircooled and

pelletized after extrusion.
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Figure 17  Screw design of the twin-screw extruder used for compounding the blends

Sample preparation

Specimens for shear rheology, dynamic mechanical analysis (DMA), akdwere compression
molded to eliminate the strong effect of any orientation of theblend phases (PPEWuring the
injection molding process based on previous studieg§222]. The compouded granulates were
dried at 80 °C in a vacuum oven for at least 4 h and theompression moldedusing a hydraulic
hot press (Paul Weber) under vacuum conditions for 5 min with 100 kN at 260 °C (pure PPE at
270 °C and pure SAN at 16%C), andsubsequently cooled down in a cold press with 30 kN

compression load.

4.2.2 Morphological characterization

Transmission electron microscopy (TEM)

Ultrathin sections (50-80 nm) were cut of the blended materials at room temperature using an
ultra-microtome (Leica UC7ultramicroto me (Leica Microsystems, Germany equipped with a
diamond knife. To ensure sufficient contrast between the phases, the particles and ultrathin

sections were stained with Os®for 30 s in vacuum in case of 98 compatibilized blends and
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at ambient conditions [128] in case ofJPcompatibilized blends. Due to this staining method SAN
appears as the brighter and PPE as the darker phase, while the PB block (or core) of SBM (JPs)
appears black (selectively stained with Os{. Bright field transmission electron microscopy was
carried out using Zeiss CEM 902 and 922 OMEGA EFTEM electron microssofigarl Zeiss
Microscopy, Jena, Germany) operated ateeleration voltages of80 and 200 kV, respectively.
Both microscopes were equipped with IS Megaview [lI CCEamera with AnalySIS image

processing.

Number averagel diameters of the PPE droplets and their distributions were obtained by
measuring at least 500 droplets in TEM micrographs using ImageJ software. Ejrthe area of
each PPE droplet was measured using the software, then, assumitngttthe droplets have a
perfect spherical shapeand the TEM cuts have gone througthe middle of each droplet, the
radius corresponding to the area was back calculated. Of courdhese assumptions cannot be

100 % fulfilled, hence resulting in relatively large standard devations of the measuremens.

Field emission scanning electron microscopy (FESEM)

The fractured surface of the blends after compounding and mechanidaisting was analysed via
bright field emission scanning electron microscopy using a Leo 1530 Gemini from Zeiss
equipped with a secondary electron detector anaperated atan acceleration voltage oflO kV.

The samples were sputtered with a 1.3 nm thicklatinum layer prior to the measurement

4.2.3 Rheological characterization

Rheological properties were investigatedemploying a stress controlled dynamiemechanical
rheometer RDA Il from Rheometric Scientific with plateplate geometry under nitrogen
atmosphere. The pressed samples haddiameter of 25mm and thickness of 1.5nm and were
analysed isothermally at 260°C. Thecomplex moduli and the complex viscosity ofthe blend
systems were measured as a function of frequency within the range of 0800 rad/s at 260 °C.
Prior to each measrement, the linear viscoelastic region was determined by carrying out an
amplitude sweep at a deformation range of 04100 %, at frequencies of 1 and 5@ad/s.
Subsequently, the deformation applied for the frequency sweeps was set to be within the linear

viscoelastic region. The rheological measurements of neat PPE and SAN were performed on
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samples, which were prepared by extrusion applying the same condition as for the blends. Each

measurement was repeated at least three times to minimize the experimentairors.

4.2.4 Thermal and thermomechanical characterization

Differential scanning calorimetry (DSC)

The glass transition temperature Ty) of the neat materials and the immiscible blend systems
were measured using eMettler Toledo DSC 1The method consists o& heatingcooling-heating
cycle under nitrogen atmosphere from 25 250 °C at a scanning rate of 18/min. The values of

the secondheating cycle were evaluated in order t@alculate theTy.

Additionally, modulated DSC measurement§TA Instrument DSC Q100) at low temperature
were done with pure JPs and wit PPE/SAN + 1Wt.% JP to analys the influence of
compatibilization and to determine the effect of crosdinking of the PB core in the JB. The
measured temperature range was150 - 150 °C at a heatingate of (3 £ 1) K/min under nitrogen
atmosphere.This method gives informationon the reversing and nonreversing characteristics
of thermal events. Especially, theolybutadiene domainsin the blend with low amounts of

compatibilizer can be detected.

Dynamic mechanical analysis (DMA)

The dynamic mechanicalanalysis (DMA) of the blend systems was performed in the dual
cantilever mode on hotpressed rectangular specimens with dimensions of 285x1 mms, using a
Mettler Toledo DMA/SDTA 821e. The frequency of the measurement was constant at 1 Hz and
the test setup applied tensile forces to the specimens. The applied strain was kept small enough
to ensure linearelastic behaviour of all systems. The samptewere heated from-100 °C (after
establishment of equilibrium) to 230 °C at a constant heating rate of 2 K/min. The same device
was used to investigate the nodinear behaviour of the blends with the Payne testThe Payne
strain sweeps were all performedwith the constant frequency of 1 Hz at 150C.The onset of the

decrease in modulus was defined as the intersection of the tangents on the traces.

Additionally, several DMA measurementsunder tension load were performed with different
amplitudes of the appied strain (0.05%, 0.1%, 0.2%, and 0.3%)n order to investigate the
structural networks formed in the blends Due to higher strain values, tese measurements were

performed on a Gabo plexor 500N with a larger dynamic load cell (150 z 500 N), due to the
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high stiffness of the samplesHowever, here also the frequency and temperature were kept

constant at 1 Hz and 150 °C, respectively in order to make comparisons possible.

4.2.5 Mechanical characterization

Tensile characterization

Tensile measurement were performed according to DIN ENISO 5272 at 23 °C and 50%
relative humidity using a Zwick 1485 universal testingmachinewith 10 kN load cell.A minimum
number of 10 specimens (with 1BA geometry) were used for each individual material
composition and the aerage values are reportedSamples had a thickness of 2, width and length
of narrow section of 5 and 30, and maximum length between the grip zone of 5/mm. The
Young's modulus (tensile modulus) was determined at a crosshead speed of 1 mm/min.
Reachihg asample deformation of 0.286, the crosshead speed was increased to 5 mm/min and

was kept constant until fractureof the specimens occurred.

Critical stress intensity factor (Kic)

Fracture toughness measurements wereonducted according to the standardtest method ISO
13586 to obtain the mode | critical stress intensity factor Kic) of the polymer blends at 23 °C.
Compact tension (CT) specimensiad width and thickness of 33 and2 mm, respectively.For each
sample,pushing a new razor blade into the machied \-notch generated a sharp crack. Samples
were afterwards loaded under tension mode so the crack can grow until the end of the
specimen. The crack opening displacemerf€OD)during crack growth is measured using a clip
extensometer (632.29-30, MTS Senso Technology GmbH & Co. KG, Germanyht least 5
notched, compact tension specimens were tested at a strain rate of 10 mm/min. The thickness of
the specimens was 2 mm. The tests were carried out on a Zwick BZ2.5/TN1S universal testing
machine to ensure relable results. The critical stress intensity factor was calculated using the

following equation 18:

0 —=2"0%y (18)
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Where F represents the force required for the crack to start propagationB and w are the
thickness and width of the specimenrespectively, a is the initial crack length andf is the

geometrical term.

Fatigue crack propagation (FCP)

The fatigue crack propagation (FCPhehaviour was determined on CTspecimenswith width
and thickness of 33 and2 mm, respectively [206]. The tests were performed based on ISO
15850/ ASTM E647 at 23 °C and a relative humidity of 5@. The samples were loaded
dynamically (frequency of 10 Hz) in tensioatension mode using a servo hydraulic testing
machine (IST Hydro Pulse MHF) from Schenck, Germany. The amplitude of the cyclic stress
intensity factor (3K = Kmax Z Kmin) Was increased as a function of crack length. The minimum to
maximum load ratio, Rs, was set at 0.1. Prior to the measurement, an initial natural sharp pre
crack is introduced into the machined Whotch of the specimen by aharp razor blade. The
compliance was continuously measured by the crack opening displacement method using a
transducer (632.13F20, MTS Sensor Technology GmbH & Co. K&rmany) fixed to the front of
the CT specimen with rubber bands. From thigthe crad length was calculated continuously by
equations puldished by Saxena andtHuduk [194]. Each measurement was repeated at least three
times to minimize the experimental errors andan averagedcurve isgenerated to be shown here.

A detailed description of the methodology can be found elsewherd94,226] and schematic
diagrams explaining different regions in a typical FCP curve and the sample geometry are given
in chapter2.3.2

42.6 Chemical resistance

The samples(granulates) were immersed in thechosen solvent(CCl) for a certaintime period

(1, 7, and 30 days). The physical state of the sampl@sacluding visual form and size of the
granulates, colour and clarity of the solventsimmersed in the solventwas monitored and
reported. Afterwards, they were removed from the solvent and air dried. Due to the complexity

of the blends with multiple components, the molecular weighaind glass transition temperatire

were additionally chosen as key properties for comparison of the aidried samples. The
molecular weightwas chosen as anndicator for possible chain degradation and was determined

by gel permeation chromatography (GPCB ET AA Al AT A0 AT 1 OAETET C 00%
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solvent based GPC, th& measurements ended to be more useful for interpretationThe glass
transition temperatures of the samples before and after exposure were measured using the

same method explained irchapter 2.4.2and comparedwith each other.
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5 Resul t s

5.1 Characterization of neat blends and compatibilizers

This chapter aims to explainthe reason of selecting the blend system and the processing
conditions in the future chapters. Later, thetwo main motivations behind the approach of this
thesisin choosing the PPE/SAN system over the state of the art PPE/BI€nds currently used in
commercial applicationssuch as chemical pump casingsare discussed The advantags of the
SAN over the PS, in terms dfs rheological and chemical resistah properties are explained.
Later on, based on screeninghe viscosity of different PPE/PS blends, three PPE/SAN blends
with different weight ratios are chosen to achieve the suitale morphology (droplets dispersed
in matrix) for further investigations of the mechanical properties and micromechanics of

deformation in the next chapters

5.1.1 Why PPE/SAN?!

15t Motivation: Better processability

Good processability is the key parameter foindustrialization and commercial applications. The
rheological features of the blend, especially the viscositplay an important role here. Hence,the
rheological properties of the blend components will be discussefirst. The high viscosity of PPE
compared to that of SAN,extrusion grade PS PSE) and injection molding grade PS RSI) is
clearly visible in Figure 18. BlendingPPEpolymer with lower viscous materials would improve
its processability tremendously. The lower the viscosity of the other blend component, the lower
the overall viscosity of theblend and the betterits processability. Here, the viscosity of both RS
E and P9 are higher than SAN, meaning that SAN is more effective in decreasing tilend
viscosity andimproving its processability. This is the first motivationfor our approachto move
towards PPE/SAN blends instead of PPE/PS.
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Figure 18 Absolute shear viscosity of neat polymers (blend components)

Previous studies[227,228] used PSl with a lower viscosity to produce ternary PPE/PS/SAN
blends and tailor the microstructure to improve materials foamability. They determined an area
within the ternary blend phase diagram as unprocessable with standard melt blending
approachesusing twin -screw extruders. The mentioned areancludes blends with equal or more
than 80 wt.% PPE. In thisthesis, a co-kneader was usedinstead of the commonly employed
extrusion with twin screw extruders to study the rheological properties of PPE/PSE and
PPE/PSI blendsin dependence of their composition The amount of PPE in the blendsas kept

above50 wt.% to ensure good mechanical propertiesas PPEis the more ductile phase.

The use ofa co-kneader instead ofa twin-screw extruder proved as asuccessfulmethod to
process blends withabove 80%PPE contents One an confirm the processability of even pure
PPE with the change of force fieldfrom shear to extensional forcesduring the process.The
viscosities of PPE/PSE and PPE/PS blends at different blend ratios compared to the viscosity
of the neat blend components are shown inFigure 19a, b. Even though PPE/PS blends are
miscible and theblends are expected tdhave one single phase, there is a clemrcrease fump) in
the viscosities from the blend with 70/ 30 ratios to the blends with higher PPE amounts The
difference between the blend viscosities is more profound in the higher frequency region, which
represents the viscosity during the melt blending process. Due to the higher viscosity of-ESn
comparisonto PSI, its 80/ 20 blend also showsa larger difference in the low frequency region

compared to the blends with lower amounts of PPErigure 19a).
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Figure 19 Absolute shear viscosity of a) PPE/PS-E and b) PPE/PS-I blends at different

blend ratios

It is important to notice that the force fields are diferent in twin-screw extruders (shear fields)
and cokneaders (extensional forces) Therefore,we confirm as well thatthe blends with PPE
contents above80 wt.% are notgoing to beprocessable in the twintscrew extruder. Sofar only
miscible PPE/PS blends are compared over a wide range of blend ratios. Producing PPE/SAN
blends via this compounding method (co-kneader) would not provide useful information as
extensional forces could highly affect the morpology of the immiscible blends. Based orthis
information and as blends with 80 wt.% PPE show a jump and increase in their viscosibne
can predict that the at 80 wt.% of PPE phase inversion would happen in immiscible blends with
similar viscosity ratios (such as PPE/SAN). Therefe, for investigations in the nextsections,
PPE/SAN blends are produced and investigated iblend ratios close to the phase inversion
(50/50, 60/40, and 70/30).

2"d Motivation: Improved chemical resistance

The second motivation to replace PPE/P®y PPE/SAN blends is to increase their chemical
resistance. SANhas a better chemical resistant against several solventsompared to PSdue to
its AN content and, thus, also improves the chemical resistance #fPE/SAN blendsHere, the
chemical resistance of the neat materials, as well as the blends are discuss For comparison

between thetwo blend types, an aggressive solvent systemQCl) was chosen.As discussed, lie
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glass transition temperature (Tg) of a polymer is useful indicator to determine the influence of
solvents on the molecular structure. When exposed to solvents polymers usually swell, the
degree of swelling and interaction between the polymer chain and solvent depends on the
affinity of the materials towards each other.This affinity should be lowfor polymers with a high

chemical resistance and consequentliess or no swelling would happen.

The GPC measurements (based on PS standard calibration curve) of thel PBSE, and SAN
samples before and after solvent exposure were compared and showed rigrdficant influence
of solvent. This could be due to the fact thdtydrodynamic volumes of polymer coilsbefore ard
after exposure to the solvents do not differ much. Hence, other methods, such &g

measurements could be used to compare the materials.

The Ty of the neat polymers (blend components)vas compared before and after exposure to
CCl for 7 days. After the exposure and before measuring thg,, the materialswere air dried to
remove excesssolvent. After solvent evaporation, the free volume oflie polymer decreasesas
the slow evaporation allows chain movementsThe chains have time during long evaporation
times to rearrange themselves and reduce the free volume. As a result of this lower free volyme
the Ty values are expected toincrease [229z232]. Thus, swelling shows similar effect as
annealingon the Tg, where the material is kept at elevated temperatures for a period of time An
increase inTy shows higher affinity that causes stronger swellingand consequently indicates
lower chemicalresistanceagainst the solventFigure 20 shows no interaction and influence on
Ty of SAN after exposure, whereas thre is an increasein Ty of 13 and 7% for PSI, and PSE,
respectively. This indicatesa high interaction and therefore lower resistance of these materials
towards the solvent. In addition, the change in the heat capacity of the polymers after exposure
has broadenedhe glass transition. This broaderTy step indicates heterogeneity in the molecular
clusters [233] that could be the result ofpossible partial damage to the polymer chainsvia
solvent exposure.Visual observations show that granulate®f PSE and P9 were dissolved and
after solvent evaporation, he Ty of the resulting film s were measured.The T, of PPE also shows
a slight increase, indicating the lack of chemical resistance towards the solvent. Even though

some swelling was visible, the PPE granulates still kept their shape and where nabmpletely
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visual sign ofswelling during and after solvent exposure.

4
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Figure 20 T4 values of blend components before and after 7 days of exposure to CCl,

The Ty of PPEblends (with PS-I, PSE, and SANRfter exposure toCCl were investigated in an
analogous mannerin case of both PPE/PS blendd-igure 21), where only oneTy is visible due

to full miscibility , a large increaseby 21% and 13% is visible for PSI and PSE, respectively.
Visually the granulates deformed swelled,and were partialy dissolved in the solvent, indicating
that miscibility of the PPE/PS system extends the degree of solvent polymer interaction and
negatively influences the chemical resistance of the blends. In case of the PPE/SAN bledds,
O1 AT 1T Bi 1 AT O theretareitws Ty Vakes FEdrrEsponding to the PPE and SAN phases,
available. The Ty of the SANphaseis as expected constanbefore and after exposure.After
blending, the solvent influence orthe T4 of the PPE phase iseduced. This means that the SAN
phase encapsulates the PPE phase (more detaila blend morphology, which has continuous
SAN phasefollows in the next chapterg and, thus,minimizes its contact to thesolvent, resulting

in an improved chemical resistance of the blend.
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Figure 21 T, values of PPE/PS and PPE/SAN blends (with same blend ratio of 60/40)
before and after 7 days of exposure to CCl,

With these two motivations, PPE/SAN blends are chosen as main material of the current study.
Unlike miscible PPE/PS blends, the PPE/SAN is immiscible, hence the system needs a third
component, known as compatibilizer, in order to havegood mechanical properties (stiffness as
well as toughness).The compatibilizersused in this work and their differencesare discussed in

the next section.

5.1.2 Characterization of the compatibilizers

In this work, the influence of JPsas compatibilizers on the mechanical properties of PPE/SAN
blends will be investigated. SBM triblock terpolymers are state of the art compatibi#iers for this
system[11,12,118,173]and are used as benchmark materials for comparisoeventhough the
SBM triblock terpolymers are precursors for synthesizing the JPghere are somedifferences
between them that should be discussed These differencesplay an important role on the
mechanical properties andactivation of deformation mechanismsin the blends,which are the
main subject of this work. This is due to the fact that thelPs and SBM triblockerpolymers are

located at the PPE/SANinterface in the raspberry morphologyformed by the blends

JPs are synthesized from SBM triblockerpolymers and have similar chemical structures,

however, there are significant differences between them in terms of their morphological
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features. The SBM triblock terpolymers are linear polymer chains, whereas JPs are
multicompartment micelles with each side containing several polymer chains. This is expected
to increase the entanglement density at the blend interface after compatibilization with JPs. In
addition, partial crosslinking of the PB middle block during JP synthesigl55] changes the
elasticity of the soft middle block (in SBM triblock terpolymers) to astiffer one in case of JPs.
Figure 22 shows the dynamic mechanical analysi$DMA) of JPsand the $2B3sM3293 triblock
terpolymers (representing the benchmark, standard SBM compatibilizers). Tie influence of
partial crosslinking on the Ty of each blockand giffness of each compatibilizercan be observed
The JPs can only be formed from symmetric SBM triblock terpolymers with maximum PB
content around 20% [161]. Hence, the SBM precursors of the JP&,0B20Ma4ol%8 triblock
terpolymers) are also included forcomparison with JPs and standard SBM compatibilizersThe
uncrosslinked PBblocks in SBM triblock terpolymers have aTy of around -80 °C whereas the
partially crosslinked PBcore of theJPshas aglass transitiontemperature of around 0 °CAs the
T, shifts to 0°C for the crosslinked PB core of the JPs the steep decrease in modulus, observed at
the Ty of the PB block in SBM, vanisheblence, the JPs hava higher modulus and as a resula
higher stiffness compared to the SBM triblockterpolymers in a broad temperature range,
including room temperature, where the mechanical properties are investigatedlhe higher the
degree of crosslinking, the higher the modulus of the PB core, and the higher the modulus of the
JPs corresponding to the coreThis is an important point to consider lateron, as the interface
elasticity defines the deformation mechanisms r@ad macro properties of the blends such as
resistance to crack growth. One could assume thatighlarge difference (around 65 % decrease)
in the modulus could be the result of lower amount of the PB middle block (2% in JPs
compared to the 36% in the SBMtriblock terpolymers). However, DMA analysis of the SBM
triblock terpolymers with similar PB amount as JPalso showsa larger step andsteep decrease
in the modulus at theTy of the PB blockcompared to the multicompartment micelles. Hence, the

difference issurely a result of different synthesis process of the JRmd their 3D structure.
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Figure 22 Complex modulus of compatibilizers (JPs and SBM triblock terpolymers) and

SBM precursors used to synthesis JPs

5.1.3 Optimization of the melt blending process

Polymer processing in extruders is one of the most common ways of melt blending different
polymers. In terms of polymer blends, although some studiebave focused on the effect of
processingparameterson the final blend morphdogies[234], manystudies have concluded that
the morphology development mechanisms are similar for batch mixers and twin screw
extruders and, thus, the final morphology at matched conditions would be also similaf235z
238]. This could be the case fomany common polymer blends wih blend viscosity ratios within
the range of 1. However, one shoulthke into accountthat the generatedshear field is unique
for a certain equipmentand has different effecs on the polymer blend. A example was shown
before, where the different force fields in the cokneader compared to the twin screw extruder
made the production of PPE/PSblends with more than 80 wt.% PPE possibldn particular, the
processing conditions must be closely observed while down scaling and working with special
blend systems (.e. with higher viscosity ratios). Morphology and possible droplet breakup
mechanisms arestrongly dependent on theviscosities and the viscosity ratio (P)of the blend
components, especially for PPE/SAN blendiue to the much higher viscosity of PPE compared
to that of SAN The viscosityratio of the PPE/SAN systenin dependenceof frequency (based on
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rheological measurements)is shown in Figure 23. The P value is aall frequencies higher than
10 (the upper end of theviscosity ratio range fornormal blends). This calls for special attention

at the processing conditions chosen to compmd these polymer blends.
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Figure 23  Viscosity ratio of the PPE/SAN (60/40 w/w) system at different frequencies
(based on the absolute shear viscosity data of the neat components in Figure 18)

In order to get a preliminary idea about the effect ofPson the PPE/SAN blend system, and due
to limitations in synthesizing JPsin large amounts, a DSMnicro compounder was chosen as
compounding device to produce blendson a smaller scale first. The morphology of the neat
PPE/SAN 60/40 w/w) blend and the blends with 10 wt.% SBM(standard compatibilizer with
36% PB and equal block sizesand10 wt.% JPswas analysed with TEM. The amount of 10 wt.%
compatibilizer was chosen based on the previous studies by RuckdascH2k8], and the 60/40
blend was selectedas a system withmedium viscosity. The TEM images irFigure 24 compare
neat, SBM, and JP compatibilized blendBhe brighter phase is SAN and the PPE phase appears
as the dark phase due to the staining process explained in the experimental section. Ttered
PB block in SBM triblockerpolymers or JPswvould show up as black spotgnot visible at current
magnifications), however, the morphologies of the blend systems are discussed in more detail in
the next sections The blends do not differ much intheir morphologies, although in the
compatibilized blends the SBM triblockterpolymers or JPs are located at the interfacén all
three cases a caontinuous morphology with little differences in the domain area is observed

This is in contrast to theresults of Walther et al.[14], who observed droplet morphologies in
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PS/PMMA blend produced with the same type ofmicro compounder under comparable

processing conditions

P i

.
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Figure 24 TEM images of PPE/SAN (60/40) blends from a lab-scale micro compounder:
a) neat, b) SBM compatibilized and c¢) JP compatibilized blends

By comparing the PPE/SAN and PS/PMM#Asystems, the only major difference(beside the
chemistry of the components)that can causethis phenomenonis the difference in viscosity
ratios. The viscosity ratio for the PPE/SAN blendis larger than 10, whereby that of the
PS/PMMA blendis around 0.08[239]. There are several studies that investigate the effect of
viscosity ratio on structure evolution in miscible and immiscble blends[240z243]. Looking at
the morphologies obtained in themicro compounder, and the relevant mechanisms for droplet
formation, it can be concluded thathe shear forceswere not strong enoughto break up the in
plane PPE and SANheetsin the polymer melt, resulting in the formation of a cecontinuous

phases inblend morphology.

The a@pillary number (equation 10) is a dimensionless number that represents the relative
effect of viscous forcescoming from the force fields (in this case skar) produced during
processing,versus surface tension (propery of the blend system).For each system, a critical
value Ca exists, abovewhich the one blendphase breals up into droplets. In case of smaller
values,the phases elongate into a caontinuous structure and there is no droplet break ug62].
In this study, two strategieswere chosen to overcome this challenge and produce blda with
droplet morphologies: (1) The blend componentsvere compounded for longer times in order to
break up more PPEdomains into droplets, (2) A higher amount of compatibilizer is used to

further reduce the interfacial tension and increase thecapillary number. However, both
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strategies failed to produce the desired droplemorphology and the blendsalways showed cc

continuous morphologies

At a certain viscosity ratio, if all parameters of the systenare constant, the capillary number
needs to be increasd in order to move out of thestability regime for the co-continuous blend
structure. The variable that can be changedia choosing the right processing method is the
shear rate. Bymoving from a micro compounder to a twin-screw extruder employing screw
design with a sufficient number of kneading blocksthe applied shear rate will increase and one
can move out of the cecontinuous zone and achievea droplet morphology. The TEM
micrographs of the 60/40 neat blends, produced witha twin-screw extruder and the micro
compounder, respectively,and a schematic graph showing the critical capillary number as a
function of the viscosity ratio for shear floware shown in Figure 25. It is clear that by increasing
the shear rate and as a resultcapillary number, the morphology of the neat blend has changed
into PPE droplets dispersed in a SAN matrix (Figure 25a). The difference isvisible by
comparison with the same blend produced in themicro compounder (Figure 25b), which has
smaller capillary number. The measured torque values during the process were 5 and 45 Nm for
the micro compounder andtwin -screw extruder, respectively. Thisconfirms low and high shear
forces during processing Therefore, even though compoundingon a small scalehas the
advantage of using lower amounts of materials, for sucpecial systens like PPE/SANwith large

viscosity ratios, compounding in close toridustrial scale compounderss inevitable.
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Figure 25 Schematic dependence of the capillary number on the viscosity ratio under
shear flow as shown in 2.1.2.2. TEM images of PPE/SAN (60/40) blends obtained from a)

twin-screw extruder and b) micro-compounder

5.1.4 Conclusion

The main motivations behind the current work and study of the PPE/SAN blendswvere
introduced and discussed. The lower viscosity of SAN facilitates the processing of PPE and
reduces the blend viscosity. Besides the higher chamical resistance of SANcompared to P$
which is the state of the artmaterial for blending with PPE improves the chemicalresistance of
the blends. Rheological measuremens suggestthe use of 50/50, 60/4 0, and 70/30 (w/w)
PPE/SAN blend ratios for future investigéons of this work.

JB and SBM triblock terpolymers (benchmark) are introduced as compatibilizes for the
PPE/SAN blend systems. Th§& of the crosslinked PBcore in the JPs isalmost 80 °C higher than
that of the PB blockin SBM triblock terpolymers and JPs exhibit ahigher modulus at room
temperature compared to their triblock terpolymer precursors. This difference in stiffness is
important, as the compatibilizers are located directly at the blend interface in the raspberry

morphology and strongly influence the mechanical properties.
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The melt blending process and itparameters were optimized for the PPE/SANblend system.
Entirely different morphologies were obtained for labscale and industryscale processing
underlining the importance of largescale studies on systems involving specialized materials.
The high viscosity ratio of the blendnecessitates the useof a twin screw extruder (higher
accessible shear forcesas theconvenientprocessing method to achige the desired morphology
(PPEdroplets dispersed ina SANmatrix). Hence, all blend systemsstudied in this thesis with
respect to their morphological, rheological and mechanical propertieswere produced on an

industrial scale using a twin-screw extruder.
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5.2 Micromechanics of blends compatibilized with SBM triblock

terpolymers

Toughening mechanismsn polymer blends depend highly on the size of the domains dispersed

in the matrix as well as the interface properties. Therefore, it is difficult to simultamously
monitor these effects in a new system such as JP compatibilized blends. Therefore, the role of the
domain size is first investigated in a known system with the benchmark material, while the
interface properties are kept constant (all compatibilizedwith SBM triblock terpolymers). Three
different PPE/SAN blend systems with 50, 60, and 70 wt.% of PPE (50/50, 60/40, and 70/30)
are compatibilized with 10 wt.% of the state of the art SBM triblock terpolymers. Their
morphological, rheological and mechanida properties are compared to the neat,
uncompatibilized blends. The goal of the chapter is to understand the effect of domain size on
the toughening micromechanisms and at the end, to select a blend ratio for comparing the JPs to

the SBM triblockterpolymers.

5.2.1 Morphological characterization of SBM compatibilized blends

The morphology of an immiscible polymer blend depends strongly on the rheological properties
of the blend components. Based on previous rheological investigations igection 5.1.3 it is
expected that the large viscosity difference between the blend components resulin unusual
morphology of the immiscible blends It is also expectedthat high viscosity ratio shifts the phase
inversion region for having a PPE matrix far from the expected 50/50 blend rati¢243]. The
phase inversion of this systemcan be predicted with the aid of two models proposed by Chen
[244] (equation 19) and Utracki[243] (equation 20). The models calculate a threshold value for
the viscosity ratio, which abovethat PPE can no longer form the continuous matrixnder these
conditions, eventhough PPE is the dominant component in the blend and has weight fractions of

more than 50%, a PPE matrix is rheologically not possible

P8 8 (19)

0 ‘ (20)
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Where P = —— s the viscosity ratio,%. is the maximum packing volume fraction equal to 84

for most polymer blends[17],%. and%. are the SAN and PPE weight fractions respectively,

and s represents the corresponding viscosities.

In case of 50/50, 60/40 and 70/30 PPE/SAN blends, the predicted threshold values eshown

in Table 3. A comparison between these predicted values with the measured viscosity ratios
(Figure 23) suggests a continuous SAN phase with PPE droplets for @llosenblend ratios. The
viscosity ratio of the blend at high frequenciegliscussed in the previous chapter is around 12
This represents the value at high shear rates in the extruder According to these values, PPE
contents of above 70 wt.% are necessary to achieve a continuous PPE phase with dispersed SAN
droplets. The chosen blendsystems (50/50, 60/40, 70/30) all deliberately have the same
droplets dispersed in matrix morphologies, (SAN matix with dispersed PPE droplets), which

facilitates the direct comparison of the micromechanical propertiebetween them

Table 3 Viscosity ratio (P) of the blends calculated via different models: all values are
smaller than 12 (measured threshold limit for PPE/SAN blends)

Blendratio # EAT 8 O[244] 5 OOA A E E [243]

50/50 0.5 1
60/40 2.1 2.6
70/30 9.2 8.6

Based onthis information and the fact that PPE droplets are expected to be dispersed in the SAN
matrix, the TEM micrographs of the neat and compatibilized blends aiavestigated. Firstly, the
neat and SBM compatibilized PPE/SAN blendse comparedat the 50/50 blend ratio (Figure
26). As mentioned previously, due to the stainig process, lhe brighter matrix phaserepresents
SAN, the PPE phase appears as the darlphase and the PB block shows up as the black dots.
The neat blend shows relatively random PPE structure dispersed in the SAN matrix with very
large as well as very small PPE phaseBigure 26a). UsingSBM triblock terpolymers, the blend

morphologies become more homogeneous, and looks that the PPE phasedrms droplets
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instead of a semicontinuous structure in Figure 26b [155]. It is expected that the PPE droplet
sizes decrease after compatibilizationas the interfacial energy between the blend components
decreases. Here, even though the droplets have a much more homogenous shape after
compatibilization, their sizes are not significantly reduced. This may be due to SBM micelle
formation within the PPE phase resulting from a slight preferential interaction of the PS block
with PPE (Flory-Huggins segmentsegment interaction parameter?psppe=-0.044) compared to
PMMAJ/SAN @rspre=-0.008) [31]. The different micelle formation mechanisms h& been also
reported before [11]. Besidethermodynamical interaction parameter and interfacial tension of

the compatibilizer, the blend viscosity and shear forces during compoundinglso play a
significant role in determining the final blend morphobgy and formation of micelles.Figure

26c¢, which shows the SBM compatibilized 50/50 blend at a higher magnification, clearly shows
SBM micelles(marked by orange arrows)in the PPE phase as well as SBM triblock terpolymer
chains loated at the PPE/SAN interface. The core of the micelles consists of PMMA and PB, and
the PS shell points to the PPE. At high SAN contents such as this blend, the blend viscosity is
comparably low, and the initially formed smaller PPE droplets can coalesaad from larger PPE
droplets. Consequently, there is excess SBM that cannot assemble at the interface and thus forms
micelles. Additionally, SBM located at the interface of smaller PPE droplets may be trapped
inside larger PPE domains as a micellduring the coalescence process. This extensive micelle
formation reduces the compatibilizer efficiency, as the amount of effective SBM triblock
terpolymer chains at the interface is reduced (the SBM micelles can be counted as ineffective
compatibilizer). Preventing coalescence in blends of low viscosities by either higher shear
forces, or more efficient compatibilizer with higher surface activity like Janus particlefl55],

would lead to smaller PPE droplets without SBM micelle formation.
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Figure 26 TEM images of PPE/SAN (50/50) blends: a) neat, b) SBM compatibilized
blends, and c) location of SBM triblock terpolymers at the interface and micelle formation in
PPE phase

In case of the blend with 60/40 weight ratios, the neat blend again shows random morphology

of PPE droplets with inhomogeneous sizes in the SAN matrixFigure 27a). After
compatibilization with SBM, the PPE domains are more homogeneous apdesumably only

present in form of droplets in the SAN matrix Figure 27b). The blend showsless number of

micelles (marked by orange arrows)in the PPE matrix Figure 27c) compared to the 50/50

Al AT Ah  ET xAOAOh OOEI I AT AOT 6 PPE dvmainx sized Bfgd E EE A
compatibilization due to these ineffective SBM compatibilizers trapped in the PPE phase. The
higher viscosity of the 60/40 blend (due toits higher PPE content) reduces SBM mobility and

droplet coalescence rate during extrusion, hencdess micelles are trapped within the PPE

domains.
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Figure 27 TEM images of PPE/SAN (60/40) blends: a) neat, b) SBM compatibilized
blends, and c) less number of micelles in PPE phase compared to the 50/50 blend

In case of the 70/30 blends inFigure 28, the total blend viscosity is higher than all previous
blends, hence due to the higher internal shear forces produced during the extrusion process,
higher droplet break up rates exists Here,even the neat blendshows smaller PPE phases
(Figure 28a). In the SBM compatibilized blends, th€PEdomain sizeafter compatibilization is
alsovery small (Figure 28b), and there are almost no micelles in the PPE phas@-igure 28c).
The triblock terpolymer chains are exclusively located at the interface between the blend
phases, however, due to the high amount of PPE fraction, the number of SBM triblock
terpolymers are probably not high enough to sufficiently cover all of the PPE domains.
Therefore, the perfectly covered PPE domains are much smaller than of the partially covered

ones, and there is a relatively large PPE domain size distribution available for thikehd.
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Figure 28 TEM images of PPE/SAN (70/30) blends: a) neat, b) SBM compatibilized
blends, and c) exclusive location of SBM triblock terpolymers at the interface and no micelle

formation

In Summary, the PPE domain sizeegreases with increasing the PPE content from 50 to 70 wt.%
(in both neat and compatibilized blends). At the same time, in the SBM compatibilized blends,
the number of micelles in the PPE matrix decreases as the PPE content and the viscosity of the
system increase. Investigating these blends with different domain size and same interface
properties, allows to solely understanding the role of the domain size on the toughening
micromechanismsin the next sections Later on while comparing the JPs with the SBiiblock
terpolymers, one can eliminate the differences in their domain sizes witthis knowledge and

solely compare the influence of the interface.
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5.2.2 Rheological characterization of SBM compatibilized blends

In order to confirm the mentioned assumptionsin regard of the droplet break upin correlation
with higher viscosity of the blends with more PPE, shear rheological measurements of polymer
blends are performed. Rheology is an important tool to compare the interfacial adhesion
between the phases after ampatibilization. The viscosity of a blend system depends on the
viscosities ofits components and their weight fractions, as well as the behaviour of the interface
between them. If the interfacial adhesion is strong, the stress can be transferred from oplease

to the other upon applying shear forces. Hence, the higher viscous phase (which is attached to
the lower viscous phase) hinders its flowability and increases the viscosity of the system. In our
case, the more viscous PPE phase hinders the deformatiof the SAN matrix and, thus, increases
the viscosity of the blendsFigure 29 shows the shear viscosity of the neat and compatibilized
blend systems.As expected, increasing the PPE amount from 50 to 70 wt.% leads to an increase
in viscosity of the neat blends (without compatibilizer). In addition, after compatibilization with
SBM triblock terpolymers, an increase in the viscosity relative to the neablends is also
observed, indicating the presence of the triblock terpolymer chains at the interface and better

stress transfer between the phases.
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Figure 29  Absolute shear viscosity of a) neat and b) SBM compatibilized PPE/SAN blends

at different blend ratios

The increase in the viscosity after compatibilization is more pronounced in the 60/40 and 70/30

blends at lower frequencies. This is due to the desase in PPE droplet size, which results in a
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higher amount of PPE droplets. Consequently, there is a considerable increase in interfacial area,
which strongly influences the viscosity of the blends especially at low frequenciel order to
better understand the viscosity differences before and after compatibilization shown in a
logarithmic scale, the absolute shear viscosity values of all 6 blends at the frequency of 10 rad/s

are representatively shown inTable 4.

Table 4 Absolute shear viscosity of neat and SBM compatibilized blends at the
frequency of 10 rad/s

Blend ratio Neat blends viscosityPa.9 SBM ompatibilized blends viscosity (Ra.s)

50/50 938 1332
60/40 1386 2048
70/30 1995 3358

5.2.3 Mechanical characterization of SBM compatibilized blends

Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis is an efficient way to investigate the mechanical properties,
namely complex modulus in a wide temperature rangd-igure 30 shows the complex modulus

of neat and compatibilized blends in dependence of temperature. In the DMA curves of the neat
blends, two sharp and distinct steps are visible indicating th&, of SAN and PPE, respectively.
The discontinuous distribution of the elastic PB phase around the PPE domains in the
compatibilized blends (raspberry morphology) prevents reduction of the modulus and stiffness
of the material after toughnessmodification [173]. Therefore,at temperatures below the glass
transition temperature of SAN, the compmx modulus of the neat and compatibilized blends

remains almost constant.

Right above the glass transition of SAN, the complex modulus shows a pronounced drop as the
temperature increases, which is in accordance with the morphological results showing SAsd

the continuous phase. The second reduction step in the complex modulus curves correlates to
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the Ty of the PPE phase. After compatibilization, a shift ifiy of PPE to lower temperatures is
observed for all blend compositions. This may be explained by thdgher miscibility of PS/PPE
and the high difference between thely values of both polymers (ca. 103or PSand 210 °Cfor
PPB. In addition, SBM micelles located in the PPE domains would further contribute to the
reduction of its Tg. In contrast, SAN and®PMMA haveTg valuesclose to each othei(ca. 110°Cfor

SAN andL00 °Cfor PMMA) and, hence, no significant change ify is expected.

The trend of the DMA trace above th&@y of the SAN matrix is a direct indication of the blend
morphology. As a resultof pseudo cecontinuity in the neat 50/50 blend, a pronounced second
plateau is visible aroundcomplex modulus of250 MPa. After compatibilization with SBM, the
morphology changes into droplets dispersed in the SAN phase (which is only 50 W& of the
specimen), hence a significant drop and continuous decrease of the modulus is observed until
the T4 of the PPE is reached. Therefore, the differende the complex modulus of the neat and
SBM compatibilized blends at 50/50 weight ratio is very largen the temperature range above
the Ty of SAN(Figure 30a).

In case of the neat 60/40 blend thepseudo co-continuous morphology [155] is preserved and
visible in the DMA curve as plateau above thg; of SAN attomplex modulus ofaround 800 MPa.
After compatibilization, the TEM (and also SEM images in the next section) show a morphology
consisting of PPE droplets dispersed in the SAN matrix. However, the DMA curve of the
compatibilized blend still shows a plateau at around 600 MP@stead of the expected fast
decrease like in the compatibilized 50/50 blend. This phenomenon can be explained by the very
large difference in theTy values of the blend components, as well as the bonding at the interface
via SBM. After softening of the 94 matrix, the PPE droplets, which represent the main fraction
in the blend, are still in their glassy state and are able to hold the specimen together. In addition,
as the droplet size decreases, the interfacial area between the phases increases. Heneegtis a
strong linkage at the interface attaching the small glassy PPE domains to the SAN matrix and
compared to the neat blend, only a small decrease in the plateau after compatibilization is
observed (Figure 30b). This theory is later confirmed in the next chapter where DMA

measurements with higher deformation amplitude are performed.

In the neat 70/30 blend, even though the morphology shows no econtinuity, there is a plateau
visible above theTy of SAN at a largeomplex modulusof 1000 MPa. The reason may be the high
fraction of the PPE phase, resulting in densely packed small PPE patrticles within the SAN matrix.
The hard glassy PPE domains in thiregion have an effect comparable to that of fillers in a highly

filled polymer composite [245,246]. In this case one can think analogically of a highly filled
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polymer (with mineral fillers like glass spheres). Even though the glass spheres are dispersed in
a molten polymer matrix, due to their high amount (70 wt.%), they form a structural network
and hold the material together. Here, the PPE droplets form a network providing structural
viscosity to the blend, preventing its collapse (since the SAN phase has already eofid) and
holding the specimen together. After compatibilization, the same phenomenon as described
above is observed. In comparison to the other blend ratios, the difference between themplex
modulus of neat and compatibilized 70/30 blends is rather smdl(both have values around 1000
MPa), which is due to the large effect of higher PPE fractiofigure 30c). The increase in the
plateau values (from 600 in the 60/40 blend to 1000 MPa in the 70/30 blend) with increasing
PPE content confirms that the PPE droplets act as glassy fillers in the SA&Lrix.

It is worth to mention that in an attempt to be able to better interpret the resultsand their
correlation to the morphology, attempts were made to freeze the specimens at different steps of
the DMA measurements. The aim was to solve one of thegses in a good solventor it (here
THF for SAN)and look at the morphology of the remaining phase under the microscope.
However, due to complexity of the blend morphology and instability of the remaining phase, it

was not possible to gather fulfilling resilts.

In order to better understand the differences in the complex modulus before and after
compatibilization shown in a logarithmic scale, these values at different temperaturesH0, 0,

50, 100, 150 °C) are representatively shown iffable 5.

Table 5 Complex modulus of neat and compatibilized blends at different temperatures
Blend ratio E* (MPa) at different temperatures
Neat  SBM -50 °C 0°C 50 °C 100 °C 150 °C

50/50 50/50/10 2791 2551 2648 2246 2422 2066 1613 1456 220 27

60/40 60/40/10 2699 2628 2448 2524 2347 2304 1591 1628 669 474

70/30 70/30/10 2483 2924 2350 2692 2188 2396 1588 1693 962 888




5 Results 74

In conclusion, the high difference between th&, of the blend components, sizes of the droplets
in the matrix (which influences the interfacial area), and the quality/strength of the interface
play important roles in determining the properties of the blend materials in DMA analysis. Here,
the quality of the interface has been deliberately kept constant (always the same type of SBM
triblock terpolymer) and the effect of the droplet size has been investigated. Smaller densely
packed droplets seem to build a strong network holding the matrix together, and ftar
compatibilization they attach to the matrix polymer effectivelyvia a stronger interface through
SBM chains. Therefore, finePPE/SANmorphologies can improve the stability and modulus of

the blend at higher temperatures.
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Figure 30 Complex modulus of neat and compatibilized PPE/SAN blends, from DMA
analysis, at different blend ratios: a) 50/50, b) 60/40, and c) 70/30 (w/w)
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In order to further confirm the pseudo co-continuity of the blend structures before
compatibilization and the change in morphology on a macro scale after compatibilization, Payne
tests (strain sweep at constant temperature)were performed on all blends(Figure 31 a-c). The
test is performed at 150 °C since this temperature is within the second plateau in the complex
modulus of blends, above thely of SAN.The Payne effec247] is mostly defined for filled
rubber systems in which the filler particles form clusters and interact in a filler network. In such
systems, the storage modulus depends on the amplde of the applied strain. After applying
high deformations (increasing the strain) the filler network can be disturbed and destroyed, and
a decrease in the modulus occurs at a certain point during the strain swe¢p48]. This analogy
can be applied to our blend systems with their unique structures. In case of the neat blends, the
pseudoco-continuous structure cannot be destroyed easilyia strain, as it is partially connected
through the elongated PPE domains. However, after compatibilization, the dispersed PPE
particles resemble fillers that form astructural network in the blend system. This networkcan

be destroyed at higher strains (Pape strain) compared toneat blends.
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This behavour is shown in Figure 32, where complex modulus of each blend system, at the
point where the sharp decrease iimmodulus during the Payne test beginds compared with each
other. At 50/50 blend ratio, the difference ketween neat and compatibilized blendsis quite
large. The neat blend has much higher modulus at the start of the sharp drop compared to the
SBM compatibilized blend due to itspseudo co-continuous structure. The addition of SBM
improves the interface interaction between the matrix and dispersed phasand may result in
the decrease ottomplex modulus. A similar trendbut at a smaller scalds visible for the 60/40
blends, where the decrease in modulus appears for the SBM compatibilized blerasnpared to
neat blend. The smaller differencebetween the moduli of the neat ad compatibilized blends has
similar reasonsto what has been discussed foFigure 30. In case of the 70/30 blends,the
complex modulus at the drop point is almost the same for the neat and SBM compatibilized
blends (as expected due to lack of any amntinuity in the blend morphologies) The slight,
lower complex modulusvalue for the SBMcompatibilized blends could be due to the fact that
compatibilization with block copolymers resulted in larger reductions of the storage modulus in
the Payne test as reported byVang et. al[249]. The Payne tests and their resultdor all blend

systems is discussed in more detail ithe published article by author[206].

1000 -

100 1 4

E* (MPa)

] SBM Blends 7/
L /

/

/

7
|

@ 150°C

10

50150 ' 60l-40 I 70130
PPE/SAN blend ratio (wt.%)

Figure 32  Complex modulus of PPE/SAN neat and compatibilized blends from Payne test
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Elastic properties (Low strain behaviour)

The tensile properties of the polymer blends depend on the property of each phastheir
contents and their mechanical behaviours; also very important is the resulting morphology.
Tensile modulus (dog-bone specimens)f neat and compatibilized blends werdgested compared
as the function of the PPE weight content irFigure 33. Tensile properties of the SBM
compatibilized blends, and comparison with different mechanical models have been previously
investigated in detail by Ruckdéschel[222]. Here, the focus is on thebehaviour after SBM
compatibilization that results in droplets and correlation to the raspberry morphology. The
moduli of the blends stay constant after compatibilization(compared to thdr equivalent neat
blends). As mentiored in previous structures with raspberry morphology [11,118,173], due to
formation of the disconinuous PB phase at the interface, the tensile moduli of the
compatibilized and neat blends do not change significantly after compatibilizationThe PB
content in the SBM triblocks is ca. 3@6. Since 10 wt.% SBM is added to the blend, one can
roughly say that there is around 3 wt.% PB rubber is available in total in the compatibilized
blend structures. In an attempt to explain this phenomenon, fractured surface of the@eat and
compatibilized 60/40 blends after the tensile test as an example, are looked at imore detail in
Figure 34.
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Figure 33  Tensile modulus of neat and SBM compatibilized PPE/SAN blends
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In case of the neat blend, the ductile PPE domains have no contpeint or bonding to the SAN
matrix, hence even at small strains, PPE domains debond and deform drastically as shown in
Figure 34a. In case of the SBM compatiiized blend, the interface needs to deform to allow for
PPE deformations. The deformation at the area around the interface, results in fibrillation of the
SBM triblock terpolymers at the interface, howeer, the elastic nature of the htadiene middle
block and its low modulus results in tear and debonding right after fibrillation of the interface
(Figure 34b), followed by debonding of the PPE particlegsdm the SAN matrix. The tear of the
small area of each elastomeric part, would not result in instant failure of the material, but would
produce a similar situation like the neat blenddeformation of the PPE which is debonded from
the SAN matrix, yet stillconnected to the PPE network in they direction). Therefore, the
modulus of the material, which represents thebehaviour of the material in small strain ranges,
stays constant. In case of core shell particles, for example, rupture of the elastomeric core
shell will lead to instant failure, since rupture happens in a large area around the PPE patrticles

and can act as a defect poinand reducesthe modulus.

Figure 34 SEM images of fracture surfaces of PPE/SAN (60/40) blends after tensile tests:
a) neat and b) SBM compatibilized blends. Orange arrows point to the SBM fibrillation at the
PPE/SAN interface. The inset shows a magnification of the PPE/SAN interface area with
stretched SBM fibrils (scale bar 2 um)
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Fracture toughness characterizations

Fracture toughness measurements can provide important information about the toughness of
materials. In addition, by investigating the fractured surfaces different toughening mechanisms
for each blend system ee identified. In order to be able to correlate the micro/nanestructure to
the measured macro mechanical mperties of polymer blends with complexmorphologies, it is
important to understand the micromechanical deformation mechanisms taking place in each
phase. Any polymer material can withstand crack tip stresses up to a critical value of stress
intensity (critical stress intensity factor, Kic). Beyond this point, the crack propagates rapidly in
the sample. The critical stress intensity factor is a measure of the material toughnefggure 35
shows the critical stress intensity factor K) value of the neat and compatibilized blends as a

function of their PPE contents.
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Figure 35  Critical stress intensity factor of neat and SBM compatibilized PPE/SAN blends

at different blend ratios

Investigation of the fracture surface of the neat blends

In case of the neat blends, it is expected that increasing the PPE content (as the more ductile
phase) should result in higher toughness values$n our case, his is valid when moving from the
50/50 to the 60/40 blend. However, a further incresse of the PIE content (incase of the 70/30

blend) results in a significant reduction of toughness as compared to the 60/40 blend. In order
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to understand and explain thisbehaviour of the neat blends, morphologies of the fractured
surfaces (afterKic experiments) were investigated (Figure 36). It is worth to mention that the
scale of the images in the figure are not the same due to the fact that the PPE domainssare
different in blends with different blend ratios. Yet, it is important to compare them all together

in one figure.

The larger PPE domains in the neat 50/50 and 60/40 blends={gure 364, c) have formed some
fiber-like structures inside the SAN matrix, probably due to theirpseudo co-continuous
structure before compatibilization. It is known that elongated particles, which & parallel or
perpendicular to the crack growth direction, are capable of affecting the crack more pronounced
than spherical particles [250]. These elongated particles can plastically deform during crack
growth and sometimes even hinder the crack propagation. In general, if the interface is strong
enough, the fiberlike phase can also promote plastic deformations of the surrounding matrix.
However, this is not the case heresince the neat blends have wédeand detachedinterfaces. The
PPE domains in the neat 50/50 and 60/40 blends can be assumed as elongated ductile particles,
which can improve the toughness of the SAN matrix. In addition, since the interface between two
immiscible polymers is weak, debonded PE domains are visible in the fractured surface of the
50/50 (Figure 36b) and more pronounced in the 60/40 Figure 36d) blends. This debonding
leads to the pull out of PPE domains from the matrix, therefore contributing to plastification in
the material as a toughening mechanism. In case of thed/50 and 60/40 blends, both
mechanisms (deformation of norspherical PPE domains, and pull out of these domains from the
matrix) consume large amounts of energy during fracture, leading to an increase in the
toughness of the material.The necking phenomenaobserved in the PPE phases (specifically
visible in case of the 60/40 blends is also clear indication of energy consumption and increased
toughness of the blendsin case of the 70/30 blend, the PPE domains are more spherical and
smaller in size Figure 36¢e,f), despite of their higher fraction in the blend. These spherical PPE
particles are more stable compared to the elongated ones in the 50/50 and B® blends, as
they have a smaller surface area to volume ratio. In other words, the size of the dispersed
particles has a dramatic effect on their deformation behaviour in blend systeni251,252], and
finer dispersions are more stable and more resistant to deformations due to lower resultant
stress concentrations[252,253]. Generally, smaller particles are easier to deform (plain stress)
than larger (thicker) ones (plain strain). Furthermore, in the 70/30 blend, the interparticle
distance between the PPE domas is so small that the deformation of the SAN matrix is
prevented. Therefore, there are only debonded PPE domains visible due to lack of

compatibilization. Hence, due to absence of the aforementioned toughening mechanisrzk of
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PPE domain plastic defamation or pull out, andlimited SAN matrix deformations), theKicvalue

of the 70/30 blend decreases in comparison with blend systems with lower PPE contents.
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Figure 36 SEM images of neat PPE/SAN blends with different blend ratios and
magnifications after fracture toughness measurement: a, b) 50/50, c, d) 60/40, e, f) 70/30.
The images are from the area right after the crack initiation point
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Investigation of the fracture surface of the SBM compatibilized blends

After effective compatibilization, it is expectedto have an enhanced stress transfer from one
phase to the other resulting in higher toughness values. According figure 35, in case of the
50/50 blend, the K¢ values remain almost constant after compatibilization. The fractured
surface inFigure 37 shows that the addition of SBM homogenizes the morphology and produces
spherical PPE domains (oppose to the random nespherical ones in neat blend) as seen in
Figure 26. These PPE domains, containing SBM triblock terpolymers at their interface with SAN,
show other toughening mechanismsKigure 37a). The PPE domains are partially embedded in
the SAN matrix (due to partial SBM coverage) and are, to some extent, capable of transferring
the stress to the more brittle SAN at the points whe SBM connects the two phaseét a higher
magnification (Figure 37b), one can see the partial coverage of the PPE domains with SBM
(white points representing SBM micelles). When the SBM connects the phases, some matrix
deformations are visible in forms of crazes. However, the deformations of the spherical PPE
domains in the compatibilized 50/50 blend are not as effective as the anisotropiePE domains

in the neat blend [250]. In addition, due to the different morphology (larger spherical PPE
domains instead of smaller anisotropic ones), the interfacial area between PPE and SAN is
smaller. Thus, the new taghening mechanisms provided by the SBM compatibilized interface
are not sufficient to result in better Kc values. In addition, the stronger adhesion between the
phases after compatibilization prevents pull out of the PPE droplets from the SAN matrix that
would consume a lot of energy and contribute to the toughening of the system as welere as
well the scale of the images in the figure are not the same due to the fact that the PPE domain
sizes are different in blends with different blend ratios. Yetpne can compare the single images
of the figure with the previous one to understand the differences between neat and

compatibilized blends.
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50-50-10 SBM e

Figure 37 SEM images of SBM compatibilized PPE/SAN blends with different blend ratios
and magnifications after fracture toughness measurement: a, b) 50/50, ¢, d) 60/40, e, f)
70/30. The images are from the area right after the crack initiation point



5 Results 87

The 60/40 blend shows an increase in théc value after compatibilization. According toFigure
37c, d, the stress is transferred from theSANphase to thePPEphase more effectively compared

to the 50/50 blend. Some shear bands are visible in the SAN matrix (white branched strips in the
SEM images marked with arrows). Due to the location of SBM triblock terpolymer chains at the
interface, the stress can be easily transferred from one phase to the other leading to more shear
bands in the SAN matrix. In addition, the smaller sizes of the PP#&omains after
compatibilization play an important role during plastification, as the size of the dispersed phase
determines the main deformation mechanism in the material. Due to the higher weight fraction
and the smaller PPE droplet size, the overall iatfacial area between PPE and SAN s
significantly larger as compared to the 50/50 blend. Soft PPE domains promote crazing in the
less ductile SAN matrix and craze formation happens at the early stage of deformation. At higher
maghnification, the PPE domais with SBM (white patches) and SBM fibrils that attach the phases
to each other are visible. However, the increase of toughness after compatibilization in the
60/40 blend is not so profound. Thisagain may be explained by the change in the geometries of
PPE domains in the compatibilized blend (spherical) compared to the neat blend (anisotropic

elongated structure), whichaffects the plastic deformation mechanisms of the PPE patrticles.

In case of the 70/30 blend, the increase in toughnes&ompared to the reat blend) after
compatibilization is much more significant. This is expected since entire localization of the SBM
chains at the interface causes a more effective stress transfer to the SAN matrix and the
formation of small PPE droplets is observed. Sheafielding deformations are visible only in
some regions of the SAN matrixKigure 37e, ), probably due to the fact that small interparticle
distances tetween PPE particlegesults in small SANareas This SAN layer between the PPE
domains has a high potential to deform due to its small thickness and plain stress conditions.
These shear bands can form a shear yielding network all over the sample, ialin can result in
PPE droplets detachingrom the SAN matrix and contribute to the toughening of the polymers
via debonding mechanisms.Additionally, the necking phenomena of the PPE phase, which
consumes a lot of energy and increase the toughness is here visiience, the increase in
toughness of the 70/30 blend is much larger compared to the other blends, due to multiple

toughening medanisms.

It has to be mentioned that conclusions on the effect of domain size after compatibilization on
the toughness of the polymer blends can only be drawn if the fractured surfaces show similar
toughening mechanisms. In other cases, fractured surfaces need te tarefully investigated as

each material can act differentlyHere, the 60/40 blends show the most number of deformation
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mechanisms (also different types of mechanisms)and hence, are chosen for further

investigations with Janus particles in the next se@ins.

5.2.4 Conclusion

Immiscible PPE/SAN blends at blend ratios close to the phase inversion region were successfully
compatibilized with a SBM triblock terpolymers. The morphologies of the blends, before and
after compatibilization, with a special focus on tk droplet size, were studied in detail. Micelle
formation is observed in the blend systems with lower viscosities, whereas higher viscous
blends show smaller PPE droplets in the blend morphologies with SBM triblock terpolymers
exclusively located at the iterface. DMA analysis revealed that theomplex moduli of the blend
systems show a plateau even above thg; of SAN. This is explained by the strong difference
between the Ty values of the components The high viscosity mismatt of the system, and the
linkage between theSAN and PPE phases at the interface mediated by the SBM triblock
terpolymer further contribute to this matter. The dispersed PPE patrticlestill in their glassy
state build a network structure that hold the softened SAN matrix together andtan be
analogically compared to a highly filledcomposite system. Theseudo co-continuous structure
of the neat blends compared to the fully droplets in SBM compatibilized blends wasnfirmed
using a Payne testA theory is proposed that explains thereason behind the constant tensile
modulus of the blends with raspberry morphology after compatibilization. After fracture
toughness measurements, l@racterization of the fractured surfaces showed complex and
multiple deformation mechanisms strongly depenihg on the size of the dispersed PPE droplets.
It could beconcluded that smaller PPE domain sizes after compatibilization onlyan contribute
to the toughnessimprovement of the material when the main deformaion mechanisms stay

constant before and aftecompatibilization.

Among the dudied blend compositions, the 60/40 blend composition combines excellent
toughness with good processability (low viscosity) and, thus, may be suited with regard to
possible industrial applications. Hence, based on the resuls of this chapter, this blend
composition is chosen for further studies and comparison of the efficiency dfanus particles
with and state of the art SBM triblockerpolymers. The size of the PPE droplets in the 60/40
blend is small enough to form a netwdk in the melt state and allow DMA measurements at
temperatures above theTy of the SAN. However, they are large enough to promote several

deformation mechanisms during the fracture mechanic studies of the blends.
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5.3 Blends compatibilized with Janus Particles

A solution-based synthesis of nanaized Janus Particles (JPs) has besrcently reported, which
opens the way to significantly larger quantities of JPE61]. The JPs have shown to have higher
surface activities than the SBM triblock terpolymers[145] and therefore it is important to
investigate their behaviour not only in solutions, but also during melt blending. The FE'SAN
blends with blend ratio of 60/40 are chosen for compatibilization. This particular blend ratio
has not only wellprocessable medium viscosity and demonstrated convincing blend
performance in earlier studies as well as the results discussed in the pre&ious chapter
[31,77,119,222]. The 60/40 blends were compatibilized with 1, 2, 5and 10 wt.% of the JPs with
industrial scale twin screw extruderwith the parameters explained previously Figure 38 shows

the schematic overview of thgprocedure to produce theblends.

Figure 38 Schematic procedure of producing JP compatibilized PPE/SAN blends on a

large scale twin-screw extruder

5.3.1 Morphological characterization of JP compatibilized blends

In the first step, the blend compatibilized with maximum amount of JPs is compared to the neat
blend. Using 10 wt.% of compatibilizers has previously shown to be effective for SBM triblock
terpolymers [228]. In order to analyse the blend morphology, TEM images of thelJP

compatibilized (10 wt.%) blend compared to the neat blendare shown inFigure 39. Since the
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TEM images are performed on the extruded granulatespghomogeneities in the neat blendsre
expected, depending on the cut directiorduring sample preparation We find a substantial
improvement of the blend homogeneity after addition of 1Gvt.% JPs Figure 39b) compared to
the neat blend system Figure 39a), when samples are cut parallel to the extrusion direction.
The neat blend shows elongatednon-regular shaped droplets that frequently coagulate and
resemble a cecontinuous phase (parallelto extrusion direction), whereas the JP blend shows an
entirely different small drop morphology. The morphology inFigure 39b shows small PPE
droplets (dark) embedded in a continuous SAN matrix (bright)Figure 39c, d, show the TEM
images of the blendsthat are cut perpendicular to the extrusion diretion. Here also, the PPE
droplets in case of neat blend are larger and have irregular shapes compared to the JP
compatibilized blend. Strikingly after compatibilization, the droplets are able to pack densely
without coagulation despite the harsh processig conditions (temperature, pressure, high
viscosity) and the strong arising shear forces. Although the PPE droplets collide and deform as
evident from their not fully spherical shape, the JPs at the interface provide efficient stabilization
and repulsion for the droplets. The size of most droplets is well below fim as a direct result of
efficient reduction of interfacial energy. Despite the excess of PPE in the fdedmpared to SAN)
we still find PPE droplets in a SAN matrix, because the high viscosity ratfepd ssan> 10, shifts
phase inversion far from a feed ratio of 50/50 as discussed i6.2.1 This peculiarity is well

known for PPE/SAN, where the less viscous SAN always forms the maf{f3g,222].
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60-40-1OJP 4

Figure 39 TEM images of neat and JP compatibilized PPE/SAN (60/40) blends a, b)

parallel and c, d) perpendicular to the extrusion direction

In order to get a better overview of the lend structures, SEM imagess(rface of fractured
granulates) ofthe neat andJP compatibilized blends areomparedin Figure 40. Here again the
difference in blend structures shows a clear transition from a random eoontinuous structure to

a homogenous droplet structure. The morphological difference is also clearly demonstrated
when comparing horizontal (parallel to extrusion direction) fractures forneat (Figure 40a) and
JP compatibilized Figure 40b) blends. Similarly, vertical (perpendicular to extrusion direction)
fractures of the neat blends Figure 40c) compared to the JP compatibilized blendsHgure
40d) would help to evaluate the homogeneity throughout the samples. The JiRefd displays
sub-micron features in both directions proving isotropic distribution of the blend components.
Compared to that, the neat blend contains microsized elliptical domains in the horizontal, but
distinctly different elongated cylindrical domains in the vertical crosssection attributed to
anisotropic shearing of the PPE phase. This difference in morphological homogeneity should
have profound effects on the stability of the blend when subjected to stresand macro

mechanical properties
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60-40-10JP Bie

Figure 40 SEM images of neat and JP compatibilized PPE/SAN (60/40) blends a, b)

parallel and c, d) perpendicular to the extrusion direction

On closer inspection of the droplet morphology inFigure 41a, one observes brighter SAN
droplets inside the darker PPE droplets, suggesting a double emulsion morphology, usually
found close to phase inversionf38],i.e, SAN droplets in PPE matrix. The TEM clesg@ in Figure
41b corroborates the double emulsion morphology. Here, the larger PPE droplet engulfs smaller
SAN droplets, while all interfaces are densely covered with JPs visible as black dots (0sO
staining of remaining PB double bonds). The origin of this morphology and the narrow droplet

size distribution will be discussed in more detail laterin this chapter.
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Figure 41  TEM images of a) SAN droplets engulfed inside the darker PPE droplets in JP
compatibilized (10 wt.%) PPE/SAN blend (60/40), b) Double emulsion morphology of the
blend

The droplet morphology of the JP compatibilized blend in SEM shewup as a random
distribution of dents and bumps corresponding to droplés and holes left lehind by detached
PPE droplets Figure 42a) marked by light and dark orange arrows The droplets show a
multiscale structure asthey are fully covered with JPs, forming raspberrjike structures in a
SAN matrix. We clearly identify the JPs at the blend interface in SEMgure 42b). After cryo-
fracturing of the blend, the droplet surface is fully decorated with small spherical particles
corresponding to the JPs. The inset iRigure 42b shows a tendency for hexagonal close packing

with inter -particle distances of 30nm attributed to the JP size in the collapsed sta{é61].





















































































































































































































