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Short Summary 

For the first time, novel Janus nanoparticles (JPs) were used in sufficiently large quantities for 

industrial scale blend compatibilization experiments. Several 100 g batches of JPs were 

prepared and successfully employed as compatibilizers in technologically relevant poly(2,6-

dimethyl-1,4-phenylene ether)/poly(styrene-co-acrylonitrile) (PPE/SAN) blends. The obtained 

small PPE droplet sizes of less than 300 nm (at 10 wt.% JPs in the blend) greatly outperformed 

the co-continuous neat blend but also the blend compatibilized with a linear SBM (polystyrene-

block-polybutadiene-block-poly(methyl methacrylate)) triblock terpolymer as benchmark 

material. This clearly shows the outstanding performance of JPs as 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)). This demonstrates 

the importance of large-scale experiments before considering possible applications. The 

optimum JP content, necessary to achieve a homogenous morphology after compatibilization, 

was found to be between 2-5 wt.%, which is significantly lower than the amount needed for SBM 

triblock terpolymers (10 wt.%). 

Fracture mechanics analysis of JP compatibilized blends revealed significantly 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 when used solely in the blend as 

compatibilizers. However, it is possible to tailor the nano/micro structure via a combination of 

JPs and SBM triblock terpolymers to tune the macro properties such as toughness. Combination 

of JPs with 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 toughness as well as resistant against crack growth of the blend 

was significantly improved over a wide range of crack propagation rates, revealing the 

synergistic effect of a reduced PPE domain size (mediated by JPs) and an elastic interface 

(mediated by the SBM triblock terpolymer). Furthermore, understanding the deformation 

micromechanisms of each compatibilizer is the key point to design blend morphologies with 

tailored mechanical properties.  

As an outlook, JPs were also employed in foaming PPE/SAN blends to observe their potential as 

highly active foam nucleating agents. The JPs increase the melt strength of the blend and 

stabilize the cellular structure with smaller cell sizes. The strong JP mediated linkage at the 

interface could also produce homogenous foams with a partially open cellular structure. The 

average foam cell size was decreased over 50 % to 900 nm compared to the neat blend and the 

minimum foam density reached was 550 kg/m3 (compared to the neat blend with densities of 

around 900 kg/m3). 



  

Kurzzusammenfassung 

Neuartige Janus-Partikel (JP) wurden zum ersten Mal in technologisch relevanten Mengen 

(mehrere 100 g) synthetisiert und für die Herstellung von Polymerblends im industriellen 

Maßstab eingesetzt. Die JP wurden als Phasenvermittler in unverträglichen Poly(2,6-dimethyl-

1,4-phenylenether)/Poly(styrol-co-acrylnitril) (PPE/SAN) Polymerblends im industrie-

relevanten Maßstab durch Extrusion verarbeitet. Im Vergleich zum reinen co-kontinuierlichen 

PPE/SAN-Blend und dem mit SBM Triblockterpolymer (10 Gew-%) kompatibilisierten Blend, 

konnte mit JP eine wesentlich kleinere PPE-Tröpfchengröße (unter 300 nm bei 10 Gew-% JP) 

und eine homogenere Verteilung der PPE Tröpfchen in der SAN-Matrix erreicht werden. Dies 

manifestiert die ausgezeichnete Einsatzbarkeit von JP als Verträglichkeitsvermittler in 

Polymerblends. Es muss hierbei allerdings berücksichtigt werden, dass die Blendmorphologie 

sehr stark von der Art der Verarbeitung und den verwendeten Geräten (Mini-Compounder (g-

Maßstab) gegenüber Extruder (kg-Maßstab)) abhängt. Dies zeigt, dass Extrusionen im 

industrierelevanten Maßstab unabdinglich sind um mögliche Anwendungsfelder zu erschließen.  

Bruchmechanische Untersuchungen haben gezeigt, dass die mit JP kompatibilisierten Blends 

eine viel stärkere Grenzflächenanbindung besitzen als das reine oder mit SBM 

Triblockterpolymer kompatibilisierte Blendsystem. Dies führt zu einer höheren Festigkeit und 

Steifigkeit der Phasengrenzfläche in den JP basierenden Blends, die allerdings mit einer im 

Vergleich zum SBM kompatibilisierten Blend wesentlich niedrigeren Zähigkeit einhergeht. Um 

Synergien in den mechanischen Eigenschaften zu erreichen, kann die Mikro-/Nanostruktur der 

Blends aber durch eine Mischung aus JP und SBM Triblockterpolymer maßgeschneidert und so 

die Zähigkeit wesentlich verbessert werden. Diese Kombination aus JP und SBM 

Triblockterpolymer als Phasenvermittler resultiert in einer pseudo co-kontinuierlichen 

Morphologie und sowohl die Verkleinerung der PPE-Tröpfchengröße (durch JP) als auch die 

elastischere Grenzfläche (durch SBM) des PPE/SAN-Blends führt insgesamt zu einer erheblich 

verbesserten Beständigkeit gegen Ermüdungsrissausbreitung. Für die Entwicklung von 

Polymerblends mit maßgeschneiderten mechanischen Eigenschaften ist es daher essentiell, die 

wirksamen Deformationsmechanismen für jeden einzelnen Phasenvermittler zu kennen um die 

Morphologie der Blend-Systeme exakt an die Anforderungen anpassen zu können.  

JP können zudem als hocheffiziente Nukleierungsmittel in PPE/SAN-Schäumen verwendet 

werden, was das große Potential von JP in technologisch relevanten Anwendungen 

unterstreicht. Die JP erhöhen die Schmelzefestigkeit während der Verarbeitung, wodurch 

Zellstrukturen mit kleineren Schaumzellen effizient stabilisiert werden können. Die durch JP 

vermittelte starke Anbindung zwischen den PPE und SAN Phasen führt zudem zu sehr 

homogenen Schäumen mit einer partiell offenen Zellstruktur. Im Vergleich zum reinen PPE/SAN 

Schaum konnte die Zellgröße im JP kompatibilisierten Schaum um 50 % auf 900 nm reduziert 

werden und die Zelldichte nahm insgesamt um etwa 40 % von 900 kg/m3 auf 550 kg/m3 ab. 
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ABS Acrylonitrile butadiene styrene 

AN Acrylonitrile 

CPE Chlorinated polyethylene 

CT Compact tension 

CTOD Crack tip opening displacement 

DMA Dynamic mechanical analysis 

DSC Differential scanning calorimetry 

EPDM Ethylene propylene diene monomer 

FCP Fatigue crack propagation 

FESEM Field emission scanning electron microscopy 

GPC Gel permeation chromatography 
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JPs Janus particles 
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PA6 Polyamide 6 
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PDLLA Poly(D, L-lactide acid) 

PE-g-MA Polyethylene-graft-maleic anhydride 

PLA Poly(lactide acid) 

PMMA Poly(methyl methacrylate) 

PP Polypropylene 

PPE Poly(2,6-dimethyl-1,4-phenylene ether) 
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PVC Poly(vinyl chloride) 

SAN Poly(styrene-co-acrylonitrile) 

SAN-g-MA Poly(styrene-co-acrylonitrile)-graft-maleic anhydride 

SBM Polystyrene-block-polybutadiene-block-poly(methyl methacrylate) 

SEM Scanning electron microscopy 

TEM Transmission electron microscopy 

TPV Thermoplastic vulcanizate 
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ΔHm Enthalpy of mixing 

ΔSm Entropy of mixing 
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χ Flory-Huggins interaction parameter 

δ Solubility parameter 
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KIC Critical stress intensity factor 
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n Material constant 
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Mw Weight averaged molecular weight 
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B Thickness of the specimen 
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ρ Density 
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1 Introduction and motivation 

 

Multifunctionality is known to be one of the most important factors 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 specific applications. Nanostructured materials are 

perfect examples of multifunctional designs which can combine multiple properties in a single 

high performance material. The “nano effect” [1–4] in these structures provides much larger 

surfaces and interfaces for interactions and plays an important role in materials properties. 

Nanostructured materials can consist of one or several components depending on their design 

and manufacturing methods. Examples of single nanostructured materials can include self-

assembled particles and structures, whereas for multicomponent nanostructures, polymer 

nanocomposites, or polymer blends can be named. The way different components interact with 

each other in these materials 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 economical, industrial, as well 

as scientific interests [5–9]. Recently, several nanostructured blends produced in small scales 

and via solvent based methods have been introduced and discussed in the literature. Solution 

based methods provide a medium for self-assembly and allow a more precise control of the 

structure. However, in order to be able to transfer the knowledge to industrial applications, 

more economic methods such as melt blending of such materials needs yet to be established. 

Controlling the morphology and the blend structure during these processes requires 

understanding of the complex thermodynamical and rheological interactions as well as design of 

the elements producing the mixing forces between the components. 

In the current study, the casing of chemical pumps (Figure 1) has been chosen as an example for 

designing new multifunctional nanostructured materials. The material needs to fulfil several 

functions such as processability, good mechanical properties under long term vibrations 

produced by the pump, as well as high chemical resistance against certain solvents. Poly(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 with PS has improved the blend processability and provides good mechanical 

properties for these materials, the chemical resistance of the blend is less than ideal and often 

additional protection layers are needed. In order to improve the chemical resistance in such 

blend systems, one can replace PS by a material with similar viscosity to maintain the 

processability, but showing a better chemical resistance. For this purpose, poly(styrene-co-

acrylonitrile) (SAN), which is a copolymer of styrene with acrylonitrile (AN), is a suitable 

candidate.  However, while PPE/PS is a homogenous miscible blend, the alternative PPE/SAN 

blend is immiscible. Immiscibility in polymer blends usually results in inhomogeneous 

structures, in which unmodified blend interfaces often act as stress concentration points that 

can weaken the material’s mechanical properties.  Hence, compatibilizers, which improve the 

blend homogeneity and often modify the blend interfaces, have to be added to immiscible blend 

systems in order to fulfil the required mechanical properties.  

 

 

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

 

State of the art compatibilizers for PPE/SAN blend systems are polystyrene-block-

polybutadiene-block-poly(methyl methacrylate), SBM, triblock terpolymers, which are discussed 

in the literature [11–13]. 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 particles (JPs) are introduced as 

possible highly effective compatibilizers for similar systems [14]. 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 result show higher surface activities. Unlike triblock terpolymers that only 

stabilize the morphology via emulsification, JPs promote the so-called Pickering effect as well 
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which makes them more effective. However, all studies of JPs up to know have been performed 

on laboratory scale and often via solution based methods. Hence, it is of high scientific interest 

to study the behaviour of JPs in the engineering plastic blend systems like PPE/SAN. In addition, 

it is important to evaluate their performance during large-scale melt blending processing 

methods, compared to the studies up to now. The PPE/SAN blend compatibilized with JPs is an 

example of a multifunctional material which requires tailored nanostructures and motivates the 

current study to explore the performance and effect of JPs on 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 pumps. This means that the fracture 

mechanic behaviour of the blends, specifically the crack propagation mechanisms are of high 

importance. Therefore, the fracture toughness of the blends, as well as their fatigue crack 

propagation behaviour of them will be deeply studied.   



 

 

2 State of the art 

 

This chapter gives an overview on polymer blends and their compatibilization, especially with 

block copolymers. The morphology of triblock terpolymers in bulk and hierarchical self-

assembly in solution will be shortly addressed and novel Janus particles will be introduced. 

Later on, the effect of compatibilization on mechanical properties of blends, focusing on fracture 

mechanics will be discussed. First, immiscible polymer blends with their complex structures are 

introduced and the influence 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 are explained. Additionally, 

previous studies on PPE/SAN blends and their compatibilization are also discussed to provide a 

knowledge base for the current study. In the end, deformation mechanisms in polymer blends 

and their mechanical properties are discussed. The focus would be on the effect of the blend 

morphology, blend interface, and compatibilization on fracture mechanics.  

 

2.1 Polymer blends 

The blending of polymers is a well-established and versatile concept to economically unify 

desirable material properties of multiple components within new materials and builds the 

foundation of an entire industry [15–17]. 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 a huge number of polymers with wide range of properties 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 resources via the 

blending of polymers. The possibility of using a minor fraction of high performance polymers to 

tailor the properties of the major fraction of commodity polymers is extremely cost effective and 

makes blending attractive for manufactures. These benefits have caused a fast growth of the 

polymer blending industry for the past four decades [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 interfacial tension) as well as on 

processing conditions (i.e., temperature, time, intensity of mixing and the nature of the flow). 

Therefore, the greatest challenge in the field of multiphase polymer blends is to control the 

blend morphology by tailoring the melt flow during processing and the interfacial interactions 

between the components to stabilize the produced morphology [19]. In the following sections, 

fundamentals that allow for understanding the complex interactions between the blend 

components are discussed. These information’s are essential to control the blend morphology 

and the interactions at the interface. Tailoring nanostructured polymer blends with improved 

macro properties for specific 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 component [20]. Polymer blends can be classified into three groups: 

Miscible, partially miscible and immiscible polymer blends (examples are given in Table 1). 

Most polymers are incompatible, i.e., they do not mix and immiscible blends are formed. A 

miscible blend forms one phase (homogenous structure), whereas an immiscible blend 

separates into two phases (inhomogeneous structure). The partially miscible blend shows both, 

phase-separated 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, Van-der-Waals and ionic forces, the miscibility can 
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specifically be favoured towards one polymer. Miscibility also depends on the molecular weight 

and is usually higher between blend components of lower molecular weights. This is due to the 

larger effect of entropy compared to enthalpy in a polymer blend system [21]. 

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

Gibbs free energy of mixing (Δ𝐺𝑚), shown in equation 1 [18]. 

∆𝐺𝑚 =  ∆𝐻𝑚 − 𝑇∆𝑆𝑚                                                                                                                                        ( 1 )  

If Δ𝐺𝑚 is negative, the polymers would be miscible. This requirement, however, is not enough 

and the second deviation of Δ𝐺𝑚 with respect to the concentration has to be considered as well. 

This means that the behaviour of the Gibbs free energy as a function of volume fraction should 

be a concave curve which has a maximum point. The miscibility of two polymers can be sum up 

in the equations 2 and 3. Where 𝜙𝑖 is the volume fraction of polymer i in the blend, and Pr 

represents the pressure. 

∆𝐺𝑚 ≤ 0 and (
𝜕2∆𝐺𝑚

𝜕𝜙𝑖
2 )

𝑇,𝑃𝑟
> 0                                                                                                        ( 2 ) and ( 3 ) 

For partially miscible blends, the Gibbs free energy is also negative. Here, in contrast to miscible 

blends, the second derivative of the Gibbs free energy is negative as well. This leads to equation 

4 and 5 which describe the partially miscible blends. 

∆𝐺𝑚 ≤ 0 and (
𝜕2∆𝐺𝑚

𝜕𝜙𝑖
2 )

𝑇,𝑃
< 0                                                                                                          ( 4 ) and ( 5 ) 

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 role in determining the blend miscibility. Increasing the 

temperature leads to a larger TΔS𝑚 term which could drive the Δ𝐺𝑚 to more negative values and 

result in increased miscibility. However, for higher molecular components, the TΔS𝑚 is relatively 

small and there are other factors effecting the ΔH𝑚 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) behaviour, and by increasing temperature, 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 cases, polymer blends are immiscible and equation 6 is for them valid. 

∆𝐺𝑚 > 0                                                                                                                                                                  ( 6 )  

The positive value of the Gibbs free energy in immiscible blends results in phase separation and 

formation of multiphase structures. 

Among well-known examples of miscible polymer blends are PPE/PS blends, which are miscible 

over a complete composition range [22,23]. The interactions between the π-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, which is 

difficult to process due to its high Tg and viscosity. This has made PPE/SAN blends available for 

several applications such as electronics (due to the inherent fire-retardant behaviour of PPE) 

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 9-33 wt.% AN in SAN [26–28]. 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 SAN is 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 SAN [31]. 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 of 18-32 wt.% and fall 

into the immiscible region. 

 



2 State of the art  8 

 

 

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 popular theory 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 describe the enthalpy (Δ𝐻𝑚) and entropy (Δ𝑆𝑚) 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 segments that consists of 

molecules with the same size, as can be seen in Figure 3 [21,34,35]. 

 



2 State of the art  9 

 

 

Figure 3     Schematic model of the Flory-Huggins Theory 

 

Based on equation 1, in order to calculate the Gibbs free energy, the mixing enthalpy and mixing 

entropy should be calculated separately. The entropy of mixing in a Flory-Huggins theory is 

calculated based on the number of configurations that a collection of polymer chains with a 

known number of segments (monomers) can have on the lattice.  The change in entropy of 

mixing is calculated based on statistical mechanics and 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 given random lattice site being occupied by a polymer 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 system, should be taken into 

considerations. The change in enthalpy is equal to the change in the monomer-solvent 

interaction multiplied by the number of such interactions. Here, the Flory-Huggins interaction 

parameter, 𝜒, is introduced as a unitless equivalent of the solubility parameter, δ, which is 

related to the molecular energy of interaction between the components of a binary system. For a 

mixture consisting of polymer A and B, following equation describing the free energy of mixing 

is proposed: 

∆𝐺𝑚 = 𝑅𝑇𝑉 ×  (
𝜙𝐴

𝑉𝐴
𝑙𝑛 𝜙𝐴 +

𝜙𝐵

𝑉𝐵
𝑙𝑛 𝜙𝐵 +  𝜙𝐴𝜙𝐵

𝜒𝐴𝐵

𝑉𝑟
 )                                                                                ( 7 ) 
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Where R is the ideal gas constant, and v the total volume. The first two terms on the left side of 

the equation 7 represent the entropy of mixing. Thereby vi, represents the molar volume of 

Polymer A and B, and vr shows the molar volume of a specific segment. The third term 

represents the enthalpy of mixing and contains the Flory-Huggins interaction parameter. 𝜒, is 

the only material-specific parameter in this model and describes the 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 polymers, ∆𝑤 is energy increment per monomer (A)-monomer (B) contact, k 

is the Boltzmann factor, and nA is the number of moles in polymer A. If the interaction parameter 

has negative values, the polymer blend components are miscible. However, in most cases, the χ 

values are larger than zero which indicate immiscibility.  

𝜒𝐴,𝐵 =
𝑧 × ∆𝑤

𝑘 × 𝑇
                                                                                                                                                          ( 8 ) 

∆𝐻𝑚 = 𝑘 ×  𝑇 × 𝑛𝐴  ×  𝜙𝐵  ×  𝜒𝐴,𝐵                                                                                                               ( 9 ) 

The equation 8 shows that by increasing temperature and/or decreasing the amount of contacts, 

the interaction parameter decreases. When inserting this decreased value in equation 9, it would 

also decrease the change in enthalpy. Looking at equation 1, one can conclude that this would 

result in lower ΔGm and improved miscibility of the blend.  

Most interactions in polymer mixtures can be discussed based on the Flory-Huggins parameter. 

Even though other parameters such as pressure and the volume influence the miscibility, they 

are not considered in the Flory-Huggins theory but appear in more advanced models like the 

equation of state theory [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 

“morphology” refers to the shape and organization above the atomic level, however, the 

morphology of polymer blends indicates the size, shape and spatial distribution 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 morphology. Hence, 

morphology control is of prime importance and has been a challenging task in the past years 

[16,37–40]. When two immiscible polymers are mixed, the size, shape and distribution of blend 
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phases depend on material parameters (i.e., blend composition, viscosity ratio, elasticity ratio 

and interfacial tension) as well as processing conditions (i.e., temperature, time and intensity of 

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

polymer blends. Other possible complex structures include fibrillar [41–43], core-shell [44–46] 

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

of different blend properties. 

 

 

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

 

2.1.2.1 Morphology development in immiscible polymer blends 

The phase morphology development in 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 concentrations of the minor phase, the final morphology results 

from a competition between break up and coalescence. Whereas, at low concentrations, the 

droplet break up is the dominant effect that dictates the lower limit of particle size. In certain 

composition ranges, dispersed droplets and semi continuous fibrils can coexist [48,49]. The final 
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morphology depends on the fibril stability and whether nodules are formed via Rayleigh 

instability or phase inversion has happened by coalescence of stable fibrils. The Rayleigh break 

up mechanism defines the thread break up of one blend components into droplets by capillary 

instabilities during melt mixing [50–52]. 

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 phases during melt processing. Superior mechanical properties in terms of 

toughness and stiffness can be obtained when one phase is dispersed as droplets 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 morphology 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 mechanisms can happen as shown 

in Figure 5: 1. The droplets may form a sheet parallel to the flow direction and further on, 

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 a tip streaming mechanism [19].  
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5  

Figure 5     Droplet break up mechanism in polymer melt blends: 1) Parallel flow direction 

break up, 0.05 < ƞr < 9; 2) Erosion, 0.05 < ƞr < 60, 3) Perpendicular flow direction break up, 

ƞr ∼ 7.5 and 4) Tip streaming 0.05 < ƞr < 3 [19] 

 

Usually, the morphology of polymer blends depends on the composition. It was found 

experimentally for most polymer blends that at low concentration of component 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 co-

continuous structure is formed. After that, phase inversion occurs and component 2 forms the 

matrix and component 1 the dispersed phase [52,53]. Control of the morphology during 

processing is the key issue for the production of new materials with improved properties 

compared to the neat 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 components, and the processing conditions (the type and 
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amount of shear forces introduced) also 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] has proposed the Palierne’s model, which relates the linear 

viscoelastic material functions of the blend to: 1. rheological properties of its components, 2. 

interfacial tension between the blend components, and 3. droplet size distribution of the blend 

inclusions. This most common model predicts higher elasticity at low frequencies, and can 

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

the interfacial tension between the components by fitting values to the known data [56–59] or 

estimation of the droplet size for systems with known interfacial tensions [60,61]. 

In case of two viscous polymers, drop formation is mainly governed by the capillary number. 

The dimensionless capillary number (Ca) in equation 10 represents the relative effect of viscous 

forces (coming from shear fields produced during processing) versus surface tension 

(parameter of the blend system) and summarizes all important factors influencing the blend 

morphology.  

𝐶𝑎 =
𝜂𝑚× 𝛾 ̇ × 𝑅

𝛤
                                                                                                                                             ( 10 ) 

Where m is the viscosity of the matrix, �̇� is the shear rate applied to the system during 

processing, R is the radius of the dispersed phase and Γ is the interfacial tension. For each 

system, a critical value (Cac) exists, above which the phases break up into droplets. Values 

smaller than Cac result in elongated phases in a co-continuous 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 matrix (P=ηd/ηm) for shear flow. It shows that for a certain blend 

material (with defined matrix viscosity and interfacial tension), a higher shear rate is needed in 

order to increase the capillary number to induce break up. A higher difference in the viscosity of 

the blend components (high viscosity ratios) induces a transient mechanism that applies the 

maximum shear stress directly to the drop. Hence, the 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 discussed in 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 of compatibilizers to control the blend morphology 

[35,65,66]. Most immiscible polymers tend to form macrophase-separated regions after 

blending, that results in a decreased homogeneity in the final blend.  The large interfacial 

tension induces phase coarsening phenomena such as coalescence and Ostwald ripening [67,68].  

Furthermore, the poor interfacial adhesion between the blend components causes inferior 

mechanical properties in the solid state. In addition, one should 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 as a homogenous system can separate into a 

multi-phase system due to coalescence of its blend components. Using small amounts of 

materials known as compatibilizers will help to stabilize the morphology [69] and preserve the 

desired properties. Figure 7 [47,70] schematically shows the morphology development of 

immiscible polymer blends in the presence of compatibilizers. Compatibilizers may add further 
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functionality to the blend and range from organic molecules to block and graft copolymers 

[47,71], nanoparticles [72–75] and carbon based reinforcement agents [76,77]. Nanoparticle 

reinforced composites have evolved 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 promote synergistic effects, e.g. compatibilization in 

combination with enhancing the toughness of the system [39,80]. Compatibilizers are defined as 

functional additives exhibiting interfacial activities in immiscible polymer blends. The 

compatibilization process often pursues 3 main goals: (1) Optimization (often reduction) of the 

interfacial tension between the phases, (2) stabilization of the morphology against high stresses 

and phase coarsening during processing and forming, and (3) enhancement of adhesion 

between the phases in the solid state [16,81–83].  

 

 

Figure 7     Morphology development in immiscible polymer blends [84]  

 

Influence of compatibilization on the morphology 

The goal here is to decrease the interfacial tension between the blend components and control 

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 tension [83]. The 

lower the interfacial tension, the longer the 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 be also 

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 subsequent processing. Reduction 

of the domain size after compatibilization has often been reported in the literature [85–91]. 

Influence of compatibilization on rheology 

It is expected that the blend phases are somehow attached to each other after 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 at the interphase, 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 in blend viscosity after compatibilization is 

discussed in several publications [94–97].  Stary et. al showed that even addition of only 1 wt.% 

styrene-butadiene-styrene triblock copolymer as compatibilizer to a PS/LLDPE blend lead to a 

pronounced increase of the stationary elongational viscosity and stabilises the droplets against 

breakup during flow at CaCr [98]. 

Different compatibilization techniques 

There are several methods for compatibilization of immiscible blends. Depending on their 

modification strategy, they have been organized into 4 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 as good mechanical properties [99–104]. Since this thesis is also based 

on the addition of triblock terpolymers and Janus particles, synthesized from triblock 

terpolymer precursors, this technique will be reviewed in more detail in section 2.2.1.  

2. Compatibilization via reactive processing 

This method is based on the addition of a reactive polymer, which is 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 as peroxides (polymeric 

epoxies), bifunctional chemicals, or a mixture of both to form a compatibilizer (block or graft) 

during the reactive blending process. Here, the competition between in-situ compatibilization, 

crosslinking and degradation controls the blend properties. In case of polyesters, interchange 

reactions could also be used to compatibilize immiscible blends. In thermoplastic/elastomer 

blends selective crosslinking agents can be added to promote vulcanization of one phase and 

results in thermoplastic vulcanizates (TPVs). 

3. Mechanochemistry  

This method is based on the degradation of the polymers under mechanical shear, which 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 elastomers, as they are 

prone to mastification. 

4. Incorporation of functional groups/addition of miscible polymers 

These less discussed methods of compatibilizing polymer blends include a) 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 induced). Specific interactions between the 

polymer chains changes the enthalpy of mixing, reduces the interfacial tension and increase the 

interphase thickness [83]. An example would be compatibilization of the PDLLA/PS 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 

specific OH…O=C interactions [105]. Another example would be copolymerizing styrene with p-

(hexafluroro-2-hydroxy-isopropyl)styrene to improve the miscibility of PS with hydrogen 

acceptor containing polymers such as PMMA, SAN, PET, 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 interactions such as ion-dipole, hydrogen 

bonding or transition metal complexation with complementary functional groups on the other 

polymer. Also, the repulsive interactions between the ionic and non-ionic species of ionomers 

(that are random copolymers) suggest that the charged polymers may mix with the other 

polymers through a copolymer effect [107]. Some examples include compatibilization of PBT/PP 

blends by adding side-chain liquid crystalline ionomers with quaternary pyridinium groups. 

This resulted in a finer 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 for amorphous polyester/polyamide blends and effectively reduce the 

domain size of the dispersed phase and enhance the mechanical properties [108]. c) Addition of 

a third polymer, (partially) miscible with all blend phases, can also compatibilize immiscible 

polymer blends. The third component is usually chosen as a common “solvent” for the other 2 

components and results in the formation of ternary blends. The miscibility is then dictated based 

on the blend composition, hence, the phase diagram of such blends 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 as ethylene 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 nanocomposites can also be included in this category [110–114].  

 

2.2.1 Compatibilization via graft and block copolymers 

The basic interest when using graft or block copolymers is the unique possibility to tailor their 

characteristic features in a controlled way to (1) decrease the interfacial tension, and more 

importantly, (2) impart a strong mutual anchoring of the phases [83]. There are several 

parameters, such as macromolecular architecture of the compatibilizer (graft, linear, star-

shaped…), effect of relative length of the blocks in block polymers, amount of added 

compatibilizer, etc.  that influence the efficiency of such compatibilizers and their effect on the 

morphology and mechanical properties of 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 the blend phases. 

Block copolymers with selective miscibility of the blocks with each blend components are used 

as compatibilizers to improve the adhesion in immiscible blends. The location of the block 

copolymer compatibilizers at the interface stabilizes the morphology and results in finer blend 

structures as demonstrated in various studies [16,37,117–125]. Lee et. al [126] reported the use 

of maleic anhydride grafted SAN as a suitable compatibilizer that results in small, uniform 

dispersed domains and increases both flexural and tensile strengths of PC/PLA blends. Similarly, 

compatibilizing blends of LDPE/doped Polyanilin (PAN) with polyethylene grafted maleic 

anhydride (PE-g-MA) caused a 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 section 2.3. 
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In the particular case of PPE/SAN blends, SM diblock copolymers and later on SBM triblock 

terpolymers have shown to enhance dispersion and load transfer between the PPE and SAN 

phases by selective entanglement of the PS and PMMA blocks 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 the blend 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 studies on such blends produced via 

solvent-mediated as well as melt processing manufacturing methods. Therefore, the well studied 

SBM triblock terpolymers are chosen as benchmark material of the current study.  

 

 

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

 

Among disadvantages of block copolymers are their high tendencies to form micelles in the bulk 

phase (especially during melt blending). Several micelle formation mechanisms (Figure 9) have 

been proposed [11] that result in a decreasing compatibilization efficiency, since the 

compatibilizer is not located at the interface any more. The proposed mechanisms are based on 

different values of Flory-Huggins 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 options are discussed 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, c) 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 

Self-assembly of macromolecules in both bulk and solutions enables the formation of well-

controlled nanostructures. ABC triblock terpolymers such as SBM show various exotic 

morphologies in bulk [121] as a result of the balance between 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 polymer-polymer interaction parameters of the blocks with 

each other as well as the weight fraction of each block. Stadler et al. studied the self-assembly of 

SBM triblock terpolymers in detail and showed diverse complex structures such as sphere on 

sphere, sphere on cylinder, and sphere on lamella, as well as helix on cylinder, gyroid, and a 

“knitting pattern” morphology [120,130–132]. 

The hierarchical self-assembly of such ABC triblock terpolymers in solution have gain scientific 

attention recently [133,134]. Different bulk morphologies can be targeted in solution as well 

when the proper volume ratios and stability regions are chosen.  Gröschel 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 core-solvent 

interface have to be considered as influencing factors [135]. Triblock terpolymers rearrange 

themselves into multi compartment micelles (MCMs) in shape of complex morphologies such as 

hamburger, football, clovers, or worm like structures [133]. Müller et. al [133,136] have 

demonstrated a wide array of self-assembled structures using different organic particles (mainly 

different block copolymers). By changing the parameters mentioned, assemblies such as linear 

strings of particles, kicked chains, and lattice like networks can be produced [137].  In the 

following section, one of the spherical MCMs, that is chosen as the compatibilizer for the 

PPE/SAN system in this work, is discussed in more detail. 

 

2.2.3 Janus particles 

Janus particles (JPs) are 3D, non-centrosymmetric, anisotropic, colloidal particles with two 

strictly phase separated hemispheres, differing 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 a superior surface and 

interfacial activity compared to homogenous particles [138]. Colloidal particles have often been 

demonstrated to be very efficient in emulsion stabilization [139] and so-called Pickering 

emulsions can be stable indefinitely. The effect of the amphiphilic nature of JPs on their 

interfacial behaviour compared to that of homogenous particles was studied in detail by Blinks 

et. al [138]. They showed that the interfacial adsorption energy of JPs can be up to three times 

higher than that of homogenous particles of the same size and average wettability (depending 

on the wettability differences of the two Janus sides). Due to pinning of the contact line on the 

dividing line between the regions, JPs can retain their interfacial activity at wettability’s 

approaching 0 or 180°. This is different from homogenous particles, as their interfacial 

adsorption energy becomes very small for extreme wettabilities. Therefore, JPs are generally 

considered to be more “interfacially active” and to adsorb more likely at the interface compared 

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, JPs have received much less attention, despite their known exceptional 

performance in applications that specifically rely on the minimization of interfacial energies 

(emulsions, suspensions, melts) [141–144]. JPs are the colloidal analogue of surfactants and 

amphiphilic block copolymers and feature different physical properties on opposing 

hemispheres [145–147]. The combination of amphiphilicity and particulate character (Pickering 

effect) favours strong and selective adsorption to interfaces. Among others, this is considered 

challenging when applying nanoparticle compatibilizers in polymer melts [138,148]. Previous 

work on PS/PMMA blends compatibilized by JPs with matching PS and PMMA hemispheres 

served as an ideal small-scale model for comprehensive studies on JP location, blending 

efficiency and morphological evolution [14]. Since then, only a handful of theoretical works 

advanced this prospective research field [149–151]. 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 

applications have remained beyond laboratories’ reach. 

There are several works addressing the interfacial activity of JPs derived from ABC triblock 

terpolymers at liquid-liquid [152–154] and polymer-polymer blend interfaces [130,138]. But 

despite the tremendous progress in JP synthesis and application of this special particles in 

solutions [135,140,157–159], their behaviour in polymer melts and their ability to perform and 

stabilize morphologies under high shear forces has been rarely addressed in literature [14,160]. 

Specifically, JPs synthesized from a SBM precursor synthesized by the same group [161] will be 

used in this study. This gives us a similar chemical base of JPs to SBM triblock terpolymers 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 selectively precipitated and the PB cores are partially crosslinked to form a MCM. 
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Upon addition of a good solvent for both PS and PMMA, these MCMs yield dispersed JPs that can 

be freeze dried into a powder form for later processing (schematically shown in Figure 11). The 

detailed methodology is published in various studies [155,161] and discussed in more detail in 

section 4.1.2.  

 

 

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 have a 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 interface are 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 as important tools for investigating the 

micromechanics of 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 happens when the elasticity limit of the polymer is 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 of sufficient interactions at the blend interface 

and between the blend components results in a detachment of the phases. Even though a weak 

adhesion is not efficient enough to transfer the stress, it can cause some friction or generate 

debonding of the phases. On the other hand, a strong bond at the interface prevents slipping 

between the matrix and droplets and ensures efficient stress transfer between the phases. The 

deformation mechanisms mainly depend on the characteristic polymer properties such as 

entanglement density, chain flexibility, in addition to the measurement conditions such as 

temperature, deformation speed, loading mode, geometry, etc. However, employing standard 

testing methods for the comparison of polymers, the first two polymer characteristics stay the 

dominant parameters influencing the behaviour.  

The deformation in microscale can be divided into three main categories: (1) Crazes, (2) shear 

bands and (3) shear deformation zones [162,163]. Crazes are crack-like sharply localized bands 

of plastically deformed material that are initiated when an applied tensile stress causes 

microvoids to nucleate at points of high stress concentrations created by heterogeneities 

[162,164–166]. They usually form in planes normal to the direction of maximum tensile stress 

and consist of highly orientated polymer fibrils of approximately 5-15 nm. Crazes are in fact 

highly localized yielded regions and are capable of load transfer and commonly develop and 

propagate via 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 present in the plastic deformation zone, hence 

craze thickening keeps molecular stretch uniform within the craze. There are many theories and 
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models available on initiation and growth of crazes [163,165,167–169], but in summary one can 

say that lower entanglement densities are favourable for craze initiation. Increasing the 

entanglement density of the molecular network in a polymer will lead to an increase in the 

surface energy per area of a void surface. Hence, 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 blends unmodified 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) are a result of shear processes and can be localized or diffuse 

in the bulk. In both cases, their interface with the materials is much thicker than of crazes. Shear 

yielding involves displacement of matter (i.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 chain mobility and therefore the higher the yield initiation stress [171,172]. 

The competition between crazing and shear yielding usually defines the behaviour 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 polymers, such as toughness. Additionally, the interface 

between the blend components is a possible source of cavitation or debonding of phases. Both 

phenomena result in the creation of new surfaces, which 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 toughness would result in a reduction of stiffness and strength. In case of polymer 

blends with raspberry morphology this does not happen, probably due to the discontinuous 

placement of the rubber patches at the interface [12,118,119,173]. Toughness is usually higher 

for morphologies that allow lots of local yielding points simultaneously in the entire material 

(similar to the raspberry morphology). There are several strategies to improve the toughness, 

such as blending with other materials [174], copolymerization, addition of elastomer particles to 
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increase the craze nucleation (such as HIPS and ABS), inducing shear yielding in semi-ductile 

polymers and addition of rigid particles.  

Since interfaces in immiscible polymer blends usually act as weak spots and are 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 failure. This phenomenon can happen at stresses 

much lower than that normally causing yielding 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 crack growth, are the main reasons that make the understanding of the 

materials’ behaviour in the presence of a crack to the main aspect of the current thesis. “Fracture 

Mechanics” refers to a specialization within solid mechanics, in which the presence of a crack is 

assumed and one attempts to find quantitative relations between the crack length, the material’s 

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 methods of 2.3.2.1 measuring fracture 

toughness and 2.3.2.2 fatigue crack propagation were used to evaluate and compare the SBM 

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

following sections. 

 

2.3.2.1 Fracture toughness (KIc) 

There are two common approaches for quantifying the fracture process: (1) the energy balance 

method suggested by Irwin [177] and Orowan [178,179] and (2) the stress intensity method 

that directly examines the stress state near the tip of a sharp crack [175,176]. The latter method 

has proven more useful in engineering practice and allows to correlate the crack opening 

stresses in mode I (tensile) to the so-called stress intensity factor, KI, where I dictates the crack 

opening mode. The KI 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 intensity, KIc, and beyond this 

value the crack propagates rapidly. Reaching KIc means that the size of the plastic zone is so large 

that it cannot grow further due to molecular mobility or microstructure constrains and unstable 

crack propagation happens. Hence, the critical stress intensity factor is a measure of material 

toughness. The failure stress (σf) is related to the crack length (a) and fracture toughness (KIc) by 

the following equation 11.  
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𝜎𝑓 =  
𝐾𝐼𝑐

𝛼√𝜋𝑎
                                                                                                                                                       ( 11 ) 

Where α is a geometrical parameter usually equal to 1 for edge cracks and many other 

situations. The equation is valid for plain strain condition. Here, the size of the plastic zone is 

small and neither interacts with specimen’s free boundaries nor destroys the basic nature of the 

singular stress distribution. Measurement details in ASTM standards (D5054, E 399-83 and E 

399-90) [180,181] specify the methods and geometries needed 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 of thermoplastic polymer blends [182–187]. By 

studying the fractured surfaces of ABS copolymers toughened with core shell particles, Michler 

[183] suggested core-fibrillation mechanisms for the first time, consisting of fibrillation at the 

craze interface during craze thickening in glassy polymers. Tiejune et al. [184] investigated 

complex shear band formation mechanisms combined with rubber cavitation in PC/ABS blends. 

Handge et al. [182,185] investigated the micromechanical deformations of PA6/SAN blends, 

which were compatibilized with maleic anhydride grafted poly(styrene-co-acrylonitrile) (SAN-g-

MA), via in-situ tensile tests on semi-thin TEM specimens. In 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 SAN-g-MA compatibilized 

PA6/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 as the 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 for SBM compatibilized PPE/SAN blends at 

different blend ratios. By keeping the interface flexibility constant (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 JPs on the fracture toughness behaviour of the blends are further 

investigated. However, due to the high degree of complexity of the JP compatibilized blends, 

other methods which can deliver more information are chosen as well, which will be discussed 

in the next section. 
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2.3.2.2 Fatigue crack propagation (da/dN) 

Cracks will grow under dynamical loading, even though the applied load maximum is far below 

the material’s strength determined by static testing. Fatigue crack propagation (FCP) is proven 

to be the most sensible test in mechanics to study micromechanical deformation and fracture 

mechanism of the materials [188,189]. 

The methodology for determination of the FCP behaviour or the resistance of a material against 

stable cracking under dynamic load has been described in detail by Hertzberg and Manson 

[190]. In this thesis FCP behaviour is investigated by determination of crack propagation speed, 

da/dN, as a function of the amplitude of the stress intensity factor, ΔK. The measurement method 

makes it possible to determine the FCP behaviour over several decades of crack growth speeds. 

As a result of the variation of ΔK, the rate of crack growth in the sample changes from 1 nm/s up 

to 1 mm/s which requires advanced software and hardware test equipment. One should 

mention that these values are calculated from the fatigue crack propagation measurements per 

oscillation cycle and are therefore frequency dependent. In this work, the test frequency of 10 

Hz is applied, which represents the vibrations happening in a chemical pump. One 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 semi-rigid materials 

(black curve in Figure 12b). 

In region I, after exceeding the threshold value, ΔKth, the fatigue crack propagation is initiated. 

For stress intensity ranges below this value, crack propagation is not possible [191]. Region II, 

which is also known as the Paris region, represents the stable crack propagation. In this range, 

the FCP behaviour can be described by the Paris law [192] shown in equation 12. 

𝑑𝑎

𝑑𝑁
= 𝐶 × ∆𝐾𝑛                                                                                                                            ( 12 ) 
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Figure 12     Schematic illustration of a) a compact tension specimen with vertical load 

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

improved fatigue crack propagation behaviour) [188] 

 

According to the Paris law, fatigue crack propagation per cycle (da/dN) in the region of stable 

crack growth is described by the applied ΔK, a material constant C, and the Paris parameter n. In 

a double-logarithmic plotted diagram of da/dN-ΔK, n corresponds to the slope of the curve in the 

area of the stable crack preparation. Since the area of the stable crack preparation is strongly 

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

section III, crack propagation is unstable. The amplitude of the stress intensity factor, which 

above is the onset of unstable crack growth, is called ΔKcf, indicating critical failure. A specimen 

with improved fatigue crack propagation behaviour, as illustrated by the orange curve in Figure 

12b, is characterized by an increase in ΔKth and ΔKcf as well as a decreased slope (n), which 

results in a shift of the curve to the right side [188,193]. 

Since fatigue crack propagation 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 factor, ΔK. The load on the 

sample is a cyclic sinusoidal one with a defined frequency and stress ratio, Rs, as shown in 

equation 13. The stress ratio corresponds to the relation of minimum stress, σmin, to the 

maximum stress, σmax, in the cyclic loading.  
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𝑅𝑠 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
=

𝐾𝑚𝑖𝑛

𝐾𝑚𝑎𝑥
                                                                                                                                          ( 13 ) 

The amplitude of the stress intensity factor, ΔK, is the difference of the maximum stress intensity 

factor, Kmax, and minimum stress intensity factor, Kmin, as shown in equation 14. 

𝛥𝐾 =  𝐾𝑚𝑎𝑥  − 𝐾𝑚𝑖𝑛                                                                                                                                        ( 14 ) 

Kmax and Kmin values are calculated from equations similar to the equation 11, that is previously 

discussed for critical stress intensity factor (equations 15 and 16). Here as well α represents the 

geometrical factor and a is the crack length. 

𝐾𝑚𝑎𝑥 =  𝜎𝑚𝑎𝑥 ×  𝛼 √𝜋𝑎                                                                                                                                   ( 15 ) 

𝐾𝑚𝑖𝑛 =  𝜎𝑚𝑖𝑛  ×  𝛼 √𝜋𝑎                                                                                                                                   ( 16 ) 

In order to calculate the da/dN values at different ΔK, one should have the applied force and 

crack length at each time. The crack length can be calculated via the compliance method 

[189,194]. Compliance (C) is the ratio of the deformation to the applied load and during the test, 

it is calculated with the known values of the crack opening displacements (COD) and applied 

force. Considering the sample thickness, tensile modulus, and the compliance, one can calculate 

the crack length (a) at each time during the test. Knowing the crack length and the number of 

cycles, N, the crack propagation speed can be calculated according to equation 17. 

𝑑𝑎

𝑑𝑁
=

𝑎𝑛+1− 𝑎𝑛

𝑁𝑛+1− 𝑁𝑛
                                                                                                                                               ( 17 )                                                                                     

A notch is machined in the centre of the specimen and then an actual fatigue crack is induced at 

the base of the notch by applying a stress. Commonly a low stress range is used to induce the 

fatigue cracking. Employing high stresses (in order to speed up the process) can cause a large 

area of plastically deformed material to form ahead of the fatigue crack, which makes the test 

result invalid. After the test, studying the 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 not in the proper region, the test would be invalid. The crack 

must be also long enough to pass through any area displaying plastic deformation [195–197].  

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 structures. The 

behaviour during several decades of loading speeds can be detected and disentanglement and 
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even rupture of polymer chains are possible. The materials may exhibit a significantly different 

mechanical behaviour when subjected to dynamic loadings. Understanding 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 ductility [198]. 

FCP behaviour of PS/HDPE blends were studied in detail by Bureau et. al [199]. The results 

showed that several parameters such as loading direction (for injection molded parts), 

morphology and orientation of the phases, blend composition, and testing conditions strongly 

effect the FCP behaviour. Increasing 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 parallel 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 direction [98]. 

It was previously shown that in fine blend morphologies, where the dispersed phase forms 

droplets smaller than a certain size (1-2 µm), 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 morphologies with droplets 

smaller than 1 µm 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 µm has been previously investigated by Morelli et al. [202]. The lack of fine morphologies 

with phase sizes smaller than 1 µm, due to the larger size of the added rubber particles, hinders 

the formation of effective deformation mechanisms and causes craze growth termination which 

can deteriorate the toughness. Similarly, Wyzgoski et al [203] investigated the fatigue resistance 

of different nylon 6,6 blends with PA and PPE. They concluded that the main deformation 

mechanism, which is craze coalescence in their case, is not affected by blending nylon 6,6 with 

other materials, since the morphological features of the blend hinders occurrence of other 

mechanisms. Surprisingly, addition of EPDM rubber particles did not improve the fatigue crack 

growth behaviour and ductility of the blends. Here, the cavitation of the rubber particles retards 

the craze breakdown and coalescence process and, hence, cannot blunt the crack tip. To 

understand the transition in deformation modes, Ramstein et al. [204] investigated the plastic 

deformation mechanisms in high impact PS (HIPS) after FCP test in 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 deformations and chain scission dominate at higher speeds. 

Therefore, the deformation speed (local crack propagation rate) is another important factor that 

influences the blend interface and resulting deformation mechanisms.  

The fatigue crack growth behaviour of SBM compatibilized PPE/SAN blends with 60/40 (w/w) 

ratio has been studied before [205]. However, due to the co-continuous structure of the blends 

and excessive micelle formation that leads to rubber particles not locating at the interface, the 

deformation mechanisms and 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, especially FCP behaviour, of polymer blends [206–209]. The size of the 

blend phases and the ratio of their moduli plays an important role in determining such 

properties. Thus, a comprehensive study of the interface properties with different 

compatibilizers and the deformation mechanisms in 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 compatibilizers would be 

proposed and tested via 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 materials do 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 case, due to the application of the 

studied PPE/PS blends in casings of chemical pumps, the absorption of certain chemicals by the 

blends is of special interest. 

The interactions between chemicals and polymers are mainly  based on van der Waal’s forces, 

which  can lead to an absorption of the chemical by the polymer [210]. For amorphous polymers, 

the chemicals are accumulating in the specific free volume of the polymer after absorption. This 
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results in “swelling”, i.e., an increase 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 molecule, 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 thermal oxidation, 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 of a 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 design. Alternatively, blending has 

proven to be an effective way to improve the chemical resistance of polymers [17,215–220]. The 

exposure of a blend system to a certain chemical can not only improve the chemical resistance, 

but also influence the mechanical properties of the blend with 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 D1239-07, ASTM D3681-06, ASTM D4398-07, 

ASTM D1417-10) for quantitative measurement of the chemical resistance. Due to the large 

number of applications and conditions applied, which make them impractical, scientists usually 

develop their own tests to compare materials [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 chemical for a certain amount 

of time: (1) Appearance of the specimen before and after testing, (2) Weight change of the 

specimen due to exposure, (3) Performing mechanical tests (tensile, impact) after the chemical 

resistance tests. 
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In our case, the complex nature of the PPE/SAN blends compatibilized with triblock terpolymers 

or JPs, brings up the need for a more accurate evaluation. The chosen solvents can influence one 

or both phase, and the PB middle 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 Tg of the polymers is proposed and explained in 

chapter 4.2.6 (experimental section). Molecular weight can directly confirm the degradation of 

polymer chains, and Tg can provide information about the degree of the interaction between 

each blend component and the chemicals. 
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3 Goals and approaches 

 

The goal of this thesis is to achieve a fundamental understanding of the behaviour of JPs in 

immiscible PPE/SAN blends. The influence of JPs on the morphological, rheological and 

mechanical properties of such blends will be investigated in detail. JPs synthesized from SBM 

triblock terpolymer precursors combine Pickering effect with the biphasic structure 

(amphiphilicity). JPs have been shown to have higher surface activities compared to triblock 

terpolymers. Additionally, they have shown to act as efficient compatibilizers for PS/PMMA 

blends, therefore, it is of high interest to study them in engineering blend systems such as 

PPE/SAN. SBM triblock terpolymers are well-known compatibilizers for PPE/SAN blends, hence, 

they are chosen as the benchmark compatibilizers for comparison with JPs. The SBM triblock 

terpolymers are known to result in the formation of the raspberry morphology [118] in 

PPE/SAN blends. Therefore, it is important to investigate whether JPs could also induce similar 

structures. One of the application areas of PPE/SAN blend material is as casing of chemical 

pumps. This work focuses on the mechanical properties of the JP compatibilized blends, 

especially their toughness and fatigue crack propagation (FCP) behaviour which are relevant for 

the application. Additionally, the influence of the type and amount of compatibilizer as well as 

the blend morphology on the mentioned properties will be studied. Understanding the structure 

property relationships in such nanostructured immiscible blends allows to tune their macro 

properties via the use of tailor-made compatibilizers, enabling the use of existing materials in 

emerging applications. In complex systems, like JP or SBM compatibilized PPE/SAN blends, it is 

important to analyse and distinguish the effects influencing the deformation micromechanics. In 

the current study we correlate the formed blend morphology to the micro-mechanical and 

finally macro-mechanical properties of the blends. In particular, the effect of JPs at the interface 

on micro-mechanics is thoroughly characterized with special emphasis on the fracture 

toughness.  

Following sub-goals are derived for the current work: 

1. Understanding the morphology development in JP compatibilized PPE/SAN blends 

compared to SBM triblock terpolymers as benchmark materials. After finding the 

optimum processing conditions and choosing the suitable blend 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 are added to PPE/SAN blends as compatibilizers and compared 

with the blend compatibilized with optimum amounts of SBM triblock terpolymers based on 

previous studies [11,222]. Detailed morphological investigations confirm the formation of 

raspberry morphology in JP compatibilized blends, similar to SBM triblock terpolymers. 

2. Understanding the deformation mechanisms in JP compatibilized blends, 

emphasizing on the raspberry morphology, during fracture. Influence of blend 

morphology in JP and SBM compatibilized blends on micromechanics are studied and 

explained. Correlations between the two important parameters (domain size of the blends 

and interface flexibility) and the induced plastic deformation in the blend systems are made. 

3. Improving the fracture mechanical properties 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 behaviour. The 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 confirmed via experiments and the parameters 

contributing to this positive behaviour are explained and correlated. In the end, a system 

with tailored nanostructured is introduced for the targeted application. The morphological, 

rheological, and mechanical behaviour of this optimum system is compared with the JP, as 

well as SBM compatibilized blends to confirm the hypothesis of having synergistic effects by 

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 of the strategy development in this thesis. Different 

motivations for choosing PPE/SAN blends instead of state of the art PPE/PS blends will be 

discussed in chapter 5.1. The blend components as well as compatibilizers will be analysed and 

the optimum processing parameters and conditions such as blend ratios for further 

investigations will be chosen. In chapter 5.2, different blend ratios that result into different 

blend morphologies are compatibilized with benchmark SBM triblock terpolymers. The effect of 

compatibilization and different domain sizes on the mechanical properties will be investigated. 

An optimum blend ratio will be chosen for further studies with JPs. In chapter 5.3 the JPs (which 

produce a stiff interface) are compared to the SBM triblock terpolymers (that result in a flexible 

interface) in detail. Morphological, rheological, and mechanical aspects of JPs are compared to 
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the benchmark material. The effect of different JP contents on the mentioned properties are 

studied as well. After understanding the deformation mechanisms in 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 chapter 5.4. A blend containing both 

JPs and SBM triblock terpolymers as compatibilizers with improved mechanical properties (both 

modulus and toughness) is produced. 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 

measurements are identified. 

The contents of chapters 5.2, 5.3, 5.4, and 6.2.1 are partially published by the author in the form 

of 4 peer reviewed articles. Permissions to reprint the text and figures from them for this 

dissertation are obtained from each journal. 
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4 Materials and experimental methods 

4.1 Materials 

4.1.1 Matrix polymers 

Commercial grade PPE (PX100F) was obtained as powder from Mitsubishi Engineering Plastics 

Europe, Düsseldorf, Germany. It is important to mention that PPE is pure and without any PS 

addition and therefore has a high viscosity. The weight averaged molecular weight 

Mw = 12.9 kg/mol and the molar mass dispersity ÐM = 1.63 of PPE was determined by GPC with 

THF as eluent at a flow rate of 1.0 ml/min (columns at 40 °C) using an UV detector and narrowly 

distributed polystyrene standards for calibration.  

The commercially available SAN with an acrylonitrile content of 19 wt.% was purchased as 

pellets from BASF AG, Ludwigshafen, Germany (SAN VLL 19100). The Mw = 97.1 kg/mol and 

ÐM = 2.13 of SAN was determined the same way as mentioned above via 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 conditions [26,223].  

Extrusion grade (PS 158K) polystyrene (PS-E), were supplied by BASF AG, Ludwigshafen, 

Germany. Injection moulding grade (PS 124 N/L) polystyrene (PS-I) 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 

PPE PX100F PPE 

SAN VLL 19100 SAN 

PS 158K PS-E 

PS 124N/L PS-I 
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A 2:1 mixture of Irganox 1010 and Irgafos 168 (0.1 wt.% in total) from BASF, Germany, was used 

as stabilizer to prevent polymer heat degradation during the process. Figure 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 starts at 125 °C. Hence, the resident times during the extrusion 

process should be kept as short as possible due to the limited thermal stability of PPE. 

 

 

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 cut-off (MWCO) of 12,000 – 14,000 g/mol were purchased from Carl Roth™, 

equilibrated in deionized water for 30 min and washed with excess dioxane before use. The 

photo-crosslinker, 2,4,6-trimethylbenzoyldiphenyl-phosphineoxide (λmax ≈ 360 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 synthesized via sequential living anionic polymerization as reported elsewhere in 

detail [11]. The used S32B36M32
93 triblock terpolymer (subscripts denote the weight fraction of 

the respective block and the subscript gives the number averaged molecular weight in kg/mol) 

has a number averaged molecular weight of Mn = 93 kg/mol and a molar mass dispersity of ÐM = 

1.04. The S40B20M40
108 triblock terpolymers were synthesized via a similar method and were 

used as precursors for synthesizing the Janus particles. Both triblock terpolymers were 
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prepared in several 1 kg scale batches, making them optimum for using in technologically 

relevant conditions. 

 

Synthesis of the Janus nanoparticles 

Janus particles (Figure 15), used as compatibilizer, were synthesized from a S40B20M40
108 

triblock terpolymer. The JPs feature a cross-linked PB core and equally sized PS/PMMA 

hemispheres. The polymer chains of the hemispheres are above the critical entanglement 

lengths, Mc, with Mn,PS = 42 kg/mol (Mc,PS = 34 kg/mol) [224] and Mn,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 of industry blending equipment [148]. In a typical experiment, 100 g of 

SBM triblock terpolymer was dissolved in 1 L THF to yield a concentration of c = 100 g/L. After 

complete dissolution, the concentrated polymer solution was dialyzed against 10 L 

acetone/isopropanol (60/40 v/v) (selective solvent for PMMA). The solvent mixture was 

changed twice to generate JP clusters (spherical multicompartment micelles that consist of JPs). 

After dialysis, the phase-separated state of the micelles was permanently fixed by cross-linking 
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of the PB block. Therefore, 0.25 equivalent (compared to the PB double bonds) of photo-

crosslinker, 2,4,6-trimethylbenzoyldiphenyl-phosphineoxide (Lucirin TPO®; λmax ≈ 360 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 100 g/L to 50 g/L. The sample was then 

irradiated for 24 h using a UV lamp with a cut-off filter of λ = 300 nm. Continuous stirring 

ensured homogeneous cross-linking of the opaque solution. The JPs were recovered by 

precipitation into 20 L methanol. Figure 16 shows the different steps in JP synthesis from SBM 

triblock terpolymers. 

 

 

Figure 16     Illustration of the preparative steps in JP synthesis (100 g scale): a) Dissolution 

of 100 g S40B20M40
108 triblock terpolymer in 1 L 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), c) turbid colloidal dispersion of JP cluster of 

defined size, d) addition of 0.25 equiv. Lucirin TPO™ photo-crosslinker (λmax = 360 nm) and 

UV irradiation (cut-off λ= 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 12 h under vacuum. For SBM triblock terpolymers and JPs a lower 

temperature of 40 °C was chosen due to the sensitivity of the PB block to degradation when 

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 cryo-grinded 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 of the different blends were 50/50, 60/40, and 70/30 

(w/w). The amount of SBM compatibilizer, used as the benchmark material, was 10 wt.%. The 

employed amounts of JP compatibilizers were 1, 2, 5, and 10 wt.%. 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 15 mL. 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, co-rotating twin-screw extruder (Brabender DSE 20/40) with a screw 

diameter of 20 mm and a screw length of 600 mm (L/D=30) was used to compound the polymer 

blends. The screw configuration is shown in Figure 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, respectively. The screw speed was kept constant 

at 85 rpm with a constant throughput of 1 kg/h using a gravimetric feeding. Therefore, the mean 

residence time of the blends in the extruder was around 5 min. The blends were air-cooled and 

pelletized after extrusion. 

 

 

Figure 17     Screw design of the twin-screw extruder used for compounding the blends 

 

Sample preparation 

Specimens for shear rheology, dynamic mechanical analysis (DMA), and KIc were compression 

molded to eliminate the strong effect of any orientation of the blend phases (PPE) during the 

injection molding process, based on previous studies [222]. The compounded granulates were 

dried at 80 °C in a vacuum oven for at least 4 h and then compression molded using 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 160 °C), and subsequently 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 UC7 ultramicrotome (Leica Microsystems, Germany)) equipped with a 

diamond knife. To ensure sufficient contrast between the phases, the particles and ultrathin 

sections were stained with OsO4 for 30 s in vacuum in case of SBM compatibilized blends and 3 h 
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at ambient conditions [128] in case of JP compatibilized 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 OsO4). Bright field transmission electron microscopy was 

carried out using Zeiss CEM 902 and 922 OMEGA EFTEM electron microscopes (Carl Zeiss 

Microscopy, Jena, Germany) operated at acceleration voltages of 80 and 200 kV, respectively. 

Both microscopes were equipped with IS Megaview III CCD-camera with AnalySIS image 

processing.  

Number averaged diameters of the PPE droplets and their distributions were obtained by 

measuring at least 500 droplets in TEM micrographs using ImageJ software. First, the area of 

each PPE droplet was measured using the software, then, assuming that the droplets have a 

perfect spherical shape and the TEM cuts have gone through the middle of each droplet, the 

radius corresponding to the area was back calculated. Of course, these assumptions cannot be 

100 % fulfilled, hence, resulting in relatively large standard deviations of the measurements.  

 

Field emission scanning electron microscopy (FESEM) 

The fractured surface of the blends after compounding and mechanical testing was analysed via 

bright field emission scanning electron microscopy using a Leo 1530 Gemini from Zeiss 

equipped with a secondary electron detector and operated at an acceleration voltage of 10 kV. 

The samples were sputtered with a 1.3 nm thick platinum layer prior to the measurement. 

 

4.2.3 Rheological characterization 

Rheological properties were investigated employing a stress controlled dynamic-mechanical 

rheometer RDA III from Rheometric Scientific with plate-plate geometry under nitrogen 

atmosphere. The pressed samples had a diameter of 25 mm and thickness of 1.5 mm and were 

analysed isothermally at 260 °C. The complex moduli and the complex viscosity of the blend 

systems were measured as a function of frequency within the range of 0.01–500 rad/s at 260 °C. 

Prior to each measurement, the linear viscoelastic region was determined by carrying out an 

amplitude sweep at a deformation range of 0.1–100 %, at frequencies of 1 and 50 rad/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 experimental errors. 

 

4.2.4 Thermal and thermomechanical characterization 

Differential scanning calorimetry (DSC) 

The glass transition temperature (Tg) of the neat materials and the immiscible blend systems 

were measured using a Mettler Toledo DSC 1. The method consists of a heating-cooling-heating 

cycle under nitrogen atmosphere from 25 - 250 °C at a scanning rate of 10 K/min. The values of 

the second heating cycle were evaluated in order to calculate the Tg. 

Additionally, modulated DSC measurements (TA Instrument DSC Q1000) at low temperature 

were done with pure JPs and with PPE/SAN + 10 wt.% JP to analyse the influence of 

compatibilization and to determine the effect of cross-linking of the PB core in the JPs. The 

measured temperature range was -150 - 150 °C at a heating rate of (3 ± 1) K/min under nitrogen 

atmosphere. This method gives information on the reversing and non-reversing characteristics 

of thermal events. Especially, the polybutadiene domains in the blend with low amounts of 

compatibilizer can be detected.  

Dynamic mechanical analysis (DMA) 

The dynamic mechanical analysis (DMA) of the blend systems was performed in the dual-

cantilever mode on hot-pressed rectangular specimens with dimensions of 25×6×1 mm3, 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 linear-elastic behaviour of all systems. The samples were 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 non-linear behaviour of the blends with the Payne test. The Payne 

strain sweeps were all performed with the constant frequency of 1 Hz at 150 °C. The onset of the 

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

Additionally, several DMA measurements under tension load were performed with different 

amplitudes of the applied strain (0.05%, 0.1%, 0.2%, and 0.3%) in order to investigate the 

structural networks formed in the blends. Due to higher strain values, these measurements were 

performed on a Gabo Eplexor 500N with a larger dynamic load cell (150 – 500 N), due to the 
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high stiffness of the samples. However, 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 measurements were performed according to DIN EN ISO 527-2 at 23 °C and 50 % 

relative humidity using a Zwick 1485 universal testing machine with 10 kN load cell. A minimum 

number of 10 specimens (with 1BA geometry) were used for each individual material 

composition and the average values are reported. Samples had a thickness of 2, width and length 

of narrow section of 5 and 30, and maximum length between the grip zone of 57.5 mm. The 

Young´s modulus (tensile modulus) was determined at a crosshead speed of 1 mm/min. 

Reaching a sample deformation of 0.25%, the crosshead speed was increased to 5 mm/min and 

was kept constant until fracture of the specimens occurred.  

 

Critical stress intensity factor (KIc) 

Fracture toughness measurements were conducted according to the standard test method ISO 

13586 to obtain the mode I critical stress intensity factor (KIc) of the polymer blends at 23 °C. 

Compact tension (CT) specimens had width and thickness of 33 and 2 mm, respectively. For each 

sample, pushing a new razor blade into the machined V-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 displacement (COD) during crack growth is measured using a clip 

extensometer (632.29-30, MTS Sensor Technology GmbH & Co. KG, Germany). At 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 reliable results. The critical stress intensity factor was calculated using the 

following equation 18: 

𝐾𝐼𝐶 =
𝐹

𝐵∗√𝑤
∗ 𝑓(𝑎

𝑤⁄ )                                                                                                                                     ( 18 ) 
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Where F represents the force required for the crack to start propagation, B and w are the 

thickness and width of the specimen, respectively, a is the initial crack length and f is the 

geometrical term. 

 

Fatigue crack propagation (FCP) 

The fatigue crack propagation (FCP) behaviour was determined on CT specimens with width 

and thickness of 33 and 2 mm, respectively [206]. The tests were performed based on ISO 

15850/ASTM E647 at 23 °C and a relative humidity of 50 %. The samples were loaded 

dynamically (frequency of 10 Hz) in tension-tension mode, using a servo hydraulic testing 

machine (IST Hydro Pulse MHF) from Schenck, Germany. The amplitude of the cyclic stress 

intensity factor (ΔK = Kmax – 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 V-notch of the specimen by a sharp razor blade. The 

compliance was continuously measured by the crack opening displacement method using a 

transducer (632.13F-20, MTS, Sensor Technology GmbH & Co. KG, Germany) fixed to the front of 

the CT specimen with rubber bands. From this, the crack length was calculated continuously by 

equations published by Saxena and Huduk [194]. Each measurement was repeated at least three 

times to minimize the experimental errors and an averaged curve is generated to be shown here. 

A detailed description of the methodology can be found elsewhere [194,226] and schematic 

diagrams explaining different regions in a typical FCP curve and the sample geometry are given 

in chapter 2.3.2. 

 

4.2.6 Chemical resistance 

The samples (granulates) were immersed in the chosen solvent (CCl4) for a certain time period 

(1, 7, and 30 days). The physical state of the samples (including visual form and size of the 

granulates, colour and clarity of the solvents) immersed in the solvent was 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 weight and glass transition temperature 

were additionally chosen as key properties for comparison of the air-dried samples. The 

molecular weight was chosen as an indicator for possible chain degradation and was determined 

by gel permeation chromatography (GPC). Since blends containing PPE couldn’t be solved in PS 
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solvent based GPC, the Tg measurements ended to be more useful for interpretation. The glass 

transition temperatures of the samples before and after exposure were measured using the 

same method explained in chapter 2.4.2 and compared with each other.  
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5 Results 

5.1 Characterization of neat blends and compatibilizers 

This chapter aims to explain the reason of selecting the blend system and the processing 

conditions in the future chapters. Later, the two main motivations behind the approach of this 

thesis in choosing the PPE/SAN system over the state of the art PPE/PS blends currently used in 

commercial applications such as chemical pump casings, are discussed. The advantages of the 

SAN over the PS, in terms of its rheological and chemical resistant properties are explained. 

Later on, based on screening the viscosity of different PPE/PS blends, three PPE/SAN blends 

with different weight ratios are chosen to achieve the suitable 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?! 

1st Motivation: Better processability 

Good processability is the key parameter for industrialization and commercial applications. The 

rheological features of the blend, especially the viscosity, play an important role here. Hence, the 

rheological properties of the blend components will be discussed first. The high viscosity of PPE 

compared to that of SAN, extrusion grade PS (PS-E) and injection molding grade PS (PS-I) is 

clearly visible in Figure 18. Blending PPE polymer with lower viscous materials would improve 

its processability tremendously. The lower the viscosity of the other blend component, the lower 

the overall viscosity of the blend and the better its processability. Here, the viscosity of both PS-

E and PS-I are higher than SAN, meaning that SAN is more effective in decreasing the blend 

viscosity and improving its processability. This is the first motivation for our approach to 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 PS-I 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 un-processable with standard melt blending 

approaches using twin-screw extruders. The mentioned area includes blends with equal or more 

than 80 wt.% PPE. In this thesis, a co-kneader was used instead of the commonly employed 

extrusion with twin screw extruders to study the rheological properties of PPE/PS-E and 

PPE/PS-I blends in dependence of their composition. The amount of PPE in the blends was kept 

above 50 wt.% to ensure good mechanical properties, as PPE is the more ductile phase. 

The use of a co-kneader instead of a twin-screw extruder proved as a successful method to 

process blends with above 80% PPE contents. One can confirm the processability of even pure 

PPE with the change of force fields from shear to extensional forces during the process. The 

viscosities of PPE/PS-E and PPE/PS-I blends at different blend ratios compared to the viscosity 

of the neat blend components are shown in Figure 19a, b. Even though PPE/PS blends are 

miscible and the blends are expected to have one single phase, there is a clear increase (jump) in 

the viscosities from the blends 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 PS-E in 

comparison to PS-I, its 80/20 blend also shows a larger difference in the low frequency region 

compared to the blends with lower amounts of PPE (Figure 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 different in twin-screw extruders (shear fields) 

and co-kneaders (extensional forces). Therefore, we confirm as well that the blends with PPE 

contents above 80 wt.% are not going to be processable in the twin-screw extruder. So far 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 morphology of the immiscible blends. Based on this 

information and as blends with 80 wt.% PPE show a jump and increase in their viscosity, one 

can predict that the at 80 wt.% of PPE phase inversion would happen in immiscible blends with 

similar viscosity ratios (such as PPE/SAN). Therefore, for investigations in the next sections, 

PPE/SAN blends are produced and investigated in blend ratios close to the phase inversion 

(50/50, 60/40, and 70/30). 

 

2nd Motivation: Improved chemical resistance 

The second motivation to replace PPE/PS by PPE/SAN blends is to increase their chemical 

resistance. SAN has a better chemical resistant against several solvents compared to PS due to 

its AN content and, thus, also improves the chemical resistance of PPE/SAN blends. Here, the 

chemical resistance of the neat materials, as well as the blends are discussed. For comparison 

between the two blend types, an aggressive solvent system (CCl4) was chosen. As discussed, the 
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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 low for polymers with a high 

chemical resistance and consequently less or no swelling would happen. 

The GPC measurements (based on PS standard calibration curve) of the PS-I, PS-E, and SAN 

samples before and after solvent exposure were compared and showed no significant influence 

of solvent. This could be due to the fact that hydrodynamic volumes of polymer coils before and 

after exposure to the solvents do not differ much. Hence, other methods, such as Tg 

measurements could be used to compare the materials. 

The Tg of the neat polymers (blend components) was compared before and after exposure to 

CCl4 for 7 days. After the exposure and before measuring the Tg, the materials were air dried to 

remove excess solvent. After solvent evaporation, the free volume of the polymer decreases as 

the slow evaporation allows chain movements. The chains have time during long evaporation 

times to rearrange themselves and reduce the free volume. As a result of this lower free volume, 

the Tg values are expected to increase [229–232]. Thus, swelling shows similar effect as 

annealing on the Tg, where the material is kept at elevated temperatures for a period of time.  An 

increase in Tg shows higher affinity that causes stronger swelling and consequently indicates 

lower chemical resistance against the solvent. Figure 20 shows no interaction and influence on 

Tg of SAN after exposure, whereas there is an increase in Tg of 13 and 7% for PS-I, and PS-E, 

respectively. This indicates a 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 broadened the glass transition. This broader Tg step indicates heterogeneity in the molecular 

clusters [233] that could be the result of possible partial damage to the polymer chains via 

solvent exposure. Visual observations show that granulates of PS-E and PS-I were dissolved and 

after solvent evaporation, the Tg of the resulting films were measured. The Tg 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 not completely 

dissolved. The SAN granulates didn’t show any change in their form and shape and there was no 

visual sign of swelling during and after solvent exposure.  
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Figure 20     Tg values of blend components before and after 7 days of exposure to CCl4 

 

The Tg of PPE blends (with PS-I, PS-E, and SAN) after exposure to CCl4 were investigated in an 

analogous manner. In case of both PPE/PS blends (Figure 21), where only one Tg is visible due 

to full miscibility, a large increase by 21% and 13% is visible for PS-I and PS-E, respectively. 

Visually the granulates deformed, swelled, and were partially 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 blends, due 

to component’s immiscibility, there are two Tg values, corresponding to the PPE and SAN phases, 

available. The Tg of the SAN phase is as expected constant before and after exposure. After 

blending, the solvent influence on the Tg of the PPE phase is reduced. This means that the SAN 

phase encapsulates the PPE phase (more details on blend morphology, which has continuous 

SAN phase, follows in the next chapters) and, thus, minimizes its contact to the solvent, resulting 

in an improved chemical resistance of the blend. 
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Figure 21     Tg values of PPE/PS and PPE/SAN blends (with same blend ratio of 60/40) 

before and after 7 days of exposure to CCl4 

 

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 have good mechanical properties (stiffness as 

well as toughness). The compatibilizers used in this work and their differences are discussed in 

the next section. 

 

5.1.2 Characterization of the compatibilizers 

In this work, the influence of JPs as compatibilizers on the mechanical properties of PPE/SAN 

blends will be investigated. SBM triblock terpolymers are state of the art compatibilizers for this 

system [11,12,118,173] and are used as benchmark materials for comparison. Even though the 

SBM triblock terpolymers are precursors for synthesizing the JPs, there are some differences 

between them that should be discussed. These differences play an important role on the 

mechanical properties and activation of deformation mechanisms in the blends, which are the 

main subject of this work. This is due to the fact that the JPs and SBM triblock terpolymers are 

located at the PPE/SAN interface in the raspberry morphology formed by the blends.  

JPs are synthesized from SBM triblock terpolymers 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 synthesis [155] changes the 

elasticity of the soft middle block (in SBM triblock terpolymers) to a stiffer one in case of JPs. 

Figure 22 shows the dynamic mechanical analysis (DMA) of JPs and the S32B36M32
93 triblock 

terpolymers (representing the benchmark, standard SBM compatibilizers). The influence of 

partial crosslinking on the Tg of each block and stiffness of each compatibilizer can be observed. 

The JPs can only be formed from symmetric SBM triblock terpolymers with a maximum PB 

content around 20% [161]. Hence, the SBM precursors of the JPs (S40B20M40
108 triblock 

terpolymers) are also included for comparison with JPs and standard SBM compatibilizers. The 

uncrosslinked PB blocks in SBM triblock terpolymers have a Tg of around -80 °C, whereas the 

partially crosslinked PB core of the JPs has a glass transition temperature of around 0 °C. As the 

Tg shifts to 0°C for the crosslinked PB core of the JPs the steep decrease in modulus, observed at 

the Tg of the PB block in SBM, vanishes. Hence, the JPs have a higher modulus and as a result a 

higher stiffness compared to the SBM triblock terpolymers in a broad temperature range, 

including room temperature, where the mechanical properties are investigated. The higher the 

degree of crosslinking, the higher the modulus of the PB core, and the higher the modulus of the 

JPs corresponding to the core. This is an important point to consider later on, as the interface 

elasticity defines the deformation mechanisms and macro properties of the blends, such as 

resistance to crack growth. One could assume that this large difference (around 65 % decrease) 

in the modulus could be the result of lower amount of the PB middle block (20 % in JPs 

compared to the 36 % in the SBM triblock terpolymers). However, DMA analysis of the SBM 

triblock terpolymers with similar PB amount as JPs also shows a larger step and steep decrease 

in the modulus at the Tg of the PB block, compared to the multicompartment micelles. Hence, the 

difference is surely a result of different synthesis process of the JPs and 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 studies have focused on the effect of 

processing parameters on the final blend morphologies [234], many studies 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 similar [235–

238]. This could be the case for many common polymer blends with blend viscosity ratios within 

the range of 1. However, one should take into account that the generated shear field is unique 

for a certain equipment and has different effects on the polymer blend. An example was shown 

before, where the different force fields in the co-kneader compared to the twin screw extruder 

made the production of PPE/PS blends with more than 80 wt.% PPE possible. In particular, the 

processing conditions must be closely observed while down scaling and working with special 

blend systems (i.e. with higher viscosity ratios). Morphology and possible droplet breakup 

mechanisms are strongly dependent on the viscosities and the viscosity ratio (P) of the blend 

components, especially for PPE/SAN blends due to the much higher viscosity of PPE compared 

to that of SAN. The viscosity ratio of the PPE/SAN system in dependence of frequency (based on 
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rheological measurements) is shown in Figure 23. The P value is at all frequencies higher than 

10 (the upper end of the viscosity ratio range for normal blends). This calls for special attention 

at the processing conditions chosen to compound these polymer blends. 

 

 

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 of JPs on the PPE/SAN blend system, and due 

to limitations in synthesizing JPs in large amounts, a DSM micro compounder was chosen as 

compounding device to produce blends on 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 sizes), and 10 wt.% JPs was analysed with TEM. The amount of 10 wt.% 

compatibilizer was chosen based on the previous studies by Ruckdäschel [228], and the 60/40 

blend was selected as a system with medium viscosity. The TEM images in Figure 24 compare 

neat, SBM, and JP compatibilized blends. The brighter phase is SAN and the PPE phase appears 

as the dark phase due to the staining process explained in the experimental section. The stained 

PB block in SBM triblock terpolymers or JPs would show up as black spots (not 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 in their morphologies, although in the 

compatibilized blends the SBM triblock terpolymers or JPs are located at the interface. In all 

three cases a co-continuous morphology with little differences in the domain areas is observed. 

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

processing conditions. 

 

 

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/PMMA systems, the only major difference (beside the 

chemistry of the components) that can cause this phenomenon is the difference in viscosity 

ratios. The viscosity ratio for the PPE/SAN blend is larger than 10, whereby that of the 

PS/PMMA blend is around 0.08 [239]. There are several studies that investigate the effect of 

viscosity ratio on structure evolution in miscible and immiscible blends [240–243]. Looking at 

the morphologies obtained in the micro compounder, and the relevant mechanisms for droplet 

formation, it can be concluded that the shear forces were not strong enough to break up the in 

plane PPE and SAN sheets in the polymer melt, resulting in the formation of a co-continuous 

phases in blend morphology.  

The capillary number (equation 10) is a dimensionless number that represents the relative 

effect of viscous forces, coming from the force fields (in this case shear) produced during 

processing, versus surface tension (property of the blend system). For each system, a critical 

value Cac exists, above which the one blend phase breaks up into droplets. In case of smaller 

values, the phases elongate into a co-continuous structure and there is no droplet break up [62]. 

In this study, two strategies were chosen to overcome this challenge and produce blends with 

droplet morphologies: (1) The blend components were compounded for longer times in order to 

break up more PPE domains into droplets, (2) A higher amount of compatibilizer is used to 

further reduce the interfacial tension and increase the capillary number. However, both 
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strategies failed to produce the desired droplet morphology and the blends always showed co-

continuous morphologies. 

At a certain viscosity ratio, if all parameters of the system are constant, the capillary number 

needs to be increased in order to move out of the stability regime for the co-continuous blend 

structure. The variable that can be changed via choosing the right processing method is the 

shear rate. By moving from a micro compounder to a twin-screw extruder employing screw 

design with a sufficient number of kneading blocks, the applied shear rate will increase and one 

can move out of the co-continuous zone and achieve a droplet morphology. The TEM 

micrographs of the 60/40 neat blends, produced with a 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 flow are shown in Figure 25. It is clear that by increasing 

the shear rate, and as a result capillary number, the morphology of the neat blend has changed 

into PPE droplets dispersed in a SAN matrix (Figure 25a). The difference is visible by 

comparison with the same blend produced in the micro compounder (Figure 25b), which has 

smaller capillary number. The measured torque values during the process were 5 and 45 Nm for 

the micro compounder and twin-screw extruder, respectively. This confirms low and high shear 

forces during processing. Therefore, even though compounding on a small scale has the 

advantage of using lower amounts of materials, for such special systems like PPE/SAN with large 

viscosity ratios, compounding in close to industrial scale compounders is 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 blends were 

introduced and discussed. The lower viscosity of SAN facilitates the processing of PPE and 

reduces the blend viscosity. Besides, the higher chemical resistance of SAN compared to PS, 

which is the state of the art material for blending with PPE, improves the chemical resistance of 

the blends. Rheological measurements suggest the use of 50/50, 60/40, and 70/30 (w/w) 

PPE/SAN blend ratios for future investigations of this work. 

JPs and SBM triblock terpolymers (benchmark) are introduced as compatibilizers for the 

PPE/SAN blend systems. The Tg of the crosslinked PB core in the JPs is almost 80 °C higher than 

that of the PB block in SBM triblock terpolymers and JPs exhibit a higher 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 its parameters were optimized for the PPE/SAN blend system. 

Entirely different morphologies were obtained for lab-scale and industry-scale processing, 

underlining the importance of large-scale studies on systems involving specialized materials. 

The high viscosity ratio of the blend necessitates the use of a twin screw extruder (higher 

accessible shear forces) as the convenient processing method to achieve the desired morphology 

(PPE droplets dispersed in a SAN matrix). Hence, all blend systems, studied in this thesis with 

respect to their morphological, rheological and mechanical properties, were 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 mechanisms in 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 simultaneously 

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 compatibilized with 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 mechanical 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 triblock terpolymers. 

 

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 in section 5.1.3, it is 

expected that the large viscosity differences between the blend components result in unusual 

morphology of the immiscible blends. It is also expected that high viscosity ratio shifts the phase 

inversion region for having a PPE matrix far from the expected 50/50 blend ratio [243]. The 

phase inversion of this system can 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 above that PPE can no longer form the continuous matrix. Under these 

conditions, even though PPE is the dominant component in the blend and has weight fractions of 

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

𝜙𝑃𝑃𝐸

𝜙𝑆𝐴𝑁
= 1.2(

𝜂𝑃𝑃𝐸

𝜂𝑆𝐴𝑁
)0.3                                                                                                                                           ( 19 ) 

𝑃 =
𝜂𝑃𝑃𝐸

𝜂𝑆𝐴𝑁
= (

𝜙𝑚 − 𝜙𝑆𝐴𝑁

𝜙𝑚 − 𝜙𝑃𝑃𝐸
)𝜂∗𝜙𝑚                                                                                                                            ( 20 ) 
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Where P = 
𝜂𝑃𝑃𝐸

𝜂𝑆𝐴𝑁
 is the viscosity ratio, 𝜙𝑚 is the maximum packing volume fraction equal to 0.84 

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

and η represents the corresponding viscosities.  

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

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 all chosen blend ratios. The 

viscosity ratio of the blend at high frequencies discussed 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 blend systems (50/50, 60/40, 70/30) all deliberately have the same 

droplets dispersed in matrix morphologies, (SAN matrix with dispersed PPE droplets), which 

facilitates the direct comparison of the micromechanical properties between 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) 

Blend ratio Chen’s Model [244] Utracki’s Model [243] 

50/50 0.5 1 

60/40 2.1 2.6 

70/30 9.2 8.6 

 

Based on this 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 are investigated. Firstly, the 

neat and SBM compatibilized PPE/SAN blends are compared at the 50/50 blend ratio (Figure 

26). As mentioned previously, due to the staining process, the brighter matrix phase represents 

SAN, the PPE phase appears as the darker phase, 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 phases (Figure 26a). Using SBM triblock terpolymers, the blend 

morphologies become more homogeneous, and it looks that the PPE phase forms droplets 
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instead of a semi-continuous structure in Figure 26b [155]. It is expected that the PPE droplet 

sizes decrease after compatibilization, as 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 segment-segment interaction parameter χPS/PPE = -0.044) compared to 

PMMA/SAN (χPS/PPE = -0.008) [31]. The different micelle formation mechanisms has been also 

reported before [11]. Beside thermodynamical interaction parameter and interfacial tension of 

the compatibilizer, the blend viscosity and shear forces during compounding also play a 

significant role in determining the final blend morphology 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 located 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 coalesce and 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 micelle, during 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 particles [155], 

would lead to smaller PPE droplets without SBM micelle formation. 

 



5 Results  67 

 

 

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 matrix (Figure 27a). After 

compatibilization with SBM, the PPE domains are more homogeneous and presumably only 

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

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

blend, however, still doesn’t show significant reduction in PPE domain size after 

compatibilization due to these ineffective SBM compatibilizers trapped in the PPE phase. The 

higher viscosity of the 60/40 blend (due to its higher PPE content) reduces SBM mobility and 

droplet coalescence rate during extrusion, hence less 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 in Figure 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 blend shows smaller PPE phases 

(Figure 28a). In the SBM compatibilized blends, the PPE domain size after compatibilization is 

also very small (Figure 28b), and there are almost no micelles in the PPE phases (Figure 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 this blend.  
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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 size decreases 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 

micromechanisms in the next sections. Later on while comparing the JPs with the SBM triblock 

terpolymers, one can eliminate the differences in their domain sizes with this 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 assumptions in regard of the droplet break up in 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 compatibilization. The viscosity of a blend system depends on the 

viscosities of its 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 one phase 

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 deformation of the SAN matrix and, thus, increases 

the viscosity of the blends. Figure 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 neat blends is also 

observed, indicating the presence of the triblock terpolymer chains at the interface and better 

stress transfer between the phases.  

 

 

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 decrease 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 frequencies. In 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 in Table 4. 

 

Table 4          Absolute shear viscosity of neat and SBM compatibilized blends at the 

frequency of 10 rad/s 

Blend ratio Neat blends viscosity (Pa.s) SBM compatibilized blends viscosity (Pa.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 range. Figure 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 the Tg 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 toughness modification [173]. Therefore, at temperatures below the glass 

transition temperature of SAN, the complex 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 SAN as 

the continuous phase. The second reduction step in the complex modulus curves correlates to 
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the Tg of the PPE phase. After compatibilization, a shift in Tg of PPE to lower temperatures is 

observed for all blend compositions. This may be explained by the higher miscibility of PS/PPE 

and the high difference between the Tg values of both polymers (ca. 103 for PS and 210 °C for 

PPE). In addition, SBM micelles located in the PPE domains would further contribute to the 

reduction of its Tg. In contrast, SAN and PMMA have Tg values close to each other (ca. 110 °C for 

SAN and 100 °C for PMMA) and, hence, no significant change in Tg is expected.  

The trend of the DMA trace above the Tg of the SAN matrix is a direct indication of the blend 

morphology. As a result of pseudo co-continuity in the neat 50/50 blend, a pronounced second 

plateau is visible around complex modulus of 250 MPa. After compatibilization with SBM, the 

morphology changes into droplets dispersed in the SAN phase (which is only 50 wt.-% of the 

specimen), hence a significant drop and continuous decrease of the modulus is observed until 

the Tg of the PPE is reached. Therefore, the difference in the complex modulus of the neat and 

SBM compatibilized blends at 50/50 weight ratio is very large in the temperature range above 

the Tg of SAN (Figure 30a).  

In case of the neat 60/40 blend the pseudo co-continuous morphology [155] is preserved and 

visible in the DMA curve as plateau above the Tg of SAN at complex modulus of around 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 MPa instead of the expected fast 

decrease like in the compatibilized 50/50 blend. This phenomenon can be explained by the very 

large difference in the Tg values of the blend components, as well as the bonding at the interface 

via SBM. After softening of the SAN 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. Hence, there is 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 co-continuity, there is a plateau 

visible above the Tg of SAN at a large complex modulus of 1000 MPa. The reason may be the high 

fraction of the PPE phase, resulting in densely packed small PPE particles within the SAN matrix. 

The hard glassy PPE domains in this region 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 softened) 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 the complex 

modulus of neat and compatibilized 70/30 blends is rather small (both have values around 1000 

MPa), which is due to the large effect of higher PPE fraction (Figure 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 SAN matrix.  

It is worth to mention that in an attempt to be able to better interpret the results and 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 the phases in a good solvent for 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 results. 

In order to better understand the differences in the complex modulus before and after 

compatibilization shown in a logarithmic scale, these values at different temperatures (-50, 0, 

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

 

Table 5          Complex modulus of neat and compatibilized blends at different temperatures 

Blend ratio 

Neat            SBM  

E* (MPa) at different temperatures  

-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 
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In conclusion, the high difference between the Tg 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 after 

compatibilization they attach to the matrix polymer effectively via a stronger interface through 

SBM chains. Therefore, finer PPE/SAN morphologies 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 the Tg of SAN. The Payne effect [247] 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 amplitude 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 sweep [248]. This analogy 

can be applied to our blend systems with their unique structures. In case of the neat blends, the 

pseudo co-continuous structure cannot be destroyed easily via strain, as it is partially connected 

through the elongated PPE domains. However, after compatibilization, the dispersed PPE 

particles resemble fillers that form a structural network in the blend system. This network can 

be destroyed at higher strains (Payne strain) compared to neat blends.  
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Figure 31     Storage modulus of neat and compatibilized PPE/SAN blends in dependence of 

the applied strain at 150 °C at different blend ratios: a) 50/50, b) 60/40, c) 70/30 (w/w) 
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This behaviour is shown in Figure 32, where complex modulus of each blend system, at the 

point where the sharp decrease in modulus during the Payne test begins, is compared with each 

other. At 50/50 blend ratio, the difference between neat and compatibilized blends is quite 

large. The neat blend has much higher modulus at the start of the sharp drop compared to the 

SBM compatibilized blend due to its pseudo co-continuous structure. The addition of SBM 

improves the interface interaction between the matrix and dispersed phase and may result in 

the decrease of complex modulus. A similar trend but at a smaller scale is visible for the 60/40 

blends, where the decrease in modulus appears for the SBM compatibilized blends compared to 

neat blend. The smaller difference between the moduli of the neat and compatibilized blends has 

similar reasons to what has been discussed for Figure 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 co-continuity in the blend morphologies). The slight, 

lower complex modulus value for the SBM compatibilized 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 by Wang et. al [249]. The Payne tests and their results for all blend 

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

 

 

Figure 32     Complex modulus of PPE/SAN neat and compatibilized blends from Payne test 

at 150 °C 
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Elastic properties (Low strain behaviour) 

The tensile properties of the polymer blends depend on the property of each phase, their 

contents and their mechanical behaviours; also very important is the resulting morphology. 

Tensile modulus (dog-bone specimens) of neat and compatibilized blends were tested compared 

as the function of the PPE weight content in Figure 33. Tensile properties of the SBM 

compatibilized blends, and comparison with different mechanical models have been previously 

investigated in detail by Ruckdäschel [222]. Here, the focus is on the behaviour after SBM 

compatibilization that results in droplets and correlation to the raspberry morphology. The 

moduli of the blends stay constant after compatibilization (compared to their equivalent neat 

blends). As mentioned in previous structures with raspberry morphology [11,118,173], due to 

formation of the discontinuous PB phase at the interface, the tensile moduli of the 

compatibilized and neat blends do not change significantly after compatibilization. The PB 

content in the SBM triblocks is ca. 30 %. 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 neat and 

compatibilized 60/40 blends after the tensile test, as an example, are looked at in more detail in 

Figure 34. 

 

 

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 contact point 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 compatibilized 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, however, the elastic nature of the butadiene 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 particles from 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 blend (deformation of the PPE which is debonded from 

the SAN matrix, yet still connected to the PPE network in the y direction). Therefore, the 

modulus of the material, which represents the behaviour of the material in small strain ranges, 

stays constant. In case of core shell particles, for example, rupture of the elastomeric core or 

shell will lead to instant failure, since rupture happens in a large area around the PPE particles 

and can act as a defect point, and reduces the 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 µm) 
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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 are identified. In order to be able to correlate the micro/nano-structure to 

the measured macro mechanical properties of polymer blends with complex morphologies, 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 toughness. Figure 35 

shows the critical stress intensity factor (KIc) value of the neat and compatibilized blends as a 

function of their PPE contents.  

 

 

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. In our case, this is valid when moving from the 

50/50 to the 60/40 blend. However, a further increase of the PPE content (in case 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 this behaviour of the neat blends, morphologies of the fractured 

surfaces (after KIC 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 domain sizes are 

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 (Figure 36a, c) have formed some 

fiber-like structures inside the SAN matrix, probably due to their pseudo co-continuous 

structure before compatibilization. It is known that elongated particles, which are 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 fiber-like phase can also promote plastic deformations of the surrounding matrix. 

However, this is not the case here, since the neat blends have weak and detached interfaces. 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 PPE 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 the 50/50 and 60/40 blends, both 

mechanisms (deformation of non-spherical 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 phenomena observed 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 blends. In case of the 70/30 blend, the PPE domains are more spherical and 

smaller in size (Figure 36e, 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 60/40 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 systems [251,252], 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 domains 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 mechanisms (lack of 
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PPE domain plastic deformation or pull out, and limited SAN matrix deformations), the KIC value 

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 expected to have an enhanced stress transfer from one 

phase to the other resulting in higher toughness values. According to Figure 35, in case of the 

50/50 blend, the KIC values remain almost constant after compatibilization. The fractured 

surface in Figure 37 shows that the addition of SBM homogenizes the morphology and produces 

spherical PPE domains (oppose to the random non-spherical ones in neat blend) as seen in 

Figure 26. These PPE domains, containing SBM triblock terpolymers at their interface with SAN, 

show other toughening mechanisms (Figure 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 where SBM connects the two phases. At 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 anisotropic PPE 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 toughening mechanisms provided by the SBM compatibilized interface 

are not sufficient to result in better KIC 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 well. Here 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. Yet, one can compare the single images 

of the figure with the previous one to understand the differences between neat and 

compatibilized blends. 

 

 



5 Results  86 

 

 

Figure 37     SEM images of SBM compatibilized 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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The 60/40 blend shows an increase in the KIC value after compatibilization. According to Figure 

37c, d, the stress is transferred from the SAN phase to the PPE phase 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 PPE domains 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 interfacial area between PPE and SAN is 

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 

magnification, the PPE domains 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. This again 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), which affects the plastic deformation mechanisms of the PPE particles.  

In case of the 70/30 blend, the increase in toughness (compared to the neat 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. Shear yielding deformations are visible only in 

some regions of the SAN matrix (Figure 37e, f), probably due to the fact that small interparticle 

distances between PPE particles results in small SAN areas. 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, which can result in 

PPE droplets detaching from 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 visible. Hence, the increase in 

toughness of the 70/30 blend is much larger compared to the other blends, due to multiple 

toughening mechanisms. 

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 to be carefully investigated as 

each material can act differently. Here, 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 sections. 

 

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 the 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 interface. DMA analysis revealed that the complex moduli of the blend 

systems show a plateau even above the Tg of SAN. This is explained by the strong difference 

between the Tg values of the components. The high viscosity mismatch of the system, and the 

linkage between the SAN and PPE phases at the interface mediated by the SBM triblock 

terpolymer further contribute to this matter. The dispersed PPE particles still in their glassy 

state build a network structure that hold the softened SAN matrix together and can be 

analogically compared to a highly filled composite system. The pseudo co-continuous structure 

of the neat blends compared to the fully droplets in SBM compatibilized blends was confirmed 

using a Payne test. A theory is proposed that explains the reason behind the constant tensile 

modulus of the blends with raspberry morphology after compatibilization. After fracture 

toughness measurements, characterization of the fractured surfaces showed complex and 

multiple deformation mechanisms strongly depending on the size of the dispersed PPE droplets. 

It could be concluded that smaller PPE domain sizes after compatibilization only can contribute 

to the toughness improvement of the material when the main deformation mechanisms stay 

constant before and after compatibilization.  

Among the studied 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 results of this chapter, this blend 

composition is chosen for further studies and comparison of the efficiency of Janus particles 

with and state of the art SBM triblock terpolymers. The size of the PPE droplets in the 60/40 

blend is small enough to form a network in the melt state and allow DMA measurements at 

temperatures above the Tg 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 nano-sized Janus Particles (JPs) has been recently reported, which 

opens the way to significantly larger quantities of JPs [161]. 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 PPE/SAN 

blends with blend ratio of 60/40 are chosen for compatibilization. This particular blend ratio 

has not only well-processable medium viscosity and demonstrated convincing blend 

performance in earlier studies as well as the results discussed in the previous chapter 

[31,77,119,222]. The 60/40 blends were compatibilized with 1, 2, 5, and 10 wt.% of the JPs with 

industrial scale twin screw extruder with the parameters explained previously. Figure 38 shows 

the schematic overview of the procedure to produce the blends. 

 

 

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 the JP 

compatibilized (10 wt.%) blend compared to the neat blend are shown in Figure 39. Since the 
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TEM images are performed on the extruded granulates, inhomogeneities in the neat blends are 

expected, depending on the cut direction during sample preparation. We find a substantial 

improvement of the blend homogeneity after addition of 10 wt.% JPs (Figure 39b) compared to 

the neat blend system (Figure 39a), when samples are cut parallel to the extrusion direction. 

The neat blend shows elongated, non-regular shaped droplets that frequently coagulate and 

resemble a co-continuous phase (parallel to extrusion direction), whereas the JP blend shows an 

entirely different small drop morphology. The morphology in Figure 39b shows small PPE 

droplets (dark) embedded in a continuous SAN matrix (bright). Figure 39c, d, show the TEM 

images of the blends that are cut perpendicular to the extrusion direction. 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 processing 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 1 µm as a direct result of 

efficient reduction of interfacial energy. Despite the excess of PPE in the feed (compared to SAN), 

we still find PPE droplets in a SAN matrix, because the high viscosity ratio, ηPPE/ηSAN > 10, shifts 

phase inversion far from a feed ratio of 50/50 as discussed in 5.2.1. This peculiarity is well 

known for PPE/SAN, where the less viscous SAN always forms the matrix [31,222].  
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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 blend structures, SEM images (surface of fractured 

granulates) of the neat and JP compatibilized blends are compared in Figure 40. Here again the 

difference in blend structures shows a clear transition from a random co-continuous structure to 

a homogenous droplet structure. The morphological difference is also clearly demonstrated 

when comparing horizontal (parallel to extrusion direction) fractures for neat (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 blends (Figure 

40d) would help to evaluate the homogeneity throughout the samples. The JP blend displays 

sub-micron features in both directions proving isotropic distribution of the blend components. 

Compared to that, the neat blend contains micron-sized elliptical domains in the horizontal, but 

distinctly different elongated cylindrical domains in the vertical cross-section 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 stress and macro 

mechanical properties. 



5 Results  92 

 

 

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 in Figure 41a, one observes brighter SAN 

droplets inside the darker PPE droplets, suggesting a double emulsion morphology, usually 

found close to phase inversion [38], i.e., SAN droplets in PPE matrix. The TEM close-up 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 (OsO4 

staining of remaining PB double bonds). The origin of this morphology and the narrow droplet 

size distribution will be discussed in more detail later in 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 shows up as a random 

distribution of dents and bumps corresponding to droplets and holes left behind by detached 

PPE droplets (Figure 42a) marked by light and dark orange arrows. The droplets show a 

multiscale structure as they are fully covered with JPs, forming raspberry-like structures in a 

SAN matrix. We clearly identify the JPs at the blend interface in SEM (Figure 42b). After cryo-

fracturing of the blend, the droplet surface is fully decorated with small spherical particles 

corresponding to the JPs. The inset in Figure 42b shows a tendency for hexagonal close packing 

with inter-particle distances of 30 nm attributed to the JP size in the collapsed state [161]. 
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Figure 42     a) Fully JP covered PPE droplets in SAN matrix (light orange arrows) and the 

dents left behind by them (dark orange arrows), b) Surface of a PPE droplet covered in JPs 

showing the raspberry morphology. The inset is a further magnification of the region marked 

by the black square and shows the hexagonal packing tendency of the JPs at the interface 

(scale bar is 100 nm) 

 

Although very similar packing has been observed in the PS/PMMA blend [14], the PPE/SAN 

blend inherits a set of entirely different physical properties. The fact that JPs still selectively 

locate at the interface is remarkable and explained by the energy, ΔEdesorb, required to desorb the 

JPs from the blend interface in the following equation 21 (the calculations leading to deriving the 

equation is already published in [155]).  

∆𝐸𝑑𝑒𝑠𝑜𝑟𝑏. = 3𝜋𝑅𝐽𝑃
2 𝛾𝑃𝑃𝐸/𝑆𝐴𝑁                                                                                                                           ( 21 ) 

ΔEdesorb increases with the square of the particle radius, RJP, and the interfacial tension between 

the blend components, γPPE/SAN [14,138]. The interfacial tension between two polymers can be 

estimated from the Flory-Huggins polymer-polymer interaction parameter, χ, applying the 

relation 𝛾 ∝ 𝜒1/2 (for χ > 0). In the studied system all parameters favour JP location at the 

interface [119], i.e., high incompatibility of the blend components, χPPE/SAN > 0.5, and good 

compatibility between blend components and the respective JP corona blocks, χPPE/PS = -0.044 

and χSAN/PMMA = -0.008 [11] (for 19 wt.% AN in SAN). To further increase ΔEdesorb, we chose JPs to 

be considerably larger than the radius of gyration of the blended polymers (Rg,polymer < 10 nm vs. 

RJP,TEM = 19 nm; VJP/Vpolymer ≥ 7). Although an exact calculation of ΔEdesorb is elusive, the 

quantitative adsorption of JP to the blend interface suggests that ΔEdesorb must be sufficiently 
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high to overcome the thermal energy impacting the particles at 260°C during extrusion. The 

droplets locate themselves in the interface right after the blend components are melted in the 

extruder. Yet, as the materials move along towards the die, applying high shear will continuously 

decrease the droplet size and JPs are able to stabilize this small PPE particle sizes. 

 

 

Figure 43     Comparison of the a) neat blend morphology with b) SBM compatibilized (10 

wt.%), and c) JP compatibilized (10 wt.%) PPE/SAN blends (60/40) in respect to the 

compatibilization efficiency, d) PPE droplet size distribution in the blends (at least 500 

droplets are counted for each blend) 

 

Figure 43 summarizes the efficiency with which the JPs compatibilize this blend system 

compared to the state of the art SBM triblock copolymers. Here, the morphology of the neat 

blend without additive, compatibilized with 10 wt.% SBM triblock terpolymer and with 10 wt.% 

JPs are compared together. Slight contrast differences originate from varying film thicknesses, 
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and all other processing parameters were kept constant to allow reliable comparison. The JPs 

considerably reduce the droplet size as compared to the neat blend and also significantly 

outperform the SBM triblock terpolymers (Figure 43a-c). 

For each system the radii of 500 PPE droplets in TEM micrographs of ultrathin cuts are analysed. 

The radius of each droplet is calculated from the cross-sectional area (determined using ImageJ 

software), assuming spherical shape. The average droplet radius, RPPE, and standard deviation 

strongly decrease from RPPE;SBM = 670 ± 230 nm to RPPE;JP = 155 ± 85 nm underlining the superior 

stabilization capabilities of JPs as compared to the SBM terpolymer (Figure 43d). Both 

compatibilizers are amphiphilic in nature and exhibit the same interactions with the blend 

polymers, which is why we consider the Pickering effect and the accompanying high interfacial 

activity of the JPs mostly responsible for the significant improvement. The droplet radius for the 

neat blend, RPPE-neat = 540 ± 300 nm, was determined for the sake of completeness, but does not 

adequately reflect the occasional large multi micron-sized droplets. Without any additive, the 

neat blend yields entirely unpredictable und irreproducible morphologies that may change at 

any given point even within the same extrusion experiment. In addition, reasonable droplet 

evaluation was complicated by excessive droplet coagulation, commonly observed for 

insufficient or missing surface stabilization. The difference between the SBM terpolymer and the 

neat blend is surprisingly small: both show broad distributions without significant shift of the 

average radius. It is known that a considerable fraction of the SBM terpolymer is actually 

present as micelles or micelle clusters that manifest as black spots inside PPE droplets in Figure 

43b as discussed in previous sections. With SBM there is a high probability that the triblock gets 

destroyed and PS-PB diblocks turn into micelles. This of course highly depend on the processing 

conditions. These micelles in the SBM compatibilized blends are a reason for reduced efficiency 

of SBM during compatibilization (probably due to lower activity compared to JPs). These 

trapped SBM polymer chains in PPE, do not contribute to the stabilization of interfaces. 

Therefore, the difference between neat and SBM blends is only a more homogeneous 

morphology without smaller droplet sizes. JPs are probably less prone to get destroyed during 

processing as they have a 3D structure with semi crosslinked core. 

Figure 44 illustrate the morphological evolution of the blend as a function of the Janus particle 

content, i.e. at different JP weight fractions of 1, 2, and 5 wt.%. After compatibilization with only 

1 wt.% JPs, the size of the PPE droplets does not vary much, even though the JPs (black dots) 

locate themselves at the blend interface (Figure 44a, b). By increasing the compatibilizer 

amount to 2 wt.%, already a reduction in the PPE droplet size is visible (Figure 44c), however a 
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closer look reveals that the number of JPs is not enough to fully cover the blend interface 

(Figure 44d).  At 5 wt.% of JPs, the PPE droplet sizes reduces homogenously and partially 

double emulsion morphologies show up. This is probably due to the high number of JPs that are 

fully covering the blend interface (Figure 44e, f).  

 

 

Figure 44     TEM images of the PPE/SAN (60/40) blends compatibilized with JPs showing 

the evolution of the PPE droplet size reduction by increasing the compatibilizer amount from 

a, b) 1 to c, d) 2, and e, f) 5 wt.% 

 

The occasional too large or too small particles visible in the blends with 1 and 2 wt.% JPs are not 

visible in blends with 5 (and 10 wt.%) JPs. The homogeneity of the blend morphologies would 
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result in homogenous macro mechanical properties and is of great industrial interest. As already 

discussed, at blends with 10 wt.% JPs (and at a lower extent in the blend with 5 wt.% JP) the 

morphology is reminiscent of a double emulsion with SAN inclusions inside PPE droplets 

(containing either PMMA, which in case of JPs can happen rarely) or a blend of of PMMA/SAN). 

We hypothesize that the system creates additional interface due to excess stabilization 

capability of the large amount of JP added. The second interface in the core of the droplet also 

suggests that the droplet already reached its optimum curvature and the involved interfacial 

energies. Assuming a dense packing of the JPs on the droplet interface area, APPE, simple 

geometric relations show that the radius of the PPE droplets should scale with the inverse 

square root of the JP content, fJP, as shown in equation 22: 

𝐴𝑃𝑃𝐸 = 4𝜋𝑅𝑃𝑃𝐸
2 ∝  𝑓𝐽𝑃

−1  

∴  𝑅𝑃𝑃𝐸 ∝ 𝑓𝐽𝑃

−
1

2 𝑜𝑟 𝑅𝑃𝑃𝐸 ∝ 𝑓𝐽𝑃

1

2 = 𝐶𝑜𝑛𝑠𝑡.                                                                                                       ( 22 ) 

Table 6 shows that (with the exception of fJP = 5 wt.%) the product 𝑅𝑃𝑃𝐸√𝑓𝐽𝑃 is indeed constant, 

confirming our assumption that the JPs densely pack at the interface, irrespective of the JP 

content.  

 

Table 6          Dependence of average droplet size and stabilization efficiency on the JP 

content 

fP (wt.%) RPPE (nm)a RPPE√𝒇𝑱𝑷(nm) 

0 540 ± 300 - 

1 440 ± 350 440 

2 340 ± 190 480 

5 270 ± 100 600 

10 150 ± 80 474 

 

The histograms in Figure 45 show a distinct trend for the evolution of droplet radius in 

dependence of JP content. We found out that the addition of only 0.5 (not shown) and 1 wt.% JPs 

is not able to provide the necessary coverage to stabilize the interface and besides irregular 

droplet shape and large average droplet radii droplets still partly coagulate into the co-
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continuous PPE/SAN morphology (Figure 45a). It is visible that by increasing the JP content 

from 2 to 5, and 10 wt.% (Figure 45b, c, and d), not only the PPE domain size gets smaller, but 

also the homogeneity of the blend morphologies improves and the droplet size distribution 

histogram gets narrower. 

 

 

Figure 45     The histogram of the PPE droplet size in PPE/SAN (60/40) blends 

compatibilized with a) 1, b) 2, c) 5, and d) 10 wt.% of JPs  

 

Figure 46 compares the evolution of average PPE droplet size by addition of JPs with neat 

blend. The inhomogeneities in the neat, and blends with lower amounts of JPs, result in large 
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standard deviations. However, the trend shows a clear decrease in the droplet size, by increasing 

the JP amount.  

 

 

Figure 46     Average PPE droplet radius of neat and JP compatibilized blends 

 

The SAN inclusions are only visible in the blends with 5 wt.% JPs or more and are less in number 

compared to the significant micelle and micellar cluster formation observed in the SBM 

compatibilized blend previously. In order to understand the reason behind the formation of the 

SAN inclusions in the 5 and 10 wt.% blends, shear rheology measurements of neat and the JP 

compatibilized blends were performed and discussed in the next section. 

 

5.3.2 Rheological characterization of JP compatibilized blends 

The shear viscosity of the JP compatibilized blends compared to the neat blend is shown in 

Figure 47. The increase in viscosity after the addition of JPs indicates effective compatibilization 

as a result of better stress transfer between the phases in the blends with 1, 2, and 5 wt.% JPs. In 

case of the blend with 10 wt.% JPs, the viscosity does not change significantly in the high 

frequency range as compared to the neat blend. However, at lower frequencies, an increase in 

the viscosity is visible, indicating some network-like structure formations. The 3D network 

forms through structure build-up of the PPE droplets in the matrix once their sizes drop below a 
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critical value [254]. We assume that at high JP concentration during extrusion, at first the 

particles cover all PPE droplet interface and minimize droplet size, while excess JPs are still 

present as clusters in one of the phases (for equal hemispheres cluster formation is equally 

probable in both phases). These excess JPs which form clusters (super-micelles) are freely 

dispersed in the blend, and since they are small spherical particles, they can facilitate low 

friction sliding between the PPE droplets and the overall viscosity of the blend is reduced to that 

of the neat blend. In case of the blend with 5 wt.% JPs, we observe a similar phenomenon at 

smaller scale, also corroborating that the most economic amount of Janus particles to realize full 

compatibilization of the blend is indeed fJP = 2-5 wt.%. Another consequence of the excess 

amounts of JPs in the 5 and 10 wt.% blend is that the system tries to build up extra surface to 

accommodate excess JPs and hence, SAN inclusions form within the PPE droplets. In addition, 

lower viscosity of the blend at higher shear rates further facilitates the formation of such SAN 

inclusions during coalescence mechanisms.  

 

 

Figure 47     Absolute shear viscosity of JP compatibilized PPE/SAN (60/40) blends  
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5.3.3 Mechanical characterization of JP compatibilized blends 

DMA analysis of JP blends 

Similar to SBM compatibilized blends, the complex modulus of the JP compatibilized blends after 

DMA measurements are discussed and compared. Figure 48 shows that addition of 1 or 2 wt.% 

JPs almost do not significantly influence the modulus under a wide temperature range. Similar to 

the neat blend, a plateau is visible in temperatures above the first Tg (SAN) and no further drop 

in the modulus is visible until the Tg of PPE due to the pseudo-continuous structure of PPE phase 

that holds the SAN matrix together (as discussed in the previous chapter). In case of addition of 

5 wt.% JPs, the modulus increases slightly at temperatures below the Tg of SAN due to the higher 

stiffness of JPs. Above the first Tg of the blend, slight drop in the modulus happens and the 

plateau “softens” a little bit. This happens due to the lack of intercontinuity in the PPE phase as a 

result of effective compatibilization, which solely produces PPE droplets in the form of single 

raspberry structures. By increasing the JP amount to 10 wt.%, the increase in the modulus at 

temperatures below the Tg of SAN is bigger, and even around 0 °C, a small step (representing the 

Tg of the PB middle block) shows up. Accordingly, above the Tg of SAN, a more significant drop in 

the modulus is observed, indicating fully droplet-domain morphology of the blend.  

 

 

Figure 48     Complex modulus of JP compatibilized blends at different JP contents. By 

increasing the JP amount, the co-continuity of the system decreases and the second drop in 

the modulus (Tg of the PPE) is shifted to lower temperatures 
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In order to prove the difference between pseudo co-continuous morphology and the physical 

network of the densely packed PPE particles, further DMA analysis on one blend composition (as 

a representative) have been performed. If the plateau after the Tg of SAN is only due to similar 

effects in highly filled thermoplastics, then one should be able to disrupt the network at higher 

strains. The focus is to confirm the lack of co-continuity in the JP blends compared to the SBM 

compatibilized blends. Figure 49 compares the complex modulus of the 60/40 blends 

compatibilized with 10 wt.% SBM (Figure 49a) and 10 wt.% JPs (Figure 49b) under different 

strains. We have discussed that due to the co-continuity of the 60/40 blend compatibilized with 

SBM, a plateau after the Tg of SAN (matrix) appears. This is valid for the measurements at all 

strains and the sample and its structure wouldn’t be deformed even at higher strains 

(deformations). Here, by increasing the strain during measurements, the pseudo co-continuity of 

the PPE phase will be intact and a second plateau is always visible for the blend (Figure 49a). In 

case of JP compatibilized blends, the formation of plateau can be disturbed at higher strains, 

indicating complete 3D droplet domain morphology of the system. By increasing the strain, since 

PPE droplets can freely move in the SAN matrix, a sliding effect is observed and the drop in the 

complex modulus is shifted to lower temperatures (the length of the plateau shortens until it 

eventually disappears).  This proves that densely packed PPE particles only form a structural 

network. It is also worth to mention that measurements at higher strains were not possible due 

to mechanical limitations of the measurement device.  
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Figure 49     Complex modulus of PPE/SAN (60/40) blends compatibilized with 10 wt.% a) 

SBM triblock terpolymers, and b) JPs under different strains 

 

Low strain (tensile) properties of JP blends  

The tensile moduli of the JP compatibilized blends are compared to the neat 60/40 blend in 

Figure 50. As expected, the distribution of the discontinuous elastomeric phase at the interface 

due to the formation of the raspberry morphology prevents any decrease in the modulus after 

compatibilization. The slight increase with increasing the JP content is attributed to the higher 
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modulus of the JPs due to their partially crosslinked PB middle block as discussed in section 

5.1.2. 

 

 

Figure 50     Tensile modulus of neat and JP compatibilized PPE/SAN (60/40) Blends 

 

Fracture toughness of JP blends 

The KIc values of the JP compatibilized blends as a function of the JP content are shown in Figure 

51. Surprisingly, unlike SBM triblock terpolymers, by increasing the compatibilizer content after 

compatibilization, the KIc of the blends decreases. This is in contrast to the expectation of 

improvement in the toughness after compatibilization. We have also observed in the previous 

chapter that SBM compatibilized blends have shown an improvement in the materials 

toughness, depending on the blend ratio. In order to be able to understand this result, the 

fractured surface of the specimens after test where observed under the microscope. 
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Figure 51     Critical stress intensity factor of neat and JP compatibilized PPE/SAN (60/40) 

blends 

 

The fractured surface of the blend compatibilized with 10 wt.% of JPs after KIC test is 

representatively shown in Figure 52. In the first view, the small PPE droplets dispersed in the 

SAN matrix resemble the 70/30 blend discussed in the previous chapter (Figure 37e). There are 

high contrast white areas visible representing the shear yielding of the SAN matrix (Figure 

52a). At higher magnification it is shown that these areas (marked by orange arrows) are 

formed where PPE droplets are fully debonded and has retained a dent (hole) behind (Figure 

52b). The small interparticle distance between the PPE droplets push the SAN matrix between 

them outwards and produces shear yielding in these areas. However, the number of debonded 

particles are quite few compared to the whole volume of the specimen as the JPs provide a very 

strong bond between the PPE and SAN. Hence, even though shear yielding is induced as the 

dominant deformation mechanism, it is not enough to use up as much energies as the 

deformation mechanisms in the neat 60/40 blend (discussed previously). The strong linkage 

between the phases by JPs, which hinders the deformation is shown in Figure 52c (marked by 

orange arrows). 
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Figure 52     SEM images of JP (10 wt.%) compatibilized PPE/SAN (60/40) after fracture 

toughness: a) shear yielding (white contrasted areas), b) dents left behind by detached 

raspberries, and c) Strong JP linkage at the interface preventing deformation. The images 

are from the area right after the crack initiation point 

 

Fatigue crack propagation (FCP) in JP compatibilized blends 

Due to the complexity of structure, performing FCP measurements can allow us to obtain more 

information on the mechanical properties and deformation mechanisms at various crack 

propagation speeds. The fatigue crack growth behaviour of the JP compatibilized PPE/SAN 

blends in comparison to the neat blend is shown in Figure 53. Here, the fatigue crack growth 

rate, da/dN, is plotted in double logarithmic scale as a function of the stress intensity factor 

ratio, ΔK, at the crack tip. In case of the JP compatibilized blends, the behaviour of the material 

upon compatibilization does not differ significantly from the neat blend in the first and second 
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region. In contrast, at higher crack propagation rates (region III), the neat blend performs better. 

The crack propagates faster in the JP compatibilized blends indicating deterioration of materials’ 

behaviour (and its resistance against crack growth) after compatibilization. This means even 

though JPs have proven to be highly effective compatibilizers in nanostructuring the 

morphology during melt blending [14,155], they fail to improve the mechanical properties of the 

blends (specifically toughness) at fast crack propagation rates. This result is in agreement with 

the fracture toughness (KIC) values discussed previously.  

 

 

Figure 53     FCP behaviour of neat and JP compatibilized PPE/SAN (60/40) blends  

 

This phenomenon is better visible in Figure 54, where the stress intensity factors of the JP 

compatibilized blends are compared to the neat blends at in the threshold (ΔKth) and critical 

fracture (ΔKcf) regions. The ΔKth and ΔKcf values represent the first and last measured point of 

the curves, respectively. In the threshold region (region I, slow crack propagation speed), ΔKth is 

not influenced by addition of JPs and the value is not a function of the JP amounts. However, in 

the third region (high crack propagation speed) the ΔKcf values decrease by increasing the JP 

content, implying deterioration of the FCP behaviour. 
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Figure 54     The ΔKth and ΔKcf values of neat and JP compatibilized PPE/SAN (60/40) 

blends  

 

In order to understand the reason for JP behaviours in region III, the fractured surface of the 

neat blend is compared to the blends compatibilized with 5, and 10 wt.% JPs in region III 

(Figure 55). In case of neat blend (Figure 55a), the large PPE regions are clearly visible in the 

SAN matrix. Their debonding all over the interface seems to be the main deformation 

mechanisms in this region. As discussed before for SBM compatibilized blends, this is an 

effective deformation mechanism which uses up a lot of energy. In case of the blend 

compatibilized with 5 wt.% JPs (Figure 55b), the PPE droplets are much smaller and are 

covered with JPs. This means that individual raspberries (marked by orange arrow) pin the SAN 

matrix at different points and prevent the formation of larger cracks (formation of new surface 

and massive energy usage). Hence, the areas undergoing deformation reduce and as a result the 

FCP behaviour is deteriorated compared to the neat blend. In case of the blend with 10 wt.% JPs 

(Figure 55c), the JP linkage between the phases is more dominant and instead of just pinning 

the matrix at various points, completely hinder the SAN deformation at a macro scale. The 

crazing and fibril formation at the small interface areas around the raspberries uses much less 

energy compared to debonding in neat blends. Therefore, by increasing the JP content, the 

degree of freedom of the SAN matrix is reduced by JP induced linkages and the resistance of the 

system towards cracks (and its ductility) reduces. SEM images in Figure 55 are very similar to 
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the ones in Figure 52 as the deformation mechanisms in Region III are much alike to the ones 

during KIC measurements. This is since specimens in both tests undergo relatively fast crack 

propagations. It is worth to mention that measurements up to very high crack propagation 

speeds of almost 0.1 77/cycle, which is unusual for thermoplastics (due to their ductile 

behaviour) is possible due to strong JP mediated linkage. 

 

 

Figure 55     SEM images of fractured surfaced of PPE/SAN (60/40) blends after FCP 

measurements from region III: a) neat, compatibilized with b) 5, and c) 10 wt.% JPs 

 

The difference in the raspberry structure of the blends with 5 and 10 wt.% JPs is more clearly 

visible in Figure 56. The number of JPs on the PPE droplet surface is less in case of the blend 

with 5 wt.% JPs (Figure 56a) compared to the 10 wt.% JPs (Figure 56b). This gives the SAN 

matrix around the PPE particles more ability to deform and higher degree of freedom. On the 
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other hand, the strong JP linkage in case of the blend compatibilized with 10 wt.% JPs, produces 

more fibril crazings in the interface area and partial shear yielding of the SAN phase. 

 

 

Figure 56     SEM images of PPE/SAN (60/40) blends fractured surface after FCP test 

(region III) showing the raspberries in the structure with a) 5, and b) 10 wt.% JPs  

 

5.3.4 Conclusion 

Janus nanoparticles (JPs) demonstrate superior compatibilization capabilities compared to the 

corresponding SBM triblock terpolymers, attributed to the combined intrinsic properties, 

amphiphilicity and the Pickering effect. The Pickering effect significantly contributes to particle 

adsorption by overcoming the high thermal energy of the particles in the polymer melt. Straight 

forward mixing and extrusion protocols yield multiscale blend morphologies with “raspberry-

like” structures of JPs-covered PPE phases in a SAN matrix. The JPs densely pack at the blend 

interface providing the necessary steric repulsion to suppress droplet coagulation and 

coalescence during processing. The efficiency of JP compatibilization is determined by droplet 

size evaluation and the smallest average droplet size of R ≈ 150 nm is reached at 10 wt.% of 

added JPs. The optimum fraction of JPs necessary for sufficient droplet stabilization without 

formation of double emulsion morphology was determined to be in the range of 2 to 5 wt.%. In 

case of excess JPs, rheological properties of the system are changed by a formation of a 

structural network since the droplet size and the inter droplet distance decreases significantly. 

The PPE droplet size decreased by increasing the JP content from 2-10 wt.% JPs were 

exclusively located at the interface of the blends. The large-scale synthesis of JPs, the low 

required weight fractions and their exceptional stability against extensive shear and 
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temperature profiles during industrial extrusion process make JP promising next generation 

compatibilizers.  

Complex modulus from the DMA analysis of the JP compatibilized blends showed higher values 

for blends with 5 and 10 wt.% JPs due to higher stiffness of them. In addition, the plateau 

between the Tg of each blend component disappeared as the JP concentrations increased to 10 

wt.%. This is correlated to disappearance of pseudo co-continuity and confirms the full droplet 

morphology of blends at 10 wt.% JP. In addition, DMA analysis with different strain rates of SBM 

and JP compatibilized blends (10 wt.%)  confirmed that the presence of the plateau between the 

Tg values is due to the semi-continuous structure of the blends (in case of ineffective 

compatibilization). A schematic comparison of the 60/40 blend structures before and after 

compatibilization with 10 wt.% SBM and JPs is shown in Figure 57. 

 

 

Figure 57     Schematic 3D blend morphology of 60/40 PPE/SAN blends: a) co-continous 

structure in neat, b) pseudo co-continuous structure in SBM (10 wt.%), and c) droplet 

structure in JP (10 wt.%) compatibilized blends 
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The effect of polymeric JPs as compatibilizers on the mechanical properties of PPE/SAN blends 

is investigated. Tensile properties and fracture toughness studies of the blends have proven an 

increase in the modulus and a reduction of the materials fracture toughness after 

compatibilization with JPs. The FCP behaviour of the blends compatibilized with JPs was 

investigated and compared to the neat blend. Neat blend contained large areas of debonded PPE 

as the main deformation mechanism. The JPs do not influence the FCP behaviour in the 

threshold region (region I) compared to the neat blends. However, addition of 10 wt.% JPs to the 

blend shows a negative influence at high crack propagation rates (region III) due to the 

reduction of the SAN potential to plastically deform by pinning it at different points via the 

raspberry structures (JP covered PPE droplets).  

A more economic use of the Janus nanoparticles may be realized by admixing specific amounts 

of SBM triblock terpolymer. In order to investigate this idea and with the goal of producing JP 

compatibilized blend systems with improved mechanical behaviour, another blend system is 

introduced in the next chapter. Its mechanical properties are then investigated and compared to 

the neat and state of the art SBM triblock compatibilized blends in the following section.  
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5.4 Synergistic effects on toughness of blends compatibilized with JPs 

and SBMs 

It has so far been shown that how elastic and stiff interfaces (chapters 5.2, and 5.3, respectively) 

as well as the domain size (chapter 5.2) each influence the macro-mechanical properties. From 

TEM analysis we know that JPs are very effective compatibilizers to produce small, 

homogenously dispersed PPE droplets. Although a strong interfacial adhesion has been 

observed in the SEM images of the fractured surfaces which results in deteriorated FCP 

properties compared to neat blend. On the other hand, the SBM triblock terpolymers showed 

positive effect on the fracture toughness behaviour of the blend. Thus, the question is whether 

the advantages of the SBM and JPs could be combined in a synergistic way by preparing blends 

with both compatibilizers. In addition, by using SBM triblock terpolymer and JPs simultaneously, 

both soft (non-crosslinked) and hard (crosslinked) PB segments would be available at the 

interface and can generate multiple/new deformation mechanisms in the blend system. 

In this chapter, PPE/SAN blends compatibilized with 5 wt.% JPs + 5 wt.% SBM triblock 

terpolymers (10 wt.% in total) are investigated and compared with blends containing only 10 

wt.% JPs or 10 wt.% SBM triblock terpolymers. 

 

5.4.1 Morphological characterization of mixed blends 

Figure 58 shows TEM micrographs of the PPE/SAN blend containing 5 wt.% SBM triblock 

terpolymer and 5 wt.% JPs. The total amount of compatibilizer in the blend is kept constant at 

10 wt.% in order to allow further comparison of its properties to the blends with 10 wt.% of 

each compatibilizer discussed before. The combination of SBM and JP compatibilizers produces 

a fine blend morphology with smaller PPE droplets (RPPE = 100 ± 50 nm) dispersed in the SAN 

matrix (Figure 58a, b) compared to the blends compatibilized with 10 wt.% SBM (RPPE = 670  

230, Figure 58c) and 10 wt.% JPs (RPPE = 155  85, Figure 58d). The PPE droplets are densely 

packed and in some cases the interfaces even come into close contact with each other (Figure 

58b). Since there are no SBM micelles or SAN inclusions visible in the PPE domains, it can be 

concluded that both the SBM and JPs are located exclusively at the interface. This is supported 

by the dark black line around each PPE phase, which is visible in Figure 58b, corresponding to 

the PB phase of the compatibilizers. However, it is difficult to distinguish between the two 
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compatibilizers (JP or SBM) as both appear black after selective staining of the PB segments and, 

thus, it is assumed that always a mixture of both compatibilizers is available at the interface.  

 

 

Figure 58     TEM images of mixed (5 wt.% SBM + 5 wt.% JP compatibilized) PPE/SAN 

(60/40) blends: a) small PPE droplets finely dispersed in the SAN matrix, b) stained black 

blend interface (scale bar represents 50 nm); c) SBM (10 wt.%), and d) JP (10 wt.%) 

compatibilized PPE/SAN (60/40) blends discussed in previous chapters 

 

The summary of the average PPE droplet sizes in blends containing 10 wt.% of compatibilizers 

compared to the neat blend is shown in Table 7. Aside from the neat blend (which has 

uncontrolled, non-reproducible morphology), using JPs alone or in combination with SBM 

triblock terpolymers effectively reduces the droplet size in blends. Additionally, it proves that 

using multiple compatibilizers in one system promotes synergistic effects on the morphology of 

the blend systems compared to using only JPs. After the addition of compatibilizers, the blend 

morphology is further homogenized (shown by the reduction in the standard deviation values in 

the table). 
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Table 7          Average PPE droplet size in the blends with 10 wt.% compatibilizers 

fP (wt.%) RPPE (nm) 

0* 540 ± 300* 

10 SBM 670 ± 230 

10 JP 155 ± 85 

5 SBM+5JP 100 ± 50 

*As mentioned in 5.3.1, droplet radius of neat blend is determined for the sake of completeness, and does not adequately reflect the 

occasional large multi micron-sized droplets in a co-continuous morphology 

With a similar method of calculating the radii of 500 PPE droplets in TEM micrographs (used in 

chapter 5.3.1), the PPE droplet size distribution of the blend with mixed compatibilizers is 

calculated and compared to the blend with smallest PPE droplets (10 wt.% JPs). Figure 59 

shows that even though both blends have very narrow droplet size distributions, combination of 

JPs and SBM triblock terpolymers confirms synergistic effects that further reduces the average 

droplet size to smaller values. 

 

 

Figure 59     PPE droplet size distribution of mixed blend (5 wt.% SBM + 5 wt.% JP) 

compared to SBM (10 wt.%) and JP (10 wt.%) compatibilized blends as well as the neat 

blend 
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5.4.2 Rheological characterization of mixed blends 

In order to explain the interesting finer morphology of the blend with both compatibilizers, its 

viscosity is compared to that of the blends with 10 wt.% of only the SBM triblock terpolymer and 

JPs as compatibilizers (Figure 60). At higher frequencies, the viscosity of the “mixed” (JPs + 

SBM) blend is higher compared to the other blends. Hence, higher shear forces occur during the 

extrusion process, which allows the formation of very small PPE droplets and a fine morphology. 

At lower frequencies, an increase in viscosity and a yield point is visible due to the densely 

packed small PPE particles which build a structural network, as discussed in detail previously 

[155] (also with diameters below the critical value of 500 nm [254]). Since the PPE droplets are 

smaller than those of the other blends, the PPE/SAN interfacial area is increased and, thus, there 

is no excess compatibilizer in the system available to reduce the viscosity due to slipping effects, 

as observed in JP compatibilized blends [155]. Thus, by tailoring the rheological properties of 

the blend, during the extrusion process a blend with customized fine morphology can be 

produced, leading to improved mechanical properties. 

 

 

Figure 60     Absolute shear viscosity of mixed blend (5 wt.% SBM + 5 wt.% JP) compared to 

SBM (10 wt.%) and JP (10 wt.%) compatibilized blends, as well as the neat blend 
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5.4.3 Mechanical properties of mixed blends 

DMA analysis  

Figure 61 summarizes the complex modulus of the mixed blend (JPs + SBM) compared to the 

blends with 10 wt.% compatibilizers and the neat blend. The complex modulus of the mixed 

blend at room temperature is higher than of neat and SBM compatibilized blends, however 

unlike the blend with 10 wt.% JPs, the step correlating to the Tg of JPs is not visible here 

(probably due to lower amounts of them). The behaviour of material above the Tg of SAN is 

similar to what has been discussed in previous sections, and shows that the blend has solely PPE 

droplet morphology. 

 

 

Figure 61     Complex modulus of mixed blend (5 wt.% SBM + 5 wt.% JP) compared to SBM 

(10 wt.%) and JP (10 wt.%) compatibilized blends, as well as the neat blend 

 

Low strain (tensile) properties  

The tensile modulus of the mixed blend is compared to the neat blend and the blends 

compatibilized with 10 wt.% of each JPs and SBM triblock (Figure 62). The increase in modulus 

is attributed to the higher modulus of the JPs. At the same time, the raspberry morphology 

prevents a drop in modulus after compatibilization. According to TEM images and the relative 

thick interface layer corresponding to SBM and JPs at the interface, one can suppose that the 
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possible stress concentration or failure spots are minimized in number. Due to homogenization 

of the morphology, the value of the blend modulus is closer to theoretical value of the blend 

modulus obtained from the rule of mixture. Hence, the mentioned synergistic effects result in 

higher modulus for the mixed blend compared to neat, or compatibilized blends with coarser 

morphologies.  

 

 

Figure 62     Tensile modulus of mixed blend (5 wt.% SBM + 5 wt.% JP) compared to SBM 

(10 wt.%) and JP (10 wt.%) compatibilized blends, as well as the neat blend 

  

Fracture toughness  

The fracture toughness studies in Figure 63 also show an improvement in the KIC value of the 

mixed blend (JPs + SBM) compared to the neat blend, as well as the blends compatibilized with 

10 wt.% of each compatibilizers. Here, the synergistic effects of using both JPs and SBM triblock 

terpolymers could be due to the homogenization of the blend morphology. Also, smaller PPE 

droplets with more flexible interfaces can result in several deformation mechanisms in both 

phases, which will be discussed. Additionally, the thick, strong blend interface result in good 

adhesion of the phases to each other. The SBM triblock terpolymers maintain enough flexibility 

at the interface for effective stress transfer between the phases and generation of multiple 

deformation mechanisms in both phases. 
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Figure 63     Critical stress intensity factor of mixed blend (5 wt.% SBM + 5 wt.% JP) 

compared to SBM (10 wt.%) and JP (10 wt.%) compatibilized blends, as well as the neat 

blend 

 

In order to determine the deformation mechanisms in the mixed blends, the fracture surface 

after KIC measurements is investigated under SEM in Figure 64. In an overview, the main 

deformation mechanism seems to be macro cracks that are extended all over the blend system. 

Figure 64a shows the fractured surface at the starting point of the test. The orange line marks 

the border between the sharp notch produced by the operator (left side of the line), and crack 

propagated under the test conditions (right side of the line). It clearly shows how the small PPE 

droplets as well as the matrix homogenize and show similar crazing due to the strong adhesion 

at the interface. Therefore, differentiation between the phases is not possible. Figure 64b shows 

the PPE droplets and their interface at higher magnifications. Unlike the JP compatibilized 

blends discussed in the previous chapter, here the PPE particles are probably still fully 

embedded in the SAN matrix and make it deform and plasticize. This phenomenon uses up a lot 

of energy and contributes to the increase of the fracture toughness value compared to the other 

blends discussed. 
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Figure 64     SEM images of the fractured surface of mixed blend (5 wt.% SBM + 5 wt.%JP) 

after KIC measurement. The images are from the area right after the crack initiation point 

 

Even though the fracture toughness is an important test that can compare and determine the 

ductility of blend systems, their complex morphology and presence of multiple components call 

for more precise testing methods. Therefore, the blends containing 10 wt.% compatibilizers 

(SBM triblock terpolymers, JPs, and mixed blends), together with the neat blend as reference 

material are chosen for more elaborated FCP tests. The morphological study of fractured 

surfaces at different crack propagation speed gives a wide overview of possible deformation 

mechanisms in raspberry structures depending on the interface flexibility and the droplet size. 
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Fatigue crack propagation (FCP)  

The FCP behaviour of the blend containing both compatibilizers (5 wt.% SBM + 5 wt.% JPs) is 

compared to the neat, SBM, and JP compatibilized blends with 10 wt.% of each compatibilizer 

system (Figure 65). The behaviour of JP compatibilized blends are compared to the neat 

material in detail previously. The SBM compatibilized blend shows an improved FCP behaviour 

in the first and second regions compared to the neat and JP compatibilized blends. SBM 

improves the FCP behaviour in regions I and II, but the steep increase in crack speed in region III 

(similar to the neat blend) shows its low effectiveness in this higher crack velocity range prior to 

fracture. In this third region, the crack propagation rate increases (indicated by the steeper 

slope of the curve) and the SBM compatibilized blend does not show an improved behaviour 

compared to the neat blend. This might be a result of the different morphologies of the neat and 

SBM compatibilized blends with smaller PPE droplets (RPPE;SBM = 670 ± 230 nm compared to very 

large partially co-continuous PPE phase in the neat blend). However, these PPE particles in the 

blend with 10 wt.% SBM are still larger than the ones in JP compatibilized blends (RPPE;JP = 155 ± 

85 nm), and, thus, can contribute to the toughening as the size of the plastic zone and the crack 

propagation rate increases in the first and second regions.  

 

 

 



5 Results  123 

 

 

Figure 65     FCP behaviour of the blends with both compatibilizers (5 wt.% SBM + 5 wt.% 

JPs) compared to the blends with SBM (10 wt.%), JP (10 wt.%), as well as neat blend. The 

zoom in of the threshold region is located on the bottom right side of the graph 

 

Interestingly, the FCP behaviour of the mixed blend is improved in all three regions compared to 

all of the previously discussed blends. Both the threshold region (region I) and the area of 

critical fracture (region III) show significant improvements (43% and 20%, respectively) 

compared to the neat blend (Figure 66), indicating synergistic effects of combining JPs and SBM. 

In addition, similar to the JP compatibilized blends, measurement up to very high crack 

propagation speeds is possible, which confirms the presence of the strong JP mediated linkage at 

the interface. 

 



5 Results  124 

 

 

Figure 66     Stress intensity factor ratio values at the threshold (ΔKth) and critical fracture 

(ΔKcf) regions for mixed blend (5 wt.% SBM + 5 wt.% JP) compared to SBM (10 wt.%) and 

JP (10 wt.%) compatibilized blends, as well as the neat blend 

 

Fractured surfaces of the samples in each relevant region after the FCP tests were analysed via 

SEM to determine the reasons behind observed synergistic effects. Figure 67 shows the neat 

blend in the region I (threshold) and the region III (instable fast crack growth). Here, large PPE 

particles dispersed in the SAN matrix are visible. In both regions, there are large cracks and 

macro deformations (indicated by orange arrows) visible in the blend structure propagating 

mainly in the SAN matrix (Figure 67a, b). At higher magnifications, it is visible that these large 

cracks usually originate from the PPE/SAN interface, where in this case, debonding occurs due 

to the lack of or insufficient linkage between the phases. The debonding occurs partially in the 

first region (Figure 67c), and develops into fully debonded PPE particles in the third region 

(Figure 67d) as the crack propagation speed increases. Additionally, in the first region there are 

embryonal crazes visible on the surface of the PPE domains due to the inherent ductility of this 

polymer (Figure 67c).  

In summary, there are several effective (and strong) deformation mechanisms (macro cracks, 

debonding, and undeveloped embryonal crazing in PPE) in the neat blend that contribute to its 

plastification.  



5 Results  125 

 

 

Figure 67     SEM micrographs of the fractured surface of neat PPE/SAN blend (60/40) at a, 

c) first (threshold) region, and b, d) third (fast and instable crack growth) region after FCP 

 

In the case of the compatibilized blends, the blend morphology strongly depends on both the 

amount and the type of compatibilizer (JP or SBM triblock terpolymer) resulting in different 

toughening mechanisms. Here, different sizes of the PPE domains and different PPE/SAN 

interfaces (JPs vs. SBM triblock terpolymer chains) could play a very important role. While the 

neat blend consists of a random partially co-continuous morphology with inhomogeneous large 

PPE regions, the morphology exclusively turns into PPE droplets dispersed within the SAN 

matrix when a compatibilizer is used [5]. The influence of interfacial adhesion and droplet size 

in dependence of the compatibilizer is discussed. The SBM compatibilized blend results in a 

morphology where the PPE droplets are dispersed within the SAN matrix (RPPE;SBM = 670±230 

nm). The fractured surfaces of this blend in the regions I and III are shown in Figure 68. 

Comparable to the neat blend, the presence of macro deformations and a rough surface 

structure due to macro cracks is visible in the threshold and critical fracture regions (Figure 
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68a, b), respectively. At higher magnifications, spherical PPE droplets are visible in the SAN 

matrix. Due to the elastic nature of the interface (raspberry morphology with elastic PB domains 

at the interface) and its lower stiffness in the interphase region, there are some detached 

particles visible (the holes left behind) even at low crack propagation speeds (Figure 68c). This 

correlates to the elastic properties of the PB middle block of the SBM compatibilizer that tends 

to tear apart upon application of stress instead of crazing [40]. The large cracks also initiate at 

the PPE/SAN interface between the PPE particles and SAN matrix. However, since the PPE 

particle size has decreased, there is more interface available for crack initiation and, thus, the 

increased number of cracks leads to a rougher fracture surface with higher amount of plastic 

deformation in the first region (Figure 68c). This result in an improved FCP behaviour of the 

SBM compatibilized blend (comparable to the material’s toughness) in the threshold region (I) 

(Figure 65). On the other hand, as the crack propagation speed increases, more and more PPE 

particles are detached, and in the last region, since almost all particles are either fully debonded 

or have torn up SBM interfaces (Figure 68d), the behaviour of the blend is very similar to the 

neat blend (with unmodified interface), which also has shown fully debonded PPE particles in 

the critical fracture (third) region and has unmodified interface. Consequently, in case of SBM 

compatibilization, the weaker, elastic PB block at the interface can only withstands small crack 

propagation speeds and influence the material’s behaviour in the first two regions.  

In summary, the deformation mechanisms in SBM compatibilized blends also sum up to macro 

cracks and debonding, which are results of the interface tearing that consumes a lot of energy. 

The SBM compatibilization will result in larger interface (due to smaller PPE droplets) and 

would further increase the consumed energy while tearing and debonding. 
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Figure 68     SEM micrographs of the fractured surface of SBM compatibilized (10 wt.%) 

PPE/SAN (60/40) blend at a, c) first (threshold) region, and b, d) third (fast and instable crack 

growth) region after FCP  

 

For the JP compatibilized blends, the fractured surface after FCP measurement looks quite 

different in both the threshold (first) and the critical fracture (third) regions (Figure 69). In 

both regions, the fine-textured structure of the fractured surface does not indicate any macro 

deformations or pronounced surface roughness after plasticization (Figure 69a, b). The small 

PPE particles are still completely embedded in the SAN matrix, as evidenced by the higher 

magnification images shown in Figure 69c, d. There are some ligaments (Figure 69e, f), where 

JPs link the PPE and SAN phases to each other, available at the interface showing some crazing in 

these regions. However, there is no debonding visible between the phases at both regions. The 

presence of these ligaments at the interface confirms entanglements between the PS and PMMA 

sides of JPs with the PPE and SAN phases, respectively. Consequently, the enhanced adhesion 

between the PPE and SAN phase is caused by the strong JP mediated linkage at the interface of 
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the blends. This is a result of superior interfacial activity of JPs (combination of the Pickering 

effect with the biphasic structure (amphiphilicity) of the JP corona). Therefore, more desorption 

energy is necessary to separate JPs from the PPE/SAN interface as compared to the pure SBM 

triblock terpolymers [138]. Moreover, the entanglement density at the interface is expected to 

be higher than that of blends with SBM. This is due to the fact that there are several PS or PMMA 

chains available on each side of JPs as a result of the crosslinking process, which is known to 

improve the strength of the interface. The JPs provide an increased entanglement density at the 

blend interface that can effectively improve the strength of the interface. The fact that high 

entanglement density, improve the strength have been already studied in literature [255–257]. 

In contrast, for the linear SBM triblock terpolymers, even though they can self-assemble at the 

interface and form multiple bonds, they have a lower interfacial activity as compared to the JPs. 

In the first region (Figure 69e) the craze ligaments at the interface show a clear fibrillation 

where JPs bind the PPE particles to the matrix. The crosslinked PB core of the JPs (which is 

generated during the synthesis process) is stiffer than the elastic PB patch at the interface of the 

SBM compatibilized blend and crazes into long and thin fibrils instead of tearing up. This 

individual craze formation mechanism can compensate for the lack of debonding in the initial 

stage of crack propagation, where the crack grows slowly. As the crack propagation speed 

increases, the stiffer nature of the JPs at the interface hinders further transfer of the force 

between the phases and limits the deformation of either phase. As a result, large amounts of 

fibrils are visible between the PPE particles and the SAN matrix.  
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Figure 69     SEM micrographs of the fractured surface of JP compatibilized (10 wt.%) 

PPE/SAN (60/40) blend at a, c, e) first (threshold) region, and b, d, f) third (fast and instable 

crack growth) region after FCP 

 

The dynamic-mechanical analysis of JPs in Figure 22 shows the influence of partial crosslinking 

on the Tg and stiffness of the PB elastomer block. The partially crosslinked PB core in the JPs has 

a glass transition temperature of around 0 °C which is almost 80 °C higher than that of the non-
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crosslinked PB block in SBM. In addition, the decrease in modulus at its Tg is relatively small. 

Consequently, JPs have a higher modulus due to their semi crosslinked PB core and as a result 

higher stiffness as compared to the SBM triblock terpolymer at room temperature, where the 

FCP behaviour was investigated. Hence, the strong JP mediated linkage at the interface hinders 

chain scission and interface tear up. At the same time, as the crack propagation speed increases, 

the craze fibrils are under stress to stretch further, but cannot due to their lower elasticity. 

Therefore, the rates of deformation of craze tips at the craze/bulk interface decreases and craze 

fibrils turn into crazes. In the third region (Figure 69f), exclusively crazing is observed. At 

higher crack propagation speeds, the stiff interface appears more brittle under stress and the 

size of the crazing area around PPE particles decreases. The strong JP mediated linkage prevents 

debonding and therefore, compared to the neat and SBM compatibilized blends, the FCP 

behaviour and in turn the toughness of the JP blends deteriorates. On the other hand, the 

advantage of the strong bond is that it makes measurements up to very high crack propagation 

rates possible, which is usually not possible for thermoplastic materials due to their high 

ductility. The fact that the material withstands such fast crack propagations again underlines the 

high efficiency and strength of the JPs at the interface; however, on a macro scale they result in 

deteriorated FCP behaviour. To sum up the JPs behaviour, the deformation mechanism here is 

only limited to a small crazing area around the PPE domains, which build fibrils at the interface. 

In order to be able to better visualize Figure 69f in colour, a schematic raspberry structures and 

morphology of the PPE, SAN, and JPs together is shown in Figure 70. 
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Figure 70     Schematic structure of JP (10 wt.%) compatibilized PPE/SAN blends (60/40) 

 

In summary, the stiff JP mediated linkage at the interface promotes crazing and fibrillation of the 

interface area but prevents macro crack formations and debonding; resulting in deteriorated 

material’s behaviour. These macro cracks usually initiate at the interface due to debonding (in 

case of neat), and tearing of the PB middle block (in case of SBM compatibilized blends) shown 

by the holes left behind by the debonded PPE particles, and effectively increase the SAN matrix 

plastification. 

Figure 71 shows SEM images of the fractured surface after the FCP test in the blend containing 

both compatibilizers (5 wt.% SBM + 5 wt.% JPs) in the threshold and the third region. In the 

overview images, both regions show macro deformations with large cracks and a rough surface 

structure indicating massive plastification (Figure 71a, b). On a smaller scale, the blend has an 

apparent continuity and shows a homogenous structure where the PPE particles and the 

interface are not recognizable in the blend structure anymore. However, it is assumed that the 

initiation of these large cracks takes place at the PPE/SAN interface, where SBM triblock 

terpolymer chains are located (Figure 71c, d), i. e., in analogy to the SBM compatibilized blend. 

A closer look at the fractured surface in Figure 71e shows premature broken vertical crazes all 

over the blend surface. In addition, crack bridging is visible for a very long crack of around 10 

µm (orange arrow in Figure 71c). The fibrils (Figure 71e), which are bridging the crack, look 

very similar to the crazing ligaments found at the interface for the JP compatibilized blend in 
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Figure 69e, f. We assume that the very small PPE particles with JP bonds at their interfaces are 

aligned at the sides of the crack (which propagates in the SAN matrix) and promote fibril 

structures between the phases as the crack propagates in the matrix. These fibrils from the 

strong JP mediated linkage can bridge such a long crack through the SAN matrix. This type of 

fibril deformation can consume a lot of energy, which contributes to the improved performance 

in crack growth and thus material’s toughness. This is a very effective deformation mechanism 

that contributes to the improved behaviour of the blend in the threshold region (region I). In 

region III, where the crack propagates faster (Figure 65), the undeveloped vertical crazes would 

further grow into shear bands and promote massive plastic deformation all over the surface 

(Figure 71f). Therefore, the deformation mechanisms contributing to the improved FCP 

behaviour of this blend system include macro cracks, embryonal crazes all over the surface due 

to fine morphology and homogenization, interface fibrillation, and crack bridging. 
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Figure 71     SEM micrographs of the fractured surface of the mixed PPE/SAN (60/40) blend 

(5 wt.% SBM + 5 wt.% JP) at a, c, e) first (threshold) region, and b, d, f) third (fast and 

instable crack growth) region after FCP 

 

Figure 72a, shows the areas where the large macro cracks that consume lots of energy are 

originated. One can say that even though strong adhesion between the phases results in 

homogenization of the blend morphology and embryonal crazing in both phases (Figure 72b), 

there are still available defect points where these cracks can originate from. 
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Figure 72     SEM micrographs of the fractured surface of the mixed PPE/SAN (60/40) blend 

(5 wt.% SBM + 5 wt.% JP) after FCP measurements: a) areas where macro cracks are 

originated, b) embryonal crazes in both phases and blend homogenization 

 

These multiple mechanisms are only possible by combining the strong JP mediated linkage at 

the interface with the high elasticity of the PB middle block in the SBM triblock terpolymer, 

which can promote formation of macro cracks, in the fine, homogenous morphology of the 

blend. The direct result of these synergistic effects is the improvement of the materials crack 

propagation resistance in all three regions.  

 

5.4.4  Conclusion 

Enhanced macro mechanical properties are induced when a combination of JPs and a linear SBM 

triblock terpolymer are used together as compatibilizers. Synergetic stabilization capabilities of 

JPs and SBM triblock terpolymer mixtures are proven as the morphology of the blend 

compatibilized with mixed materials shows the smallest PPE droplets with RPPE = 100 ± 50 nm. 

Rheological characterizations correlate the fine, homogeneous morphology of the blend to its 

high viscosity, and as a result increased shear forces during the process. In addition, the lack of 

slipping effects generated by excess JPs in the system (as discussed previously) further 

contributes to the finer morphology. Similar to the JP compatibilized blends, here also DMA 

analysis confirmed the solely droplet morphology and absence of the semi-continuous structure 

in blend morphology. Investigation of the mechanical properties confirmed simultaneous 

increase in the tensile modulus as well as the fracture toughness, KIC, (45 % and 18 % compared 

to neat blend, respectively) of the mixed blend compared to both blends compatibilized with 

only JPs or SBM triblock terpolymers. FCP measurements of the blend material allow insights 
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into the important role of interface stiffness and flexibility influencing the underlying 

deformation mechanisms. With the knowledge that the elastic PB block is also needed at the 

interface to improve the FCP behaviour (especially at low crack propagation speeds), the mixed 

blend is compared to the blends compatibilized with each 10 wt.% of SBM triblock terpolymers 

or JPs.  The mixed blend shows improved FCP behaviour in all three regions (43 % in the 

threshold and 20 % in the critical fracture region compared to neat blend). Different 

deformation mechanisms are acting at the same time during fatigue crack propagation. Macro 

crack development, crack bridging, embryonal crazing all over the surface, and at higher crack 

speeds additionally shear yielding are observed. The SBM compatibilized blend shows improved 

behaviour compared to the neat blend only in regions I and II. This was attributed to the tearing 

of the elastic PB middle block at higher crack propagation speeds (in region III). In case of the JP 

compatibilized blends, extreme crazing and fibril formation around the interface area was 

attributed to the partially crosslinked PB block and, thus, higher stiffness of the JPs compared to 

the SBM triblock terpolymer. The strong JP mediated linkage at the blend interface is promoted 

by the high interfacial activity of these particles and hinders debonding of the PPE particles from 

the SAN matrix and initiation of macro cracks which can consume a lot of energy. These macro 

cracks usually initiate at the interface due to debonding (in case of neat), and tearing of the PB 

middle block (in case of SBM compatibilized blends) shown by the holes left behind by the 

debonded PPE particles, and effectively increase the SAN matrix plastification. The improved 

fatigue crack propagation behaviour of the immiscible blends is achieved through the presence 

of both an elastic (attributed to the soft PB part in the SBM triblock terpolymer) and a stiff 

linkage (caused by the JPs) between the phases at the blend interface.  

Figure 73a-f summarizes schematically the deformation mechanisms during da/dN 

measurements for different blend systems. Macro cracks in the matrix (Figure 73a) happens in 

neat and SBM compatibilized blends. Molecular crazing (Figure 73b) mainly appears in neat 

and JP compatibilized blends. Tearing of the PB middle block (Figure 73c) happens only in the 

SBM compatibilized blends, whereas fibrillation of the JP mediated linkage at the interface 

(Figure 73d) appears in the JP compatibilized blends. The blend compatibilized with both SBM 

and JPs show all of the mentioned deformation mechanisms plus shear yielding all over the 

matrix (Figure 73e), and crack bridging (Figure 73f). Therefore, it shows best FCP behaviour 

compared to the other blends mentioned which proves the synergistic effects of combining the 

JPs with SBM triblocks. 
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Tailoring blend morphologies with multiple compatibilizer systems is proven to lead to 

synergistic effects of the macro-mechanical properties and improved mechanical behaviour in 

immiscible polymer blends. Understanding these basic relationships between the blend recipe 

and the used compatibilizer systems allows targeting desired materials properties and may act 

as a helpful toolbox for potential applications. 
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Figure 73     Schematic overview of deformation mechanisms in blend systems: a) macro 

cracks in the matrix, b) molecular crazing, c) droplet debonding as a result of interface 

tearing, d) JP mediated linkage (JP fibrils at the blend interface), e) crack bridging, f) shear 

yielding (shear bonds)  
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6 Summary and Outlook 

6.1 Summary 

Novel Janus particles show great potential in the compatibilization of technically relevant, 

immiscible PPE/SAN polymer blends. They are more effective than state of the art SBM triblock 

terpolymers in terms of homogenizing the morphology and reducing the PPE droplet size, as 

well as preventing the formation of micelles within the PPE and SAN phases. The small PPE 

droplets, which form a disperse phase, are ca. 150 nm in radius and are densely packed in the 

SAN matrix. Unlike expectations, at PPE weight contents of 50 % and higher (up to 70 %), PPE 

phase still forms droplets in the SAN matrix. The much higher viscosity of PPE compared to SAN 

and the large viscosity ratio of the blend is responsible for this droplet morphology formation.  

The high viscosity mismatch also causes a second plateau of the complex modulus (obtained via 

DMA analysis) after Tg of SAN. The rheological characterization of the blends confirms the 

effective compatibilization with JPs and increase in the blend viscosity. The JPs are exclusively 

located at the PPE/SAN interface and form a raspberry structure that prevents any decrease of 

the modulus in the compatibilized blends. Nevertheless, because of the higher Tg of the 

crosslinked PB core in the JPs compared to the PB block in SBM triblock terpolymers, a further 

increase in the modulus of the JP compatibilized blends is also observed below the Tg of the PB 

block. Fracture mechanics investigation of the blends shows that due to the stiff nature of JPs, 

and as a result a stiffer interface, major deformation mechanisms such as formation of macro 

cracks are hindered. Deformation in JP compatibilized blends is limited to craze formation 

around the small area at the interface between PPE and SAN. Therefore, even though the larger 

number of droplets (and their smaller size) increases the blend interface and shows excellent 

adhesion, it makes the blend system unable to generate large cracks. The large cracks are usually 

generated at the points where PPE droplets are detached from the matrix, which in case of JP 

compatibilized blends can not happen due to the strong JP mediated linkage at the interface. 

Furthermore, the raspberry morphology prevents the deformation of a ductile PPE phase. In an 

attempt to tailor a blend with improved toughness and fatigue crack propagation behaviour, the 

JPs and SBM triblock terpolymers are both used as compatibilizers. Each compatibilizer leads to 

unique advantages in the blend structure and its properties. Hence, their combination results in 

finer blend morphologies with thick interfaces. The small size of PPE droplets, together with the 

combination of elastic and strong interfaces enables several effective deformation mechanisms 

in the blend during fracture toughness and FCP measurements. Therefore, it is proven that 



6 Summary and Outlook  139 

 

combining both compatibilizers results in multiple, synergistic improvements in different 

properties compared to the neat blend as well as the blend components.  

 

6.2 Outlook 

6.2.1 Nanocellular foams from JP compatibilized blends 

Foaming polymer blends has a high potential for better control over properties such as the size 

of the cellular structure, open or closed cell content, etc., as well as foam density [258–260]. 

Depending on their properties, foams can be used in applications such as energy absorption, 

thermal and acoustic insulation and packaging. Recently, polymer foams have received more 

attention due to their lightness, that promotes material saving and other positive environmental 

aspects. Foaming polymer blends can be very challenging due to their complex nature and 

several parameters influencing the foaming behaviour of the involved compounds. Especially in 

terms of immiscible polymer blend systems, the foaming process is strongly influenced by the 

morphology and the interactions between the phases. The influence of different linear SBM 

triblock terpolymers on the foaming behaviour of PPE/SAN blends using different blowing 

agents has been previously investigated [261–263]. They could either achieve low foam 

densities of about 200 kg/m3 with large cell sizes using solvents like ethanol and pentane as 

blowing agents, or nanocellular foams with large densities of 600 kg/m3 using CO2 as blowing 

agents. Heterogeneous nucleation, which is favoured to produce a more homogenous, finer foam 

structure, can occur at the interphase between the two blend phases [260,264]. During the 

nucleation and foaming process the dissolution of the blowing agent in the highly viscous PPE 

phase does not lead to foaming, but most likely interfacial enrichment of CO2 between the PPE 

and SAN [262]. Also, differences in the glass transition temperature of amorphous polymers can 

be used in the batch process for selective foaming of one phase, which was studied more 

intensely by Ohshima et al. [265–267]. The compatibilizer in immiscible blend systems reduces 

the stress at the interface, affecting the interfacial tension, the foaming behaviour of the blend 

components and the foam morphology [53,107,108,110,113,117,221,253,254,255].  

With this background, the effect of Janus particle compatibilization on the morphology and 

density of PPE/SAN polymer blend foams is highly interesting. Since these particles provide 

finer morphologies compared to the other compatibilizers and have higher interfacial activities, 

it is interesting to investigate their effect during the complex foaming process in blends. Some 
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preliminary studies have been performed and the detailed discussion of the results are given in 

the published article by the author [270]. However, the topic has high potentials and many more 

aspects that can be the subject of future studies are yet to be studied. Few points are discussed 

briefly below, however, they are only preliminary studies to initiate further questions for the 

follow up work. 

In summary, immiscible PPE/SAN blends (60/40 w/w) compatibilized with JPs were foamed 

using CO2 as physical blowing agent. The small PPE domains in the compatibilized blend could 

act as potential nucleating sites during foaming and provide a homogenous foam structure with 

small cells. The sorption measurements showed that the carbon dioxide solubility in the solid 

blend at room temperature increased with adding up to 2 wt.% of JPs. This is due to an extra 

surface generated by crazes at the interface. JP mediated linkage at the blend interface act as 

stress concentration points and after CO2 absorption (that causes swelling) would fail and cause 

crazes in the material. These crazes provide extra free volume that results in higher solubility of 

the gas in the polymer blend. In the case that the PPE/SAN interface is densely covered by JPs (5 

and 10 wt.% of JPs), the stress concentration points where these cracks could have initiated did 

not exist and therefore a lower free volume caused the CO2 solubility to decrease. Figure 74 

shows the schematic explanation of the proposed theory. The diffusion coefficient shows a 

similar trend and decreases with 5 and 10 wt.% of JPs, due to the barrier effect of the partially 

crosslinked PB middle block in the compatibilizer. 

 

 

Figure 74     Effect of raspberry morphology on the CO2 sorption behaviour of PPE/SAN 

blends: stress concentration at areas marked by red arrows leads to micro crazes in CO2 

loaded blends with 1 and 2 wt.% JPs, where as the strong Jp mediated bond in blends with 

full raspberry structure prevents the formation of micro crazes 

 

The average foam cell size decreased with increasing the amount of JPs, due to the fact that 

smaller PPE domain sizes provide an increased number of foam nucleation sites for foaming. JPs 
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can also initiate cell nucleation in blend foams and due to their strong linkage (JP mediated 

linkage discussed in 5.3.3) between the phases during foaming, fibril-like structures were 

produced, resulting in foams with partial open cell contents (Figure 75). The open cell 

structures resemble spider web morphologies, where the JPs are linking the blend phases 

together. 

  

 

Figure 75     SEM micrographs of PPE/SAN compatibilized with 10 wt.% JP showing open 

cells and spider webs (foamed at 140 °C for 10 s with density of 650 kg/m3), the 

magnification shows a small PPE domain (round particle) attached to the SAN matrix by JPs 

 

The lowest cell size (900 nm) with a homogeneous cell structure was achieved in the blend 

compatibilized with 5 wt.% JPs. The addition of more JPs (10 wt.%) led to densely packed PPE 

domains with very small inter-domain distances hindering further foam growth. Figure 76 

compares the cellular structure of the blends with 2 and 10 wt.% JPs (foamed at 140°C for 10s) 

as an example. In case of an insufficient coverage of the interface by JPs, the cellular structure is 

strongly bimodal and inhomogeneous. Larger cells correspond to SAN areas that have a lower 

viscosity and can expand better, and the smaller cell sizes represent PPE regions (Figure 76a). 

In case of the blend with 10 wt.% JPs, due to complete adhesion of the phases and the JP 

mediated linkage, both phases can foam together, which results in a more homogenous cellular 

structure (Figure 76b). 
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Figure 76     Cellular structure of PPE/SAN (60/40) foams with a) 2 (density of 535 kg/m3) 
and b) 10 wt.% JPs (density of 650 kg/m3) 

 

The minimum foam density was achieved with the PPE/SAN (60/40) blend containing 2 wt.% 

JPs (535 kg/m3), which contains cells with a diameter of 1.7 µm. In this case, the SAN phase is 

predominantly foamed into larger cell sizes due to the weak attachment of the PPE phase to it. In 

the end, it is concluded that a foaming temperature of 140 °C and foaming time of 10 s is the best 

combination to obtain homogeneous foams of PPE/SAN blends compatibilized with JPs, with a 

very small cell sizes of 1.8-0.9 µm but at relatively high densities of 350 – 650 kg/m3. Figure 77 

summarizes the densities and cell sizes of JP compatibilized blend foams at optimum processing 

conditions. 
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Figure 77     Correlation of mean cell size and foam density with a focus on the effect of 

compatibilization of PPE/SAN blend with JPs 

 

One can conclude that the use of highly interfacial active JPs as compatibilizer promotes a better 

nucleation compared to the neat blend during foaming. At the same time, the strong binding of 

the JPs at the interface would allow for production of open cellular foam structures. Even though 

these results give a first positive impression of the role of JPs during foaming, the role of having 

both JPs and SBM triblock terpolymers in the blend may lead to synergistic effects similar to the 

ones observed in case of fracture toughness behaviour of the materials. Hence, further studies in 

this area would be of high interest. 

 

6.2.2 Different JPs and JP modified structures 

Beside symmetrical JPs used in this work, there has been many advances regarding synthesizing 

JPs with unsymmetrical geometries, and other complex compartmentalized nanostructures 

[133,136]. It is expected that the use of Janus nanoparticles with unequal-sized volume ratios of 

the corona hemispheres (Janus balance) could result in even smaller droplets than the ones 

reported in the current study. Synergetic effects of JPs in combination with other conventional 

compatibilizers, especially JPs with Janus balance in favour of the stabilizing patch is an 
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interesting case study that can be followed. Ruhland et. al investigated the self-assembly 

behaviour of Janus particles with different geometries at a liquid-liquid interface. They have 

shown that Janus particles with different geometries such as cylinders and discs (Figure 78) 

have even higher interfacial activities than the spherical particles used in this study [154]. 

Therefore, it is of high scientific interest to study them as compatibilizers during melt blending. 

However, currently the bottle neck in conducting such research would be synthesizing such 

particles on a larger scale in order to be able to test them under industrially relevant conditions. 

Effect of such novel particles on the melt blending process, rheological, morphological, and 

mechanical properties of different polymer blends is of high scientific interest.  

Additionally, these multicompartment structures could be patched on fillers such as carbon 

nanotubes to improve their dispersion in polymer blends [271]. It has been shown that self-

assembled worm like micelles with patchy PS/PMMA coronas have interfacial activities 

comparable of Janus cylinders [272]. Using similar patchy coronas on carbon nanotubes would 

lead to multi functionality of fillers in polymers where compatibilization and reinforcement are 

addressed simultaneously. These particles and their behaviours in PPE/SAN blends could also 

be an interesting topic to follow. 

 

 

Figure 78     Overview of possible Janus architectures and their correlating packing 

behaviour at liquid/liquid interfaces [154] 
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