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ABSTRACT 

In real technological processes, both shear and elongational flow is present. The material properties 

may differ significantly under both types of flow. Hence, they both define the final morphology and 

thus properties of the materials. In this work, the morphology of immiscible blends containing polymer 

hybrid particles was related to extensional rheological properties for the first time. The effect of 

various lengths of polymer brushes grafted from graphene oxide particles (𝐺𝑂) surface was 

investigated. As a polymer matrix the immiscible blend of poly(methyl methacrylate)/styrene-co-

acrylonitrile (𝑃𝑀𝑀𝐴/𝑆𝐴𝑁) was used. Thus the poly(methyl methacrylate) (𝑃𝑀𝑀𝐴) brushes grafted 

from 𝐺𝑂 (GO-g-PMMA) with various number average molar masses (𝑀𝑛) of 𝑃𝑀𝑀𝐴 brushes with 

respect to chain entanglement limit of freely dispersed 𝑃𝑀𝑀𝐴 were prepared. The extensional 

rheological properties were affected by Mn of PMMA brushes, while the rheological properties in shear 



were unchanged. Transmission electron microscopy revealed the compatibilization effect for short 

densely grafted brushes with Mn of 10,300 g/mol, as smaller domains were observed. On the contrary, 

the higher 𝑀𝑛 𝑃𝑀𝑀𝐴 brushes facilitated coalescence. With increasing length of brushes, the 

elongational viscosity at low elongation rates (~ < 0.1 s-1) decreased, which facilitated the 

coalescence. The increase of viscosity at higher elongation rates (~ > 0.1 s-1) was not sufficient enough 

to cause fiber breakup and thus elongated domains were formed. 

 

Keywords: PMMA/SAN blends, immiscible blends, polymer brushes, SI-ATRP, graphene oxide, 

elongational rheology, rheotens 

 

1. Introduction 

Polymer blending is a technological approach that enables the preparation of materials with novel 

properties, improved processability, reduced costs, or utilized recycled materials. The majority of the 

polymers are immiscible, therefore, in the blends, the phase separation occurs, and various 

morphologies are formed [1]. The morphology determines the final properties of the blends therefore; 

its control is a crucial factor to design novel materials. 

The morphology is determined by composition, interfacial tension, processing condition, time, and 

viscoelastic properties of the melt. In common technological processes, such as melt blending or 

extrusion, both shear and elongation flow occur. It was revealed, that viscoelastic properties in shear 

and elongational flow may differ significantly [2]. This difference was observed to be pronounced in 

the case of polymers with branched structure due to multiplied entanglements [3]. 

The effect of hybrid compatibilizers on rheological properties in the elongational flow of immiscible 

polymer blends has not been investigated so far. The compatibilizers are used to control the polymer 

blends morphology through the reduction of the interfacial tension [4]. The hybrid compatibilizers 

have been intensively studied in recent years. They are formed of particle core and polymer shell. The 

particles’ core can bring additional properties to the blend, it can provide electrical conductivity or 

impart magnetic properties to the blend, depending on the particle nature. It should be noted that 

also neat particles were used as compatibilizers [5,6]. However, the surface modification brings 

advantages in better particle dispersion, distribution, and tailored location [7-12]. The modification of 

particles can be performed prior to the composite blending or in-situ, where polymers are grafted to 

particles during the melt blending [13-15]. The synthesis of well-defined hybrids particles using 

reversible deactivation radical polymerization (𝑅𝐷𝑅𝑃) techniques provides polymer shells designed in 

variety of architecture. They are the most widely used techniques of particle surface modification. The 

RDRP enables the preparation of the polymer brushes with precisely defined architecture including 

molar mass, topology, and grafting density [16]. Thus, to tune the interactions between the freely 

dispersed chains of the blend matrix, the polymer brushes were tethered to particles. 

Compared to neat particles, the particle polymer hybrids were reported to show significant effect on 

the polymer blend performance, such as electrical conductivity [17], thermal stability of the blend 

structure [18,19], mechanical properties including toughness or damping properties [20,21]. The 

compatibilization effect manifests in morphological stability against coalescence, which usually occurs 

during processing. As mentioned above, the shear and elongational flow occur in these processes, 

however, no studies providing information on how the molar mass of polymer chains tethered on the 



surface of hybrid compatibilizers affects the rheological properties of the polymer blends in uniaxial 

flow are available so far. 

Therefore, in our study, the rheological flows of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend in ratio of 80/20 were investigated 

in the absence and presence of graphene oxide modified by 𝑃𝑀𝑀𝐴 brushes with various lengths of 

𝑃𝑀𝑀𝐴 chains tethered on the 𝐺𝑂 surface. The findings were correlated with morphological analysis 

by transmission electron microscopy. The graphene oxide was grafted using surface-initiated atom 

transfer radical polymerization (𝑆𝐼 − 𝐴𝑇𝑅𝑃) of methyl methacrylate under various monomer-to-

initiator ratios to modulate the molecular weight of 𝑃𝑀𝑀𝐴 brushes. It was revealed that polymer 

brush molecular parameters play a significant role in compatibilization efficiency. 

 

2. Materials and methods 

2.1. Materials 

Graphite powder (synthetic, <20 𝜇m) was received from Sigma Aldrich. Fuming nitric acid (HNO3), 

potassium chlorate (KClO3) and hydrochloric acid (𝐻𝐶𝑙), triethylamine (TEA, ≥99%), 1,1,4,7,10,10-hex-

amethyltriethylenetetramine (HMTETA, 97%), copper (I) chloride (CuCl, ≥99.995%), copper (II) 

chloride (CuCl2, ≥99.999%), ethyl a-bromoisobutyrate (EBIB, 98%), 𝛼-bromoisobutyryl bromide (BiBB, 

98%) were supplied by Sigma Aldrich (USA). Methyl methacrylate (MMA, ≥99%), was also received 

from Sigma Aldrich (USA) and purified by passing through the column filled with basic aluminum oxide. 

Solvents: tetrahydrofurane (𝑇𝐻𝐹), N,N-dimethylformamide (𝐷𝑀𝐹), acetone (99.5%), anisole and 

diethyl ether were purchased from POCH S.A. (Poland). The poly(methyl methacrylate) matrix (PMMA 

205) was purchased from Chi Mei (China), poly(styrene-co-acrylonitrile) (SAN Luran 388 S, 32 wt % 

acrylonitrile) was kindly provided by 𝐼𝑁𝐸𝑂𝑆 Styrolution (Germany). 

 

2.2. Methods 

2.2.1. Synthesis 

The graphene oxide particles were prepared according to the modified Brodie method. The procedure 

was adopted from the literature [22]. The 𝐴𝑇𝑅𝑃 initiator BiBB was introduced onto 𝐺𝑂 surface via 

esterification according to the procedure described elsewhere [23]. The grafting of PMMA from GO-Br 

surface was performed according to the general procedure as followed: The solid reagents GO-Br (100 

mg), CuCl2 (0.014 g, 0.105 mmol) and CuCl (0.024 g, 0.245 mmol) were added to Schlenk flask. The flask 

was closed, evacuated and back filled with argon three times. The liquid reagents were purged with 

argon and then added to Schlenk flask under argon flow: EBIB (0.067 mmol, 0.098 mL), HMTETA (0.351 

mmol, 0.096 mL), MMA (0.14 mol, 15 mL) and anisole (15 mL). Then the reaction flask was immersed 

in an oil bath heated to 80 °C. The reaction was stopped after 6 h by opening the flask and diluting the 

reaction mixture with acetone. The GO-g-𝑃𝑀𝑀𝐴 hybrid was purified by filtration. The diluted reaction 

mixture was passed through 0.45 im 𝑃𝑇𝐹𝐸 filtration membrane and washed with acetone (100 mL). 

Then the product was dispersed in DMF (50 mL), filtered and washed with acetone. This procedure 

was repeated twice. Finally, the product was washed with diethyl ether and dried in a vacuum oven at 

40 °C and 10 mbar overnight. 

 

  



2.2.2. Preparation of polymer blends 

𝑃𝑀𝑀𝐴, 𝑆𝐴𝑁 as well as filler were dried before processing, 60 °C at 20 mbar overnight. The blends 

were prepared by melt mixing using internal mixing device Mixer N50 (Brabender GmbH & Co. KG, 

Germany) at 150 ° C, and rotor speed 45 rpm. The 50 g of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 in weight ratio of 80/20 was 

added to preheated chamber followed by the addition of filler. The melting stopped after approx. 9 

min, when torque reached a constant value. 

 

2.2.3. Characterization 

Molecular parameters of 𝑃𝑀𝑀𝐴 grown from free initiator: number average molar mass (𝑀𝑛) and 

distribution of molar masses (Đ), were determined using gel permeation chromatography (𝐺𝑃𝐶). 𝐺𝑃𝐶 

measurements were conducted with a Wyatt instrument equipped with one guard column and two 

columns from 𝑃𝑆𝑆, differential refractometer. 𝐷𝑀𝐹 with the addition of 10 mg/L LiBr was used as an 

eluent, the flow rate equals to 1 mL/min and the measurement temperature was 45 °C. 𝑃𝑀𝑀𝐴 

standards were used for calibration. 

The content of the organic fraction in GO-g-𝑃𝑀𝑀𝐴 hybrids was determined by thermogravimetric 

analysis (𝑇𝐺𝐴) performed using TGA/ DSC1 equipment from Mettler Toledo LLC (USA). Hybrids were 

heated in the temperature range from 25 °C to 600 °C with a heating rate of 10 °C-min-1, under argon 

atmosphere. 

The morphology of the samples was visualized by transmission electron microscopy (𝑇𝐸𝑀) using a 

microscope Tecnai G2 Spirit Twin (FEI; Czech Republic). The ultrathin sections for TEM analyses were 

prepared by ultramicrotomy at room temperature (ultramicrotome Ultracut UCT; Leica, Austria). The 

prepared sections were stained in RuO4 vapors for 2 h in order to increase contrast of the minority 

𝑆𝐴𝑁 phase. The stained samples were observed in 𝑇𝐸𝑀 using bright field imaging at the accelerating 

voltage of 120 kV. 

The shear viscosity of the prepared samples was characterized using a rotational rheometer Anton-

Paar MCR 502 at 210 °C under normal pressure in an inert nitrogen atmosphere. Measurements have 

been performed with 25 mm parallel-plate measuring system oscillating at constant 1% deformation 

(defined from the measured linear viscoelastic regime) with angular frequency sweep decreasing from 

300 s-1 to 0.0125 s-1 and vice versa to verify the thermal stability of the sample. The error of the 

measurement was less than 5%. 

The uniaxial extensional viscosity of the prepared samples was characterized using a high-pressure 

capillary rheometer Goettfert Rheograph 𝑅𝐺 50 with a Rheotens device at 210 °C. During the 

experiment, a polymer melt strand was extruded through a capillary with a length of 20 mm and a 

diameter of 2 mm at constant piston speed equal to 0.25 mm-s-1. Such extruded melt strand was then 

drawn by a pair of rotating wheels with a corrugated surface, which are fixed to a very sensitive balance 

system. The distance between the end of the capillary and the center of wheels describes a strand 

length (length of spinline) that was set to 100 mm for all the performed experiments. Then, the 

drawdown velocity was linearly increased from an initial speed of 14.1 mm-s-1 with a constant 

acceleration rate of 5 mm s-2 until the extended polymer strand breaks at a certain speed. Then, 

drawdown force as a function of drawdown velocity is reached and such an experiment is then 

repeated at least five times. With the help of this record, the melt strength (determined from the 

achieved maximum force of the drawn melt) and drawability (determined from the achieved maximum 

wheels speed before the melt strand break) can be defined. Finally, uniaxial extensional viscosity is 



evaluated according to the set of equations derived from the Wagner model [24]. It should be noted 

that Wagner model considers shift factor depending on capillary L/D ratio, length of spinline, and either 

die exit velocity and various melt temperature or wall shear stress. However, in this work, the approach 

of determining the elongational viscosity is based only on the uniform processing conditions defined 

above. 

Sample preparation for rotational rheology measurements was performed using hot pressing at 210 

°C under 10 MPa pressure for 7 min (plus 7 min preheating) to obtain sheet of 1 mm thickness. The 

samples in the form of disks of 25 mm diameter were cut from the sheet using laser saw. In case of 

capillary rheology, samples were prepared in the form of solid polymer pellets or pieces by cutting of 

the sheets prepared by hot press. Before all rheological measurements, samples were dried at 80 °C 

at 15 mbar overnight. 

 

3. Results 

3.1. Synthesis of GO-g-PMMA hybrids 

The GO-g-PMMA hybrids were synthesized under SI-ATRP conditions. PMMA brushes of different Mn 

were prepared. The molecular parameters of brushes tethered on the GO-g-PMMA hybrids can be 

found in Table 1. Based on the 𝑇𝐺𝐴 analysis (see Fig. S1), the content of polymer in GO-g-PMMA was 

estimated. The polymer decomposition interval was observed between 230 °C and 430 °C. The content 

of the polymer was estimated to be 27 wt %, 27 wt % and 34 wt % for GO-PMMA10, GO-PMMA18, and 

GO-PMMA37 hybrids, respectively. The knowledge of the amount of grafted polymer and surface area 

of GO (BET analysis, 9.04 m2 g-1 [18]) enables to calculate a grafting density according to the literature 

[18]. In all hybrids the grafting density was high enough to expect stretched polymer brushes [16]. 

The range of Mn of PMMA brushes was designed to generate either physical interface interactions of 

the low 𝑀𝑛 brushes hybrids with matrix or entanglements between high 𝑀𝑛 brushes and polymer 

matrix chains. Freely dispersed 𝑃𝑀𝑀𝐴 chains are known to form entanglements above reaching 𝑀𝑛 

of 16,000 g mol-1 [25]. The molar mass of matrix blend components 𝑃𝑀𝑀𝐴 and 𝑆𝐴𝑁 was characterized 

by 𝐺𝑃𝐶 in 𝐷𝑀𝐹 on 𝑃𝑀𝑀𝐴 and 𝑃𝑆 standards, respectively. 𝑀𝑛of 𝑃𝑀𝑀𝐴 was 40,200 g/mol and Đ  3.92, 

𝑀𝑛 of 𝑆𝐴𝑁 was 152,400 g/mol and Đ 2.00. Both polymers allow to form entanglements. 

 

Table 1 Molar ratios of reagents, reaction conditions, and monomer conversion determined by 1H 𝑁𝑀𝑅; records of number 

average molar mass (𝑀𝑛) and dispersity (Đ) determined by the 𝐺𝑃𝐶 of free polymers and polymer content of the prepared 

hybrids determined by 𝑇𝐺𝐴. In all reactions EBiB:CuCl:CuCl2:HMTETA = 0.95:0.35:0.15:0.5 was used and the reactions were 

performed at 80 °C. 50 vol % of anisole as solvent was used in all reactions except GO-PMMA37, where 30% was added. 

*Determined by 𝐺𝑃𝐶 of 𝑃𝑀𝑀𝐴 chains grown from the sacrificial initiator (𝐸𝐵𝑖𝐵). 

 

The situation becomes more complex when polymers are attached to surfaces. Then the limit of 

entanglement is shifted to higher 𝑀𝑛. The two conformational regimes were suggested for the polymer 

brushes grafted from spherical particles, the stretched chains and relaxed chains conformation for 

which the entanglements are possible. The transition from stretched chains to relaxed chains occurs 



at a certain distance from the particle core. The distance is increasing with the diameter of the particle 

core, grafting density and decreases with excluded volume [16]. In the case of planar surfaces, more 

conformations are possible. Too densely grafted chains are not able to form entanglements even at 

high 𝐷𝑃 when grafted from planar surfaces. However, it can be assumed, that the relaxed 

conformations are preferably closed to the edges of the particles, and thus entanglements can be 

present to some extent there. 

The polymer blends with identical concentration of GO-g-PMMA hybrids, 0.5 wt % were prepared. 

Considering the polymer content in GO-g-PMMA hybrids, 0.37 wt % (187 mg) of 𝐺𝑂 was used for 

preparation of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend filled with unmodified 𝐺𝑂 as a reference sample. 

The low concentration of the particles was selected to obtain systems, where elongation flow will be 

affected while the shear properties would be affected minimally. It was already described with 

literature by using copolymers as compatibilizers [26]. The effect of unmodified two-dimensional filler 

was investigated mostly in the concentrations up to 1 wt % [5,8] and even when the studies were done 

in the range of 1-9 wt%, it was concluded that the lowest studied concentration of 1 wt% was sufficient 

to observe the effects [6]. Recent studies with modified GO-g-PS were also done at 0.5 wt% of filler 

loading [20]. Therefore, in this study the same filler concentration was used and the attention was paid 

on the effect of the length of grafted polymer chains. 

 

4. Morphology and particle location 

The 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blends can be miscible and immiscible depending on the composition and 

temperature. If 𝐴𝑁 units content in 𝑆𝐴𝑁 is in the range of 9-30 wt%, the blend is miscible [27]. In this 

study, the content of 𝐴𝑁 in 𝑆𝐴𝑁 corresponded to 32 wt% and 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 ratio was 80/20. The final 

blends were immiscible and all systems exhibited particulate morphology, as proved in Fig. 1. We note 

that the samples were stained with RuO4 vapors, which colored the minority 𝑆𝐴𝑁 phase dark. 

The morphology of all 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 systems is summarized in Fig. 1. The neat 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend 

exhibited a fine and homogeneous structure (Fig. 1a-c). The addition of non-modified 𝐺𝑂 as well as 

the addition of 𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 𝐺𝑂 − 𝑃𝑀𝑀𝐴37 hybrids (with longer 𝑃𝑀𝑀𝐴 chains grafted on 𝐺𝑂 

surface) resulted in the blends with bigger domains (Fig. 1d-f and Fig. 1j-o). In contrast, the addition of 

𝐺𝑂 − 𝑃𝑀𝑀𝐴10 hybrid (with shorter 𝑃𝑀𝑀𝐴 chains) displayed finer morphology (Fig. 1g-i). This effect 

was connected with the localization of the filler, as discussed below. 

The neat, non-modified 𝐺𝑂 particles were always found in 𝑆𝐴𝑁 phase as illustrated in Fig. 2a. They 

tended to form agglomerates of variable sizes, ranging from quite small to substantially larger, as 

documented in Fig. 2a. The location of GO-g-PMMA hybrids was affected by the brush length. The 

𝐺𝑂 − 𝑃𝑀𝑀𝐴10 hybrids (with the shortest 𝑃𝑀𝑀𝐴 brushes) were mostly at the 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 interface 

as exemplified in Fig. 2b. Due to the shape of the two-dimensional particles, not whole their surface 

was at the interface, part of the particles was also localized in the 𝑃𝑀𝑀𝐴 phase. With increasing molar 

mass of 𝑃𝑀𝑀𝐴 brushes the GO-g-PMMA particles appeared both on the 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 interface and 

in 𝑃𝑀𝑀𝐴 phase, as evidenced in Fig. 2c. The micrographs in Fig. 2 show representative images, but it 

should be mentioned that the filler occasionally formed quite large agglomerates in the micrometer 

scale, especially in the case of non-modified 𝐺𝑂 platelets and, to a lesser extent, also in the systems 

with 𝐺𝑂 platelets with longer 𝑃𝑀𝑀𝐴 brushes (𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 𝐺𝑂 − 𝑃𝑀𝑀𝐴37).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. 𝑇𝐸𝑀 micrographs showing the morphology of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 80/20 blend and its composites: (a-c) neat 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 

blend, (d-f) composite with unmodified 𝐺𝑂, (g-i) composites with GO-g-𝑃𝑀𝑀𝐴 hybrids 10,300 g/mol, 𝐺𝑂 − 𝑃𝑀𝑀𝐴10, (j-l) 

composites of GO-g-PMMA hybrids 17,800 g/mol, 𝐺𝑂 − 𝑃𝑀𝑀𝐴18, (m-o) GO-g-PMMA hybrid 36,600 g/mol, 𝐺𝑂 −

𝑃𝑀𝑀𝐴37. 



Fig. 2. TEM micrographs of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blends filled with (a) non-modified 𝐺𝑂, (b) GO-g-PMMA grafted with 10,300 g/mol 

brushes (𝐺𝑂 − 𝑃𝑀𝑀𝐴10), and (c) GO-g-PMMA grafted with 36,600 g/mol brushes (𝐺𝑂 − 𝑃𝑀𝑀𝐴37). For non-modified 𝐺𝑂, 

the filler is inside the 𝑆𝐴𝑁 particles, for shorter brushes (b) the filler is mostly on the interface, and for the longest brushes 

(c) the filler is both on the interface and in the matrix. As the contrast of filler and RuO4-stained 𝑆𝐴𝑁 particles with respect 

to PMMA matrix was similar, the location of the filler is marked with red arrows. (For interpretation of the references to 

color in this figure legend, the reader is referred to the Web version of this article.) 

 

The fact that 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁/𝐺𝑂 − 𝑃𝑀𝑀𝐴10 systems (Fig. 1d-f) contained the filler on the interface 

was associated with their finest morphology in comparison with the blends filled with non-modified 

filler (𝑃𝑀𝑀𝐴/𝑆𝐴𝑁/𝐺𝑂; Fig. 1g-i), and systems containing 𝐺𝑂 with longer brushes (𝑃𝑀𝑀𝐴/𝑆𝐴𝑁/

𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁/𝐺𝑂 − 𝑃𝑀𝑀𝐴37; Fig. 1j-o). 

To confirm the TEM observations, the particles’ location was pre�dicted based on wetting parameters. 

The details of the measurement can be found in SI. The calculations suggest that GO is situated in SAN 

phase, H1 (Mn = 10,300 g/mol) at the interface, the rest fillers in PMMA. The results are summarized 

in Table 2. 

The results revealed that with increasing Mn of grafted PMMA brushes, the particles tend to locate in 

PMMA phase. It also correlates with the observed effect on SAN domains shape. It should be noted 

that the phase shape and orientation are related to the shear and elongation field, and also shear time 

and elongation time, and time after stopping the shear or elongation. The elliptic shape phases are 

commonly observed. The TEM images were performed on the polymer strand just releasing the 

capillary of the rheometer. The samples were exposed to the same forces, the differences are pointed. 

While the neat PMMA/SAN blend shows symmetric spherical domains, the composite with 

GO�PMMA18 and GO-PMMA37 hybrid formed rather oval SAN domains. It may be caused by the 

increased viscosity of the PMMA phase, due to the presence of GO-g-PMMA hybrids, as illustrated in 

Scheme 1. Similar effect of viscosity of the continuous phase on the morphology evolution during melt 

blending was observed in immiscible PE/PLA blend [26]. 

 

5. Rheology 

5.1. Shear rheology 

Rheology enables to study the effect of filler addition on the performance of polymer blends and also 

reflects the effect on polymer blend morphology [12,19,28,29]. 

The rheology in shear flow was measured and angular frequency dependence of storage modulus G'(𝜔) 

and viscosity 𝜂∗(𝜔) is plotted in Fig. 3a and b, respectively. The G'(𝜔) plot shows a shape typical for 



immiscible blends dispersed morphology, i.e. shoulder in a terminal zone (low frequencies) [30,31]. All 

samples exhibit the same shape, thus the same morphology, and it correlates with 𝑇𝐸𝑀 observations. 

A tiny effect of various filler types is observable in both plots. In G'(𝜔), the difference is visible only at 

low frequencies, where the neat 𝐺𝑂 particles slightly decrease the G'(𝜔) of PMMA/SAN blend (Fig. 3a). 

A similar trend is observable in 𝜂∗ (𝜔) (Fig. 3b). The G(rn) and tf*(w) plots are not sensitive to varied 

polymer brush architecture, the compatibilization effect was not manifested in these plots [31]. 

Therefore, the Cole-Cole and weighted relaxation time spectra were plotted to observe the difference 

in rheological performance better (Fig. 4). 

 

Table 2 Wetting parameter for PMMA/SAN/filler blends. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Droplet stretching in elongational flow. Left) High viscosity droplet in low viscosity matrix resists the stretching 

due to low stress transfer. Right) Low viscosity droplet is stretched in high viscosity matrix due to high stress transfer [26]. 

 

Cole-Cole plot is a dependence of variables of complex viscosity 𝜂,, vs 𝜂,, where 𝜂∗  = 𝜂,-i𝜂,,. These plots 

enable to investigate the morphology of two-phase systems more deeply [32]. In the case of immiscible 

polymer blends, a typical semicircle shape is observed for blend components at low 𝜂,, while the 

contribution of the interface at high n appears as a tail or another arc [31]. 

This tail is not observed in 𝑃𝑀𝑀𝐴 or 𝑆𝐴𝑁 homopolymers, Fig. 4a. 

The two semicircles are observed in all blends (Fig. 4a). The shape of semicircles was affected by the 

addition of filler. The left semicircle is related to the relaxation of polymers in composites generally. 

The addition of 𝐺𝑂 − 𝑃𝑀𝑀𝐴37 resulted in an increase of diameter. This effect could be caused by the 

polymer brushes tethered on 𝐺𝑂 − 𝑃𝑀𝑀𝐴37 hybrids, which were long enough to provide the location 

of hybrids in 𝑃𝑀𝑀𝐴 phase as was observed by 𝑇𝐸𝑀. Contrary to that, the neat 𝐺𝑂 resulted in a 

decrease of diameter, that reflects the decrease of elastic energy of the composite. 𝑇𝐸𝑀 images 

showed the presence of 𝐺𝑂 in 𝑆𝐴𝑁 phase. When focused on the relaxation of dispersed domains, the 



𝑆𝐴𝑁 domains exhibit a significant decrease of elasticity compared to the neat matrix. The neat 𝐺𝑂 

thus acted as a softener in 𝑆𝐴𝑁 domains. 

For better comparison, the effect of grafting can be quantified by calculation of relaxation time. The 

relaxation times are well observable in the relaxation time dependence of weighted relaxation time 

spectra (Fig. 4b). These plots enable to separate the contributions of the relaxation of interphase and 

components [33-35], since it magnifies the slow processes and thus the interfacial relaxation is more 

visible. The calculation was performed according to Equation (1) [36]. 

 

 

 

The relaxation of blend components is visible at short relaxation times, with peak maxima of 𝜏 close to 

1s. 

Fig. 3. Angular frequency dependence of (a) storage modulus G'(𝜔) and (b) complex shear viscosity 𝜂∗(𝜔) of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 

blend and its composites. The 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 composites filled with GO-g-PMMA grafted with 𝑀𝑛 10,300 g/mol, 17,600 

g/mol brushes and 36,600 g/mol brushes are labelled as 𝐺𝑂 − 𝑃𝑀𝑀𝐴10, 𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 𝐺𝑂 − 𝑃𝑀𝑀𝐴37, 

respectively. 

 

Fig. 4. Cole- Cole plot (a) and weighted relaxation time spectra (b) of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend and its composites filled with neat 

𝐺𝑂, GO-g-PMMA grafted with 10,300 g/ mol brushes (𝐺𝑂 − 𝑃𝑀𝑀𝐴10), GO-g-PMMA grafted with 17,600 g/mol brushes 



(𝐺𝑂 − 𝑃𝑀𝑀𝐴18), and GO-g-PMMA grafted with 36,600 g/mol brushes (𝐺𝑂 − 𝑃𝑀𝑀𝐴37). Cole-Cole includes also spectra of 

neat 𝑃𝑀𝑀𝐴 and 𝑆𝐴𝑁 homopolymers. 

 

The peak at higher relaxation times with peak maxima at 50s is associated with relaxations of domains. 

Compared to the neat 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend the presence of 𝐺𝑂 shifts the maximum of relaxation time 

significantly towards a shorter relaxation time, showing a maximum at 17s. The presence of 𝐺𝑂 

particles in 𝑆𝐴𝑁 phase resulted in faster relaxation, thus 𝐺𝑂 acts as a plasticizer of SAN phase. All types 

of hybrids also shift the relaxation of domains also to shorter relaxation times compared to neat 

𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend (Table 3). The difference between 𝐺𝑂 − 𝑃𝑀𝑀𝐴10 and both 𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 

𝐺𝑂 − 𝑃𝑀𝑀𝐴37 could be associated with particles’ location. While 𝐺𝑂 − 𝑃𝑀𝑀𝐴10 is predicted to 

locate at the interface, the relaxation here is suppressed due to the presence of particles. The 𝐺𝑂 −

𝑃𝑀𝑀𝐴18 and 𝐺𝑂 − 𝑃𝑀𝑀𝐴37 hybrids were observed more in 𝑃𝑀𝑀𝐴 phase and less at the 

interphase, thus the plasticizing effect is slightly more pronounced. In addition, the longer 𝑃𝑀𝑀𝐴 

chains, grafted on the surface in the 𝐺𝑂 − 𝑃𝑀𝑀𝐴37, can lead to a higher probability of entanglement 

with 𝑃𝑀𝑀𝐴 matrix and thus decrease the plasticizing effect compared to 𝐺𝑂 − 𝑃𝑀𝑀𝐴18. 

The results show that the shear rheology enables to observe the effect of polymer grafting compared 

to neat matrix and unmodified filler. The effects of polymer brushes with different molecular 

structures manifest predominantly at low shear rates, at the limits of shear rheology. To investigate 

the effects of polymer brushes length at low deformation rates the elongational rheology was 

performed. 

 

Table 3 Relaxation time of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend and hybrid composites. 

 

 

 

 

5.2. Elongational rheology in uniaxial extension 

The elongational rheological properties in uniaxial extension were measured by using Rheotens 

experiment. The design of the experiment is depicted in Scheme 2. Here, the drawdown force (𝐹) 

needed for elongation of an extruded filament was measured as a function of the draw ratio (𝑉). The 

detailed description of the experiment can be found in SI. 

Experimental data in the form of drawdown force dependence on the velocity of rotating wheels were 

used for the evaluation of uniaxial extensional viscosity. The data were fitted according to the several 

equations presented in Wagner model [37] combined with the power-law model. The detailed 

description of data processing is shown in SI. 

As a result, the apparent elongational viscosity dependence on the elongational rate could be plotted 

(Fig. 5). The Newtonian plateau values are followed by shear thickening and a decrease in viscosity 

with an increasing elongational rate. The shear thickening appears when more interactions or 

entanglements are formed than destroyed. At the yield point, the polymer chains are mostly 

disentangled and viscosity decreases. The significant effect of polymer grafting can be seen. At low 

elongational rates (below ~ 0.1 s-1) the viscosity drops with filler addition. With increasing 𝑀𝑛 of 



brushes the Newtonian plateau provides lower values, and the plateau is broadened to higher 

elongational rates. 

The ratio of maximal uniaxial extensional viscosity in yield and zero uniaxial extensional viscosity can 

be expressed as a strain hardening [38], and the values are summarized in Table 3. This parameter 

contributes to an explanation for morphological evolution during processing. During uniaxial 

extension, the morphology of the immiscible blend is affected by coalescence and fiber breakup. In 

the case of coalescence, the domains approach each other and then they collide to form a bigger 

domain. To perform this, the domains must squeeze out the matrix fluid, make a thin film, that has to 

rupture, and then the domains may join (Scheme 3). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Experimental setup description of the Rheotens test. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Apparent elongational viscosity in dependence of elongational rate of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend 80/20 and its composites 

filled with unmodified 𝐺𝑂 or GO-g-PMMA hybrids with various 𝑀𝑛 of 𝑃𝑀𝑀𝐴 brushes, in comparison to shear viscosity in 

dependence of shear rate, all measured at 210 °C. The 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 composites filled with GO-g-PMMA grafted with 𝑀𝑛 

10,300 g/mol, 17,600 g/ mol brushes and 36,600 g/mol brushes are labelled as 𝐺𝑂 − 𝑃𝑀𝑀𝐴10, 𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 𝐺𝑂 −

𝑃𝑀𝑀𝐴37, respectively. 

 

This happened with the addition of 𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 𝐺𝑂 − 𝑃𝑀𝑀𝐴37, where bigger elongated 

domains were observed by 𝑇𝐸𝑀. On the other hand, the addition of 𝐺𝑂 − 𝑃𝑀𝑀𝐴10 resulted in rather 

smaller domains, thus rather fiber breakup was detected. Literature suggests that a strainhardening 

matrix fluid resists the draining flow presented in step b, thereby reducing the coalescence [26]. 

However, in the case of the composites discussed herein, the strain-hardening effect was balanced 

with a significant drop of elongational viscosity at low elongation rates. The low viscosity at elongation 

rates below ~10-1 facilitated coalescence, with increasing rate the strain-hardening effect manifested, 

i.e. enhancement of viscosity, however in the case of 𝐺𝑂 − 𝑃𝑀𝑀𝐴18 and 𝐺𝑂 − 𝑃𝑀𝑀𝐴37 only 

resulted in elongation of domains. While in the case of 𝐺𝑂 − 𝑃𝑀𝑀𝐴10 the fiber breakup was possible. 

It was expected due to the location of particles at the interface, where they stabilized the morphology 

and prevented the domains’ coalescence. 

The results showed that 𝐺𝑂 and especially GO-g-PMMA acted as softeners. It was proved by measuring 

𝑇𝑔that shifts to lower temperatures with increasing length of brushes (Fig. S3). This is in good 

agreement with previously described observation for short densely grafted brushes [18,39]. The clear 

evidence is provided by investigation of rheological properties in uniaxial extension rather than in 

shear flow. 

The direct comparison of both methods is shown in Table 4. Here the values of Newtonian shear 

viscosities 𝜂0, Newtonian viscosity in uniaxial extension (𝜂𝑒0), maximal uniaxial extensional viscosity 

(𝜂emax), strain hardening parameter (𝑆𝐻) of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend and composites are listed. The values 

for elongation viscosity in Newtonian region (𝜂𝑒0) could be obtained from Fig. 5, based on Wagner and 

the power-low model. The values of Newtonian viscosities in shear flow were fitted by Carreau-Yasuda 

model [40]. The Carreau-Yasuda model for simple shear flow can be used in the following form: 



 

 

where 𝜂0, 𝜆, 𝛾 and 𝑛 are zero shear viscosity, relaxation time, shear rate, and power law exponent, 

respectively. A dimensionless parameter 𝛼 characterizes the sharpness of the transition between the 

zero shear viscosity region and the power law region. 

It is also obvious that the ne0 for 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend decreased after the addition of 𝐺𝑂 and more 

significantly after the addition of GO-g-PMMA. In addition, the values of ne0 decreased with increasing 

𝑀𝑛 of 𝑃𝑀𝑀𝐴 brushes achieving the most significant decrease for 𝐺𝑂 − 𝑃𝑀𝑀𝐴37 sample, equal to 

46%. On the other hand, 𝜂0 of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 increased after the addition of 𝐺𝑂 − 𝑃𝑀𝑀𝐴37 by 2%. 

The results manifest the importance of investigations of the complex rheological performance of 

polymer blends filled with hybrid particles. The effect of the brush architecture was only detectable in 

uniaxial extension, where significant effects were identified. 

 

 

 

 

 

 

 

Scheme 3. Schematic droplet coalescence. a) two droplets flow toward each other, b) droplets are approaching and 

squeeze out the matrix in draining flow, c) the thin film of matrix in draining raptures and droplets coalesce [26] 

 

Table 4 The zero uniaxial extensional viscosity 𝜂𝑒0, maximum uniaxial extensional viscosity /emax, strain hardening 

parameter (𝑆𝐻) and Newtonian shear viscosities 𝜂0 of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 blend and composites. 

 

 

 

 

 

 

 

The results were correlated with morphology development. Compared to both the neat blend and 

blend filled with neat 𝐺𝑂, the hybrid particles significantly decreased the elongational viscosity at low 

strains, that facilitated the materials processing. On the other hand, at high strains, the viscosity 

enhancement was observed. Such material properties are desirable for extrusion and fiber processing, 

where the melt strength and drawability is required. 

 

 



6. Conclusion 

The effect of molecular parameters of the brushes grafted from 𝐺𝑂 particles on the rheological 

properties of 𝑃𝑀𝑀𝐴/𝑆𝐴𝑁 immiscible blend was investigated. The rheological properties in shear and 

uniaxial extension were studied. While frequency dependence of complex viscosity analyzed in shear 

mode did not show significant differences between the samples. 𝑇𝐸𝑀 analysis revealed the location 

of 𝐺𝑂 in 𝑆𝐴𝑁 phase, while GO-g-PMMA with 10,300 g/mol tended to locate the particles close to the 

interphase. Increasing 𝑀𝑛 of 𝑃𝑀𝑀𝐴 brushes tended to move the particles in 𝑃𝑀𝑀𝐴 phase. The 

compatibilization effect was observed for GO-g-PMMA grafted with 10,300 g/mol brushes. The 

extensional rheology proved the plasticizing effect of hybrid particles, which was pronounced with 

increasing length of brushes. The 𝑃𝑀𝑀𝐴/ 𝑆𝐴𝑁 blends loaded with GO-g-PMMA, especially with higher 

molar masses of the 𝑃𝑀𝑀𝐴 chains, showed improved processability at lower elongation rates (~ < 

0.1 s-1) and improved stability of the melt (melt strength and drawability) at higher elongation rates 

(~ > 0.1 s-1). 
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