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Abstract Binary and ternary blends comprised of polypropylene (PP), polystyrene

(PS) and polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS)

were prepared. The effect of phase composition of minor components on the

morphology, mechanical, viscoelastic, crystallization, and thermal degradation

properties was studied. Binary blends exhibited inferior properties, typical of

immiscible and incompatible multi-phase systems and showed matrix-droplet phase

morphologies. Ternary blends, especially those with greater concentration of SEBS

minor phase, exhibited interesting properties. Scanning electron micrographs of

SEBS compatibilized PP/PS blends, did not show any PS particle pulling out of the

PP matrix, indicating good compatibility of SEBS with PP/PS blends. Dynamic

mechanical analysis also supported the heterogeneous phase structure of the blends.

Thermogravimetry and differential scanning calorimetry showed that addition of PS

and SEBS decreased the thermal stability of PP marginally, but shows slight vari-

ations in melting and crystallization behavior.
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Introduction

Polymer blending is a simple approach for developing advanced polymeric

materials with superior properties suitable for end use applications [1]. Polypropy-

lene (PP) is a widely used polymer with good thermo-mechanical properties. Studies

revealed that polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene

(SEBS) can be used as an elastomer to improve the toughness and elongation at

break of PP, but at the expense of stiffness [2–7]. Presence of polystyrene (PS),

which can interact favorably with SEBS, can improve the modulus of the blends.

However, PP/PS blends are immiscible and incompatible. It is unequivocally

established that immiscible blends possess inferior properties relative to their

components due to the unfavorable interfacial interactions.

Mechanical properties of immiscible blends can be improved by compatibilization

[8–13]. PP/PS blends can be effectively compatibilized by the addition of block or graft

copolymers or in situ generation of compatibilizer [4–18]. Li et al. [17] have studied the

phase morphology of PP/PS blends compatibilized with SBS copolymer and found that

the copolymer buried in dispersed domains migrates to the interface, forming a

comparatively thicker transition layer and strengthens the interfacial adhesion.

Over the past several years, ternary blends have been a topic of great interest

since it is possible to develop polymeric materials with specific end use applications

by the judicious selection of components and tuning the phase morphology [19–25].

Demarquette et al. [19] investigated the evolution of the morphology of PP/PS/

polymethylmethacrylate (PMMA) ternary blends with and without compatibilizer

and observed a core–shell morphology with PS as shell and PMMA as core, in every

case. Wang et al. [20] have shown that a multi-phase copolymer could act as an

efficient compatibilizer in a ternary blends comprising PP, PS and polyamide 6

(PA6). Favis and co-workers [21, 22] have reported a series of studies on the

morphology of ternary blends and demonstrated the partial and complete wetting

morphologies in ternary blends.

SEBS has been widely used as an elastomer/compatibilizer to improve the

toughness of different polymers [26–28]. In the present study, we used SEBS for

dual purposes: to improve the compatibility between PP and PS phases and enhance

the ductility of the blends, by acting as impact modifier. The effects of SEBS on the

morphology, mechanical, viscoelastic, crystallization, and thermal degradation

studies of PP and PP/PS blends have been systemically studied. The changes in

phase morphology with respect to the concentration of SEBS are correlated with

thermo-mechanical properties.

Experimental

Materials and preparation of blends

Polypropylene (PP), grade 1110 MAS, with density 0.9 g/cm3 was procured from Indian

Oil Corporation. Polystyrene (PS), grade POLYSTYROL 147F GR21, with density
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1.05 g/cm3 was procured from Styrolution India Pvt ltd. Polystyrene-block-poly(-

ethylene-ran-butylene)-block-polystyrene (SEBS), with average Mw * 118,000 was

procured from Sigma Aldrich. Thermo Haake Polylab QC system equipped with roller

rotors was used for the preparation of PP/PS blends. The blending was done at 180o C

with a rotor speed of 50 rpm for 8 min. For making PP/SEBS binary blends, PP was

melt-mixed for two minutes, followed by the addition of the SEBS. Similarly for ternary

blends, initially PP and PS were melt-mixed for two minutes, which is followed by the

addition of the SEBS and the mixing was continued for another six minutes. The

resulting blends were hot pressed into sheets and cut into pieces and injection molded in

a DSM explore, Micro 12 cc injection molding machine, at 190o C for preparing test

specimens for tensile and impact testing as per relevant ISO standards.

Characterization

Scanning electron microscopy (SEM)

JEOL JCM 5000 Neoscope SEM was used to examine the blend morphology. The

experiments were done by an acceleration voltage of 10 kV. The fractured surfaces

were coated with thin layers of gold before analysis.

Dynamic mechanical analysis (DMA)

DMA Q-800 TA instruments were used to study the viscoelastic behavior of PP/PS

blends. The analysis was done at a frequency of 1 Hz, with specimen size of

60 9 10 9 4 mm3, using a dual cantilever clamp, in the temperature range 35 to

130o C at a heating rate of 3o C/min.

Thermo gravimetric analysis (TGA)

Perkin Elmer, Diamond TG/DTA instrument was used to measure the thermal

stability of the blends. Approximately 5–7 mg was used for measurements, from

room temperature to 600o C at a heating rate of 20o C/min.

Differential scanning calorimetry (DSC)

Mettler Toledo DSC 822e differential scanning calorimetry was used to characterize

the melting and crystallization properties of polymer blends in nitrogen atmosphere

with flow rate 20 mL/min. The parameters such as melting temperature (Tm),

crystallisation temperature (Tc), total enthalpy of crystallisation (DHc), normalised

enthalpy of fusion (DHf) and percentage crystallinity (Xc) were determined from the

DSC profile. Approximately 6 mg of the samples were used for measurements. The

heating was done from -50 to 200 �C, followed by cooling to room temperature,

heating and cooling was done at 10 �C/min.

The percentage crystalline content (Xc) was determined using Eq. 1:
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Xc ¼
DHf

DHmax �Wpoly

� 100 ð1Þ

where DHf is the normalised enthalpy of fusion and Wpoly is the weight fraction of a

PP in the blend. The term DHmax is a reference value and is 207.1 J/g for PP [29].

Measurement of mechanical properties

Universal testing machine (Tinius Olsen) model H 50 KT was used to measure the

tensile properties of the samples, according to ISO 527. Dumbbell shaped

specimens with sample dimensions of 75 9 5 9 2 mm3 were used for testing.

The span length used was 55 mm. The measurements were done at a cross head

speed of 50 mm/min. Impact testing was carried out according to ISO 180 using a

Resil impactor junior. The sample dimensions were 80 9 10 9 4 mm3.

Results and discussion

Phase morphology

SEM micrographs of PP/SEBS binary blends are shown in Fig. 1. The SEM

micrograph of neat PP shows some micro cracks (Fig. 1a). For PP/SEBS blends

phase separated and coarse morphology was observed (Fig. 1b–e). It is important to

mention that the surface of the PP/SEBS blends are rougher than neat PP, rougher

surface is typical for tough materials [30, 31]. SEM micrographs of PP/PS blends

modified with SEBS are shown in Figs. 2 and 3. The SEM micrographs reveal that

the PP/PS blends are microphase separated, with large PS domains non-uniformly

distributed in the PP matrix. The size of dispersed PS particles increases with the

increase inconcentration of PS phase in the blend due to coalescence during the melt

mixing [15]. Therefore, the PS domains in 80/20 blends are larger than 90/10 blends

for the uncompatibilized blends. It can be seen that most of the PS domains in the

uncompatibilized blends are removed out of the PP rich phase, which shows the

poor compatibility of the PS phase with the PP matrix [32]. The extent of phase

separation in PP/PS blends was decreased by the addition of SEBS. The SEBS

increases the compatibility or in other words prevents the coalescence process or

increases the interfacial interaction between the component polymers, and hence

smaller PS droplets are dispersed in the PP matrix at higher SEBS content. These

morphologies reveal that SEBS is selectively capable of interpenetrating between

the homopolymer phases to provide good interconnection [33, 34]. From the

micrographs, it is observed that with the addition of SEBS to PP/PS blends (1) the

number of PS domains decreases (2) the number of PS domains that removed out of

the PP phase decreases and (3) the size of dispersed PS domains decreases. In other

words, the results indicate that some part of the SEBS phase is dispersed at the

interface, between the polymer components [33, 35, 36]. These changes in

morphology should reflect in the physical properties of the material, since the

properties of polymer blends depends on the morphology and interfacial adhesion
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Fig. 1 SEM micrographs of PP/SEBS binary blends. a Neat PP, b 5 wt% SEBS, c 10 wt% SEBS, d 15
wt% SEBS, e 20 wt% SEBS
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between the phases. The morphological parameters obtained from the SEM

micrographs are given in Table 1. From the Table, the modified blends exhibits

smaller PS domains compared with neat blends. It is important to add that the

Fig. 2 SEM micrographs of SEBS modified PP/PS (90/10) ternary blends. a 0 wt% SEBS, b 5 wt%
SEBS, c 10 wt% SEBS, d 15 wt% SEBS, e 20 wt% SEBS
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dispersed particle size decreases from 12 lm to 800 nm by the addition of 20 wt%

of SEBS to 80/20 blends.

Fig. 3 SEM micrographs of SEBS modified PP/PS (80/20) ternary blends. a 0 wt% SEBS, b 5 wt%
SEBS, c 10 wt% SEBS, d 15 wt% SEBS, e 20 wt% SEBS
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Mechanical properties

Table 2 displays the mechanical properties of binary and ternary blends. PP has an

impact strength of 55 kJ/m2, by blending with SEBS, this value gradually increases

and a maximum of 113 kJ/m2 was observed for 20 wt% SEBS modified PP. The

impact strength increases by more than 100%, this increase in impact strength was

due to the interaction of SEBS with PP, EB mid blocks in SEBS are compatible with

noncrystalline PP fraction, which facilities segmental diffusion between the matrix

and rubber particles on the interfaces and therefore excessive energy was needed to

initiate cracks for the PP/SEBS blends [26]. This means that the material transform

from tough to super tough material. According to Karger-Kocsis et al. the

elastomers and rubbers may act as nucleating agents, therefore the spherulite size

reduces and will the improve impact strength. Decrease in spherulite size increases

in interfacial thickness, better spherulitic chain mobility and reduction of spherulitic

defects [30]. In another study Bassani et al. [37] revealed that the increase in impact

Table 1 The particle size for unmodified and modified blends

PP/PS blend

composition

Particle size for unmodified and modified blends

0 wt% SEBS

(lm)

5 wt% SEBS

(lm)

10 wt% SEBS

(lm)

15 wt% SEBS

(lm)

20 wt% SEBS

(lm)

90/10 2.6 2.5 1.7 1.4 1.3

80/20 12.0 3.8 2.3 1.5 0.8

Table 2 Mechanical properties of binary and ternary blends of PP, PS and SEBS

System Tensile strength

(MPa)

Tensile

elongation (%)

Young’s modulus

(MPa)

Impact strength

(kJm2)

PP 38 ± 1 120 ± 20 1657 ± 35 55 ± 2

PP/SEBS (5) 36 ± 1 304 ± 14 877 ± 30 49 ± 3

PP/SEBS (10) 33 ± 1 411 ± 30 562 ± 20 67 ± 4

PP/SEBS (15) 31 ± 1 481 ± 15 536 ± 20 95 ± 5

PP/SEBS (20) 28 ± 1 455 ± 20 538 ± 30 113 ± 3

PP/PS (90/10) 36 ± 1 26 ± 3 1810 ± 40 29 ± 1

PP/PS (90/10) ? SEBS (5) 30 ± 1 16 ± 5 1536 ± 31 23 ± 3

PP/PS (90/10) ? SEBS (10) 29 ± 1 41 ± 4 1379 ± 33 35 ± 3

PP/PS (90/10) ? SEBS (15) 28 ± 1 118 ± 4 1154 ± 26 46 ± 4

PP/PS (90/10) ? SEBS (20) 27 ± 1 184 ± 8 929 ± 20 98 ± 5

PP/PS (80/20) 30 ± 1 11 ± 1 1983 ± 30 15 ± 1

PP/PS (80/20) ? SEBS (5) 30 ± 1 14 ± 1 1658 ± 35 20 ± 2

PP/PS (80/20) ? SEBS (10) 28 ± 1 30 ± 1 1440 ± 30 24 ± 4

PP/PS (80/20) ? SEBS (15) 28 ± 1 63 ± 2 1272 ± 25 37 ± 4

PP/PS (80/20) ? SEBS (20) 27 ± 1 39 ± 1 1218 ± 32 42 ± 3
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strength is due to the increase in the stress concentration region within the polymer

matrix, this increases the energy absorbing capacity of the system. Several other

mechanisms are proposed this include cavitation of elastomer, debounding of rubber

particles, crack deflection by rubber particles, tearing of rubber particles etc. [38].

From the SEM micrographs, PP/SEBS blends posses excellent adhesion between

the component phases, it is known that when the adhesion is optimum, stress

transfer across the interface is continuous and in the absence of adhesion, there is

discontinuity in stress transfer and therefore excellent improvement in toughness for

the PP/SEBS blends [37]. Moreover, the SEM micrographs revealed a rougher

surface for the PP/SEBS blends, the rough surface indicate energy dissipation and

absorption leading to a tough response during an impact test [31].

From Table 2, the tensile strength gradually decreases by the addition of SEBS.

This result suggests a decrease in load-bearing-cross-section of PP with SEBS due

to low strength of SEBS elastomer. The elongation at break increases linearly with

SEBS elastomer, a maximum of 300% increase in elongation was observed with 15

wt% SEBS. The substitution of PP matrix by ductile SEBS caused elongation of PP

to increase. However, the modulus of PP/SEBS blends decreased with SEBS due to

the substitution of PP matrix by soft SEBS elastomer. That means the blends

become less stiff. These results are in agreement with Bassani et al. [37] and Balkan

et al. [39].

It is obvious from Table 2 that PP/PS blends are highly immiscible and

incompatible due to the lack of favourable interactions at the interface, which

reflected in deterioration of mechanical properties. The elongation and impact

strength are worst affected, which limits the use of this material for any end-use

applications as it is too brittle, even if the modulus registered a 20% enhancement

by the addition of 20 wt% of PS. This observation is supported by the phase

morphology of binary blends as seen in the SEM micrographs (Figs. 2, 3). The PP/

PS blends showed a two-phase matrix-droplet morphology, with large domains non-

uniformly distributed in the PP matrix.

On the other hand, for 90/10 and 80/20 blends modified with 20 wt% SEBS,

impact strength increases by 240 and 180% respectively, suggesting that in these

blends, SEBS acts as an efficient compatibilizer. The smaller but finer morphology

of the compatibilized blends results in PS phase with larger surface area and hence

the stress is disturbed to larger surface. This reduces the maximum load applied at

any point of the system and hence systems can withstand more loads. In an

immiscible system the matrix takes the majority of the applied load. Therefore in

PP/PS system, PP phase takes the majority of the force of the impact. The phase

separation in PP/PS blends does not allow the impact energy to travel easily

between the component phases. However, the presence of SEBS strengthens the

interface between the PP and PS; hence impact energy can travel easily between the

component phases. Thus SEBS acts an agent that allows better dispersion of impact

energy or in other words SEBS allows a better stress transfer across the phase

boundary [40].

The elongation at break also increases linearly with the addition of SEBS

elastomer. For the 90/10 and 80/20 blends, elongation at break increases by 600 and

250% respectively with the addition of 20 wt% SEBS. The sharp increase in
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elongation at break is due to the enhanced adhesion between the PP matrix and PS

dispersed phase as observed from the SEM micrographs [14]. However, the tensile

strength and modulus decreases for the PP/PS blends by the addition of soft SEBS

elastomer [41]. Note that the modulus of 20 wt% SEBS modified PP/PS (90/10)

blend is nearly two times than that of SEBS modified PP blends. This means that

these blends exhibit excellent toughness and reasonably good strength and modulus,

suitable for various end-use applications. The other series of ternary blends also

possess good strength and modulus and reasonably good elongation and impact

strength.

Thus it can be concluded that the SEBS phase plays a dual role in PP/PS blends.

Even if it forms an independent phase in PP matrix which acts as a plasticizer to

improve the flexibility of hard PP and PS chains, a fraction of SEBS chains rupture

apart from the bulk phase and migrate under the influence of shear force. They

eventually locate at the interface between the PP/PS interfaces and act as

compatibilizer. When SEBS dispersed phase tends to increase the flexibility and

ductility of the system, the PS dispersed phase compatibilized with SEBS tries to

retain the stiffness of the blends.

Dynamic mechanical properties

Figure 4 shows the storage modulus, which gives an idea about the stiffness, a

critical parameter in determining the suitability of a blend for specific applications,

of binary and ternary blends. Figure 4a reveals that all the PP/PS blends possess a

heterogeneous phase structure, typical of immiscible and incompatible blends, as

evident from the phase morphology. Addition of 10 wt% of PS into PP increased the

storage modulus, up to a temperature of about 115 �C, the glass transition

temperature (Tg) of PS. Further addition of PS into PP increased the storage

modulus of the blends only marginally, without changing the Tg of PS. On the other

hand, addition of even 5 wt% of SEBS decreased the storage modulus of PP

(Fig. 4b), in the entire temperature range. Further addition resulted in a significant

drop in the modulus. The modulus of PP/SEBS blends decreased with addition of

SEBS due to the substitution of PP matrix by soft SEBS elastomer. The SEBS

embeds themselves between the PP chains and hence increases the free volume,

making it softer [42]. Ternary blends also displayed similar behavior, as the amount

of SEBS in the blends increased modulus decreased and conversely, as the amount

of PS in the blends increased modulus increased.

Figure 5 shows the variation of loss modulus of the blends as a function of

temperature. The loss modulus represents the amount of energy released during the

DMA running. The PP/PS blends showed glass transition peaks of PS at around

115 �C. The ternary blends also possess glass transition peaks, in the same region.

Blending and compatibilization have no impact on the Tg of PS, due to the

immiscible nature of the blends. This means that the presence of SEBS in PP/PS

blends does not provide any molecular level miscibility, but SEBS forms a separate

phase, as evident from the phase morphology studies. Otherwise, there would have

been a remarkable shift in the Tg of PS, in the presence of SEBS. Thus, it is obvious

that the blends exhibited a three-phase morphology in which PP forms the matrix
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and PS and SEBS form dispersed phases. But, in every case it is seen that as the

amount of SEBS in the blend increased, loss modulus decreased. As mentioned

earlier, the soft SEBS molecules may get in between the PP polymer chains and

hence increases the free volume, making it softer. Thus the addition of SEBS

decreases the stress present within the polymer chains and hence decreases the (loss

modulus) amount of energy released during the DMA running. These results are in

agreement with recent finding by Zhao et al. [43]. This decrease in stress within the

polymer matrix enhances the impact strength and strain at break.

The variation of tan d with temperature is shown in Fig. 6. The variations in tan d
represent the segmental mobility of the polymer chains. It is seen from the

figure that there is no appreciable change in the Tg of PS by blending and

compatibilization, indicating the heterogeneous nature of the system. However, as

the amount of PS in the blend increased peak height is increased. After the Tg the

polymer chains are free to move such that there is no stress available and hence the

tan d is minimum. As expected the response of the PP/SEBS and SEBS modified

PP/PS blends are greater than the uncompatibilized blends. This is because the soft
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SEBS molecules increase the free volume and hence an increase in the segmental

mobility for the SEBS modified PP or PP/PS blends.

Differential Scanning Calorimetry

Table 3 summarizes the crystallization parameters derived from the heating and

cooling DSC curves, and % crystallinity calculated from the enthalpy of fusion

values. It can be seen that addition of SEBS to PP has no effect on the melting and

crystallization temperature. However, the overall enthalpy of fusion decreases with

SEBS addition that means the overall crystallinity of the PP/SEBS blends decreases.

On the other hand, the enthalpy of crystallization slightly increases at lower

concentrations of SEBS. This behavior is also true for SEBS modified PP/PS blends;

therefore, the % crystallinity was calculated, the values obtained are given in

Table 3. For the blends studied, the % crystallinity of PP was slightly increased by

the addition of SEBS. This means that SEBS may act as a nucleating agent by

providing nucleation sites for PP molecular segments [26, 44].
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Thermal degradation properties of the blends

The important thermal degradation parameters such as initial degradation temperature

(Ti), maximum degradation temperature (Tmax) and final degradation temperature (Tf)

of the blends are given in Table 4. It is important to mention that all the blends show a

single step degradation characteristic, even if the blends are immiscible. This is

because the concentrations of minor phases are too small to show separate degradation

peaks. Addition of PS and SEBS into PP decreased the thermal stability of PP. The

latter has a slightly pronounced deteriorating effect. Compatibilization has no

appreciable effect on the thermal degradation properties of the blends.

Conclusion

Binary and ternary blends composed of PP, PS and SEBS were prepared. The effect

of concentration of minor phases on the morphology, and thermo-mechanical

properties was studied. Binary blends exhibited inferior properties and matrix-
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droplet phase morphology. With respect to mechanical performance, PP/PS blends

were inferior to PP/SEBS blends. Ternary blends, especially those with greater

concentration of SEBS, exhibited excellent toughness and reasonably good strength

and modulus, suitable for several end-use applications. This behaviour could be

correlated with the phase morphology, which demonstrated that the SEBS phase

served a dual role of compatibilizer and plasticizer. Dynamic mechanical analysis

Table 3 Melting and crystallization parameters of PP in binary and ternary blends

Blends Tm Peak (�C) DHc (Jg-1) DHfv (Jg-1) Tc Peak (�C) Xc (%)

PP 165.52 96.50 -85.70 126.60 41.40

PP ? 5 SEBS 166.45 100.58 -81.92 126.30 41.53

PP ? 10 SEBS 167.51 98.05 -79.06 126.11 41.99

PP ? 15 SEBS 165.54 93.55 -74.73 126.47 41.50

PP ? 20 SEBS 165.89 88.46 -71.17 125.21 41.24

90/10 164.96 87.14 -76.11 126.94 40.90

Blend ? 5 SEBS 165.68 94.98 -75.74 125.64 42.67

Blend ? 10 SEBS 163.86 89.88 -71.86 126.23 42.41

Blend ? 15 SEBS 162.87 85.37 -70.37 125.39 43.42

Blend ? 20 SEBS 166.07 78.59 -66.13 125.21 42.58

80/20 166.03 80.57 66.78 125.71 40.31

Blend ? 5 SEBS 165.22 82.53 -65.36 124.90 41.42

Blend ? 10 SEBS 165.90 80.66 -65.55 125.21 43.52

Blend ? 15 SEBS 166.69 75.91 -60.97 125.45 42.32

Blend ? 20 SEBS 166.30 68.37 -55.94 124.92 40.52

Table 4 Ti, Tmax, and Tf of

binary and ternary blends of PP,

PS and SEBS

Samples Ti (oC) Tmax (oC) Tf (oC)

PP 426 452 468

5 wt% SEBS blend 423 449 465

10 wt% SEBS blend 419 448 465

15 wt% SEBS blend 416 446 464

20 wt% SEBS blend 414 446 463

Neat blend (90/10) 402 443 461

5 wt% SEBS blend 405 444 465

10 wt% SEBS blend 403 444 463

15 wt% SEBS blend 403 445 462

20 wt% SEBS blend 409 444 465

Neat blend (80/20) 401 441 460

5 wt% SEBS blend 404 446 464

10 wt% SEBS blend 403 442 463

15 wt% SEBS blend 405 442 463

20 wt% SEBS blend 407 442 464
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reveals that the presence of SEBS decreases the stress present within the polymer

matrix and hence enhances the toughness. DSC measurements reveal that SEBS acts

as a nucleating agent for the PP polymer chains. Thermogravimetry showed that

addition of PS and SEBS decreased the thermal stability of PP marginally. To

conclude, the results may help us to judicially select the blend composition for

specific applications.
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