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Polyolefin blend type thermoplastic elastomers (TPEs) were prepared via melt blending method in a twin
screw extruder by using isotactic polypropylene (i-PP), three different styrene-olefin triblock copolymers
(SEBS-1 and SEBS-2 having a styrene content of 30 wt.% and 60 wt.%, respectively and SEEPS having
a styrene content of 30 wt.%) and paraffinic oil. Composition-dependent and time-dependent viscoelastic
properties of compounds were determined by various test procedures conducted in a rotational rheometer
in melt state. It was found that the content of polystyrene blocks (or hard segment) in copolymers governed
the rheological behaviors of compounds. It can be concluded that the increasing amount of styrene-olefin
block copolymer or content of glassy domains into blend composition reduces miscibility between poly-
olefin and elastomer phases and also yields higher melt elasticity and viscosity, longer relaxation times,
lower creep strain and compliance values at relatively longer time scale.
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1. Introduction

Thermoplastic elastomers (TPEs) are relatively new

kind of polymeric materials or multi-component systems.

TPEs or TPE blends provide an advantage and versatility

in many applications by exhibiting both elastomeric prop-

erties like rubbers and easy processing and recyclability

like thermoplastics at the same time making them well-

suited for crucial applications as well as industrial usage.

TPEs have been used in different applications in plastic

industry, specifically in those needed extremely high fail-

ure strain and toughness for few decades. Styrene-olefin

triblock copolymers such as poly(styrene-b-butadien-b-

styrene) (SBS), poly(styrene-b-ethylene/butylene-b-sty-

rene) (SEBS), poly(styrene-b-isoprene-b-styrene) (SIS),

and poly(styrene-b-ethylene-b-ethylene/propylene-b-sty-

rene) (SEEPS), are the most commonly and frequently

used group of TPEs in commercial applications.

It has been known that physical properties of rigid ther-

moplastics could be modified by introducing some sec-

ondary components, additives and fillers, into composition

or manipulation of processing conditions. TPEs are gen-

erally blended with thermoplastics to improve some of

their weak physical properties such as toughness, oil resis-

tance, long-term stress cracking and/or fatigue resistance,

etc. This formulation approach based on blending meth-

ods, also called as “compounding”, is widely employed in

plastic industry as an easy and cheap property modifica-

tion route for rigid thermoplastics.

Polypropylene (PP) is a member of olefinic polymers

and one of the most largely used thermoplastics in various

applications because of its superior physical properties

such as excellent chemical resistance to organic solvents

and aggressive chemicals, relatively higher tensile strength

than other polyolefins, easy processability, etc. Conven-

tional using of PP includes manufacturing of automotive

parts, pipe and fittings for water transportation systems,

packaging films, various containers, boxes, extruded sheets

for thermoforming processes and upholstery, and carpets

and apparels as fiber and yarn forms. Since PP exhibits

higher glass transition (Tg) temperature and relatively

lower toughness than other polyolefins, it is commonly

used as compound, blended with different type thermo-

plastics and elastomers in plastic industry. PP compounds

which exhibit elastomeric properties could be basically

categorized into two groups; (i) conventional “PP/elasto-

mer blends” and (ii) thermoplastic vulcanizates (TPV).

The first group, also known as “thermoplastic polyolefin

elastomer (TPO) blends”, can be prepared with melt pro-

cessing operations by blending of PP homo- or copoly-

mers with some elastomeric components such as ethylene-

propylene-diene terpolymer (EPDM) (Ao et al., 2016;

Zou et al., 2016), styrene-olefin triblock copolymers

(Abreu et al., 2005; Hong et al., 2012), -olefin copoly-

mers (Leone et al., 2016), recycled rubbers (Fasihi and

Mansouri 2016), polyurethanes and other ingredients like

processing aids, fillers, stabilizers, antioxidants, etc. Struc-

tural, thermal, and mechanical properties of TPO blends

and TPO-based composites and nanocomposites have

been extensively studied (Bae et al., 2012; Li and Xie,

2017; Panaitescu et al., 2012; Sharma and Maiti, 2015a;*Corresponding author; E-mail: durmus@istanbul.edu.tr
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Tiggemann et al., 2015; Tiwari and Paul, 2011).

On the other hand, rheological properties of various

thermoplastics blended with styrene-olefin block copoly-

mers have also been reported (Aoki et al., 2016; Maani et

al., 2011). Morphological, mechanical, and rheological

properties of polystyrene (PS)-polybutadiene blends called

as physical thermoplastic elastomers were studied and co-

continuous phase composition was determined based on

the rheological measurements performed in a capillary

rheometer at 190oC (Barzegari et al., 2004). Morpholog-

ical, thermal, and mechanical properties, and linear visco-

elastic behaviors of recycled poly(ethylene terephthalate)

(R-PET)/SEEPS blends compatibilized with (maleic anhy-

dride)-grafted-styrene-ethylene-butylene-styrene (SEBS-

g-MAH) were examined (Lin et al., 2016). Rheological

properties of uncompatibilized and reactively compatibi-

lized poly(butylene terephthalate) (PBT)/SEBS blends

with SEBS-g-MA were investigated in a capillary rheom-

eter at 240, 250, and 260oC (Sharma and Maiti, 2015b).

They reported that compatibilizer addition resulted in sig-

nificant reduction in the dynamic interfacial tension. They

found that the power-law exponent decreased with increas-

ing temperature and SEBS amount into blend composition

while the consistency index increased with increasing

SEBS content. Sharma and Maiti (2015b) also quantified

melt elasticity, first normal stress difference (1), recov-

erable shear strain (R), relaxation time (), and shear

compliance (JC) depending on the blend composition.

Rinawa et al. (2015) analysed viscoelastic properties of

polyamide 12 (PA12)/SEBS-g-MA blends by applying

various test procedures with a parallel-plate rheometer in

melt state. Saikrasun et al. (2003) studied on the rheolog-

ical behaviors of thermotropic liquid-crystalline polymer

(TLCP), a copolyester with a 60/40 molar ratio of p-

hydroxy benzoic acid and PET, blended with SEBS within

a shear rate range of 0.6-2000 s1 by using both rotational

and capillary rheometers.

Rheological properties of TPEs and TPO blends in melt

state have not been studied as much as the solid-state

properties of such materials. Only few papers have been

reported on melt-state rheological or viscoelastic proper-

ties of TPOs (Haenelt et al., 2014). Shahbikian et al.

(2011) investigated rheology/morphology relationship of

plasticized and nonplasticized EPDM/PP based TPOs.

They reported that the addition of a plasticizer increased

the interconnectivity of the elastomeric phase, resulting in

a rapid percolation of EPDM at a relatively low compo-

sition range as compared to the nonplasticized counter-

parts. They also concluded that a combination of low

frequency measurements and a gel approach were crucial

to characterize the co-continuity interval using rheology

and the phase inversion compositions were described well

by existing semi-empirical viscosity ratio-based models.

In this study, PP based thermoplastic elastomer com-

pounds were prepared by blending of PP with using of dif-

ferent types and amounts of styrene-olefin block copolymers

and paraffinic oil in a twin screw extruder. Rheological

behaviors of samples were examined by applying different

test procedures in a rotational rheometer to quantify rela-

tionships between compositional variations and viscoelas-

tic properties of compounds in melt state.

2. Experimental

2.1. Materials
Polypropylene used in this study was a commercial

grade isotactic homopolymer (i-PP) (MH 418), kindly

supplied by PETKIM (Aliaga, Izmir, Turkey). Melting

temperature of i-PP was found to be 163oC by DSC

method according to ASTM D3418 and melt flow index

(MFI) value of 4-6 g/10 min, according to ASTM D1238.

Three different styrene-olefin block copolymers were used

in this study. Two copolymers were poly(styrene-b-eth-

ylene/butylene-b-styrene) (SEBS) and the third one was a

poly(styrene-b-ethylene-b-ethylene/propylene-b-styrene)

(SEEPS) type commercial grade triblock copolymers.

Some physical properties of polymers used in this study

are listed in Table 1. Paraffinic oil employed in this study

was OCTOPUS® P Plus 3029, having a carbon distribu-

tion (%, ASTM D2140) of CA: 4 (aromatic), CN: 27 (naph-

thenic), and CP: 69 (paraffinic).

2.2. Sample preparation
PP/SEBS compounds were prepared by melt processing

method in a lab-scale, co-rotating twin screw extruder

(Rondol Micro Lab., UK, D: 10 mm, L/D: 20) with a

screw speed of 50 rpm. Intermeshing screws of the extruder

were configured as including of 3D of 4×60° followed by

2D of 4×90° kneading segments. A temperature profile of

160-180-190-200-200°C was applied throughout the bar-

rel from feeding zone to die. Styrene-olefin block copo-

lymer was first mixed with the proper amount of oil and

waited for few hours then mixed with PP granules and

loaded to extruder. Extrudates were then granulated by

Table 1. Commercial information and some physical properties

of polymers used in the study.

Polymer Product code
St. content 

(wt.%)



(cP)

MFI

(g/10 min.)

PP MH418 - - 4-6c

SEBS-1 TAIPOL®6151 31-34 1700a

SEBS-2 KRATON®1535 56-60 < 1d

SEEPS SEPTONTM4077 30 300b no flowc

a10 wt.% solution in toluene (25oC)
b5 wt.% solution in toluene (30oC)
cASTM D1238 (230oC, 2.16 kg)
dASTM D1238 (230oC, 5.0 kg)
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using a chopper. Sample notation and compositions are

defined in Table 2.

As seen in Table 2, compound compositions were mainly

varied by increasing amount of copolymers as 10, 20, and

30 wt.%. But, amount of paraffinic oil into sample com-

position was also systematically increased by regarding

the amount of block copolymer to keep the “elastomer/oil

ratio” at the constant value of 2 in each sample because it

has been generally accepted that the oil was mainly dis-

tributed into elastomer phase and swelled up the soft

domains of copolymers (Sengers et al., 2005; Ma et al.,

2016). This formulation approach can allow to disregard

effect of plasticization of oil on rheological behavior of

samples.

2.3. Microstructural characterization
Morphological features of compounds were investigated

by a field emission scanning electron microscope (FE-

SEM, FEI Quanta FEG 450) operated at 30 kV. Cryof-

ractured cross-sections of compression molded specimens,

prepared by using liquid nitrogen, were directly imaged in

electron microscope after a proper sample preparation, by

sputter coating with a conductive metal, gold.

2.4. Rheological measurements
Rheological behaviors of compounds were analyzed by

performing several test procedures in melt state in a rota-

tional rheometer, AR-G2 (TA Instruments). Viscosity-shear

rate relationships of polymers and compounds were mea-

sured with steady state flow tests performed in the shear

rate range of 0.01-100 s1. This test was performed at

220oC for the raw materials (PP and block copolymers)

and implemented at 190oC for PP and TPE compounds in

order to quantify rheological behaviors and flow curve

characteristics of samples. Strain sweep tests were carried

out from initial strain value of 0.1% to final strain value

of 100% with an angular frequency () of 10 rad/s at

190oC to determine linear viscoelastic (LVE) region of

samples. Shear moduli (storage modulus G’ and loss mod-

ulus G”) values of samples were recorded as a function of

shear strain (%). Frequency sweep tests were performed

by oscillating sample melt within a frequency range of

0.1-100 rad/s with a particular strain value (1%) in LVE

region at 190oC. Viscoelastic moduli (G’ and G”), dynamic

(or complex) viscosity (*), and loss factor (tan) values

were recorded as a function of angular frequency ().

Then, creep tests were implemented by applying a step

stress value of 50 Pa to sample melt at 190oC for 3 min-

Table 2. Sample notation and compositions.

Sample
Weight (%)

PP SEBS-1 SEBS-2 SEEPS Oil

PP 100

EB1-10 85 10 5

EB1-20 70 20 10

EB1-30 55 30 15

EB2-10 85 10 5

EB2-20 70 20 10

EB2-30 55 30 15

EEP-10 85 10 5

EEP-20 70 20 10

EEP-30 55 30 15

Fig. 1. SEM images of EB1-30, EB2-30, and EEP-30 samples

with a magnification of ×2000.
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utes and resulting shear strain (%) and compliance (J)

responses of samples were recorded as a function of time

(s). In stress relaxation test, a step strain of 5% was

applied to sample melt in equilibrium state at 190oC and

resulting time-dependent decay in shear stress [(t)] was

observed. In each rheology test, new sample was loaded to

rheometer and equilibrated in order to avoid possible

effects of thermomechanical conditions and deformation

history on rheological response of sample. Melt rheology

tests of TPEs were performed at 190°C because paraffinic

oil may migrate at higher temperatures during a relatively

longer tests procedures such as frequency sweep.

3. Result and Discussion

3.1. Morphology
SEM micrographs of PP/styrene-olefin copolymer blends

having an elastomer amount of 30 wt.% are given in Figs.

1 and 2 to compare microstructural features of samples

depending on the TPE type. The magnitude of SEM

images given in Fig. 1 was × 2000. As seen in these images,

all compounds exhibited fairly homogenous structure.

Figure 2 illustrates morphologies of EB1-30 (×10000),

EB2-30 (×20000) and EEP-30 (×10000) at higher magni-

fications. It is evidently seen in these images that micro-

structures of EB1-30 and EEP-30 are very similar and

elastomer phase is dispersed well into PP phase. But,

microstructure of EB2-30 is somewhat different from

other samples. Flower-like elastomeric domains can be

clearly seen in this sample which indicates that increasing

styrene content leads to an increase in immiscibility

between PP and elastomer phases. Elastomeric domains

embedded into PP phase can possess irregular shape and

size.

3.2. Rheological behaviors of samples

3.2.1. Steady state flow tests

Figure 3 shows flow curves (viscosity vs. shear rate) of

PP and styrene-olefin block copolymers recorded at

220oC. Flow curve characteristics can be considered as a

“finger-print” to understand and compare the microstruc-

tural features of polymers. PP and block copolymers

exhibit a characteristic flow behavior, a low shear rate (or

Newtonian) plateau then a transition zone from Newto-

Fig. 2. SEM images of EB1-30 (×10000), EB2-30 (×20000) and

EEP-30 (×10000).

Fig. 3. (Color online) Complex viscosity vs. shear rate curves of

PP and styrene-olefin block copolymers.
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nian to non-Newtonian (or shear-thinning) behavior. Shear

rate value which implies the transition from Newtonian to

non-Newtonian behavior is called as critical shear rate

( ).

Styrene-olefin block copolymers also slightly show or

possibly attain a second plateau at high shear rate region.

It is seen that the viscosity curves of SEBS-1 and SEEPS

are almost identical at low shear rates because styrene

content of these block copolymers is similar being about

30-34 wt.%. But low shear rate viscosity of SEBS-2 was

found to be higher than SEBS-1 and SEEPS because sty-

rene content of SEBS-2 was found to be 60 wt.%. These

results indicate that rheological behavior of styrene-olefin

block copolymers preponderantly depends on the styrene

content, although the chemical structure of olefinic block

is different. Another distinctive feature appeared in the

flow curve of SEBS-2 is the second small plateau

observed at shear rates of 1-3 s1. Flow curve character-

istics of SEBS-2 could be related to its high styrene con-

tent in copolymer structure. Low and high shear rate

plateaus would be attributed to rheological responses of

hard and soft segments, respectively. At low shear rates,

Newtonian and non-Newtonian behaviors of SEBS-2 are

more likely predominantly related with the deformation of

styrenic blocks or hard segments whereas the second pla-

teau and shear-thinning region are possibly originated

from the deformation of olefinic blocks or soft segments.

Second transition zone of SEBS-2 is seen about the shear

rate region of 1-3 s1. It can also be seen that the shear rate

dependence and low shear rate viscosity (*) of block

copolymers are much higher than PP.

Flow curves of PP and block copolymers were quanti-

fied by the Carreau equation;

 (1)

where 0 is the zero shear rate viscosity (Pa.s), ∞ is the

infinite shear rate viscosity (Pa.s),  is the shear rate (s1),

K is the consistency or time constant related to the relax-

ation time (s), and n is the rate index (Carreau et al.,

1968). As seen in Fig. 3, Carreau model which is an

essentially extension of the well-known Cross model, suc-

cessfully fits the flow curves of samples. Carreau model

parameters are listed in Table 3. But, the model was

applied to low shear rate plateau of SEBS-2 instead of

entire shear rate region employed due to its obvious dou-

ble-plateau curve aforementioned. It is accepted that the

0 value of polymers are one of the most important rhe-

ological parameters which specify relationships between

molecular and structural features and rheological behavior.

It was found that 0 values of polymers decreased in the

order of SEBS-2>SEBS-1≡SEEPS>PP. It should also be

noted that the 0 values of polymers cannot be compared

to viscosity values declared by manufacturers and listed in

Table 1 because these values, given in data sheets, were

obtained by measurements in solution. The ∞ values of

block copolymers also decreased in the order of SEBS-

1>SEEPS>SEBS-2. The time constant parameter K deter-

mines where it changes from Newtonian to non-Newto-

nian behavior (or constant viscosity to shear-thinning).

The Carreau model resulted in a relationship; KSEEPS>

KSEBS-2>KSEBS-1>KPP. This parameter is generally used to

refer to relaxation time. It is seen that the relaxation times

of styrene-olefin block copolymers are much higher than

PP. The rate index (n) refers to power-law constant in the

shear-thinning region and implies shear rate dependency

of viscosity. The n value of SEBS-2 is higher than those

of SEBS-1 and SEEPS. Amplitude of viscosity change

within a particular shear rate range can also be described

as the viscosity ratio (R). In this study, R was accepted

as the ratio of 0 to ∞ determined with the Carreau

model. The R values and experimentally observed low

shear rate viscosity values (0.01) of polymers are listed in

Table 3. Lower R or n value marks that change in melt

viscosity weakly depends on shear rate. In another word,

lower R or n values correspond to higher melt stability.

The R values of block copolymers decrease in the order

of SEBS-2>SEEPS>SEBS-1. The R value of PP was not

included in such comparison because the Carreau model

yielded an insignificantly low ∞ value for PP (~102

Pa.s). In Fig. 3, it is seen that styrene-olefin block copo-

lymers show a strong shear-thinning behavior in entire

shear rate range whereas PP faintly demonstrates a large

Newtonian plateau at low shear rate region.

It is a well-known fact that polystyrene blocks constitute

glassy or hard domains while olefinic segments can be

regarded as soft connections between styrenic blocks in

SEBS structure. At low temperatures (below Tg of hard

segments), microstructure of block copolymer can be

regarded as microphase-separated system or likely ordered

glassy domains dispersed into soft phase. One would assume

that ordered structure of glassy domains is disrupted at rel-

atively high temperatures (quite above Tg of hard seg-

ments). But, it was reported that order-disorder transition

temperature of SEBS can be higher than 300oC (Kim et

al., 1993; Ma et al., 2016). Arevalillo et al. (2008) studied

order-disorder transition and alignment of hard domains in
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Table 3. Rheological parameters of PP and copolymers.

Sample
R

(0/∞)

0.01

(Pa.s)

0

(Pa.s)

∞

(Pa.s)

K

(s)
n

PP - 1745 1720 0.01 0.31 1.452

SEBS-1 98.8 3260 3646 32.86 40.9 0.589

SEBS-2 444.7 7125 8334 18.74 50.5 0.909

SEEPS 132.3 3150 3875 29.30 62.1 0.687
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SEBS structure depending on shearing effect in melt state.

They investigated mechanical relaxation phenomena of

SEBS via analyzing loss tangent at low frequencies and

entitled their study as “novel rheological features of mol-

ten SEBS”. They concluded that dynamic viscoelastic

response of SEBS, having a styrene volume fraction of

30%, was related to an entanglement-disentanglement pro-

cess, rather than an alignment effect of PS cylinders at

high temperatures (250oC). Therefore, partial or local

structural order of hard domains could be regarded as rea-

son for higher melt viscosity values of SEBS-2 even in

melt state compared to SEBS-1 and SEEPS. But, it should

be noted that another important parameter related to 0

values of same type polymers is molecular weight (Mw) as

well as the chemical structure and entanglement density.

In this study, speculative and more detailed conclusions

have not been mentioned on the melt rheology of block

copolymers because their molecular weights are not known.

But, the effects of type and amount of styrene-olefin block

copolymers on the rheological behaviors of PP-based TPE

compounds will be quantified in the next parts.

Figures 4a, 4b, and 4c show the flow curves of different

series of compounds and PP. Figure 4d compares the flow

curves of compounds prepared with 30 wt.% of different

block copolymers to that of PP. It should be noted that

these curves were obtained from steady state flow tests

performed at 190oC. Flow curves of compounds were fit-

ted by the Williamson (1929) model which is conceptually

very similar to Cross or Carreau models but more practical

since it ignores the ∞. Williamson model is used to quan-

tify flow behaviors of compounds due to the fact that 0

is much important parameter than ∞ for polymer melts.

As seen in Fig. 4, this model can successfully fit the flow

curves of compounds at low shear rate region up to 10 s1.

Williamson model is defined as;

.  (2)

Williamson model parameters are listed in Table 4. It

was found that the 0 and K values of compounds showed

an improvement with the increasing amount of block

copolymer. This improvement is not evident for the com-

pounds including 10 wt.% of block copolymer but, prom-

inently significant for the compounds having 30 wt.% of

block copolymer. The 0 values of compounds including

30 wt.% of block copolymer decreased in the order of

 = 
0

1 K· 
m

+
----------------------

Fig. 4. (Color online) Flow curves of compounds prepared with different amounts of (a) SEBS-1, (b) SEBS-2, and (c) SEEPS. (d) Com-

paring the viscosity-shear rate curves of PP and compounds including 30 wt.% of block copolymer.
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EEP-30>EB2-30>EB1-30. This result can be explained by

the entanglement effect of SEEPS on the PP. As discussed

in the morphology part, SEEPS and SEBS-1 yielded more

homogenous microstructure and seemed partially miscible

with polyolefin matrix compared to SEBS-2. Relatively

higher miscibility between PP and olefinic segments of

SEEPS may increase entanglement density in the EEP-30

compound and result in higher 0 value compared to EB2-

30 and EB1-30. It was found that the rate index value (m)

of PP was higher than those of compounds. It is known

that rate index value refers to high shear rate behavior of

polymer melts and specifically provides useful informa-

tion for processing conditions. It has been reported that

thermoplastic composites usually exhibit higher rate index

values compared to matrix polymer because alignment or

orientation of rigid fillers throughout the flow direction

induces to decrease in viscosity of system under shear

deformation (Durmus et al., 2007b; Al-Juhani, 2015;

Chrissopoulou and Anastasiadis, 2011). In this study, it

can be concluded that the compounds prepared with

SEBS-2 exhibit higher m values than those prepared with

SEBS-1 and SEEPS, except the EB-20 sample. But, it can

be seen in the flow curves given in Fig. 4 that shear-thin-

ning behaviors of compounds, in fact, are more pronounced

than PP at unfitted shear rate region (> 10 s1). This result

could be attributed to higher dependence of SEBS-2 on

shear rate which is also consistent with the results of Car-

reau model predictions of polymers at 220oC.

3.2.2. Oscillating tests

Figures 5a, 5b, and 5c illustrate storage modulus (G’)

curves of PP and TPE compounds prepared with different

type and amount of styrene-olefin block copolymer as a

Table 4. Williamson model parameters of PP and compounds.

Sample 0 (Pa.s) (s) m

PP 9580 0.774 0.9152

EB1-10 11850 1.069 0.7426

EB1-20 12330 1.023 0.7582

EB1-30 26190 18.09 0.5335

EB2-10 9024 0.718 0.8113

EB2-20 14690 4.576 0.6377

EB2-30 54000 13.47 0.7894

EEP-10 10840 0.857 0.7824

EEP-20 12260 1.350 0.6954

EEP-30 61550 13.03 0.6598

Fig. 5. (Color online) Strain dependence of storage modulus of compounds prepared with different amounts of (a) SEBS-1, (b) SEBS-

2, and (c) SEEPS. (d) Comparing the G’ curves of PP and compounds including 30 wt.% of block copolymer.
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function of shear strain (%). Figure 5d also compares G’-

 curves of samples including of 30 wt.% of different type

block copolymers. In these curves, it is clearly seen that

all samples exhibit a linear region, defined as Newtonian

plateau, at low strains. Then this linearity of G’ deviates

from Newtonian to non-Newtonian behavior after a crit-

ical strain value (c). The G’ value at Newtonian plateau

is defined as plateau modulus (G’p) which generally varies

with sample composition in multi-component systems. It

was found that the G’p values of EB1-10 and EB2-10 were

slightly lower than that of PP but, increase in block copo-

lymer amount into TPE composition increased G’p for all

sample series. As seen in Fig. 5d, G’p values of com-

pounds decrease in the order of EEP-30>EB1-30>EB2-30.

The storage modulus (G’) curves of PP and TPE com-

pounds as a function of angular frequency () are repre-

sented in Figs. 6a, 6b, and 6c. It is seen that G’ values of

samples do not vary much at high frequency region while

they significantly differ at low frequency region depend-

ing on the compositional variations. It is also observed

that introducing 10 wt.% of block copolymer into PP

reduces G’ at low frequency region for all sample series

compared to PP. But, increasing block copolymer amount

(20 and 30 wt.%) improves G’ of compounds at low fre-

quency region. Figure 6d compares G’ vs.  curves of

compounds prepared with 30 wt.% of block copolymers.

G’0.1 values of such samples decreased in the order of

EEP-30>EB2-30>EB1-30. This relationship is very con-

sistent with the previously mentioned one, dependence of

0 on copolymer type. Slightly higher G’ values of EB1-

30 and EEP-30 than EB2-30 and PP at high frequency

region could be explained by entanglement issue. In the

morphological characterization part, it was concluded that

SEBS-1 and SEEPS yielded more compatible structures

with PP compared to SEBS-2. EB1-30 and EEP-30 sam-

ples possibly include more entanglement points between

PP chains and olefinic segments of block copolymers. On

the other hand, restriction effect of styrenic hard domains

on chain mobility becomes more dominant at low fre-

quencies or terminal regime, thus G’ of EB2-30 increases

at this region. It could be predicted that the G’ curve of

EB2-30 possibly exhibits pseudo solid-like behavior, char-

acterized as the frequency independent modulus (G’ 

0), at lower frequency region than 0.1 rad/s. Solid-like or

pseudo solid-like behavior at low frequency region is gen-

erally observed in polymer composites having a filler con-

tent higher than a critical amount. This behavior has been

reported for many composite systems containing physical

network formed by rigid filler particles into matrix melt

(Durmus et al., 2007a; Liao et al., 2012; Kasgoz et al.,

Fig. 6. (Color online) Frequency dependence of storage modulus of compounds prepared with different amounts of (a) SEBS-1, (b)

SEBS-2, and (c) SEEPS. (d) Comparing the G’ curves of PP and compounds including 30 wt.% of block copolymer.
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2014; Ercan et al., 2017). Based on the rheological behav-

ior of EB2-30 sample, it could be inferred that ordered or

partially ordered hard domains can act rigid clusters into

compound melt and increase the storage modulus.

Figure 7a displays representative shear moduli (G’ and

G”) curves of PP and EEP-30 samples. Cross-over fre-

quency (x) where G’ equals to G”, can be simply used to

compare melt elasticity and relaxation times of specimens.

The crossover point is also related to melt strength of a

polymer. Melt strength can be simply conceived as resis-

tance of melt to stretching and mainly depends on polymer

chain entanglement and therefore resistance to disentangle

under deformation forces.

It is sometimes thought to be related with the exten-

sional viscosity of thermoplastic homopolymers. Struc-

tural parameters such as molecular weight, molecular-

weight distribution (MWD), and molecular branching

affect the melt strength. Crossover points at lower mod-

ulus and angular frequency refer to higher melt strength.

The relaxation time (, in s) is defined as the reciprocal of

x (in Hz = s1). Dependence of  values of samples on

type and amount of styrene-olefin block copolymers is

demonstrated in Fig. 7b. It was found that  values of

EEP-10, EEP-20, and EB1-10 were slightly lower than

that of PP. These results also implied that there was no

correlation between  values of compounds and chemical

or segmental features of block copolymers at a particular

copolymer amount. But, it might be concluded that increase

in block copolymer amount increases  values of com-

pounds by considering a general trend denoted as a solid-

green curve in the figure. The values of samples includ-

ing 30 wt.% of styrene-olefin block copolymer reduce in

the order of EEP-30>EB2-30>EB1-30 which is also con-

sistent with the previously mentioned relationships.

Figure 8 illustrates “van Gurp-Palmen” plots of PP and

TPE compounds prepared with 30 wt.% of styrene-olefin

block copolymer. Van Gurp-Palmen plots show relation-

ship between phase angle ( ) and complex modulus (G*)

(van Gurp and Palmen, 1998). The van Gurp-Palmen plots

provide useful information about microstructural and mor-

phological properties of multi-phase systems as well as

homo- and copolymers. This method has been success-

fully used as a practical tool to determine microstructural

features of copolymers (Ahmadi et al., 2017; Keßner and

Münstedt, 2010; Trinkle and Friedrich, 2001), polymer

blends (Bazli et al., 2017; Dordinejad and Jafari, 2014;

Lopez-Barron and Macosko, 2014), and composites

(Barczewski and Mysiukiewicz, 2018; Kasgoz et al.,

2012; Meincke et al., 2004; Pötschke et al., 2004) such as

branching, MWD, morphologic transitions, compatibility,

reinforcement efficiency, and percolation threshold. As

seen in Fig. 8, gap between phase angles of samples

increases at low G* values, which is also called as termi-

nal or low frequency region. On the other hand, plots

Fig. 7. (Color online) (a) Representative curves for dependence

of shear modulus (G’ and G”) of PP and EEP-30 sample on

angular frequency and (b) relationship between relaxation time

and compound composition.

Fig. 8. (Color online) Phase angle as a function of complex

modulus (G*) for the samples including 30 wt.% of block copo-

lymer.
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exhibit similar trend at high frequency (or higher G*)

region. Large deviations from the PP curve indicate

immiscibility and formation of more heterogeneous struc-

ture at low G* region. The representative van Gurp-Pal-

men plots of TPE compounds confirmed the interpretation

given above; SEBS-1 and SEEPS formed more compati-

ble blends with PP matrix compared to SEBS-2.

3.2.3. Creep and stress relaxation tests

In this part, time-dependent rheological behaviors of

samples are reported and quantified based on the creep

and stress relaxation test data. Figures 9a, 9b, and 9c rep-

resent creep curves of compounds prepared with different

type and amount of block copolymer under a stress value

of 50 Pa. Figure 9d also compares creep curves of PP and

compounds including 30 wt.% of block copolymer. Creep,

defined as time-dependent strain of a specimen under a

particular stress (or force) and temperature, is widely used

and a practical test method to quantify viscoelastic prop-

erties of polymeric systems. Creep curves are given as

semi-logarithmic plots to precisely see difference in creep

strains of samples. It was found that introducing 10 wt.%

of block copolymer slightly increased the total creep strain

of PP. But, increasing amount of block copolymer decreased

the creep strain. As seen in Fig. 9d, 3-minute creep strain

of compounds prepared with 30 wt.% of block copolymer

decreased in the order of EB1-30>EEP-30>EB2-30.

Figures 10a, 10b, and 10c show creep compliance (J)

curves of compounds prepared with different type and

amount of block copolymer. Figure 10d compares J

curves of PP and compounds having 30 wt.% of TPE.

Compliance is the reciprocal of the modulus (G). These

curves could be considered as the inverse analogs of mod-

ulus-frequency (G’ vs. ) curves given in Fig. 6, in both

axes. Initial part of J curves is equivalent to the high fre-

quency modulus and long-term J values correspond to ter-

minal zone (or low frequency region) of modulus curves.

Compliance curves are quantified with the equation of dis-

crete retardation spectrum and the calculated 0 values of

samples are compared. The equation of discrete retarda-

tion spectrum is given as;

 (3)

where J0 is the instantaneous compliance and 0 is the

zero shear viscosity. The parameters Jk and k are referred

to the compliance and retardation time of the kth element,

respectively. This equation is known as a standard rheo-

J t  = J0 + k Jk 1 exp
t

k

------– 
 – 

 
 
   + 

t

0

-----

Fig. 9. (Color online) Creep curves of compounds prepared with different amounts of (a) SEBS-1, (b) SEBS-2, and (c) SEEPS. (d)

Comparing the creep curves of PP and compounds including 30 wt.% of block copolymer.
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logical model for modeling linear viscoelastic behavior

(Duffy et al., 2016). Model fit was succeeded with six ele-

ments (k = 6), but Jk and k values are not reported here.

Dependences of 0 values of compounds determined by

the Williamson equation and retardation spectrum on the

type and amount of TPEs are given in Figs. 11a and 11b,

respectively. As seen in these figures, 0 values, deter-

mined by modeling of test data obtained by two different

test procedures, exhibit the same trend. Increasing TPE

amount improves the 0 values of compounds.

Figures 12a, 12b, and 12c depict stress relaxation curves

of compounds prepared with different type and amount of

block copolymer. These figures illustrate the time depen-

dent stress decay of samples. It clearly seems that the

compounds having 10 wt.% of block copolymer (EB1-10,

EB2-10, and EEP-10) show slightly faster relaxation than

PP. But, increasing TPE amount reduces the relaxation

rate. Figure 12d compares the stress relaxation curves of

Fig. 10. (Color online) Compliance curves of compounds prepared with different amounts of (a) SEBS-1, (b) SEBS-2, and (c) SEEPS.

(d) Comparing the compliance curves of compound samples including 30 wt.% of block copolymer.

Fig. 11. (Color online) Dependence of zero-shear rate viscosity values of compounds determined with (a) Cross model and (b) discrete

retardation spectrum.
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PP and compounds including 30 wt.% of TPE. It was

observed that PP yielded an initial stress (0) level about

4500 Pa while the compounds with 30 wt.% of TPE

exhibited 0 values in a range of 5500-6700 Pa. But, in

log-scale it looks like that all the samples gain similar 0

values. It is seen that all compounds relaxed much slower

than PP. Based on the Fig. 12d, it can be concluded that

the type of TPE causes a reduction in the relaxation rate

of PP in the order of SEBS-2>SEEPS≡SEBS-1.

In our previous paper, we quantified thermal, mechani-

cal, and solid-state viscoelastic properties of these TPE

compounds by performing stress relaxation tests in uni-

axial tensile mode in a dynamic mechanical analyzer (DMA)

at 50oC (Alanalp and Durmus, 2018). It was reported that

short-term mechanical properties of TPE compounds

highly depended on the block copolymer amount rather

than its type. On the other hand, DMA tests implied that

the styrene content or hard segment amount of styrene-

olefin block copolymers affects the long-term physical

performances of PP-based TPE compounds. Relationship

between TPE type and stress relaxation behaviors of com-

pounds measured in melt state and reported here is very

consistent with the stress relaxation results measured in

solid-state and reported in previous paper (Alanalp and

Durmus, 2018).

4. Conclusion

This study quantified the “structure-composition-prop-

erty relationships” of polyolefin blend type thermoplastic

elastomer compounds based on rheology data obtained

from different test procedures by measuring the shear rate,

frequency, and time dependent rheological behaviors of

samples. PP-rich compounds were formulated by varying

amounts of three different styrene-olefin block copoly-

mers (SEBS-1, SEBS-2, and SEEPS) as 10, 20, and 30

wt.% and a paraffinic oil (as half of block copolymer

amount) into composition. It can be concluded that styrene

content is a governing factor for the rheological behaviors

of styrene-olefin block copolymers. It was found that

introducing 10 wt.% of block copolymer slightly reduced

the storage modulus (G') at low frequency regions and

increased the long-term creep strains and creep compli-

ances (J) of compounds. But, increasing TPE amount

improves melt elasticity, 0 values, relaxation times ()

and decrease creep strains and creep compliances of com-

pounds. The van Gurp-Palmen analysis confirmed that the

SEBS-2 (styrene content of 56-60 wt.%) exhibited more

heterogeneous and immiscible microstructure compared to

other elastomers, SEBS-1 and SEEPS (styrene content of

31-34 wt.%). It was also found that styrene-olefin block

Fig. 12. (Color online) Stress relaxation curves of compounds prepared with different amounts of (a) SEBS-1, (b) SEBS-2, and (c)

SEEPS. (d) Comparing the stress relaxation curves of PP and compounds including 30 wt.% of block copolymer.
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copolymers reduce the relaxation rate of PP.
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