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A B S T R A C T   

Liquid polymers are used in elastomeric compounds to modify their processing and final characteristics. The 
material is considered as a polymeric plasticizer and is used to substitute or supplement conventional plasticizer 
like paraffinic or aromatic oils, or hydrocarbon resins. Their plasticizing effect and contribution to the cross-
linking in sulfur cured SSBR mixtures is studied. Aromatic oil, aliphatic resin and different liquid polymers, 
varied in type, molecular weight and microstructure are discussed. Different plasticizing effects are shown with 
corresponding curing torques and Shore hardness values. The free volume – measured by positron annihilation 
lifetime spectroscopy - increases or decreases according to the liquid polymer’s incorporation in the main 
polymer.   

1. Introduction 

In polymeric mixtures, plasticizers are mainly used to improve pro-
cessing and influence material characteristics by reducing the hardness 
and viscosity. Additionally, they are used for economic reasons, e.g. to 
use high concentrations of fillers in combination with high concentra-
tions of plasticizers - at the same time, the amount of expensive polymers 
can be reduced. 

For elastomeric oil-extended compounds, physical and mechanical 
properties – e.g. Shore hardness values, moduli and elongations – are 
mainly associated to the glass transition temperature, Tg. Plasticizers 
usually show a lower Tg than the main polymer. Correspondingly, the Tg 
of their mixtures are lower. However, this is not always the case and 
subject on the individual Tg’s of the polymer and plasticizer. The com-
pound’s Tg can therefore increase or decrease [1]. The decrease of the 
compound’s Tg can be described as a plasticizing effect, the increase as 
an anti-plasticizing effect [2,3]. 

Plasticizers reduce the intermolecular forces between the polymer 
chains [4,5]. One explanation can be provided by the gel theory: Plas-
ticizers act most efficiently when the interactions between the 

plasticizer molecules, the interactions between the polymer chains, as 
well as the interactions between the plasticizer molecules and the 
polymer chains are equal. If this is the case, the plasticizer can easily be 
incorporated between the three-dimensional gel structure of the poly-
mer chains and increase its mobility [6]. 

The plasticizing is associated to the free volume [7,8], defined as the 
total volume minus the volume occupied by the molecules. It can further 
be explained as the empty internal volume, free for the movement of the 
polymer chains. Above the Tg, the polymer motion starts, resulting in an 
increase of the free volume. The shift and the change of the molecular 
free volume can be explained by the Fox equation [9]. 

In the present study, Positron Annihilation Lifetime Spectroscopy 
(PALS) was used to evaluate the free volume in elastomeric compounds. 
The lifetime of the ortho-positronium (o-Ps) is measured, which is an 
unstable pairing of an electron and its anti-particle, the positron, that is 
formed in low electron density sites. These sites are considered as the 
free volume of the compound. The o-Ps lifetime in this case depends on 
the free volume size. A direct relationship between this lifetime in the 
pick-off process and its radius is well established [10,11]. It can further 
be linked to the fractional free volume [12]. This is proportional to the 
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average size of the free volumes and their number. 
Alongside the above-mentioned plasticization, the crosslinking re-

action – the curing or vulcanization – has an important effect on elas-
tomeric compounds. The sulfur, activator, and accelerator package 
initiate the crosslinking reaction between the polymer chains. Process-
ing oils and resins do not actively contribute to these reactions and the 
final crosslinking network. Liquid polymers contribute to it depending 
on their type, structure and molecular weight. A previous study has 
shown that the replacement of TDAE with different liquid polymers 
results in a lower Crosslink Density (CLD) [13]. This is due to the con-
sumption of sulfur by the co-reactive liquid polymer. However, this 
previous study was also influenced by a mix of different main polymers 
and fillers. The current study focuses only on an unfilled and basic So-
lution polymerized Styrene Butadiene Rubber (SSBR) formulation in the 
presence or absence of liquid polymers. The target is to gain a clearer 
understanding of the plasticizing effect and contribution to the cross-
linking of the different materials of the liquid polymer and the 
comparative materials. 

In the present study, Treated Distillate Aromatic Extract (TDAE), 
aliphatic hydrocarbon resin and different liquid polymer were 
comparatively introduced in SSBR blends. PALS was used to determine 
the free volume in relation to the Tg’s, measured by Differential Scanning 
Calorimetry (DSC). The Mooney-Rivlin method [14,15] was used as a 
measure for the CLD. It is compared to the rheometer curing charac-
teristics as well as Shore hardness values. 

2. Experimental 

2.1. Raw materials 

The following raw materials were used in the current studies: Solu-
tion polymerized styrene-butadiene copolymer (SSBR), SPRINTAN™ 
SLR 4601, supplied by Trinseo. The antioxidants were N-phenyl-N′-1,3- 
dimethylbutyl-p-phenylenediamine (6PPD), supplied by Sigma Flexsys, 
and Antiozonant paraffinic wax, supplied by Sasol. The additives used 
for vulcanization include zinc oxide, stearic acid and sulfur, all supplied 
by Sigma Aldrich. The rubber accelerators used throughout the formu-
lations include n-cyclohexyl-2-benzothiazolesulfenamide (CBS) and 
tetrabenzylthiuram disulfide (TBzTD), both supplied by Flexsys. As a 
commonly used plasticizer, the aromatic oil Treated Distillate Aromatic 
Extract (TDAE) (Tg = − 49 ◦C), VIVATEC 500, supplied by Hansen & 
Rosenthal, as well as an aliphatic C5 resin (Al–C5), IMPERA R1507 (Tg 
= 47 ◦C), supplied by Eastman, were used. The low molecular weight 
‘liquid’ polymers were selected from Kuraray and are listed in Table 1. 
The range covers different types having different molecular weights and 
1,2-vinyl contents. The “L” refers to liquid or low molecular weight 
polymer; “BR”, “SBR” and “IR” refer to the type of polymer, butadiene, 
styrene-butadiene and isoprene rubber. 

2.2. Preparation of blends and sample plates 

Table 2 shows a basic rubber formulation. No fillers were added to 
allow a focused discussion on the effects of the extending materials. The 

reference formulation is only with SSBR as main polymer and without 
any extending materials. Different liquid polymers, TDAE and Al–C5 
resin were added on top to this basic formulation. 

The compounds where mixed in three stages. The first two steps were 
executed in a Brabender internal mixer with a mixing chamber size of 
350 mL. The fill factor was set at 70%. The mixing procedures of the first 
mixing stage include the following steps: 1. at time 0′ 00′′ polymer 
addition, 2. at 1′ 00′′ addition of TDAE, resin or liquid polymer, 3. at 
time 6′ 20′′ addition of zinc oxide, stearic acid, wax and 6PPD. The 
compound is discharged at 7′ 00’’. The starting temperature of the mixer 
was 50 ◦C, the dump temperature 140 ◦C. The second mixing step was 
applied for 5 min with starting temperature of 50 ◦C to homogenize the 
compounds, 16 h after the first mixing stage. After every mixing step the 
compound was sheeted out on a two-roll mill with an initial temperature 
of 50 ◦C. The third mixing step was carried out on the same two-roll mill. 
The amount of sulfur, zinc oxide, CBS and DPG were added in the third 
mixing step and recalculated according to the mass of the compound 
after the second mixing stage. 

The compounds were cured on a Wickert laboratory press at 160 ◦C 
and 100 bar, according to the t90 of the specific compounds. The cured 
specimens measured 100 mm in length and width and 2.0 mm in 
thickness. 

In Fig. 2 to Fig. 7, each compound version will be labeled according 
to the introduced liquid polymer as described in the previous chapter 
and Table 2. The concentration will be included in the designation, e.g. 
30 phr L-BR-1 will be labeled with L-BR-1_30. 

2.3. Measurement and analysis 

2.3.1. Rheology 
The curing kinetics of the compound were determined with an Alpha 

Instruments Rubber Process Analyzer RPA 2000, dynamic mechanical 
rheological tester. The increase in torque at 160 ◦C and 0.5% strain was 
measured over a time period of 20 min. Two frequencies were applied, 
1.667 and 10 Hz. The optimal vulcanization time (t90) of the compounds 
were determined. 

2.3.2. Hardness 
The Shore A hardness was measured by using a Zwick hardness tester 

according to ASTM D-2240. 

3. Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) was performed with DSC 
Polyma 214 from Netzsch-Gerätebau. Approximately 10 mg of the 
sample was placed in an aluminium pan with lids. The measurements 
were carried out under nitrogen atmosphere. The heating rate was set to 
10 ◦C/min from − 100 ◦C to +80 ◦C. The data were taken from the in-
flection points of the heat capacity change during the heating steps and 
defined as the glass transition temperature. 

Positron Annihilation Lifetime Spectroscopy (PALS) 
A positron is the antiparticle of the electron, which will be annihi-

lated after encountering the electron. In the present study the positron is 

Table 1 
Main properties of the liquid polymers [16].  

Synonym Product 
Name 

Molecular 
Weight (MN, g/ 
mol) 

1,2-vinyla 

(mol%) 
Tg 

(◦C) 
Viscosity 
(Pa*s at 
38 ◦C) 

L-BR-1 L-BR-307 8000 Low − 95 1.5 
L-BR-2 L-BR-361 5500 High − 49 0.6 
L-BR-3 L-BR-305 26,000 Low − 95 40 
L-IR L-IR-10 10,000 Low − 63 3 
L-SBR L-SBR- 

820 
8500 Low − 14 350  

a Vinyl Content: Low 10–40%, High 40–70%. 

Table 2 
Formulation of the model compounds.  

Formulation Reference Extended 

SSBR 100 100 
TDAE, Resin or Liquid Polymer 0 15–30 
Zinc Oxide 3 
Additives 1.5 (6PPD) 

2 (Stearic Acid) 
1.5 (Wax) 

Sulfur 1.5 
Accelerator 2 (CBS) 

0.2 (DPG)  
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obtained from β+ decays of the isotope 22Na as shown in Fig. 1. Their 
mass is transformed into photons, mainly into two photons emitted in 
opposite directions. Each has an energy equal to the mass of a resting 
electron m0c2 of 511 keV. Photons can change their energy according to 
the Doppler effect. The direction of the emission is therefore slightly 
changed and broadened to the opposite 180◦ angle. Another effect that 
accompanies the appearance of the positron is the fact that it does not 
annihilate immediately. The lifetime of the positron depends on the 
annihilation from the moment the positron appears. 

A typical lifetime of a positron differs between 100 and 500 ps. In low 
electron densities areas the positron and electron create first an unstable 
positron-electron bound state. Such a hydrogen-like atom is called the 
Positronium (Ps). Ps can appear in regions with very low electron den-
sity, mainly pores, or regions of local free volume between molecules. 

The positron lifetime spectrum measurements were conducted with a 
spectrometer whose assignment is shown in Fig. 2. It consists of two 
scintillation detectors in which the scintillator is a barium fluoride 
(BaF2) crystal and the photomultiplier is an XP2020Q by Philips. The 
detectors register the photons emitted from the positron source, isotope 
22Na, enclosed in the Kapton film, and two identical samples that sur-
round the source. Two differential discriminators (ORETC CFD 573) 
allow the amplitude spectrum to receive pulses that correspond to the 
annihilation photon produced during the positron annihilation. The 
energy is 511 keV. The second discriminator at the output gives pulses 
corresponding to 1274 keV energy photon, which occurs when the 
positron is generated. These two pulses are converted into voltage sig-
nals and transferred to the time-amplitude converter (ORTEC TAC 566) 
whose height is proportional to the time interval between them. The 
amplitude spectrum of these pulses is recorded in a multi-channel 
analyzer (Hetaman 8002 based on the Camberra ADC 8701 system) 
and corresponds to the positron lifetime spectrum. 

The time resolution capability, the Full Width at Half Maximum 
(FWHM) of this system, is 0.28 ns and the background to peak ratio is 
1.3%. The presented spectrometer works in a fast-fast system. The term 
relates to the time and energy selection measurement which is carried 
out in a fast differential discriminator. 

The measured spectrum is a convolution of Equation (1) and timing 
resolution of the spectrometer applied. In the process of deconvolutions 
of the spectrum, and thus the determination of intensity and corre-
sponding positron lifetime components, other parameters are also taken 
into account, i.e. the contribution of the positron source [10]. 

The positron lifetime spectrum is an important measured charac-
teristic, providing counts per time by detecting the time between gen-
eration and annihilation of positrons. Assuming that at time t = 0 the 

positrons (obtained from β+ decays of isotope 22Na entering the sample), 
the number dn of annihilating positrons in the time interval dt varies 
with the passage of time according to Equation (1)): 

−
1
n0

dn
dt

=
I1

τ1
exp

(

−
t

τ1

)

+
I2

τ2
exp

(

−
t

τ2

)

+
I3

τ3
exp

(

−
t

τ3

)

(1)  

where Ii is the component intensity which corresponds to the counts of 
generation or annihilation of a positron, τi is the positron’s lifetime, i =
1, 2, …numerates the number of state from which the positrons anni-
hilate. In practice, this equation is convoluted with the timing resolution 
of the spectrometer and added with a background. Due to the arrange-
ment of the spins of both particles, the electron and the positron, Ps can 
exist in two states, the para-Ps (p-Ps) when the spins are set antiparallel 
and the ortho-Ps (o-Ps) when the spins are parallel. This fact is essential 
for the self-annihilation of Ps. 

In vacuum, p-Ps and o-Ps decay with an average time of 125 ps into 
two annihilated photons and three photons with the average time of 142 
ns, respectively. The o-Ps state is formed in the ratio of 3:1 in relation to 
p-Ps. However, these numbers can be changed significantly due to 
different types of interactions. For example, the o-Ps can be quenched in 
several processes [17]. The decay time of the o-Ps is therefore signifi-
cantly shortened. Additionally, this time is influenced by the environ-
ment, in particular the radius of the free volume. For the spherical free 
volume, its radius R is related to the average lifetime τ3 of the o-Ps decay 
during the pick-off process [11,12]: 

τ3[ns] = 0.5
[

1 −
R

R + Δ
+

1
2π sin 2 π R

R + Δ

]− 1

(2)  

where Δ = 0.1656 nm. This is an empirical parameter describing the 
depth of penetration of the positional wave function into the area where 
the electrons are located. The increase in the value of the radius R of the 
free volume causes a non-linear increase in the value of the life time, 
component τ3. 

Another important parameter characterizing the properties of the 
material is the fraction of free volumes fv. It is connected with the in-
tensity of I3 of o-Ps in the spectrum of life times in the following relation 
[18]. 

fv = a VvI3 (3)  

where Vν = 4πR3/3 is expressed in Å3, and coefficient an of 0.0018 [12]. 
The relation is only valid if no other effects lead to changes of the 
measured positron lifetimes, e.g. the presence of dangling bonds. 

3.1. Mooney-Rivlin stress strain analysis 

The stress strain measurement is performed on a Zwick Z020 tensile 
device. It is conducted without pre-strain due to the absence of fillers. 
The determination is taken from a gradually increased extension ratio, 
which is defined as λ. The reduced stress is taken from the equilibrium 
stress of the sample [19,20]. For the calculation of the CLD, the reduced 
stress, σ is plotted over the reciprocal extension and can be defined by 
the semi-empirical Equation (4) [14,15]. 

σ =
F

2A0(λ − λ− 2)
=C1 +

1
λ
C2 (4)  

F is the force in N, A0 is the cross-sectional area measured in mm2. C1 and 
C2 are material constants, while C1 is assumed to be the contribution of 
the crosslinking units. C2 is the Mooney-Rivlin elastic constant and 
considered as the contribution of trapped entanglements. 

The graph obtained from equation (4) for the different stress-strain 
values consists of a linear region. The slope is C2 and the interception 
is C1. The material constant C1 can be calculated to the crosslink density, 
ve in mol/m3 by equation (5) [14,15]. Fig. 1. Scheme of generation and annihilation of a positron in the Positro-

nium state. 
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2C1 = RTνe (5)  

R is the gas constant in J*K− 1*mol− 1 and T is the temperature in K. In the 
further discussion, the crosslink density will be expressed as C1 in mol/ 
m3 and the entanglements will be expressed as C2, corresponding to its 
elastic contributing in MPa. 

4. Results and discussion 

4.1. Curing and hardness 

The cure characteristics and hardness values of the sulfur cured 
mixtures with different plasticizers and liquid polymers are depicted in 
Table 3. Corresponding to the un-extended reference, all samples show 
clear plasticizing effects indicated by the decreased torque and hardness 
values. The TDAE and aliphatic resin Al–C5 show higher maximum 
torques and hardness values compared to the liquid polymers. An 
exception is true for the high molecular weight L-BR-3, it indicates a 
higher CLD for the liquid polymers. In this case, the polymer chains of L- 
BR-3 react more effectively with the polymer chains of the main polymer 

due to the higher chain length. 
Comparing the minimum torque values of L-BR-3 with the value for 

the TDAE-filled compound, the tendencies are converse to the CLD: the 
liquid polymers show a higher value. It can at least partially be derived 
from the higher initial viscosities of the compounds containing the liquid 
polymers – indicated by the higher minimum torque value. The reason 
for this higher viscosity is due to the higher molecular weight compared 
to the TDAE. Similar tendencies, higher minimum torques and lower 
maximum torques with liquid polymer have also been demonstrated in 
silica-filled compounds [13]. In the presently study, no fillers are used 
and the discussion can focus on the main polymer and the extending 
material. The differences of Shore hardness values and minimum tor-
ques are still present, yet of higher significance. 

Comparing the microstructures of three different L-BR’s, only small 
differences can be observed in dependence of the 1.2-vinyl contents. It is 
anyhow noteworthy and different to the previous investigation [13], 
wherein the difference between the torques and CLD were clearly pro-
nounced. However, this was achieved by a higher reactivity between the 
1,2-vinyl-rich structure and the silane coupling agent [21]. It is a 
different case as for the present investigation with an unfilled com-
pound, where only elemental sulfur and not a sulfur-containing silane is 
used. The small difference shown in Table 3 can therefore be attributed 
mainly to the slightly higher molecular weight. 

This influence of different the molecular weights can clearly be 
observed by comparing L-BR-1 and L-BR-3. The high molecular version 
shows a high torque and high hardness value. Compared to the other 
liquid polymers, it can be assumed that a higher CLD is achieved. This is 
associated with the higher statistical possibility – i.e. higher molecular 
weight – to achieve two or more crosslinking units per molecule of the 
liquid polymer, and the higher contribution to the final mechanical 
strength or modulus [13,22]. 

The polymer type of the liquid polymers shows the following de-
pendences: The polyisoprene L-IR shows a comparable torque value with 
the low 1.2-vinyl content L-BR-1. Normally, a higher torque would be 
assumed because of the higher reactivity of the double bond of the 
isoprene structure [23]. However, the reason herein is associated with 

Fig. 2. Assignment (schematic) of the spectrometer for the measurements of the positron lifetime spectrum. MCA represents the multichannel analyzer and HV 
means high voltage. 

Table 3 
Comparison of curing torques and Shore A Hardness of the different mixtures.   

Min. Torque 
(dNm) 

Max. Torque 
(dNm) 

Shore A 
Hardness 

Reference 0.38 7.50 42 
TDAE 0.12 (0.20a) 5.01 (5.81a) 38 (41a) 
Al–C5 0.18 (0.24a) 4.55 (5.60a) 40 (39a) 
L-BR-1 (low MW, low 1.2- 

vinyl) 
0.11 (0.18a) 3.91 (5.28a) 38 (40a) 

L-BR-2 (very low MW, high 
1.2-vinyl) 

0.12 4.02 39 

L-BR-3 (high Mw, low 1.2- 
vinyl) 

0.14 5.49 42 

L-IR 0.12 4.02 33 
L-SBR 0.16 (0.23a) 4.38 (5.37a) 36 (39a)  

a Contain 15 phr of the extending plasticizers and liquid polymers, all other 
extended mixtures contain 30 phr 
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the lower compatibility of the L-IR together with the SSBR base polymer 
compared to all L-BR’s and the L-SBR. It is also plausible regarding to the 
strong decrease of the Shore hardness compared to the other versions. 
Within the molecular weight range, the L-SBR shows the highest 
maximum torque value, which indicates the highest CLD. It is also 
connected to the compatibility which is logically higher in the case of 
the L-SBR. 

4.1.1. Glass transition and positron lifetime 
The free volume is the total volume minus the volume occupied by 

the molecules. Above the Tg, the polymer motion starts, resulting in a 
higher increase of the free volume. For the evaluation of the free volume, 
the Tg should therefore be taken into consideration. 

For the different plasticizer and liquid polymer extended SSBR 
blends, Table 4 shows the individual material Tg’s, the calculated com-
pound Tg’s and measured Tg’s by DSC. All Tg values were compared to τ3 
obtained from the PALS measurement. The difference between 
measured and calculated Tg provide a further information of the 
compatibility of the materials. The calculated Tg’s were obtained from 
the Fox equation as below [10]. 

1
Tg

=
w1

Tg,1
+

w2

Tg,2
(6)  

where w1 and w2 are the weight fractions and Tg1 and Tg,2 the glass 
transition temperatures of the different polymers. 

Clear differences are shown for the difference in 1,2-vinyl contents of 
the L-BR’s, comparing the L-BR-1 and L-BR-2: The measured Tg of the 
compounds are almost identical with − 40 ◦C for L-BR-1 and -39 ◦C for L- 
BR-2. However, the calculated Tg’s showing a difference of 15 ◦C be-
tween the two versions. It is related to the main polymer, which is based 
on a 1,2-vinyl-rich SSBR. From the solubility parameter concept, 
developed by Joel Hildebrandt [24], it is an obvious assumption that the 
butadiene co-monomer of the main polymer interacts preferable with 
the 1,2-vinyl rich L-BR-2 – and less with L-BR-1. 

This is based on the general understanding that similar substances 
are miscible with each other. Herein, similar can be attributed if the 
chemical substances are identical or if two or more different substances 
are based on the same chemical basis. In both cases, the interactions 
between the single molecules are similar. These interactions are based 

on van der Waals forces, dipolar forces and hydrogen bondings. The 
solubility parameter concept determines similarities with a value that 
can be described and calculated with Equation (7) [24]. 

δ=
̅̅̅̅̅̅̅̅̅̅
CED

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ΔvH − R*T
vMol

√

(7) 

The Hildebrandt solubility parameter δ is defined as the square root 
of the Cohesion Energy Density (CED). It is derived from the vapor-
ization enthalpy ΔvH, while R is the gas constant and T the temperature, 
vMol is the mol volume [24]. In general, the closer the solubility pa-
rameters δ between two substances the better are their miscibility with 
each other. The δ value - obtained from the literature - of the different 
plasticizers and liquid polymers are displayed in Table 5. 

From the calculated differences it can be presumed that the 
compatibility of the extending materials with the SSBR is in the 
following order): L-SBR (1), Al–C5 (2), L-IR (3), L-BR-2 and TDAE (both 
4), L-BR-1 and L-BR-3 (both 5). While 1 indicates the highest and 5 the 
lowest compatibility. Comparing the structures, this order is plausible. 
Some of the indicated compatibilities correspond to the measured Tg’s. 
The L-SBR – rated with 1 – shows for example the same values for the 
calculated and measured Tg’s. 

Fig. 3 shows the possible incorporation and interactions of the 
different liquid polymers and plasticizers into the main polymer 
network. L-BR-2 can be assumed to be integrated. This can occur by a 
covalent connection through the co-reaction with the main polymer or 
by physical interactions between the 1,2-vinyl groups. 

The free volume, associated with the τ3 value, is the lowest for L-BR- 
2 among the three L-BR’s. It is a further indication of the higher inter-
action of its 1,2-vinyl groups with the main polymer, resulting in a more 
compact morphology. The difference of the molecular weight is less 
significant as the difference between L-BR-1 and L-BR-3. An effective 
plasticization is generally created throughout spacers in-between the 
polymer chains, according to the plasticizing theory with an increased 
free volume [4,5]. 

The L-SBR – with a higher Tg as the main polymer – shows an anti- 
plasticization effect with an increase of the compound Tg. It shows the 
lowest τ3 value of all considered liquid polymers. 

A lower impact on the Tg of the extending material are visible with 
regard to the L-IR and the Al–C5 resin. It is also a plausible assumption 
that the compatibility is lower. The L-SBR shows the opposite and a 
stronger impact on the measured Tg. The Tg corresponds also to the 
crosslink density and the compatibility. This fact explains the differences 
among the three materials. Based on Fig. 3, it can be presumed that L- 
SBR is incorporated more effectively (through the interactions of the 
aromatic groups), followed by L-IR (mainly through the co-crosslinking) 
and Al–C5 (through the cycloaliphatic and aromatic groups interaction). 

Table 4 
Glass transition temperatures and Positron Lifetime of materials and 
compounds.   

Tg
a of the 

polymer 
(◦C) 

Tg of the 
compound, 
calculated (◦C) 

Tg of the 
compound, 
DSC (◦C) 

τ3 (ns) 

Referencea − 25 − 25 − 23 2.59 
TDAE − 49 − 31 (− 28b) − 28 (− 24b) 2.69 

(2.63b) 
Al–C5 47 − 11 (− 18b) − 18 (− 19b) 2.49 

(2.52b) 
L-BR-1 (low 

MW, low 1.2- 
vinyl) 

− 95 − 46 (− 37b) − 40 (− 35b) 2.78 
(2.73b) 

L-BR-2 (very low 
MW, high 1.2- 
vinyl) 

− 49 − 31 − 39 2.70 

L-BR-3 (high 
Mw, low 1.2- 
vinyl) 

− 95 − 46 − 40 2.75 

L-IR − 63 − 35 − 25 2.63 
L-SBR − 14 − 23 (− 24b) − 23 (− 27b) 2.53 

(2.58b) 

c The variation of the single measurements of τ3 is in the range of ± 0.02 ns. 
a Tg of pure polymer, SSBR (Remaining values are for the TDAE, Al–C5 and 

liquid polymers). All data obtained from the suppliers. 
b Values in ( ) contain 15 phr of the extending plasticizers and liquid polymers, 

all other extended mixtures contain 30 phr 

Table 5 
Solubility parameters of the pure materials, the SSBR, different plasticizers and 
liquid polymers.   

Solubility parameter, δ (J1/ 

2/cm3/2) 
δSSBR - δPlasticizer (J1/2/ 
cm3/2) 

SSBRa 18.6 [25] – 
TDAE 17.2 [26] 1.4 
Al–C5 17.9 [27] 0.7 
L-BR-1 (low MW, low 1.2- 

vinyl) 
16.1 [28] 2.5 

L-BR-2 (very low MW, high 
1.2-vinyl) 

17.4 [29] 1.2 

L-BR-3 (high Mw, low 1.2- 
vinyl) 

16.1 [28] 2.5 

L-IR 16.7 [30] 0.9 
L-SBR 18.6 [25] 0  

a ) δ of pure polymer, SSBR (other values are for the TDAE, Al–C5 and different 
liquid polymers). 
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4.1.2. Free volume radius 
Table 6 shows the calculated free volume radius according to equa-

tion (2). For the purpose of verification, three versions are repeated and 
compared to the original results. The reproduction was carried out on a 
different mixer with a mixing size of 100 ml. The raw materials, mixing 
and curing condition were applied according the procedure, aligned 
with the original tests. Table 6 shows the original Free Volume Radius R 
compared to the repeated results, the Control-R. The deviation between 
the original and repeated versions correlating well. The control value of 
L-BR-1 shows a slightly lower value than the original mixture. It can be 
attributed to the variation of the mixing procedure. However, the ten-
dencies shown above still remains. From this results, a high liability of 

the comparative results in the previous figures can be estimated. The 
variation of the single measurements is in the range ± 0.002 nm. 

The effect becomes more visible in Fig. 4, showing the calculated free 
volume radius according to equation (2) versus the glass transition 
temperature. It is well correlating, the regression coefficient r2 is 0.875. 
With the introduction of the different extending materials, the free 
volume changes in accordance with the material type in two directions:  

1. In the presence of liquid butadiene (L-BR) and liquid isoprene (L-IR), 
the free volume is increased.  

2. In the presence of the aromatic (TDAE, L-SBR) and cycloaliphatic 
(Al–C5) materials, the free volume is maintained or reduced. 

In case of the different L-BR’s and the L-IR (1.), the material act - as 
explained above – more as a spacer according to the plasticizing theory 
[4,5]. As shown in Fig. 3 it is likely to be connected with the main 
polymer throughout a co-reaction. The lower interactions between the 
1,2-vinyl segments with the main polymer lead to a higher mobility and 
more space. This leads to the effect of pushing apart the polymer chains 
of the main polymer. Consequently, the free volume radius is increased. 
The effect is particular true for the L-BR-1. Compared to L-BR-1, the 
higher molecular weight L-BR-3 show slightly lower free volumes. 
However, still higher compared to the reference. It is possibly due to a 
higher CLD (for L-BR-3). 

Fig. 3. Co-crosslinking of liquid polymers with the main polymer network, Schematically visualized for the different liquid polymer types.  

Table 6 
Verification of PALS Results, original Free Volume Radius R and repeated 
Control-R.   

R 
(nm) 

Control-R 
(nm) 

Deviation between R 
Control-R (%) 

TDAE 0.334 0.332 0.6% 
L-BR-1 (low MW, low 

1.2-vinyl) 
0.348 0.336 3.5% 

L-SBR 0.329 0.329 0.0% 

an All extended mixtures contain 30 phr of TDAE, L-BR-1 and L-SBR. 
b The variation of the single measurements is in the range ± 0.002 nm. 
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The high 1.2-vinyl containing L-BR-2 shows the lowest increase of 
the free volume radius among the three L-BR’s. It is associated to the 
interactions of the 1,2-vinyl segments between the main polymer and L- 
BR-2. 

In case of the aromatic and cyclic containing materials (2.), alongside 
the constant or decreased free volume, an anti-plasticizing effect - visible 
through the increased Tg - can be seen when referring to the Al–C5 resin. 
Generally, with the introduction and increased content of Al–C5 and L- 
SBR, the free volume decreases constantly. It is different in the case of 
the TDAE: a 15 phr addition increases the free volume while a further 
addition to 30 phr reduces it. This tendency is in accordance with a 
previous study [7] with TDAE extended SSBR and BR compounds. 10 
phr TDAE showed an increase of the free volume, while a further in-
crease to 20 phr did not show any or, if at all, merely a small effect. It is 
assumed that this is attributed to the crystallization: a rivaling progress 
of the spherulite formation (with lower contents) and spherulite hin-
drance (with higher contents) [7]. 

Both the L-SBR and Al–C5 resin show very similar tendencies. Ac-
cording to their Tg’s and aromatic or cyclic groups, they display a 
decrease in terms of the free volume. The chain mobilities are reduced, 
thus corresponding to the reduced Tg values. Compared to the reference, 
the Al–C5 and the 30 phr L-SBR containing compounds show an anti- 
plasticizing effect with higher Tg’s. 

A previous study concluded that the bulky aromatic groups of TDAE 
are pushing the SSBR chains apart, which is in accordance with the 
plasticizing theory [7]. This leads to an increase of the free volume and 
segmental mobility. With the increased Free Volume Radius and reduced 
Tg, it is true and visible for the 15 phr TDAE extended SSBR. However, 
the L-SBR shows another tendency: The free volume is reduced even 
though it contains aromatic groups. The explanation for this is based on 
the high compatibility between the L-SBR and SSBR. According to a 
previous study [13], L-SBR/SSBR combinations result in high crosslink 
densities and modified dynamic properties corresponding to relatively 
high compatibilities and incorporation into the polymer network. 
Instead of pushing the chains apart, it is therefore a plausible explana-
tion that the bulky aromatic groups of the L-SBR fill voids between SSBR 
chains. The aromatic groups contain a conjugated system with delo-
calized electrons that are not clearly associated to individual atoms, the 
π electron system. Herein, different π electron systems can interact 

together by the non-covalent π-π interactions. It results to π-π stacking 
and therefore a strong concentration of the different aromatic π systems. 

It is still in accordance with the plasticizing theory [4,5]: the results 
imply that a certain compatibility is necessary, while at the same time, a 
certain incompatibility is equally necessary in order to not fully dissolve 
the plasticizing material into the base material. The effect is similar with 
regard to the aromatic TDAE and cyclic Al–C5 resin. 

The Vh value is connected to the intensity, I3, which is associated 
with the number of free volume sites. This provides a statistical average 
in percent of the total free volume, the fractional free volume, Fv, 
calculated according to Eq. (3) Fig. 5 shows Fv versus the Tg. The two 
main tendencies, as described above for the free volume radius, can be 
confirmed: 1. Increased free volume for the L-BR, 2. Reduced free vol-
ume for the aromatic and cyclic materials. However, there is no corre-
lation in this case, a regression curve leads to a r2 of only 0.2. 

Fig. 6 schematically shows the effect on the free volume by incor-
porating the different materials. The less compatible L-BR is acting as a 
spacer and pushes the polymer chains apart. It avoids a concentration 
and meshing of the styrene groups. The free volume radius is conse-
quently increased. In case of the L-SBR, the aromatic groups concentrate 
together with the SSBR’s styrene groups and reduce the free volume by 
filling the voids. Similar effect will happen with the Al–C5 resin and the 
TDAE. However, this is one explanation, it has to take into account that 
the liquid polymer becomes part of the polymer network, which will be 
discussed hereinafter. 

4.1.3. Crosslink density 
The free volume depends on the crosslinking network and compati-

bility. It is known that increased crosslink densities result in increased 
Tg’s [30,31]. A higher thermal energy is required to enable the mobility 
of the polymer segments [32]. Bandzierz et al. showed that the free 
volume is reduced almost linearly with an increased crosslink density 
[33]. For the interpretation of the results, the crosslink densities has to 
be considered beside the compatibility considerations discussed above. 

The CLD was determined by the Mooney-Rivlin approach. It is 
demonstrated that this method correlates well with other methods [34], 
i. a. to the equilibrium swelling methods according to Flory-Rehner. 
However, the latter subjects more on a swollen ideal network. For the 
present evaluation, the Mooney Rivlin method was chosen to provide a 
broader information and the contribution of the entanglements C2 to the 

Fig. 4. Free volume radius versus glass transition temperatures of compounds 
containing TDAE, Resin and Liquid Polymer. The solid line represents the least 
squares fit to all experimental points in this figure (r2 is 0.875). 

Fig. 5. Fraction of free volume calculated using Eq. (3) of compounds con-
taining TDAE, Resin and Liquid Polymer as a function of glass transition. 
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reduced stress, according to Equation (4). 
Fig. 7 shows the CLD versus the elastic contribution of the entan-

glements C2. There is no correlation, a regression curve leads to a r2 of 
only 0.2. The range of the CLD is between 70 mol/m3 and 100 mol/m3 or 
0.7E-4 mol/cm3 and 1.0 E− 4 mol/cm3, representatively. The range is 
lower but comparable to two connected studies [13,35]. Therein, 
additionally sulfur-containing coupling agents and silica as a filler 

where used. In these studies the CLD was determined by the 
Flory-Rehner method. Comparing the reference with the two 
non-reactive plasticizers (TDAE and Al–C5), the reference compound 
without plasticizer shows the lowest CLD and a significant higher C2, 
implying a high contribution of trapped entanglements. The TDAE 
shows a higher CLD and lower C2. The Al–C5 shows the highest CLD and 
lowest C2. 

The results imply that both, plasticizer and curatives are necessary 
for an efficient crosslinking. In the non-plasticized compound, the cu-
ratives and the connected high molecular weight chains are limited in 
their mobility. Consequently they react and form connections associated 
to a less-ideal network [22]. It is particularly with more intermolecular 
connections and trapped entanglements due to the lower flowability 
between the chains. It is a different case for the plasticized compounds 
wherein the mobility is increased, supported by a lubrication effect that 
allows re-entanglement of the polymer chains – due a lower restriction 
of the polymer chains. Another reason for the effective crosslinking may 
be associated to a better distribution of the curatives inside the com-
pound due to the liquefaction. 

Several studies mention that the presence and type of the plasticizers 
in general not only support the crosslinking reaction but also actively 
influences the crosslinking reaction [36,37]. The same is true for the two 
non-reactive plasticizers, the TDAE and Al–C5. 

The high CLD for Al–C5 can be associated to the concentration of the 
cycloaliphatic and aromatic groups. In between, the butadiene segments 
move freely and efficiently form crosslink sections. It further increased 
the lubrication between the polymer chains and therefore shows a low 
amount of trapped entanglements. The same explanation is true for the 
TDAE. However, with the lower polarity and lower solubility parameter 
δ – and lower individual and compound Tg – resulting in a slight increase 
in the free volume as shown above in Figs. 4 and 5. 

Compared to the non-reactive plasticizer (TDAE and Al–C5), most 
liquid polymer extended compounds show lower crosslink densities. 
This is a result of the co-reactionwith the main polymer [13]. More 
polymers consuming the same concentration of curatives. The liquid 

Fig. 6. Free volume radius of L-BR and L-SBR extended SSBR (scheme) and the possible area where Positronium is formed.  

Fig. 7. CLD and entanglements of compounds containing TDAE, Resin and 
Liquid Polymer as a function of glass transition. 
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polymer will form a less ideal network with a lower amount of crosslink 
sections per chain - due to its significant lower molecular weight. 
Compared to the TDAE and Al–C5, particularly noteworthy but plausible 
is the concentration dependency. In both cases, the L-BR-1 and L-SBR the 
increase from 15 phr to 30 phr result in reduced CLD and increased 
amount of entanglements. The higher concentration of liquid polymer 
increases the reactive polymeric content while the content of curatives is 
constant. In case of the TDAE and Al–C5, the change from 15 phr to 30 
phr shows no effect on the CLD and entanglements. 

The L-BR-1 – with its highest free volume as previously shown in 
Figs. 4 and 5 – shows a relative low CLD, along with the highest amount 
of entanglements within the liquid polymers. The tendency is inverse to 
Al–C5 that shows the lowest free volume, lowest entanglements and a 
highest CLD. It is in correspondence with the entanglements, where L- 
BR-1 shows the highest value of C2 and AI-C5 the lowest. Different to this 
shows the L-BR-1 a spacer function according to the plasticizing effect - 
with a clearly higher free volume. Additionally - due the co-reaction 
with the main polymer - it will create a less ideal network according 
to the network theory. 

The L-SBR shows a relatively high CLD and a lower C2 compared to 
the L-BR-1. It is therefore plausible that the aromatic styrene groups of 
the L-SBR concentrate with the styrene groups of the main polymer as 
shown in Fig. 5 by the π-π interactions as described above. It results in a 
lower free volume, a higher reactivity of the butadiene segments and 
finally a higher CLD. 

The 1,2-vinyl-rich LBR-2 shows the lowest CLD with a low concen-
tration of entanglements. It is different to all previous discussed results 
that always showed an inverse tendency between CLD and entangle-
ments: a high CLD along with a low C2 or vice versa, a low CLD along 
with a high C2. It can be assumed that L-BR-2 is highly incorporated into 
the main polymer network with the 1,2-vinyl-rich based SSBR, as dis-
cussed in the section Glass Transition and Free Volume. The free volume is 
lower than for the L-BR-1, implying an increased compatibility and a 
lower spacer function. As a combined result, a higher participation of L- 
BR-2 to the total crosslinking reaction can be assumed. However, it 
generates a lower CLD compared to the L-BR-1 containing compound. 
The reason is that L-BR-1 is less participating in the crosslinking reac-
tion. Consequently, the SSBR main polymer builds a slightly more 
effective network. It is through more crosslinks that are connecting the 
main chains and with a lower deterioration the total network. 

Compared to the L-BR’s, the L-IR shows a slightly higher CLD. It is 
due to the higher reactivity of the double bond in the isoprene structure 
[23]. Only the high molecular weight L-BR-3 shows a higher CLD, on a 
similar level as the L-SBR. It will result in a more ideal network with two 
and more crosslink units per chain. From L-BR-3 it can also been 
concluded that a stronger incorporation and higher CLD leads to a 
smaller free volume – or vise verse. 

5. Conclusion 

Different liquid polymers were selected and varied in type (L-BR, L- 
IR, L-SBR), molecular weight and microstructure (low and high 1,2- 
vinyl). The materials were comparatively introduced and compared to 
TDAE and Al–C5 resin. The curing was measured using a dynamic me-
chanical rheological tester, and the Shore hardness was compared. For 
the cured compounds, PALS was applied to determine the values of the 
free volume radius and its fraction. The results were compared to the Tg’s 
of the compound, measured by DSC. The Stress-stain analysis according 
to Mooney-Rivlin was used to provide further information about the 
CLD. 

Compared to the reference, the non-reactive plasticizer and liquid 
polymer extended compounds show plasticizing effects in their rheo-
logical characteristics and hardness values. The Tg and free volume is 
affected according to the type of the material and its incorporation 
behavior into the main polymer network. For the un-extended reference, 
the CLD exhibit the lowest value together with the highest value of C2, 

indicating a high concentration of trapped entanglements. 
The extending materials resulting either to increased or decreased 

free volume radii and fractions:  

• Increased free volume radii and fractions for the different L-BR’s and 
L-IR.  

• Decreased or no effect of the radii and fractions for the L-SBR, Al–C5 
and TDAE. 

Generally, the CLD is low in the case of the materials resulting in high 
(L-BR’s and L-IR) and high in case of low free volumes (L-SBR, Al–C5 and 
TDAE). 

The CLD is therefore closely associated and caused by the concen-
tration of the aromatic or cycloaliphatic groups between the extending 
material and main polymer. Consequently, the reactive butadiene seg-
ments of the main polymer can react more freely and unhindered. 

All extending materials influence the crosslinking reaction by a 
lubrication effect between the polymeric chains. The different liquid 
polymers influence the crosslinking further with the co-crosslinking and 
physical interaction corresponding to their structures. 
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