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ABSTRACT 

Compatibilization of thermoplastic elastomer blends containing polyethylene and 

recycled rubber was studied. Two compatibilization methods, reactive and non-reactive, 

were evaluated. 1-octene (EXACT 0210) was used as non-reactive compatibilizer. 

Phenolic resins (SP1045 & HRJ10518) were reactive agents. There existed optimal 

composition of compatibilizers which were 5% and 10% weight in case of reactive and 

non-reactive agents respectively. Octene-compatibilized blends gave high tear strength 

while resin-compatibilized mixtures gave high tensile strength in comparison with 

reference material. Comparison in compatibilizing capabilities HRJ-10518 and SP-1045 

was carried out. The former one had better capabilities than the latter. Talcum was used 

as anti-agglomeration agent but it failed to work properly. Rubber particle size had 

substantial effect on mechanical strength in case of HRJ- 10518 based blends while no 

remarkable influence was found in case of octene-based counterparts. Calendaring 

pressure could be minimized without any adverse effect. Non-vulcanized rubber was 

utilized to enhance tear strength but its effect was off-set by the degradation of 

interfacial surface at high temperature. SEM analysis revealed homogeneous 

microstructure in both kinds of compatibilization. EXACT 0210-compatibilized blends 

showed more plastic deformation of the matrix than reactive blends. Stable connection 

between phases was also observed. 

 
Key words:  
 

Recycled rubber, non-vulcanized rubber, polyethylene, reactive, non-reactive 

compatibilization, 1-octene, phenolic resins, tensile properties, tear strength, 

microstructure, rubber particle size, calendaring pressure 
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I. INTRODUCTION 

I.1. Recycling of tire rubber 

Rubber is an important raw material that plays a leading role in modern civilization. 

To realize their full potential, all rubber compounds have to be cross-linked, resulting in 

a polymer network with various cross-linking structures including monosulfidic, 

disulfidic, or polysulfidic cross-linked units. 

Among the broad use of cross-linked rubber, automobile and struck tires represent 

the bulk of the rubber use. With the global continuous demand for automobiles 

especially in developing countries like China and India, waste tires are accumulated in 

large quantities. 

Discarded vulcanized rubber tires now account for 3% of the weight of all municipal 

refuse and are one of the fastest growing forms of reused (Sadhan, 2005). Worldwide, 

1.2 billion waste tires, approximately, are generated every year with the majority being 

dumped or stockpiled. The United States generates over 240 million waste tires every 

year and the number of tires in the country’s stockpiles is estimated to be more than 500 

million, some experts estimated as much as 3 billion. Australia generates around 18 

million every year with roughly 20 million stockpiled. Japan generates about 100 

million every year with approximately the same amount currently stored in stockpiles. 

In 2002, it was estimated that 250 million tires were disposed in Europe and an 

estimated 3 billion were stockpiled (www.molectra.com.au).  

The problem of recycling tires becomes apparent from the massive stockpiles 

currently exist. Scrap tire dumping sites provide ideal breeding grounds for rats and 

mosquitoes. In providing additional breeding habitats, scrap tire stockpiles also increase 

http://www.molectra.com.au
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dramatically the size of mosquito populations beyond what could be achieved in natural 

breeding habitats (Scheirs, 1998). Stockpiles can also be fire hazard from time to time, 

causing extensive atmosphere and ground pollution. Large quantities of aromatic 

compounds such as benzene, toluene formed during these fires, are causing 

environmental contamination. Waste rubber tires are also a source of valuable 

substances that can be utilized for other applications. Therefore, the need to reclaim 

rubber tires is quite apparent. 

In year 2000, about 276 million scrap tires were regenerated, of which 273 million 

were used in various markets as illustrated in Fig.1.1 (Sadhan, 2005). However, the cost 

of energy recovery from tires is high, and the volume of retreating is declined. 

Rubberized asphalts, although superior to regular asphalt in performance on long-term 

basis, costs twice as much and has not reached popularity on a large scale (Mangaraj et 

al. 1997). It is, therefore, important to develop technologically sound and cost-effective 

methods for recycling rubber from scrap tires. Blending vulcanized rubber powder with 

plastics producing thermoplastic elastomers (TPEs) has proved to be an economical and 

effective solution. 

 
Figure 1.1: Application of reused tires (Sadhan, 2005) (Percent) 

Agricult ure & ot her 
applicat ions, 11.6

Tire-der ived f uel, 61.6

Ground rubber, 8.9 Cut  & Punched, 3.9

Civi l engineer ing 
applicat ion, 14
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I.2. Thermoplastic elastomers (TPEs) 

Blending vulcanized rubber powder with plastics provides an economical way for 

rubber recycling. Cutting, metal and fiber removal and size reduction are the essential 

preliminary steps for getting ground rubber (GRT) prior to both blending and 

devulcanization. Since devulcanization requires additional energy and processing, the 

cost of GRT is substantially lower than that of devulcanized rubber. 

 The plastic acts as a continuous phase allows for melt processing of the TPEs, 

whereas the dispersed rubber phase is responsible for rubber elasticity and other 

elastomeric properties of the blends (Datta, 1996; Bhowmick et al 1993). A variety of 

plastics are now commercially available, covering a range of cost. Thermoplastics such 

as polyethylene (PE), polypropylene (PP) and polyvinyl chloride (PVC) are not only 

cheap, but also available in a wide range of melt index and micro-structure, which can 

be used for blending with recycled rubber. In practice, the most common thermoplastic 

polymers are PE, PP and PVC.  

In recent years, TPEs have replaced conventional rubbers in a variety of applications 

including appliance, automobile industry, medical, engineering, etc. The molded 

products could be used to produce artificial timbers for landscaping and to extrude more 

durable slates for use in roof shingles. The rubber would protect the plastic from UV 

light deterioration (Sadhan, 2005). The main applications of TPEs are in automotive 

under-the-bonnet applications in three main areas: sealing, heat resistance and fluid 

resistance. Polyolefin elastomer materials can also be used in front and rear bumper 

fascias and instrument panels (Rapra Polymer Bulletin_www.rapra.net). Altogether, the 

use of TPEs is growing faster than that of other elastomers or of polymers in general 

because of the ability to control morphology by adjusting the polymer structure. 

http://www.rapra.net
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The major criteria for the formation of an thermoplastic elastomer is that the two 

components must be thermodynamically incompatible enough to phase separate, but not 

so dissimilar that intimate intermixing cannot be accomplished. This criterion requires 

that the interfacial surface area between the two phases be maximized. In other words, 

the domain size of the dispersed phase must be small so that it leads to limits on the 

mismatch between the solubility parameters of the two components (Liu et al. 2002). In 

order to achieve this condition, one or some compatibilizers should be introduced into 

the system. As incorporated into the mixture, compatibilizers can reduce surface tension 

between the matrix and the disperse phase by reducing the particle size. They can also 

enhance adhesion between blend’s components (Brandrup, 1996). 

I.3. Compatibilization 

I.3.1. Backgrounds 

The earliest theories of thermodynamics of polymer mixtures were introduced in 

1941 by Flory, Huggins and Staverman (Datta, 1994). The main equation is the Flory-

Huggins-Staverman (FHS) expression for the free energy of mixing two polymers: 

       vNvNvVRT
Gm 

212
22

2
1

11

1 lnln 








                                                (I.3.1) 

Here V is the total volume of the sample, R is gas constant, T is the absolute 

temperature, iN  is the degree of polymerization of component i, χ is called the Flory 

interaction parameter. i  is the volume fraction of that component, i  is the molar 

volume of its monomers, and   is an arbitrary reference volume. The first two terms 

represent the combinatorial entropy of mixing, and the last term comes from the 

interaction enthalpy or enthalpy of mixing. 
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Since most polymers of commercial interest have degrees of polymerization of 1000 

or more, the first two terms representing the entropy of mixing are generally quite 

small. Thus, the miscibility of polymers is largely determined by the value of χ or 

enthalpy of mixing. Moreover, the enthalpy of mixing, for most mixtures, is positive as 

shown in equation I.3.2 (Flory, 1953). 

 2
21 





RT

                                                                                        (I.3.2) 

 δ: Solubility parameter 

As a result, most polymers, including elastomers, are thermodynamically 

immiscible with each other and their blends undergo phase separation, with poor 

interphase adhesion between the matrix and dispersed phase (Grigoryeva et al. 2005, 

Orr et al. 2001).  

In a multiphase blend, much of the attention is placed on the interfacial region 

between the phases where the interactions between phases occurs and the driving force 

for the phase separation is located. This is generally expressed as an interfacial tension 

between the phases. The mechanical behavior of the multiphase system also depends 

critically on the characteristics of the interface and its ability to transmit stresses from 

one phase to the other. Normally, the phase boundary is the weak point in the material. 

Thus, the adhesion between the phases has an important influence on how the blend will 

respond to stress (Datta, 1994). Poster and Sanchez (1981) developed a theory which 

accounts for the interfacial tension of the blend: 

aBA W                                                                                          (I.3.3) 
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Where γA and γB are the surface tension of the two components and Wa is the work 

of adhesion. This is γ that tends to make the particles grow bigger in order to reduce the 

amount of interfacial area per volume. In uncompatibized polymer blends the interfaces 

are the most vulnerable locations to mechanical fracture. When subjected to mechanical 

stresses, they most likely fail well before the individual components of the blend 

(Harrats, 2004). With above-mentioned issues, it is certain that the direct introduction of 

thermoplastics into rubbers usually causes a substantial decrease in their tensile 

strength, especially, ultimate elongation as well as the agglomeration of dispersed 

particles. 

In order that a blend with satisfactory mechanical properties is to be achieved, it is 

indispensable to introduce one or some compatibilizers into the mixtures. 

Compatibilization can be described as a process that reduces the enthalpy of mixing or 

making it negative. In this case, the roles of compatibilization are to (Sadhan, 2005):  

 Reduce interfacial energy and improve adhesion between phases by 

accumulating at the boundary layers, thus, diminishing the dispersed phase’s 

particle size.  

 Obtain finer dispersion during mixing. The optimum size is from 0.5µm to 1µm. 

 Stabilize the fine dispersion against agglomeration during processing and 

throughout the service life. 

 Achieve a stable morphology that will allow smooth stress transfer from one 

phase to the other and permit the product to resist failure under multiple stresses. 

Localization of the compatibilizers at the interface displaces the homopolymers 

away from each other and the direct contact between incompatible blend polymers, 
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consequently, is replaced by more compatible interactions between compatibilizers and 

mixture components. This decreases the enthalpy of mixing between homopolymers, 

which leads to a better compatibility between phases as well as a fine and more stable 

morphology. In addition, each block of the compatibilizers will prefer to extend into its 

compatible homopolymer to lower the block copolymer-homopolymer enthalpy of 

mixing (Noolandi et al. 1982; Li et al. 2007).   

Besides suffering an entropy loss as a whole because of confinement to the 

interphase, there is a further entropy loss for the blocks of the compatibilizers arising 

from the restriction of the blocks to their respective homopolymer regions. Finally, 

extension or compression of the copolymer chains, as well as the effect of the excluded 

volume at the interphase for the homopolymers, leads to further loss of entropy 

(Noolandi et al. 1982). This entropy loss accompanied by lower enthalpy of mixing, 

results in low or even negative free energy of mixing. 

The introduction of compatibilizers also promotes the formation of relatively thicker 

interface layer, permitting applied stress to transfer between phases and leading to a 

uniform stress distribution when blends are broken which may increase the toughness of 

the blends (Li et al. 2007). 

There are some requirements for an appropriate compatibilizer. First of all, its 

structure has to be as simple as possible. A compatibilizer usually has only a short time 

to accumulate at the boundary surface and penetrate into the matrix and into the 

dispersed phase. It should be from the above-mentioned requirement that simple 

compatibilizers such as diblock copolymers and single graft copolymers are the most 

effective. In case of diblock copolymers, one of their blocks has affinity for polymer A 
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and the other block for polymer B. In case of graft copolymers, the main chain mixes 

with one phase and the grafts with the other in Fig.1.2. 

A compatibilizer must not either be highly miscible with any of the homogeneous 

polymers, since this would lead to damage to the bonding point at the boundary surface. 

Finally, the molecular weights of the blocks of the compatibilizers and the molecular 

weights of the corresponding homogeneous polymers must be approximately equal in 

magnitude (Brandrup, 1996). 

 

Figure 1.2: Various copolymer grades at the boundary layer of two polymers 

I.3.2. Non-reactive compatibilization 

 

When choosing a compatibilizer, compounders must first select one that matches the 

polymers in the blend. Non-reactive compatibilizers should have a good viscosity match 

or, ideally, be partly miscible with one of the blend components (Plastics Additives & 

Compounding, January/February 2004). In physical blending the compatibilizing agent 

is chemically synthesized prior to the blending operation, and subsequently added to the 

blend components as a non-reactive component. Owing to its chemical and molecular 

characteristics, the added agent is able to locate at the interface, reduces the interfacial 

tension between the blend components, and promotes adhesion between the phases. 

Non-reactive blending is convenient for fundamental analysis because of its well 
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defined molecular characteristics of the added compatibilizing agent. Correlation 

between the compatibilization efficiency of the copolymer and its molecular 

characteristics is merely established. 

Compatibilizers should have the solubility parameter in the range of that of blend 

components. Ones have solubility parameter lower than that of homopolymers will 

either remain completely soluble within the matrix or will be non-polar, hydrophobic in 

nature. These both cases will not enhance the hygroscopic characteristics of the inner 

surface. Hahn, 2007 studied the solubility of tire rubber and indicated that tire 

elastomers have solubility parameters ranging from 16 to 17.5 (MPa1/2). Thus, good 

compatibilizers should have solubility parameters in that range in order to be able to 

migrate to the interface and form strong adhesion with blend components. 

Li et al. 2004 confirmed that the addition of compatibilizer EVA or POE increases 

the impact strength and elongation at break of the high-density polyethylene (HDPE) 

and SRP composite, and with increasing elastomer POE and EVA content the impact 

strength and elongation at break increase, but the tensile strength decreases as illustrated 

in Table 1. 

Phinyocheep et al. 2002 indicated that the Charpy notched impact strength increased 

approximately 70% for polypropylene/midsole rubber/SEBS-g-MA compound and 86% 

for polypropylene/outsole rubber/SEBS-g-MA compounds in comparison with non-

compatibilized mixture of polypropylene and rubber. 
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Table 1: Mechanical properties of HDPE and HDPE/ SRP composites (Li et al. 2004) 

Composition Impact energy Tensile strength Elongation  at break 

 ( J/m) (MPa)  (%) 

HDPE 552 28.0 800 

HDPE/SRP 60/40 173 12.1 33 

HDPE/EVA 60/40 No break 13.7 736 

HDPE/POE 60/40 No break 14.8 890 

151 11.8 50 HDPE/SRP/EVA 

60/30/10    

175 11.2 82 HDPE/SRP/EVA 

60/20/20    

195 10.9 508 HDPE/SRP/EVA 

60/10/30    

234 12.3 66 HDPE/SRP/POE 

60/30/10    

417 12.1 129 HDPE/SRP/POE 

60/20/20    

No break 12.0 610 HDPE/SRP/POE 

60/10/30    

 

I.3.3. Reactive compatibilization 

Unlike non-reactive compatibilization, reactive methods require that compatibilizers 

and blend components possess a reactive counter-group which can form in-situ covalent 

bonds. The in-situ formed compatibilizing agent (block or graft copolymer, cross-linked 

species, ionic associations, etc.) reduces the interfacial tension between the immiscible 

blend components, enhances the adhesion between the phases and, as a consequence, 

imparts to the blend acceptable mechanical properties (Harrats, 2004). 
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The functional groups should be selected so that the interfacial reaction occurs 

within the time frame tolerated for the processing operation (in a few minutes). The 

generated inter-chain bonding must be stable enough to survive the thermal and 

shearing treatment during the process of blending. Because of the limited yield of the 

interfacial reaction and low molecular diffusion (high viscosity of the reaction medium), 

highly reactive groups are required (Harrats, 2004).  As a result, the kinetics and yield 

aspects of the interfacial reaction in reactive compatibilization are of importance, thus, 

each blend system has its own experimental conditions such as mixing time, mixing 

temperature, screw design, molecular weight and reactive group content of the 

precursors.  

Reactive compatibilization has several advantages, mostly economical, over the 

physical compatibilization:  

a. The copolymer is made as needed during the melt-blending process and a separate 

commercialization of a copolymer is not required.  

b. The copolymer is formed directly at the interface between the immiscible 

polymers where it is needed to stabilize the phase morphology developed. In contrast, 

when a compatibilizing copolymer is added as a separate entity to a blend, it must 

overcome the viscous forces and diffuse to its expected location at polymer-polymer 

interface. It may, however, form micelles as a separate phase that is useless for 

compatibilization.  

c. Another fundamental advantage of in-situ copolymer formation is that the 

molecular weight of each of the two distinct polymeric segments in the copolymer is 

usually the same as that of the individual bulk polymer phase in which the segment 

must dissolve allowing, thus, for a maximum interfacial adhesion.  
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The main disadvantages of reactive blending reside in the need to have reactive 

functional groups on the polymers to be compatibilized and the copolymer formed in-

situ in the reactive blending is more difficult to separate and characterize. 

Harrats, 2004 mentioned some common reactive groups in reactive 

compatibilization which are given in Fig.1.3. 

 

Figure 1.3: Reactive groups commonly used in reactive compatibilization (Harrats, 2004) 

Various studies relating to reactive compatibilization of rubber and thermoplastics 

have been carried out in recent years. Coran et al. 1983 studied the reactive 

compatibilization of polypropylene and nitryl rubber by using octyl-phenol 

formaldehyde as compatibilizer and achieved blends with good mechanical properties. 

A mechanism of reactive blending was also proposed from Fig.1.4. 
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Figure 1.4: Proposed mechanism of reactive compatibilization of nitryl rubber with 

polypropylene (Coran et al. 1983) 

Liu et al. 2002 compatibilized polypropylene and EPDM, using octyl-phenol 

formaldehyde (SP1045) and t-butyl hydro-peroxide as compatibilizers. He indicated 

that reactive blending dramatically increased the stress capability up to 80% in 

comparison with non reactive blending of the same composition blends from Fig.1.5. 

Nakason et al. 2006 studied the dynamic vulcanization of natural rubber/high-

density polyethylene blends, using phenolic resins as reactive compatibilizers. In this 

case, tensile strength was substantially higher than that of non compatibilized counter 

parts as shown in Fig.1.6. 

Naskar et al. 2002 used maleic anhydride and dicumyl peroxide to compatibilize 

GTR with high density polyethylene. He confirmed that, by maleation, the 

hydrophilicity of GTR was enhanced and the surface energy of GTR was increased. 

Tensile strength and modulus of the blends were enhanced, consequently. 
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Figure 1.5: Tensile properties of EPDM-1/PP-4011 blends illustrating effect of reactive 

blending (Liu et al. 2002) 

 

 

 

Figure 1.6: Tensile properties of thermoplastic vulcanizates of 60/40 NR/HDPE blends with 

various types of blend compatibilizer (Nakason et al. 2006) 
a. Tensile strength      b. Elongation at break
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II. OBJECTIVES 
 

The scope of this thesis is to study the possibility of compatibilizing polyethylene -

recycled rubber blends by using various compatibilizers. Namely: 

1. Studying the non-reactive compatibilization capability of n-octene and reactive 

compatibilization of octyl phenol formaldehyde (SP-1045) and phenolic resin 

with active hydroxymethyl groups (HRJ-10518). 

2. Evaluating the mechanical properties and microstructures of the obtained 

thermoplastic elastomers.  
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III. MATERIALS AND METHODS 

III.1. Materials 

 Recycled rubber with two different particle sizes of 0.4 and 1.2 mm was 

provided by ReRub AB, Piteå, Sweden. 

 Low density polyethylene, CC8207, was provided by Borealis A/S, Denmark 

(detailed data sheet is listed in appendix A) 

 Octene -1 Plastomer, EXACT 0210, was manufactured by DEX-Plastomers 

V.O.F, The Netherlands (detailed data sheet is listed in appendix B)  

 Phenolic resins SP-1045 and HRJ-10518 were supplied by SI Group- Bethune 

SAS- France (Appendix C). 

 Zinc oxide extra pure was provided by Sigma-Aldrich, Germany 

 Tin chloride 98% was provided by Sigma-Aldrich, Germany 

 Two reference materials, recycled Rosehyll polymer and non-recycled butylgum 

were provided by ReRub AB, Piteå, Sweden 

 Mixing machine was Plasti-Corder® PLE 650 model from Brabender® GmbH & 

Co. KG, Germany 

 Hot pressed machine was FW-2200 type from P.h.i Pasadena Hydraulics, Inc, 

USA 

 Tensile testing machine was Instron® 4411 from Instron, England 
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III.2. Methods 

III.2.1. Specimens producing 

 III.2.1.1. Raw materials preparation 

30 grams of blend containing different percentage of recycled rubber, polyethylene, 

compatibilizer and additives was used for each batch (Appendix D). Otherwise stated, 

recycled rubber used in this study was 0.4 mm type. 

When non-vulcanized rubber was used (Section IV.5), recycled rubber and non-

vulcanized rubber was mixed together before added into mixing chamber. Mixing 

temperature, then, increased to 175ºC. 

 III.2.1.2. Specimen preparation 

The mixing machine Plasti-Corder® PLE 650, Brabender was heated to 135oC and 

kept constant before used. The rotating speed was maintained at 70 rpm. 

Polyethylene was first introduced into the mixing chamber. When it was totally 

melted, compatibilizer and rubber were added consecutively. In case of reactive 

compatibilization, reactive compatibilizers and other chemicals (Table 2) were 

incorporated into the mixing chamber as the mixing schedule shown in Table 3. The 

blend, then, was mixed in 10 minutes and compression molded at 135oC, 25 MPa in 5 

minutes into sheets approximately 1.5 mm thick with FW-2200 hot pressing equipment. 

Finally, the resulting sheet was cooled down quickly by cold water to room temperature. 

When non-vulcanized rubber was used (Section IV.5), mixing temperature was 

increased to 175ºC. Other parameters remained unchanged. 



18 

III.2.2. Testing procedures 

 III.2.2.1. Tensile strength testing  

The produced sheet was cut into desired specimens under ASTM- D412-06a 

standard using standard dumbbell die C (Fig.3.1). Specimens, then, were mounted on 

Instron® 4411 tensile testing equipment between two mechanic grips. The initial 

distance between the two grips was 70 mm. The testing standard was ASTM-D412-06a 

using the load cell of 500 N and loading speed of 500 mm/min. 

During the test, the room temperature and humidity were in the range of 210-230C 

and 27%-35% respectively. Tensile data were averaged over at least five specimens. 

Table 2: Compounding formulation used to prepare rubber/PE blends 

Ingredient Quantity 

Rubber 60 %w- 90 %w 

Polyethylene 5 %w- 15%w 

Compatibilizer 2 %w- 25%w 

ZnO (for reactive compatibilization only) 3 phr 

2SnCl (for reactive compatibilization only) 1.5 phr 
 

Table 3: Mixing schedule (descending order) 

Ingredient Mixing time (mins) 

Polyethylene 2 

Compatibilizer 1 

ZnO (if used) 1 

2SnCl ( if used) 1 

Rubber 10 



19 

III.2.2.2. Hardness testing  

The test was carried out under ASTM-D2240 standard using hardness Shore A. 

Standardized hardness-measuring equipment using a sharp needle was applied directly 

onto the surface of specimens to measure hardness. Data were averaged over six 

different positions. 

 III.2.2.3. Tear strength testing 

Analyzed mixture was cut into required specimens according to ASTM-D 624-91 

standard using standard die T (Fig.3.2). Specimens, then, were mounted on Instron® 

4411 tensile testing equipment between two mechanic grips. A load cell of 500 N was 

used. Loading speed of 50 mm/min was maintained during the test. 

Tear strength data were averaged over at least five specimens. 

III.2.2.4. Compressive set testing 

The test was carried out under ASTM-D 575-91 standard. Round shaped specimens 

were pressed under the force of 3 kN in 3 minutes. A load cell of 5 kN was used. 

Crosshead speed was kept at 12.5 mm/min. The percentage change in specimen’s 

thickness was, then, measured. 

III.2.3. SEM analysis 

Tensile, tear and cut surface of specimens were analyzed by scanning electron 

microscope SEM, model JSM 6460LV from JEOL Ltd, Japan. A thin film of gold was 

applied on the specimen surfaces before analysis. Then, secondary electron images SEI 

were recorded. Working voltage was kept at 20 kV. 
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Dimension A B C D D-E F G H L W Z 

mm 25 40 115 32 13 19 14 25 33 6 13 

Figure 3.1:   Standard dumbbell die C for tensile strength test (ASTM-D412-06a) 

 

Figure 3.2: Standard die T for tear strength test (ASTM-D 624-91) 
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IV. RESULTS AND DISCUSSION 

IV.1. Non-reactive compatibilization 

In a previous study author used EVA and Kraton-G as physical compatibilizers for 

rubber/ polypropylene blends. The values obtained in this study were used to compare 

with the compatibilizing capability of 1-octene (EXACT 0210) under the same 

experiment conditions. Values were illustrated in Fig.4.1. 

 

Figure 4.1: Comparison of mechanical properties between EVA and EXACT 0210 
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It can be seen from the figure that using only EXACT 0210 did not give the 

blend satisfactory mechanical properties. It was indispensable to use polypropylene to 

achieve desired mechanical strength. EXACT 0210 had better capability of 

compatibilizing rubber/polypropylene blends than EVA. Namely, EXACT 0210 

increased the tensile strength 45% (4.43 vs. 3.02 MPa), Young modulus 90% (40.62 

vs. 21.37 MPa). Elongation at break was also enhanced about 30% (52% vs. 40%). 

Tear strength of blends containing EXACT 0210 were similar to that of blends 

containing EVA. Therefore, EXACT 0210 was a more suitable compatibilizer than 

EVA under given experimental conditions and available stock materials. 

The compatibilizing effect of EXACT 0210 on rubber/ethylene blends was also 

carried out. In this case, a commercial recycled TPE from Rosehyll Polymer was the 

reference material. Mechanical values were shown from Fig.4.2 to Fig.4.7.  

 

 

Figure 4.2: Tensile strength of rubber/PE blends compatibilized by EXACT 0210  
(The dash line represents value of recycled reference material) 
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Figure 4.3: Elongation at break of rubber/PE blends compatibilized by EXACT 0210 

(The dash line represents value of recycled reference material) 
 

 

Figure 4.4: Young modulus of rubber/PE blends compatibilized by EXACT 0210  
(The dash line represents value of recycled reference material) 
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Figure 4.5: Tear strength of rubber/PE blends compatibilized by EXACT 0210 

(The dash line represents value of recycled reference material) 
 

 

Figure 4.6: Hardness of rubber/PE blends compatibilized by EXACT 0210 

(The dash line represents value of recycled reference material) 
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Figure 4.7:  
Stress-elongation relationship of rubber/PE blends compatibilized by EXACT 0210 

 

It could be seen that Young modulus and tear strength of the blends were improved 

with increasing concentration of compatibilizer and polyethylene. In case of 15% 

polyethylene, the blends had higher Young modulus and tear strength than those of 

reference material when the concentration of compatibilizer was more than 12% weight. 

But in case of 5% polyethylene, the blends’ tear strength was lower than that of 

reference material even at high compatibilizer composition (25% weight). Thus, it could 

be concluded that higher polyethylene content must be used in order that the blends 

achieved desired tear strength. 

We could also see from Fig.4.2 and Fig.4.3 that there existed maximum values in 

tensile strength and elongation at break which were 10% EXACT 0210 (in case of 15% 

polyethylene) and 20% EXACT 0210 (in case of 5% polyethylene). That is, there 
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existed critical volume of compatibilizer for each blend component. This phenomenon 

was also reported in other studies (Noolandi et al.1982; Favis et al.1994; Li et al.2007).  

The obtained maximum values were due to the fact that dispersed phase had reached 

critical domain size which could be ascribed to the balance of viscous forces tending to 

break the dispersed drop, and interfacial tension forces tending to resist deformation and 

disintegration (Favis et al. 1994). Noolandi et al.1982 proposed that when the 

concentration of the compatibilizer became sufficiently high, micelle formation would 

be energetically favorable, thus, the concentration of compatibilizer in the interphase 

region could be expected to remain approximately constant, with the interfacial tension 

correspondingly unchanged. Another possible mechanism for maximum values in 

tensile strength and strain at break might be the formation of a compatibilizer multilayer 

structure in the interphase (Cantor, 1981). Thus, in stead of going into a single layer at 

the interface, resulting in a higher volume fraction, the additional compatibilizer might 

simply form additional lamellae. The effective interfacial tension would then remain 

more or less constant.  

Analysis of stress- strain relationship from Fig.4.7 indicated that blends containing 

15% polyethylene and 10% EXACT 0210 had the closest tensile properties to the 

reference material. However, their tear strength was lower than that of reference 

material from Fig.4.5. Hence, there should be a compromise between tensile properties 

and tear strength of rubber/ polyethylene blends compatibilized by EXACT 0210.  
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0.3 gram (1%w) of talcum was added into the mixture with the hope of enhancing 

the anti-agglomeration capability of the compatibilizers as suggested in a report from 

Citco Waren-Handels GesmbH. Results were compared with no talcum containing 

counterpart. Fig.4.8. 
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Figure 4.8:  Effect of talcum on the mechanical properties of 

75% Rubber +15% PE + 10% EXACT blends 

 

As illustrated in Fig.4.8, Talcum did not enhance the anti-agglomeration as 

previously thought. In stead, it destroyed the interfacial surface causing deterioration in 

tensile properties of the blends. Further more; specimens became less rubber-like with 

elevated Young modulus as compared to non-talcum TPEs. This conclusion is identical 

with another study on EPDM rubber/polyethylene blends carried out under the same 

condition by Li, 2008. 
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IV.2. Reactive compatibilization 

In this section, rubber/PE blends were compatibilized by two reactive phenolic resin 

agents SP-1045 and HRJ-10518 in Fig.4.9.This was attributed to the phenolic resins 

being capable of reacting with a trace quantity of un-saturated sites in polyethylene 

molecules with one end via a methylol group ( OHCH2 ). Also, another reactive 

functional group (i.e., R’ = OHCH 2 ) in the molecules reacted  with double bonds in 

the rubber molecules, forming Chroman ring structure as shown in Fig.4.10 (Nakason et 

al. 2006) Therefore, the phenolic resins worked as a bridge connecting the thermoplastic 

and rubber molecules. This led to higher mechanical strength of the TPEs prepared 

using these two types of compatibilizer figures from fig.4.11 to fig.4.15. 

 

Figure 4.9: Molecular structure of reactive agents  

A: SP-1045                 B: HRJ-10518 
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Figure 4.10: Possible reaction mechanism of reactive compatibilization 

 (From Nakason et al. 2006)  

 

 

 

4

6

8

10

12

2,5 5 7,5 10

Compatibilizer percentage

S
tre

ss
 a

t b
re

ak
 (M

pa
) SP-1045

HRJ-10518

 

Figure 4.11:  
Tensile strength of rubber/PE blends compatibilized by reactive agents 

 (15 %w PE and the rest is rubber) 
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Figure 4.12: 

Elongation at break of rubber/PE blends compatibilized by reactive agents   

(15 %w PE and the rest is rubber) 
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Figure 4.13:  

Young modulus of rubber/PE blends compatibilized by reactive agents 

 (15 %w PE and the rest is rubber) 
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Figure 4.14:  
Tear strength of rubber/PE blends compatibilized by reactive agents 

 (15 %w PE and the rest is rubber) 
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Figure 4.15: Hardness of rubber/PE blends compatibilized by reactive agents 

(15 %w PE and the rest is rubber) 
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Like non-reactive compatibilization in previous section, a critical composition of 

compatibilizers was also encountered. Tensile properties and tear strength of the blends 

gradually decreased when the composition of compatibilizers exceeded 5% weight. 

Furthermore, resulting blends became less rubber-like with elevated Young modulus 

and hardness. These were due to the fact that all available unsaturated sites in rubber 

and polyethylene molecules were used up by methylol groups present in 

compatibilizers. 

 

It was also clear to see that HRJ-10518 was better than SP-1045 in terms of 

compatibilizing capabilities. Stress at break, elongation at break and tear strength of 

blends compatibilized by HRJ-10518 were 10 to 50% higher than those of blends 

compatibilized by SP-1045. Another advantage of HRJ-10518 was its ability to preserve 

rubber like characteristics of the resulting blends at higher concentration of 

compatibilizers by keeping Young modulus and hardness reasonably low in comparison 

with SP-1045.  

 

The above difference between SP-1045 and HRJ-10518 came mainly from their 

molecular structure in Fig.4.9. Although both are phenolic resins, SP-1045 possessed 

more complex structure with ether group in molecule while HRJ-10518 did not. It was, 

thus, easier for HRJ-10518 to reach interfacial surface and react with un-saturated sites. 

Furthermore, HRJ-10518 is a fast curing agent as mentioned by the supplier. 

 

 Comparison between non-reactive agent (EXACT 0210) and reactive counterpart 

HRJ-10518 was carried out and results were illustrated in Fig.4.16. 
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Figure 4.16: Comparison between EXACT 0210 and HRJ- 10518 

(15 %w PE and the rest is rubber) 
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Figure 4.16(continued): Comparison between EXACT 0210 and HRJ- 10518  

(The rest is rubber) 

 (The dash line represents value of recycle reference material) 
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Blends compatibilized with EXACT 0210 could achieve higher elongation at break 

and tear strength than those ones compatibilized by reactive agent. Maximum stress at 

break that an EXACT- compatibilized elastomer could possess was 175% while it was 

only 150% in case of HRJ 10518 -based blend. Increasing EXACT 0210 content (higher 

than 12 %w), one could increase tear strength of the resulting blends higher than that of 

reference material while it was impossible to do so with reactive compatibilizers. In all 

cases, tear strength of blends containing reactive compatibilizers was lower than that of 

reference material. However, using HRJ-10518 could give higher stress at break than 

that of reference material.  

Higher tear strength in case of EXACT-based blends was owing to their higher 

tearing energy which was proposed by Rivlin et al. 1953 and further validated by 

Greensmith, 1963. 

ct
T





1

                                                                                                        (IV.1) 

Where, T= tearing energy, t = thickness of the test specimen, 1= deformed length, 

c= crack length, ε= stored elastic energy density. 

SEM images of tear surface of reactive and non reactive blends showed plastic 

deformation on the surface of EXACT-compatibilized mixtures as shown in Fig.4.17 

which indicated higher stored elastic energy density compared to the brittle fracture 

surface of reactive blends. 

Another reason for this difference was that HRJ-compatibilized blends had excess 

crosslink density level provided by stable covalent bonds between compatibilizer and 

blend components, making the matrix become too stiff and failure became brittle in 
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nature (Agarwal et al. 2005). Lai et al. 2005 also implied that the less the elastomer is 

cross-linked, the higher the value of fracture energy is. In this study, the rubber might 

be fully cross-linked 

 

 

Figure 4.17: Tear surface of blends compatibilized by 

A: EXACT-0210                  B: HRJ-10518 

 

In terms of compressive set, both reactive and non-reactive compatibilizers gave 

blends similar compressive set with that of recycled reference materials. HRJ-10518 

based mixtures preserved their elasticity somewhat better than their counterparts but the 

difference was small. 

In short, EXACT 0210 would be a good choice if high tear strength is desired and 

reactive compatibilizers are indispensable when high stress at break is in need. 

Controversial results were observed in another study by other member (Li, 2008) in 

the same group with author. In this study, recycled EDPM rubber was the raw materials. 

Under the same experimental conditions, Li, 2008 observed that blends compatibilized 

by SP-1045 had higher mechanical properties than their HRJ-1045 based counterparts 

from Fig.4.18. Furthermore, tensile properties of octene- based and resins- based 

mixtures were very similar and no maximum value was found until 15% percent of 



37 

compatibilizers. Finally, SP-1045 containing blends gave the highest tear strength 

compared to the other compatibilizers. These controversies might derive from the 

difference in molecular structure of rubber raw materials. 
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Figure 4.18: Mechanical properties of PE/ EPDM rubber compatibilized by various 

compatibilizers (15% PE and the rest is rubber) (From Li, 2008) 
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IV.3. Effect of rubber particle size 

Phinyocheep et al. 2002 and Jang et al. 1985 indicated that the smaller the rubber 

particles, the better the mechanical properties of the blends and the optimum rubber 

particle size should be in the range of 0.1 to 0.5 µm. Two rubber particle sizes (0.4 mm 

and 1.2 mm) were used in this study to analyze the effect of rubber particle size on 

mixtures’ mechanical properties. Results were shown in Fig.4.19 and Fig.4.20. 

In case of EXACT, smaller particle did not affect tensile properties of the resulting 

blends. Stress and elongation at break were very similar. However, there was some 

decrease in tear strength (25%) and small increase in Young modulus (15%) with 0.4 

mm rubber. 

In case of HRJ-10518, smaller rubber size had substantial effect on tensile 

properties of blends containing 15% PE and 5% HRJ-10518. Stress at break increased 

from 6.0 MPa to 8.8 MPa or 47% and elongation at break rose from 148% to 154% 

when rubber particle size was reduced from 1.2 mm to 0.4 mm. Young modulus also 

jumped approximately 86% from 9 MPa to 16.7 MPa. Tear strength, however, 

diminished 27% (from 12.7 to 10.1 KN/m). 

In short, smaller rubber particle size reduced tensile strength but increased Young 

modulus in both reactive and non-reactive compatibilization. As mentioned in section 

IV.2, EXACT 0210 would be a good choice if high tear strength is desired and reactive 

compatibilizers are indispensable when high stress at break is in need. Thus, 1.2 mm 

rubber would be a suitable option in case of EXACT- compatibilized blends and 0.4 

mm rubber would be optimal for reactively compatibilized mixtures. 
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Figure 4.19:  Effect of rubber particle size on the mechanical properties of 

75% Rubber +15% PE + 10% EXACT blends 



40 

2

4

6

8

10

100 120 140 160 180

Elongation at break (%)

S
tre

ss
 a

t b
re

ak
 (M

Pa
)

1.2 mm rubber
0.4 mm rubber

 
 

0

4

8

12

16

20

1.2 mm 0.4 mm

Y
ou

ng
 m

od
ul

us
 (M

Pa
)

 
 
 

0

4

8

12

1.2 mm 0.4 mm

Te
ar

 s
tre

ng
th

 (K
N

/m
)

 
 

Figure 4.20:  Effect of rubber particle size on the mechanical properties of 

80% Rubber +15% PE + 5% HRJ-10518 blends 
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IV.4. Effect of calendaring pressure 

In above experiments, calendaring pressure was kept at 25 MPa. However, effect of 

calendaring pressure on mechanical properties of resulting blends was also studied. 

Results were shown in Fig.4.21. Statistical analysis on obtained results did not indicate 

any remarkable change in mechanical properties when different values of pressure were 

applied except a diminution in elongation at break at 2.5 MPa pressure which might due 

to technical constrains of hot pressing technique which can be eliminated in practice 

when calendaring process is replaced by extrusion. Thus, pressing pressure can be 

minimized without any adverse effect on mechanical properties of rubber/polyethylene 

blends. 
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Figure 4.21:   
Effect of pressure on the mechanical properties of Rubber/Polyethylene blends 
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Figure 4.21 (continued):   
Effect of pressure on the mechanical properties of Rubber/Polyethylene blends 
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IV.5. Effect of non-vulcanized rubber 

In an attempt to further increase tear strength of rubber/PE blends, some amount of 

non-vulcanized rubber (10 parts per 90 parts of recycled rubber) was mixed with 

recycled rubber with a hope that non –vulcanized rubber would provide more stable link 

among recycled rubber particles as well as rubber-PE-compatibilizer connection 

through vulcanizing process. Results were shown in Fig.4.22. 
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Figure 4.22:   
Effect of non-vulcanized rubber on tear strength of Rubber/Polyethylene blends  

 

Although new rubber was already fully vulcanized at 175ºC, tear strength of the 

resulting blends did not enhance as hoped. In stead, tear strength felt sharply in case of 

EXACT 0210 compatibilized mixtures and remained constant in case of HRJ-10518 

compatibilized ones. This was because of the fact that, an increase in rubber-rubber 

linkage did not sufficiently compensate for the diminution of rubber-PE compatibility 

caused by interfacial surface deterioration at high vulcanizing temperature. 
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IV.6. Microstructure analysis 

Tensile and tear surface of various rubber/ PE blends were studied under scanning 

electron microscopy (SEM). Both reactive and non-reactive compatibilizers used in this 

study gave homogeneous microstructures as shown in Fig.4.23. However, EXACT 

containing blends showed more plastic deformation of the matrix than did blends 

compatibilized by reactive agents. 

It was also seen that a good connection between the dispersed phase and the matrix 

was established by employing compatibilizers (Fig.4.24)  

 

     

Figure 4.23: SEM images of rubber/PE blends compatibilized by 

A: EXACT 0210; B: HRJ-10518; C: SP-1045 

B       C 

     A 
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Figure 4.24: Phase connection of rubber/PE blends compatibilized by 

A: EXACT 0210; B: HRJ-10518; C: SP-1045  

   A 

   B 

   C 
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V. CONCLUSIONS 

 1-octene (EXACT 0210) was a more appropriate non-reactive compatibilizer than 

were EVA and Kraton-G. 

 15% weight of polyethylene should be used in order that resulting blends were 

strong enough to be applied in practice. 

 There existed critical volume of compatibilizer for each type of compatibilizer. It 

was 5% and 10% weight in case of reactive and non-reactive compatibilizer 

respectively.  

 EXACT 0210 would be a good choice if high tear strength is desired and reactive 

compatibilizers are indispensable when high stress at break is in need as compared 

to reference material. 

 HRJ-10518 was better than SP-1045 in terms of compatibilizing capabilities. This 

came mainly from their molecular structure. SP-1045 possessed more complex 

structure with ether group in molecule while HRJ-10518 did not. It was, thus, 

easier for HRJ-10518 to reach interfacial surface and react with un-saturated sites. 

HRJ-10518 is also a fast curing agent. 

 Talcum did not enhance the anti-agglomeration. In stead, talcum destroyed the 

interfacial surface causing deterioration in tensile properties of the blends and 

specimens became less rubber-like with elevated Young modulus as compared to 

non-talcum TPEs. 

 In case of EXACT 0210, smaller particle did not affect tensile properties of the 

resulting blends. Stress and elongation at break were very similar. However, there 
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was some decrease in tear strength (25%) and small increase in Young modulus 

(15%) with 0.4 mm rubber. 1.2 mm rubber would be a suitable option in case of 

EXACT- compatibilized blends  

 In case of HRJ-10518, smaller rubber size had substantial effect on tensile 

properties of blends. Stress at break, elongation at break and Young modulus 

increased when rubber particle size was reduced from 1.2 mm to 0.4 mm. Tear 

strength, however, diminished 27%. 0.4 mm rubber would be optimal for 

reactively compatibilized mixtures. 

 Pressing pressure can be minimized without any adverse effect on mechanical 

properties of rubber/polyethylene blends. 

 When recycled rubber was mixed with non-vulcanized rubber and incorporated 

into mixing chamber at vulcanizing temperature (175ºC), tear strength felt sharply 

in case of EXACT 0210 compatibilized mixtures and remained constant in case of 

HRJ-10518 compatibilized ones. An increase in rubber-rubber linkage did not 

sufficiently compensate for the diminution of rubber-PE compatibility caused by 

interfacial surface deterioration at high temperature. 

 Both reactive and non-reactive compatibilizers gave homogeneous 

microstructures. 

 EXACT containing blends showed more plastic deformation of the matrix than 

did blends compatibilized by reactive agents. 

 Good connection between the dispersed phase and the matrix was established by 

employing compatibilizers. 



48 

VI. FUTURE WORK 

 Agglomeration still occurs with TPEs. Appropriate anti-agglomeration agent(s) 

should be studied and applied to the mixtures. 

 More study should be concentrated on reducing the stiffness and increasing plastic 

deformation of the matrix in case of phenolic resin based blends. 

 More study should be carried out on tear mechanism of TPEs. 

 Degree of cross-link in recycled rubber should also be studied. 
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Appendix A 

Low density polyethylene data sheet 
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Appendix B 

EXACT 0210 data sheet 
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Appendix C 

SP-1045 & HRJ -10518 data sheet 
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Appendix D 

Rubber tire composition and structure 

Composition of a typical passenger tyre (%w) (Scheirs, 1998) 

Composition % weight 

Synthetic rubber (SBR) 27 

Carbon black 28 

Natural rubber 14 

Oil extender 10 

Organic fabrics 4 

Steel wire (reinforcement) 10 

Other chemicals 4 

Fillers (S, ZnO) 3 

 

Natural rubber molecular structure 

 

 

SBR molecular structure 
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Appendix E 

SAMPLE LIST 
(% weight) 

ID Rubber PE EXACT 0210 SP-1045 HRJ-10518 ADDITIVES 

1 90.0 5 5 0 0 0 

2 87.5 5 7.5 0 0 0 

3 85.0 5 10 0 0 0 

4 82.5 5 12.5 0 0 0 

5 80.0 5 15 0 0 0 

6 75.0 5 20 0 0 0 

7 70.0 5 25 0 0 0 

         

8 80.0 15 5 0 0 0 

9 77.5 15 7.5 0 0 0 

10 75.0 15 10 0 0 0 

11 72.5 15 12.5 0 0 0 

12 70.0 15 15 0 0 0 

13 65.0 15 20 0 0 0 

14 60.0 15 25 0 0 0 

         

15 77.5 15 0 2.5 0 5 

16 75.0 15 0 5 0 5 

17 72.5 15 0 7.5 0 5 

18 70.0 15 0 10 0 5 

19 67.5 15 0 12.5 0 5 

20 65.0 15 0 15 0 5 

21 55.0 15 0 25 0 5 

         

22 77.5 15 0 0 2.5 5 

23 75.0 15 0 0 5 5 

24 72.5 15 0 0 7.5 5 

25 70.0 15 0 0 10 5 

26 67.5 15 0 0 12.5 5 

27 65.0 15 0 0 15 5 

28 55.0 15 0 0 25 5 
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Appendix F 

Price list of materials (reference value only) 

 

Material Price (per ton) 

Low density polyethylene 1180 USD 

Rubber-0.4 mm 600 USD 

Rubber-1.2 mm 300 USD 

EXACT-0210 1900 Euro 

HRJ-10518 6070 Euro 

SP-1045 5060 Euro 

 


