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ABSTRACT 

Helinä Heino: Effect of Mixing Equipment Scale-up on the Rubber Compound Properties 
Master’s Thesis 
Tampere University 
Materials Science and Engineering 
May 2020 
 

 
     Development of the rubber compounds is started commonly in laboratory scale. Bringing the 
compounding process to the production scale requires successful scale-up. Various scale-up ap-
proaches have been suggested in the literature, but the studies have mainly focused on carbon 
black reinforced rubber compounds. This thesis covers a study of effect of time-temperature-and 
power peak-based scale-up on the properties of a silica reinforced compound.  
     Initial small- and large-scale mixing programs were compared. Mixing programs differed from 
feeding orders, temperature profiles, total amount of revolutions, and mixing times. The biggest 
differences were at the first stage of the mixing programs. Differences in the mixing programs 
resulted in differences in Mooney viscosities, mechanical properties, and dynamic mechanical 
properties. Mixing programs were unified to study the effect of the mixer size on the compound 
properties. Unifications were done first by unifying the feeding orders of the mixers and second 
by unifying the temperature profiles. 
     Time-temperature based upscaling was studied in three different mixer sizes: small (1.5 l), 
medium (45 l), and large (320 l). Mixing programs of the small- and medium-scale mixers were 
modified the way that their time-temperature profiles corresponded to the time-temperature profile 
of the large-scale mixer. Targeted time-temperature profile was obtained by increasing the TCU 
temperatures and rotor speeds along the decreasing mixer size. Mixing program changes in-
creased the total amount of revolutions and silanisation time. This was reflected to the compound 

properties. Mooney viscosity, ΔG*, and dynamic mechanical properties decreased by decreasing 

mixer size. Effect of the scale-up on the mechanical properties was not that clear. Anyhow, it was 
seen that Mod10 was significantly higher in case of the large-scale mixer, whereas 
Mod300/Mod100 was higher and elongation at break lower in the case of the small-scale mixer. 
Results suggested that the increase in the total revolutions and in silanisation times resulted in 
better dispersion and higher degree of silanisation, which furthermore caused differences in the 
properties of the compounds.  
     Power peak-based upscaling was studied as an alternative to time-temperature-based upscal-
ing. Mixing programs used in the time-temperature-based upscaling were modified so that the 
mixing time after passing the last power peak was constant in all the mixer sizes. Consequently, 
the mixing program was terminated the earlier the smaller was the mixer. The total amount of 
revolutions and silanisation times were more uniform between different mixer sizes than in the 
time-temperature based upscaling. Changes in the total amount of revolutions and silanisation 

times reflected to the compound properties. Mooney viscosity, ΔG*, dispersion, dynamic mechan-

ical properties, and Mod300/Mod100 were more uniform than when the mixing process was up-
scaled based on the time-temperature profile. Power peak-based scale-up was seen as better 
option for mixing program scale-up than time-temperature-based scale-up.  

 
 

Keywords: upscaling, scale-up, mixing process, internal mixer, silanisation, dispersion, time-tem-
perature profile, power peak, rubber compound, compound properties 
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Helinä Heino: Sekoituskoneen skaalauksen vaikutus kumisekoituksen ominaisuuksiin 
Diplomityö 
Tampereen yliopisto 
Materiaalitekniikka 
Toukokuu 2020 
 

     Kumisekoitukset kehitetään usein laboratoriomittakaavan sekoituskoneella, jolloin 
kumisekoituksen vieminen tuotannon mittakaavaan vaatii onnistunutta skaalausta. Aiempia 
tutkimuksia eri skaalausmenetelmistä on tehty, mutta skaalauksen vaikutusta silikalla lujitettuihin 
kumisekoituksiin ei ole tutkittu kattavasti. Tässä työssä tutkittiin kuinka sekoitusprosessin 
skaalaus vaikuttaa silikalla lujitetun kumisekoituksen ominaisuuksiin, kun sekoitusprosessi on 
skaalattu aika-lämpötilaprofiilin tai tehopiikin mukaisesti.  
     Alkuperäisten pienen (1.5 l) ja suuren (320 l) mittakaavan sekoitusohjelmien vertailussa 
selvisi, että sekoitusohjelmat erosivat lisäysjärjestyksiltään, lämpötilaprofiileiltaan, kierrosten 
lukumääriltään, sekä kestoiltaan. Suurimmat erot olivat sekoitusohjelmien ensimmäisissä 
vaiheissa. Sekoitusohjelmien erot johtivat eroihin Mooney viskositeetissä, mekaanisissa 
ominaisuuksissa, sekä dynaamismekaanisissa ominaisuuksissa. Sekoitusohjelmat 
yhtenäistettiin, jotta koneen koon muutoksen vaikutusta ominaisuuksiin voitiin tutkia. 
Yhtenäistäminen tehtiin muuttamalla pienen mittakaavan koneen lisäysjärjestys vastaamaan 
suuren mittakaavan koneen lisäysjärjestystä. Lämpötilaprofiilit yhtenäistettiin kasvattamalla 
pienen sekoituskoneen sisäpintojen lämpötilaa ja roottorin nopeutta.  
     Aika-lämpötilaprofiiliin perustuvaa skaalausta tutkittiin kolmella erikokoisella sekoituskoneella: 
pieni (1,5 l), keskikokoinen (45 l), sekä suuri (320 l). Pienen ja keskikokoisen sekoituskoneen 
sekoitusohjelmat muokattiin niin, että ne vastasivat aika-lämpötilaprofiililtaan suuren 
sekoituskoneen aika-lämpötilaprofiilia. Tavoiteltu aika-lämpötilaprofiili saavutettiin nostamalla 
sekoituskoneen sisälämpötilaa ja roottorin nopeutta koneen koon pienentyessä, jonka 
seurauksena kokonaiskierrosten lukumäärä ja silanoitumisaika kasvoivat. Tämä heijastui 
ominaisuuksiin siten, että Mooney viskositeetti, ΔG*, sekä dynaamismekaaniset ominaisuudet 

laskivat. Mekaanisissa ominaisuuksissa erot eivät olleet niin selkeitä. Kuitenkin voitiin havaita, 
että Mod10 oli selkeästi suurempi suurella sekoituskoneella sekoitetuissa sekoituksissa. Lisäksi 
havaittiin, että Mod300/Mod100 oli suurempi ja murtovenymä pienempi pienellä sekoituskoneella 
sekoitetuissa sekoituksissa. Tulosten perusteella pääteltiin, että koneen koon pienentyessä 
kasvava kokonaiskierrosten lukumäärä, sekä pidempi silanoitumisaika johtivat parempaan 
dispersioon ja silanoitumiseen, joka aiheutti eroja sekoitusten ominaisuuksissa. 
     Tehopiikkiin perustuvaa skaalausta tutkittiin vaihtoehtoisena skaalausmenetelmänä. Aika-
lämpötilakäyrään perustuvia sekoitusohjelmia muutettiin niin, että sekoitusaika tehopiikin jälkeen 
oli vakio jokaisessa konekoossa. Tästä johtuen sekoitusohjelma päättyi sitä aikaisemmin mitä 
pienempi oli koneen koko. Seurauksena eri sekoituskoneiden väliset erot silanoitumisajoissa ja 
kokonaiskierrosten lukumäärissä pienenivät. Tämä heijastui ominaisuuksiin siten, että Mooney 
viskositeetti, ΔG*, dispersioaste, dynaamismekaaniset ominaisuudet, sekä Mod300/Mod100 

yhtenäistyivät. Skaalauskokeisiin perustuen tehopiikkiin perustuva sekoitusohjelma sopi 
paremmin sekoitusohjelmien skaalaukseen kuin aika-lämpötilapohjainen sekoitusohjelma.  
   
 
Avainsanat: sekoituskone, skaalaus, aika-lämpötilaprofiili, tehopiikki, kumisekoitus, 
silanoituminen, dispersio, ominaisuudet 
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1. INTRODUCTION 

Rubber compounds used in the tire industry are composed of various ingredients, such 

as polymers, fillers, oils, and various chemicals. Components of the rubber compound 

have to be mixed properly to reach targeted compound properties. Mixing is commonly 

done in internal mixers, which besides mechanically mixing the compound, also acts as 

a base for chemical reactions. The most important physical and chemical reactions that 

occur during mixing can be simplified into four reactions: incorporation, dispersion, dis-

tribution, and silanisation. All of those influencing the final properties of the compound.   

 

Tire rubber materials are under continuous development. New materials are commonly 

first developed in small-scale and then tested in large-scale. Mixing process upscaling is 

complicated, since same mixing program cannot be used in different sized mixers without 

affecting the mixing process itself and resulting final properties of the compound. This 

problem arises from different batch temperature development properties, which are af-

fected by the different ratios of cooling or heating surface to the batch volume. To com-

pensate that effect, mixing programs must be optimized for each mixer size.  

 

Scale-up of a mixing process has been a topic of studies for a long time. Palmgren pub-

lished a study about upscaling already in 1974 and later scale-up has been a topic of 

various articles by different researchers (Palmgren 1974; Van Buskirk 1975; Myers 1978; 

Manas-Zloczower 1984; Kawanishi 1991; Wang 2001; Dierkes 2003; Funt 2009; 

Akindele et al. 2019) Anyway, still up today no perfect way of upscaling has been found. 

Most of the mentioned studies are done with tangential rotors and using only carbon 

black as filler. Effect of scale-up on the compounds mixed with intermeshing rotors, which 

require silanisation reaction is not studied well. Different from carbon black reinforced 

compounds, properties of the silica reinforced compounds are affected by a silanisation 

reaction, which is dependent on time and temperature (Dierkes et al. 2003). Aim of this 

thesis is to study how the mixing process of silica containing compound can be upscaled 

and how the scale-up affects the compound properties.  

  

Theoretical part of this work comprises introduction to compounding ingredients, mixing 

process, and upscaling principles. Experimental part of this work is divided in four parts. 
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First, differences in initial mixing programs and resulting compound properties are stud-

ied. Second, capability of the small-scale mixer to mix with the same feeding order and 

temperature profile as the large-scale mixer is tested. Third, compounds with the same 

compounding formula and feeding order are mixed in three different sized mixers having 

time-temperature profiles constant and resulting compound properties are compared. 

Fourth, power peak-based upscaling is tested as an alternative to time-temperature-

based upscaling. 
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2. RUBBER COMPOUND MATERIALS IN TIRE IN-
DUSTRY 

Tire rubber compounds are typically composed of elastomers, fillers, oils, organic rubber 

chemicals, and inorganic chemicals (Hirata et al. 2014), which are mixed in an internal 

mixer to form a uniform compound. This chapter provides a close look to the most com-

monly used compounding ingredients with an emphasis on the compounding ingredients 

that are used later in the experimental part. 

2.1 Elastomers 

Elastomers are materials, which are composed of long molecular chains comprising 

mainly carbon and hydrogen. Characteristic to elastomers is viscoelastic behavior, which 

means combined behavior of liquid- and solid-like materials (Ali M. et al. 2005). Viscoe-

lastic response to a stress is modelled with a spring and a dashpot. The spring repre-

sents the elastic response, whereas the dashpot contributes to the viscous response. 

Depending on the model, the spring and the dashpot are placed either in series (Maxwell 

unit) or parallel (Voigt unit) (Ghosh 2011).  

 

Elastomers are flexible, extensible, resilient, and durable materials (Harper 2002). They 

are used and processed above their glass transition temperature, which enables move-

ments of the elastomer molecules (Harper 2002). Elastomers are commonly vulcanized, 

which anchors the backbones of the elastomers together creating crosslinks between 

the elastomer chains. Crosslinking increases elastomer’s resistance to deformation. The 

most commonly used elastomers in tire industry are natural rubber, polybutadiene rubber 

(BR), and poly(styrene-co-butadiene) rubber (SBR). Their influence on the tire properties 

and mixing characteristics are concluded in the Table 1 
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Table 1. Commonly used elastomers, how they effect on the tire properties, and their 
mixing characteristics. Increasing value is marked as ↑ and decreasing value as ↓. 
(Based on: Simpson 2002; Klingensmith et al. 2004; Brandt et al. 2012; Toshan et al. 
2014; Pongdhorn et al. 2016; Wisojodharmo et al. 2017) 

Ingredient  Type Tire properties Mixing characteristics 

NR Elastomer ↑ Tensile strength 

↑ Tear strength 

↓ Heat build-up 

↓ Wet grip 

↓ Rolling resistance 

Mastication 

Thermal degradation 

SBR Elastomer ↑ Abrasion resistance 

↑ Heat build-up 

↑ Wet grip 

No mastication required 

Withstands high temperatures 

BR Elastomer ↑ Abrasion resistance 

↑ Friction on ice 

↓ Heat build-up 

↓ Rolling resistance 

↓ Hardness 

↓ Wet grip 

No mastication required 

Withstands high temperatures 

2.1.1 Natural Rubber 
 

Natural rubber is a biopolymer, which is derived from latex producing plants (Men et al. 

2019). Main constituent of natural rubber is latex, which is poly(1,4-isoprene) (Figure 1). 

Natural rubber contains also impurities, which has an influence on its properties (Candau 

et al. 2016). Impurities can, for example, create crosslinks between polymer units or act 

as antioxidants or cure agents (Candau et al. 2016; Simpson 2002).  

 

 

 

 

Figure 1.  Polymer chain structure in natural rubber. 

Glass transition temperature of natural rubber is around -70 °C (Pongdhorn et al. 2016). 

Relatively low glass transition temperature is originating from the flexible backbone of 

the polymer (Posada et al. 2016). Molecular weight of natural rubber ranges from 

100,000 to 1,000,000 with polydispersity around 9.0. High polydispersity influences the 
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properties of natural rubber. Presence of low molecular weight polymers ease processing 

of the products, while higher molecular weight polymers give natural rubber high tensile 

strength, tear strength, and abrasion resistance (Klingensmith et al. 2004; Toshan et al. 

2014). Viscosity of NR increases by increasing storage time. Therefore, NR is commonly 

pre-masticated to desired viscosity level to improve processability and to achieve good 

dispersion of fillers (Simpson 2002).  

 

When the commonly used elastomers are compared, natural rubber has higher tensile 

strength and tear strength. Natural rubber also has lower heat build-up under stress than 

SBR, resulting in lower wet grip and lower rolling resistance (Pongdhorn et al. 2016). 

Natural rubber phases thermal degradation earlier than SBR and BR (Pongdhorn et al. 

2016). Therefore, the mixing temperatures of NR containing compounds must remain 

lower than the corresponding temperatures of the compounds containing only SBR or 

BR (Pongdhorn et al. 2016).  

2.1.2 Poly(styrene-co-butadiene) Rubber 
 

Poly(styrene-co-butadiene) rubber (SBR) is a commonly used general purpose rubber, 

which was developed to be used as a synthetic substitute to natural rubber in tire industry 

(Colvin 2004). Structure of SBR is highly random copolymer comprising styrene and bu-

tadiene units (Figure 2). Ratio of the copolymer groups and their arrangement is affected 

by the polymerization method, which consequently determines the properties of SBR 

(Brandt et al. 2012). Usually the ratio of the groups is 25 % of styrene and 75 % of 

butadiene (Polymers: A Property Database 2020). 

 

 

 

 

 

Figure 2.  Structure of the SBR polymer backbone 
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Styrene units in the backbone of SBR makes the polymer chain clumsier, which in-

creases the glass transition temperature (Wypych 2016). Therefore, glass transition tem-

perature of SBR ranges from -25 °C to -55 °C (Polymers: A Property Database 2020), 

which is higher than that of NR and BR. Chain branching also increases affinity of SBR 

to fillers (Polymers: A Property Database 2020). 

 

In terms of tire properties, SBR has better abrasion resistance and lower resilience than 

NR. Lower resilience is seen as higher heat build-up (Simpson 2002; Pongdhorn et al. 

2016), which is furthermore seen as improved wet grip (Pongdhorn et al. 2016). Although 

SBR was developed to substitute NR, SBR requires higher levels of reinforcing fillers to 

have similar tensile strength, tear strength and durability than NR (Simpson 2002). Mas-

tication is not required in case of SBR, which reduces the required mixing time in com-

parison to NR. 

2.1.3 Polybutadiene Rubber 
 

Polybutadiene rubber (BR) is a synthetic general-purpose elastomer, which is mainly 

used in tire compounds (Colvin 2004). Properties of the polybutadiene depend on the 

amount and distribution of cis (1,4) and 1,2 vinyl units in the backbone of the polymer. 

Distribution of the units affects the glass transition temperature of BR, which increases 

by increasing cis (1,4) content (Simpson 2002). When the cis (1,4) content is over 90 %, 

the glass transition temperature is around -90 °C (Simpson 2002).  

 

 

 
 
 

Figure 3. Structure of the repeated cis (1,4)- unit in the backbone of BR.  

 
In terms of tire properties BR has high resilience and high abrasion resistance, which 

results from the flexible polymer chain structure. (Brandt et al. 2012; Wisojodharmo et 

al. 2017) Addition of BR to the tire compound can be seen as reduced heat build-up 

(Simpson 2002), reduced rolling resistance, and decreased hardness (Pongdhorn et al. 

2016). Polybutadiene rubber also has excellent low temperature properties, which im-

proves the friction on ice, which is beneficial in winter tires (Simpson 2002). Anyhow, 

high resilience of BR decreases wet grip of the compound (Simpson 2002). Therefore, 
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BR is commonly blended with higher glass transition temperature polymers, such as SBR 

(Brandt et al. 2012). Polybutadiene rubber can be mixed without pre-mastication.  

2.2 Fillers 

Tire rubber compounds comprise reinforcing fillers of which the most commonly used 

are carbon black and silica. Filler reinforcement is based on addition of solid filler parti-

cles into a viscoelastic rubber matrix, which is composed of loose clusters of polymer 

chains. Added fillers immobilize polymer chains and further form a coherent mass (Laube 

et al. 2009). Addition of fillers improve the physical properties of the rubber compound, 

such as tensile strength, modulus, traction, abrasion resistance, and rolling resistance 

(Mostafa 2015; Laube et al. 2009).   

 

Fillers are constructed of clusters of primary particles called aggregates (Wampler et al. 

2004). Aggregates form groups of aggregates called agglomerates. (Meon et al. 2004). 

Type of the interaction between the adjacent aggregates depends on the type of the filler. 

Carbon black agglomerates are held together by Wan der Waals interactions (Wampler 

et al. 2004), whereas silica agglomerates are held together by both Wan der Waals in-

teractions and hydrogen bonds (Meon et al. 2004). Illustration of the filler structure is 

presented in the Figure 4.  

 

 
Figure 4. Illustration of a primary particle, an aggregate, and an agglomerate. (Modified 
from ICBA 2018)  

Dispersive phase of the mixing process breaks agglomerates down to aggregates. Pro-

cess is enhanced by high shear forces (Dierkes et al. 2003). Therefore, addition of the 

fillers is done commonly early in the mixing process, when the compound viscosity is still 

high (Dierkes et al. 2003). Effect of carbon black and silica fillers on the tire properties 

and their mixing characteristics are concluded in the Table 2 and discussed more closely 

in the paragraphs below.  
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Table 2. Reinforcing fillers and coupling agent and their effect on the tire properties and 
requirements in terms of the mixing process. Increasing value is marked with ↑ and de-
creasing value with ↓. (Based on: Diekers et al. 2003; Laube et al. 2009; Pongdhorn et 
al. 2016; Jeong et al. 2016) 

 Function Tire properties Mixing 

CB Reinforcing filler ↑ Stiffness 

↑ Abrasion resistance 

↑ Traction 

↑ Rolling resistance 

Requires high shear forces 

Silica Reinforcing filler ↑ wet grip 

↑ Abrasion resistance 

↑ Tensile strength 

↑ Tear strength 

↓ Rolling resistance 

Requires high shear forces 

Hydrophilic 

Requires silanisation 

Silane Coupling agent  ↑ Silica reinforcement Addition before ZnO and st. acid 

Silanisation around 140 °C 

Early addition improves coupling 

 

2.2.1 Carbon Black 
 

Carbon black (CB) is a filler that is composed of elemental carbon (Laube et al. 2009). 

Addition of carbon black into the tire compound improves physical properties of the tires, 

such as stiffness, traction, and abrasion resistance (Laube et al. 2009). Although, large 

amounts of carbon black in the tire compound increases the rolling resistance of the tire 

(Pongdhorn et al. 2016).  

 

Reinforcing properties of CB are affected by the shape, by the surface area, and by the 

surface activity of the CB (Laube et al. 2009). Increase in either one of them increases 

the reinforcing power of the carbon black. Increase in the complexity of the shape, such 

as the amount of branching, improves reinforcement by increasing the number of voids 

that can be filled with the elastomer (Laube et al. 2009). Increase in surface area conse-

quently increases the area, which is available to react with the elastomer (Wampler et 

al. 2004). Whereas, increase in the surface activity increases the interactions between 

the surface of the carbon black and the elastomer molecules (Laube et al. 2009). 
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Shape and structure of the carbon black has also an influence on the mixing process of 

the rubber compound (Laube et al. 2009). Laube explains that the structure of the ag-

gregates influences the shear forces created during the mixing process. The higher the 

structure is, the higher are the shear forces. Energy requirements of the mixing process 

are, on the other hand, affected by the surface area of the CB. The larger the surface 

area is, the higher is the power demand. Increase in the power demand originates from 

the cohesive forces within the filler aggregates, which increase by increasing surface 

area. Consequently, high surface area and low structure carbon blacks are the hardest 

to disperse.  

2.2.2 Silica 
 

Silica filler, so called “white carbon black”, has been used in the tire compounds since 

1990’s (Meon et al. 2004). Silica improves the properties of the rubber compound in 

comparison with the carbon black reinforced compounds. Improvements can be seen in 

wet grip, abrasion resistance, and rolling resistance (Diekers et al. 2003). Silica also 

increases tensile strength and tear strength of the compound (Diekers et al. 2003). 

 

Primary particles of silica are composed of silicon and oxide atoms (Cerveny et al. 2012; 

Meon et al. 2004). Surface of the silica particles comprises silanol groups (-Si- OH), 

which can be found in four different forms (Figure 5) (Cerveny et al. 2012). Presence of 

silanol groups on the surface of the silica particles makes the surface of the silica hydro-

philic (Cerveny et al. 2012). Hydrophilicity furthermore makes silica immiscible in the 

hydrophobic elastomers. Therefore, silica must be used in combination with coupling 

agents called silanes. Silanes form a carbon and sulfur containing shell around the silica 

particle changing the hydrophilic character of silica to more hydrophobic (Meon et al. 

2004). Sulfur of the silane reacts with the elastomer during vulcanization creating a filler 

polymer network (Meon et al. 2004; Diekers et al. 2003). Silanisation reaction is dis-

cussed more closely in the Chapter 3.2.5. 
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Figure 5. Surface structure of silica (Cerveny et al. 2012). 

Silica is commonly added early in the mixing process to achieve proper dispersion. Tim-

ing of the silane addition in relation with the silica addition affect the resulting silanisation 

reaction (Jeong et al. 2016). Jeong writes that earlier addition of silane results in more 

complete silanisation reaction and higher bound rubber. Whereas, delayed silane addi-

tion results in better dispersion.  

2.3 Plasticizers 

Plasticizers can be seen as part of the rubber compounding materials and processing 

additives. Plasticizers comprise mineral oils and synthetic oils (Moneypenny et al. 2004). 

According to Moneypenny, there are various theories, which describe the effect of the 

plasticizers. One of them is the lubrication theory, which considers plasticizers as lubri-

cants between huge polymer chains. According to the theory, the polymer chains can 

glide easier back and forth when the plasticizers form lubricating planes between the 

polymer chains. 

 

Plasticizers influence the processability of the compound. Addition of the plasticizers de-

creases viscosity, improves incorporation and dispersion of the fillers, lowers power de-

mand, and decreases heat generation (Moneypenny et al. 2004). Plasticizers also mod-

ify the final properties of the compound by decreasing hardness, reducing glass transition 

temperature, and decreasing elastic modulus (Moneypenny et al. 2004). 

 

Timing of the plasticizer injection in the mixing process is important in terms of filler dis-

persion, since addition of the plasticizers decreases the shear forces. In that matter, it is 

beneficial to add plasticizers when the filler dispersion has already occurred (McGlasson 

et al. 2019; Pohl et al. 1994). However, plasticizers benefit from free filler surfaces, since 

filler surfaces can absorb oil and that way ease oil incorporation (Rinker et al. 2012). 
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Absence of the free filler surfaces may cause plasticizers to form lubrication films around 

mixing chamber and rotors, which reduces effectiveness of the mixing process (Pohl et 

al. 1994). Therefore, it is beneficial to add the plasticizers when the highest torque values 

are achieved but there are still fillers available for oil absorption (Ryzko 2012; Pohl et al. 

1994). Effect of plasticizer on the rubber compound properties and the mixing process 

are concluded in the Table 3. 

 

Table 3. Effect of the plasticizers on the compound properties and the mixing process. 
Increasing value is marked with ↑ and decreasing value is marked with ↓. (Based on: 
Pohl et al. 1994; Moneypenny et al. 2004; Rinker et al. 2012; McGlasson et al. 2019) 

Ingredient Compound properties Mixing characteristics 

Plasticizer ↓ Hardness 

↓ Glass transition 

↓ Elastic modulus  

↓ Shear forces 

↓ Power demand 

↓ Heat generation 

Incorporation requires free filler surfaces 

2.4 Sulfur Curing System 

Sulfur atoms form crosslinks between double bonds of the elastomer chains in a reaction 

called vulcanization (Coran 2013). Vulcanization is a slow and inefficient reaction if it is 

completed by using sole sulfur. Therefore, accelerators are broadly used to speed up 

the vulcanization reaction (Ingatz-Hoover et al. 2004). Conventionally a sulfur curing sys-

tem consists of sulfur, metal oxide, fatty acid, and one or more organic accelerators 

(Coran 2005; Ciullo et al. 1999). Contents of the conventional sulfur curing system are 

concluded in the Table 4 and discussed more closely later in this paragraph. 

 

Table 4. Contents of a conventional sulfur curing system. (Based on: Ciullo 1999; Ingatz-
Hoover et al. 2004; Coran 2013; Mihara 2016) 

Ingredient Function Addition timing 

Sulfur Formation of crosslinks Addition at final stage 

Activators Improve acceleration Addition after silica and silane 

Accelerators Cleavage of the sulfur ring - 

 

Sulfur can be added to the compound as elemental sulfur or as sulfur donors (Simpson 

2002). Sulfur donors, such as tetramethylthiuram (TMTD), are usually used in combina-

tion with sulfur to replace part of the elemental sulfur used. Usage of the sulfur donors in 
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combination with elemental sulfur reduces the amount of sulfur atoms in one crosslink 

(Ingatz-Hoover et al. 2004). Sulfur vulcanization reaction is illustrated in Figure 6.  

 

 

Figure 6.  Illustration of the sulfur vulcanization of the elastomer chains. (Coran 2005) 

 
Sulfur is added to the compound commonly in a separate finalization phase. Reason for 

that is the prevention of premature scorching, which may occur if the compound temper-

ature reaches activation temperature of the vulcanization reaction. Activation tempera-

ture of the sulfur vulcanization is around 140 °C (Coran 2013). 

 

Accelerators are used to control the onset and extent of the vulcanization reaction. (In-

gatz-Hoover et al. 2004) Function of the accelerators is to help in cleavage of the sulfur 

ring (Ciullo 1999). Choice of the accelerator affects the vulcanization time and tempera-

ture (Ignatz-Hoover et al. 2004). Also, resulting crosslinking network can be modified by 

varying sulfur-to-accelerator-ratio (Ignatz-Hoover et al. 2004).  

 

Activators function is to improve the acceleration of the vulcanization reaction. Activator 

system consists of a metal oxide and a fatty acid (Ciullo 1999). Commonly used activator 

system in rubber industry is zinc oxide (ZnO) and stearic acid (st. acid) (Ignatz-Hoover 

et al. 2004). Zinc and stearic acid form a salt (zinc stearate) in situ, which activates the 

accelerators (Coran 2013). Zinc stearate and strearic acid can both also act as lubricants 

during the mixing process (Meon et al. 2004). 

 

Addition timing of ZnO and stearic acid is crucial, since hydroxy groups on the silica 

surface tend to react with both of them (Mihara 2016). Silica bonding with other than 

silane decreases silanisation efficiency. That leads to decreasing bond strength between 

silica and the elastomer (Mihara 2016; Hewitt 2007). In addition, curing activating func-

tion of zinc and stearic acid is reduced (Hewitt 2007). Therefore, it is beneficial to add 

ZnO and strearic acid after the addition of silane.  
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3. RUBBER MIXING PROCESS IN TIRE INDUS-
TRY 

Constituents of the rubber compound must be mixed properly to achieve desired com-

pound properties (Hacker 2009). According to Hacker, mixing process has three major 

objectives. First, different constituents of the compound have to be blended properly the 

way that the resulting compound is uniform. Second, the fillers have to be dispersed well 

to achieve the desired filler properties. Third, composition of the different batches of the 

same compound have to be uniform in terms of viscosity and degree of dispersion 

 

Proper mixing can be achieved various ways. One common method is to mix different 

rubber compound materials in an internal mixer. Theory behind internal mixers and 

phases of the mixing process are described in the following chapter. Emphasis in this 

chapter is on the intermeshing type of internal mixers, since that is the type of the mixer 

used in the experimental part of this thesis.  

3.1 Internal Mixer 

 

Core of an internal mixer (Figure 7) is a cylindrical mixing chamber where two rotors are 

placed. Constituents are either fed through a feeding hopper, hop door, or injected di-

rectly to the mixing chamber. In industrial scale, solid parts of the compound are com-

monly fed through the drop door, and liquid and powdery constituents are injected di-

rectly to the mixing chamber. When required materials are fed to the chamber, ram 

squeezes added materials to the space between the rotors (Funt 2009). Ram is either 

hydraulic or pneumatic (Berkemeir 2012). Temperatures of all the surfaces connected to 

the mixed compound can be controlled, including ram, chamber walls, rotor end plates, 

rotors, and discharge door (Berkemeir 2012). Rotors rotate at certain speed and induce 

forces to the rubber compound resulting in incorporation, dispersion, and distribution of 

the constituents (Funt 2009). Once mixing cycle is completed, the drop door of the mixing 

chamber opens, and resulting rubber compound is discharged to the downstream equip-

ment, such as twin-screw dump extruder (Wood 2004). 
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Figure 7.  Schematic illustration of an internal mixer. (Funt 2009) 

Main functions of the rotors are to distribute rubber compound constituents, disperse 

fillers, and dissipate heat out of the compound (Berkemeier 2012). Rotors can be either 

tangential or intermeshing. They differ from each other by the rotor design and the way 

the rotors rotate (Berkemeier 2012). In the case of tangential rotors, dispersion and dis-

tribution is done by tapering nip between the rotor and the sidewall (Hacker 2009). As 

well as, by the transport of the compound from rotor to rotor and around the mixing 

chamber (Hacker 2009). Tangential rotors can be driven with different speeds, since they 

do not touch (Drobny 2016). Intermeshing rotors, on the other hand, interlock and thus 

must be driven at the same speed. Intermeshing rotors move compound materials along 

their length and to opposite directions. Dispersion occurs in the nip area of the two inter-

meshing rotors (Hacker 2009; Drobny 2016). Differences between tangential and inter-

meshing rotor designs are illustrated in the Figure 8. 

Figure 8. Illustration of the tangential (left) and the intermeshing (right) rotor design. 
(Dierkes 2005) 
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Each rubber compound requires optimized mixing programs (Nakajima et al. 2000). Rub-

ber compounds are commonly mixed in several stages to add effectively different con-

stituents, which require different mixing conditions (Peter et al. 1990). For example, sulfur 

is added in the last stage to prevent scorch. 

3.2 Mixing Process 

Mixing of the rubber compound in an internal mixer consists of several different unit pro-

cesses. These include mastication, incorporation, dispersion, distribution, and silanisa-

tion (Nakajima et al. 2000; Dierkes et al. 2003). These unit processes are discussed 

separately in the following chapter, even though they may occur simultaneously during 

the mixing process.  

3.2.1 Mastication  
 

Mastication is either a separate pre-treatment or the first part of the mixing cycle, which 

is commonly used when mixing natural rubber (Moneypenny 2004). Mastication is based 

on shear stresses which are induced to NR to break down molecular chains leading to 

reduction in the molecular weight. Break down of natural rubber reduces interactions 

between elastomer chains and balances viscosity (Hirata et al. 2014). Reduced viscosity 

improves processability and enhances uniform filler dispersion and incorporation 

(Moneypenny 2004; Hirata et al. 2014). Peptizers can be used to ease chain scission 

during mastication (Simpson 2002).  

3.2.2 Incorporation 
 

Incorporation is the unit process where filler particles are included into the rubber matrix 

(Nakajima 2000). Nakajima explains that constituents appear as separate phases in the 

beginning of the incorporation phase. Amount of elastomer surfaces is increased by ei-

ther stretching or by breaking down the rubber particles (Figure 9). While incorporation 

proceeds fillers move from the outside of the elastomer towards the inner part of it. Elas-

tomer wets the surface of the fillers by penetrating to the voids of the agglomerates 

(Laube et al 2009). Incorporation is dominant in the beginning of the mixing cycle after 

which the dominance turns to the side of the dispersion.  
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Figure 9. The mechanism of the incorporation. (Nakajima 2000) 

3.2.3 Dispersion 
 

Dispersion is a unit process, where filler pellets are broken down into agglomerates and 

further into aggregates (Funt 2009). Dispersion mainly occurs at the milling zone of the 

mixer (Drobny 2016). Best dispersion can be achieved when high deformation stresses 

are induced to the fillers (Nakajima 2000). Deformational stresses are the highest right 

after incorporation of the fillers, when the modulus of the compound is high (Nakajima 

2000; Dierkes et al. 2003). Temperature of the compound increases when the mixing 

process proceeds, which lowers the modulus of the compound and thus reduces the 

effectiveness of the dispersion. Dispersion becomes ineffective when the compound 

starts to flow (Nakajima 2000). Coupling agents are used to ease the dispersion of silica 

by improving the interaction between silica particles and polymer (Pousada et al. 2016).  

3.2.4 Distribution 
 

Distributive mixing is a unit process, wherein constituents of the rubber compound are 

distributed evenly throughout the whole rubber mixture (Funt 2009). The goal is to pro-

duce a uniform mixture in means that every portion of the compound would have the 

same composition. To have the uniform mixture, distributive mixing must happen simul-

taneously with the dispersive mixing (Nakajima 2000). 

 

Distributive mixing occurs when the material is moved from a rotor to another and around 

the mixing chamber (Drobny 2016). Uniform compound is formed when the contents 
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move in the mixing chamber uniformly without stagnation. Fill factor of the mixing cham-

ber affects the movement of the materials and consequently the distribution. If the fill 

factor is too high, the compound cannot move easily and parts of it stagnate resulting in 

poor distribution (Nakajima 2000). Poor distribution results in uneven dispersion as well, 

since some parts of the compound pass the milling zone fewer times than the other parts 

(Nakajima 2000). 

3.2.5 Silanisation 
 

Silanisation is a reaction wherein silane coupling agent reacts with the silica filler forming 

a hydrophobic shell around the silica and bonding the silica to the elastomer. Silanisation 

can be simplified into three steps. The first step is a reaction between the silanol groups 

of the silica particles and the ethoxy groups of the silane. Reaction is an equilibrium 

reaction that produces ethanol and therefore it is beneficial to remove ethanol during the 

reaction (Dierkes et al. 2003). Second step is a reaction between the remaining ethoxy 

groups of the silane and the adjacent silanol or ethoxy groups (Dierkes et al. 2003). Final 

step of the silanisation reaction is a reaction between the sulfur of the coupling agent 

and the elastomer chains. That reaction creates the filler polymer network and occurs 

during vulcanization (Dierkes et al. 2003; Hayichelaeh et al. 2018). 

 

Silanisation reaction takes place when the coupling agent is blended to the silica con-

taining compound and adsorbed on the filler surface (Noordermeer et al. 2007). Degree 

of silanisation reaction depends on time and temperature. Increase in either silanisation 

time or silanisation temperature increases the degree of silanisation (Dierkes et al. 2003). 

Silanisation temperature depends on the type of the silane used, but typically ranges 

from 130 °C to 150 °C (Dierkes et al. 2003). 

 

Sulfur in the coupling agent limits the upper mixing temperatures of the silane containing 

compound. Sulfur is meant to react in the vulcanization reaction but may cause prema-

ture scorch already during the first steps of mixing (Dierkes et al. 2003). According to 

Dierkes scorch occurs if the temperature of the compound rises to the temperature, 

which activates the reaction between sulfur and the elastomer chains.  

3.3 Mixing Parameters 

Mixing parameters are used to control the mixing process. They are determined in the 

mixing program, which is designed specifically for each compound. Rubber compound 

properties are highly influenced by the mixing parameters, since those parameters have 
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interconnected effects on the physical and chemical reactions occurring during the mix-

ing process (Narongthong et al. 2018, Dierkes et al. 2003, Le et al. 2003). Controllable 

parameters are, for example, rotor speed, mixing time, ram pressure, and chamber tem-

perature. 

 

Rotor speed can be used to control the mixing energy and the shear rate (Narongthong 

et al. 2018). Increase in the shear rate consequently results in increasing batch temper-

ature, due to viscose heat generation inside the compound (Funt 2009). Furthermore, 

increased batch temperature decreases the viscosity of the compound, which lowers the 

deformational stresses induced to the compound (Dierkes et al. 2003).  

 

Batch temperature can be controlled also by changing the inner temperature of the mixer. 

When the temperature of the mixer is increased, the temperature of the compound in-

creases. Consequently, increase in the chamber temperature results in lower rotor speed 

demand, if the batch temperature is desired to be kept constant. Increase in the batch 

temperature increases the degree of silanisation, which is temperature dependent (Dier-

kes et al. 2003). Anyhow, decreased temperature of the mixer improves silanisation due 

to better input of mechanical energy resulting in improved removal of ethanol (Dierkes et 

al. 2003).  

 

Mixing time also affects the temperature and required rotor speed. The longer the mixing 

time is, the higher is the batch temperature (to certain extent). When dispersion level is 

considered, increase in mixing time results in decrease in required rotor speed (Na-

rongthong et al. 2018). Ram pressure has also an influence on mixing quality, since 

increase in ram pressure causes increase in dispersion. Changes in ram pressure 

causes also changes to the optimum fill factor (Limper 2012). Effects of mixing program 

parameters on the mixing process are concluded in Table 5 
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Table 5.  Interconnected effects of increasing rotor speed, mixing time, chamber tem-
perature, ram pressure, and fill factor on the batch temperature, mixing energy, viscosity, 
dispersion, and silanisation. Arrows indicate increasing (↑) or decreasing (↓) value. 
(Based on: Dierkes et al. 2003; Dierkes 2005; Narongthong 2018) 

Mixing Parameter Batch  

Temp. 

Mixing  

Energy 

 

Viscosity 

 

Dispersion 

 

Silanisation 

↑ Rotor Speed ↑ ↑ - ↑ - 

↑ Mixing Time ↑ ↑ ↓ ↑ ↑ 

↑ Chamber Temp. ↑ - ↓ ↓ ↑↓ 

↑ Ram Pressure  - - ↑ ↓ 

↑ Fill Factor ↑ ↑ - ↑ - 

 

Other parameters, such as, ratio of filler loading, and fill factor has also an effect on the 

properties of the rubber compound. Besides acting as a compound material, fillers also 

can change the mixing behavior (Narongthong et al. 2018). According to Narongthong, 

increase in filler loading and fill factor increases dispersion to certain extent, which is 

caused by increased torque. That leads to increase in mixing energy and shear stress. 

Adjustments in the fill factor affect also the temperature development. Reduction of the 

fill factor causes batch temperature to decrease. According to Dierkes (2005), 10% re-

duction in the fill factor causes the batch temperature to decrease around 20 °C. 

3.4 Mixing Curves 

Mixing cycle is often visualized as mixing curves, which present the course of certain 

mixing variables as function of time. Mixing curves are drawn from the variables obtained 

from the mixing program, such as batch temperature, motor power, motor torque, ram 

position, mixing energy, rotations per minute (RPM), and batch energy. Mixing curve 

shows how the mixing process proceeds and can be used to determine quality of the 

mixing cycle, such as fill factor, filler incorporation, or dispersion (Klie et al. 2015; Dierkes 

2005). Mixing curves can also be used to find out batch-to-batch fluctuations in the pro-

cess variables (Klie et al. 2015).  Example of a mixing curve showing motor power, batch 

temperature, rotor speed, and ram position as function of mixing time is presented in the 

Figure 10. Different phases of the mixing cycle are marked on the curve.  
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Figure 10. Fingerprint of a tire compound showing power consumption (green), batch 
temperature (blue), rotor speed (red), and ram position (yellow) as function of time. Dif-
ferent phases of the mixing cycle are marked in the figure.  
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4. PRINCIPLES OF UPSCALING 

 

Upscaling a mixing process is an essential part of the product development, since often 

development of the new compounds starts with laboratory-sized batches. When the com-

pounds are proven to have desired performance in the laboratory-scale, they are brought 

to factory-scale mixers, which size can be hundreds of times larger than that of the la-

boratory-scale mixers. Increase in the mixer size consequently leads to increase in the 

batch volume. Increase in the batch volume creates problems in mixing, mainly due to 

the temperature development of the compound (Wang et al. 2001).  

 

Mixer manufacturers commonly scale the motor power of the mixer by the volume of the 

chamber (Dierkes 2005). Whereas, the geometry of the mixer is upscaled linearly (Funt 

2009; Dierkes 2005). This means that heat transfer through the surfaces of the rotors 

and chamber increases linearly, while the heat generation increases along the volume 

of the material (Funt 2009). For that reason, cooling area per volume of the compound 

decreases by increasing mixer size (Nakajima 2000, Funt 2009). To compensate that 

effect, smaller mixers have been suggested to operate at higher temperatures, higher 

shear rates, and shorter mixing times to obtain similar compound properties than larger 

mixers (Kawanishi 1991, Funt 2009). This chapter describes different approaches to 

scale-up a mixing process. Basis on the different scale-up principles is on the estimation 

of what is the dominant physical or chemical reaction controlling the rate of mixing (Funt 

2009). 

4.1 Temperature 

Large-scale mixers have lower surface-to-volume-ratio and consequently they operate 

at higher batch temperatures when having the same rotor speed as the small-scale mix-

ers (Funt 2009). Thus, small-scale mixers operate at lower temperatures and conse-

quently with higher shear stresses. The dump temperature also decreases by the de-

creasing mixer size for the same energy input (Funt 2009; Wood 1996). Temperature-

based upscaling is an approach to balance those differences by keeping the temperature 

profiles between the different sized mixers constant during mixing (Akindele 2019; Irie et 

al. 2006).  
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Articles suggesting the constant-temperature-based upscaling are based on studies 

done with carbon black reinforced compounds (Akindele et al. 2019; John 2009; Wang 

2001; Myers 1977; Buskirk 1975; Palmgren 1974). Dierkes (2005) studied upscaling on 

silica-based compound by having silanisation phases of the mixing cycle constant. Study 

was done with a silica containing premixed masterbatch of a tire compound. According 

to that study, the scale-up of silica containing compound cannot be only based on con-

stant silanisation temperature, since it will not produce uniform compound properties. 

The scale-up should be rather based on various variables, such as dimensions of the 

mixer, cooling water temperature, mixing time, and rotor speed. According to Dierkes, 

upscaling of a silica containing compound could be done by following Equation 1. 

 

[
𝐷

𝑔
] ∙ [𝑁 ∙ 𝑅𝑅𝑣 ∙ 𝑡2] ∙ [

𝑇𝐶𝑊

𝑇𝑏𝑎𝑡𝑐ℎ
] ∙ [

𝐴𝑤𝑎𝑙𝑙∙𝐴𝑣𝑎𝑝𝑜𝑟

𝑉𝑏∙ℎ
] = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡    (1) 

 

where the diameter of the rotor is D, tip clearance is g, rotor speed is N, renewal rate of 

the vapor phase is RRv, mixing time is t, cooling water temperature is TCW, batch tem-

perature is Tbatch, surface are of the compound in contact with the mixer wall is Awall, 

surface area of the compound in contact with the vapor phase is Avapor, batch volume is 

Vb, height of the channel between rotor shaft and mixer wall is h.  

4.2 Shear 

Constant shear rate or shear strain can be used in upscaling a mixing process. Scale-up 

is done by adjusting mixing times or rotor speeds, so that shear rates or shear strains of 

different mixers match. Shear rate- and shear strain-based upscaling formulas are based 

on simplified model of a mixer presented in the Figure 11. Concept of using constant 

shear as a scale-up rule was suggested by Bergen already in the year 1959 (Manas-

Zloczower 1984) and it is still considered as possible scale-up method of carbon black 

containing compounds if the batch temperature is controlled simultaneously (White 1995; 

Funt 2009). 
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Figure 11. Theoretical model of a dispersive mixer used in upscaling calculations. Shaft 
clearance, tip clearance, and diameter are h, g, and D, respectively. (Edited: Funt 2009) 

Shear rate 

The model in the Figure 11 can be used to estimate maximum shear rate. Equation 2 

presents formula to calculate shear rate when the rotor speed and the mixer dimensions 

are known (Akindele et al. 2019; Manas-Zloczower et al. 1984; Funt 2009). 

 

𝛾̇ =
𝑣

ℎ
=

𝜋𝑁𝐷

𝑔
          (2) 

 

where 𝛾̇ is shear rate, v is velocity of the rotor at tip, h is shaft clearance, N is amount of 

rotor rotations per minute, and D is the diameter of the rotor. The maximum shear rate 

changes by changing mixer size. Thus, scale-up according to constant shear rate can 

be done by adjusting mixing times of the two different sized mixers. Mixing times can be 

calculated by using following Equation 3 (Funt 2009). 

 

 
𝑡2

𝑡1
=

𝛾̇𝑚𝑎𝑥1

𝛾̇𝑚𝑎𝑥2
           (3) 

 

where t1 and t2 are mixing times of the mixers, and 𝛾̇𝑚𝑎𝑥1 and 𝛾̇𝑚𝑎𝑥2 are corresponding 

maximum shear rates 

 

D 

h 
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If the smaller mixer runs with lower shear rates, the mixing time of the smaller mixer 

would be longer than mixing time of the larger mixer, and vice versa. Problematic part of 

using mixing time in the scale-up is that mixing times can vary depending on, for exam-

ple, different induction periods of the mixers (Funt 2009). This can lead to differences in 

the effective mixing times. 

4.2.1 Total Shear Strain 
 

Besides shear rate, also total shear strain (𝛾̅)  can be used to approximate mixing times 

in scale-up. In that case shear strain is kept constant and mixing time is adjusted accord-

ingly. Total shear strain is a product of maximum shear rate (𝛾̇𝑚𝑎𝑥) and mixing time (𝑡𝑚), 

and can be calculated by following formula: 

 

𝛾̅ = 𝛾̇𝑚𝑎𝑥𝑡𝑚          (4) 

 

Funt (2009) explains that total shear strain can be used as basis of mixing process up-

scaling even when the geometries of the mixers are not similar. According to Funt shear 

strain is applicable scale-up method also in case when temperature histories differ, but 

shear stress necessary for filler dispersion is reached.  

4.2.2 Shear Stress 
 

Shear stress can be used as guideline to upscale a mixing process, since it has been 

claimed to be independent of the machine size. According to the Equation 5, rotor speeds 

in upscaling can be calculated if dimensions of the rotor and chamber are known.  

 

𝑁2

𝑁1
=

𝑔2

𝑔1

𝐷1

𝐷2
          (5) 

 

where D is diameter of the rotor at the tip, N is the rotor speed, and g is the rotor tip 

clearance. In the case of linear upscaling of the dimensions, smaller mixer should be 

operated with lower rotor speed than the larger size mixer to retain constant shear stress 

(Funt 2009). 

 

Shear stress is dependent on the compound temperature and therefore shear stress- 

based upscaling can be applied only when temperature histories of the upscaled batches 

are equal. If temperature histories differ, critical shear stress required for particle disper-

sion has to be reached in both mixers to obtain successful scale-up results (Funt 2009).  
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4.3 Work Input 

 

Work input during mixing process is independent of the mixer size. Therefore, the mixing 

process is suggested to be upscaled by keeping the total energies spent to mix the com-

pound per unit mass constant (Manas- Zloczower 1984). Work input is determined as 

power and time used to mix a compound (Nakajima et al. 2000) and can be presented 

as area under power-time curve (Figure 12).  

 

 

 

Figure 12.  Picture representing the area under the power-time curve showing the work 
input.  

 

Various studies propose unit work as the most suitable mixing process scale-up rule for 

carbon black reinforced compounds. It has been proposed already in 1977 by Van 

Buskirk and coworkers, who claimed the unit work to be a measure which is independent 

of the capacity of the mixer or operation speed (Van Buskirk et al. 1977). Manas-

Zloczower showed that unit work is a proper scale-up rule if operating conditions are 

controlled so that high-shear conditions are reached (Manas-Zloczower 1984). Later, 

unit work was studied by Wood, who concluded that dumping to a similar energy input 

(kWh/kg) gives better results than dumping according to time or temperature (Wood 

1996). Funt also presented work input scale-up criteria in his book chapter concerning 

internal mixers (Funt 2009). Akindele et al. compared work input based up-scaling to 

time-temperature and temperature-energy based criteria and concluded that work input 
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controls compound properties better than time-temperature or temperature-energy spec-

ifications (Akindele et al. 2019).  

 

There are certain conditions, which must be fulfilled when upscaling a mixing process 

based on the unit work. First, the geometry of the mixers has to be same, since inter-

meshing and tangential mixers give different compound properties for the same energy 

input. (Funt 2009) Second, temperature profiles of the batches have to be the same. 

Third, total mixing energies must be the same in the end of the cycle. (Myers 1977; 

Nakajima et al. 2000) Fourth, both mixers have to operate at high shear zone (Manas- 

Zloczower 1984). Due to those requirements, energy can be used in scale-up only if 

operating conditions are fixed individually for each mixer, since desired level of unit work 

can be reached by prolonged mixing cycles even when no dispersion occurs during the 

mixing process (Manas-Zloczower 1984). 
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5. EXPERIMENTAL  

All the sample preparation and testing methods used in this thesis are described in this 

chapter. Compounding formula used in this thesis was composed of synthetic polymers, 

silica, carbon black, silane, oils, ZnO, stearic acid, chemical 1 (Ch1), chemical 2 (Ch2), 

chemical 3 (Ch3), and chemical 4 (Ch4). Compounding formula was kept intact through-

out all the tests. 

5.1 Mixing and Sample Preparation 

Mixers used in this study were Serie E internal mixers manufactured by Harburg 

Freudenberg. Rotor type of all the mixers was PES5, which is an intermeshing type of a 

rotor. Total volumes of the mixers in liters were 1.7 (small), 50.5 (medium), and 331 

(large), having mixing volumes of 1.5, 45, and 320 liters.  

 

Feeding systems of different sized mixers varied. All the ingredients, except polymers, 

were weighted to polyethylene bags and fed from the feed door in the small-scale mixer. 

Medium-sized mixer had powder induction system for silica and injection system for oil. 

Rest of the ingredients were fed from the feed door. In case of the large-scale mixer, 

only polymers, resins, Ch 1, and Ch 4 were fed into the chamber from the feed door. 

Other constituents were fed to the mixing chamber automatically.  

 

Mixed batches were milled with two-roll mill having friction of 110% and clearance of 1.6 

mm. Temperature of the rolls was 54 °C. Batches passed the open mill three times and 

were taken off when the compound sheet width was 2.4 mm. Samples, which required 

vulcanization, were vulcanized in a slab sheet forming mold. Mold was placed in a press, 

which operated at temperature of 150 °C. Duration of the vulcanization was based on 

the optimum cure time determined from the rheogram.    

5.2 Property Analysis 

Mooney viscosity and Payne Effect were measured after masterbatch stage. Dynamic 

properties with rubber process analyser (RPA), and rheogram were measured after fina-

lization stage from unvulcanized samples. Rest of the properties were measured after 

vulcanization. These included mechanical properties, dispersion, and dynamic mechan-

ical properties with dynamic mechanical analysis (DMA). Tests are described in the fol-

lowing paragraphs. 
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5.2.1 Mooney Viscosity 
 

Mooney viscosity describes rubber compounds ability to resist torque applied to the sam-

ple at elevated temperature. Measurements in this study were done with Alpha Technol-

ogies PremierTM shearing disc-viscometer following the ISO-892-1 Standard. Measure-

ments were done to two parallel samples per each mixed batch. A test piece consisted 

of two discs of the rubber compound with diameter about 50 mm and thickness around 

6 mm. Discs were wrapped in a cellophane 335MS/60mm film. Rotor shaft was inserted 

through the hole of the pierced disc and the other disc was placed on top of the rotor. 

Measurement consisted of 1-minute preheating time and 4-minute running time during 

which the rotor rotated. Viscosity was measured as a value proportional to the torque 

required to rotate the disc (Chandrasekaran 2007) and was reported as the torque value 

in the end of the 4-minute running time. Mooney viscosity was used to study the com-

pleteness of dispersion and silanisation reaction. The more complete the dispersion and 

silanisation reaction, the lower the compound Mooney viscosity (Noordermeer et al. 

2007; Dierkes et al. 2003; Wang 2001).  

5.2.2 Rheogram 
 

Vulcanization characteristics were measured with Alpha Technologies Rheometer MDR 

2000 following ISO 3417:1991 Standard. Measurement was done to one sample per 

each mixed batch. A test piece was placed in the cavity of an oscillating disc cure meter. 

Rotating disc was embedded in the test piece and rotated at small angle at temperature 

of 160 °C. Torque required to rotate the disc was recorded as function of time. Measure-

ment was used to determine scorch time, cure time, minimum value of the torque (Fmin) 

and maximum value of the torque (Fmax). Scorch time and cure time are the points where 

10% and 90% of the vulcanization is completed, respectively (Dick 2009). Figure 13 il-

lustrates locations of the mentioned values on the curve.  

 

Measurement of the vulcanization characteristics was based on the dependence of the 

required torque on the completeness of the vulcanization. Vulcanization reaction is com-

pleted when the torque reaches an equilibrium value or starts to decrease (ISO 

3417:1991). Cure time (t90) was used to determine correct vulcanization time for the sam-

ple plates. Time to reach the maximum torque was used to determine the duration of the 

RPA dynamic property measurement. 
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Figure 13.  Illustration of a rheogram showing scorch, vulcanization, and cure times. 
Minimum and maximum values of the torque are marked on the curve. (Based on: Jo-
seph et al. 2015; ISO 3417:1991) 

5.2.3 Payne Effect 
 

Behavior of a filled rubber compound under variating shear deformation is a sum of four 

factors: polymer network connecting the polymer particles, in-rubber structure describing 

the chemical and the physical reactions between the rubber and the filler, hydrodynamic 

effect of the filler particles in the polymer matrix, and filler-filler interaction (Meon et al. 

2004; Dierkes et al. 2003). Filler-filler interaction is the sole one of those which is strain-

dependent.  

 

Filler-filler interactions resist strain at small strain scale (<60%) (Meon et al. 2004). When 

the amount of strain is increased, the filler network gradually breaks down. Rubber, which 

was trapped in filler network, can take part in deformation, which results in stress-soften-

ing. Stress-softening is seen as reduction in storage modulus, which is known as Payne 

Effect (Meon et al. 2004; Dierkes et al. 2003).  

 

Payne Effect measurements were done with Alpha Technologies RPA2000 rotorless 

shear rheometer following ASTM D6204 – 07 Standard. Measurement was done to two 

parallel samples per each mixed batch. Payne Effect was measured by determining the 

difference in the complex shear modulus (G*) at low and high strain values. Complex 

shear modulus was determined as:  
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𝐺∗ = 𝐺′ + 𝑖𝐺′′         (6) 

 

where G’ is in-phase modulus, and G’’ is out-phase modulus.  

 

Payne Effect can be used to investigate the dispersion and silanisation reaction, since 

completion of those reactions can be seen as reduction in filler-filler interactions and 

consequently in the Payne Effect (Meon et al. 2004; Dierkes et al. 2003). Long distance 

forces between filler and the rubber matrix are not strain dependent and therefore do not 

contribute to the Payne Effect (Dierkes et al. 2003). In comparison with Mooney viscosity, 

Payne Effect is measured at lower strain values (Dierkes et al. 2003). 

5.2.4 Mechanical Properties 
 

Tensile tests and hardness were measured with Zwick/Roell tensile test machine. Ten-

sile tests were done following SS-ISO 37 standard using a dumbbell-shaped test speci-

men. Tensile tests were done to 9 samples per each batch. Samples were stretched at 

constant speed and the required force was measured and compared to the initial cross 

section of the sample. Results of tensile tests were given as stress and corresponding 

elongation. Values were used to determine the tensile strength, elongation at break, and 

the modulus of the sample at different strain values. Modulus at large strain values 

(>100%) is related to the filler-polymer interactions, whereas modulus at lower strain 

values is related to filler-filler interactions (Mostafa et al. 2010). Ratio of modulus 300% 

to modulus 100% (Mod300/Mod100) was used as an indicator of silica reinforcement. 

The higher the values of Mod300/Mod100 are, the better is the dispersion and silanisa-

tion (Noordermeer et al. 2007).  

 

Hardness tests followed ASTM D 2240 standard at durometer scale Shore A. Hardness 

was measured by measuring the indentation of rigid ball to the sample. Test was per-

formed to 9 samples per each batch. Hardness is scaled from 0 to 100, zero describing 

a material with zero elastic modulus, and 100 describing a material with infinite elastic 

modulus (Chandrasekaran 2007). Hardness measures can be used to predict rubber-

filler interactions in the rubber compound (Chandrasekaran 2007). 
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5.2.5 Dynamic Mechanical Properties 
 

Dynamic mechanical properties are measured either from tensile or shear modulus. Ten-

sile modulus is obtained from the dynamic mechanical analysis (DMA), and the shear 

modulus is measured with the rubber process analyser (RPA). DMA and RPA measure 

moduli at chosen strain, frequency, and temperature. According to study of Konecný et 

al. (2007) dynamic properties measured with DMA and RPA are comparable and there-

fore either one could be used to study behavior of the rubber compound (Konecný et al. 

2007).  

 

Dynamic Mechanical Analysis 

Rubber compounds are viscoelastic materials and therefore show elastic and viscous 

behavior when sinusoidal stress is applied to them. Strain resulting from the sinusoidal 

stress is also sinusoidal but there is a phase lag between the applied force and the re-

sponse (Mostafa et al. 2010), which is illustrated in Figure 14.  

 

Figure 14. Illustration of stress and strain response during dynamic testing. (Based on: 

Menard 1999) 

 

Dynamic losses are resulting from the hysteresis and the structural motions of the poly-

mers. The amount of damping can be determined as loss tangent (tan ẟ): 

 

tan 𝛿 =  
𝐸′′

𝐸′
         (7) 

 

where E’’ is loss modulus of viscous dissipation and E’ is elastic energy stored in samples 

(Mostafa et al. 2010). Loss modulus and storage modulus can be used to determine 

complex modulus E*, which describes the rubber overall resistance to deformation. DMA 

Phase lag -ẟ 
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measurements in this study were based on ISO 4664-1 Standard and measured with 

DMA Gabo Eplexor. Measurements were done to two parallel samples per each batch. 

 

Tire performance can be simulated as repeated straining in DMA measurement using 

different frequencies. Simulation of tire ice or wet grip require high frequencies (> 104 

Hz) at room temperature (Wang 1998). Therefore, the required frequency is reduced to 

measurable level by lowering the measurement temperature following temperature-fre-

quency-conversion (Wang 1998). Ice grip is commonly measured at temperatures below 

0 °C, and wet grip at temperatures between 0-30 °C (White 2009). According to White, 

temperatures ranging from 30 °C to 60 °C correspond the normal running temperature 

of the tire.  

 

 

Figure 15. Illustration of a DMA tan ẟ curve showing areas of ice grip, wet grip, and 
rolling resistance as function of temperature when constant strain frequency is used. 
(Based on: Wang 1998) 

 

Rubber Process Analyser 

Dynamic properties under shear strain were measured with Alpha Technologies 

RPA2000 rotor less shear rheometer following ASTM D6204–07 Standard. Measure-

ment was done to one sample per each batch and test time was determined from the 

time required to reach the maximum torque in the rheogram measurement.  

 

- 70 °C 70 °C T 

ta
n
 ẟ

 

Ice grip Wet grip Rolling resistance 



33 
 

RPA measures complex torque (S*), which is a sum of elastic torque (S’) and viscous 

torque (S’’) (Leblanc 2008). Torque is used to determine the complex shear modulus 

(G*), storage modulus (G’), and loss shear modulus (G’’). Ratio of the energy loss to the 

energy stored, tan ẟ, can be calculated: 

 

tan 𝛿 =
𝐺′′

𝐺′
=

𝑆′′

𝑆′
         (7) 

5.2.6 Dispersion 
 

Dispersion was evaluated by Disper Grader produced by Alpha Technologies. Evalua-

tion of the dispersion was based on the images taken by the Disper Grader. Images were 

taken from 4 vulcanized compound sheets per each batch. Samples were created by 

razor cutting the vulcanized sample and analyzing the surface. Disperse Grader formed 

three images per each sample and calculated dispersion percentage based on those 

sample images.  

5.3 Structure of the Study 

Experimental part was started with comparison of the initial programs of the small- and 

large-scale mixers. Based on the found differences, the feeding order of the small-scale 

mixer was modified to correspond to the feeding order of the large-scale mixer. After 

unification of the feeding orders, the capability of the small-scale mixer to reach the same 

mixing temperatures as the large-scale mixer was tested. When the capability of the 

small-scale mixer to mix following the temperature profile of the large-scale mixer was 

proven, the time-temperature based upscaling was tested in three different sized mixers. 

For the tests, the small- and medium-scale mixing programs needed to be modified to 

mix following the similar time-temperature curve as the large-scale mixer. Compound 

properties after the time-temperature-based scale-up were studied. Power-peak-based 

upscaling was tested as an alternative to the time-temperature based upscaling. Result-

ing compound properties of different sized mixers were compared. Structure of the ex-

perimental part of the thesis is presented in the  

Figure 16. 
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Figure 16. Structure of the experimental part of this thesis. Blocks having the gray back-
ground color describe the contents of the main chapters.  

Comparison of the initial small- and large-scale mixing programs 

Modification of the small-
scale feeding order 

Batch temperature development 
tests with the small-scale mixer 

Time-temperature based scale-up  

Modification of the mixing programs 

Small-scale Medium-scale Large-scale 

Comparison of the compound properties 

Unification of the small-scale and large-scale mixing programs 

Power-peak based scale-up 

Comparison of the compound properties 

Small-scale Medium-scale Large-scale 
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6. INITIAL MIXING PROGRAMS AND COMPOUND 
PROPERTIES 

Compounding formulas and corresponding mixing programs in small- and large-scale 

mixers were studied. Aim was to find out what kind of differences exist between small- 

and large-scale mixing programs and how those differences affect the compound prop-

erties. Study was done to four different compounding formulas and one of them was 

chosen to be further studied in this thesis. This chapter describes comparison of the 

small- and large-scale mixing programs of the chosen compounding formula.  

 

Large-scale mixing program was created for test purposes. Small-scale version of the 

same compound was mixed using pre-existing small-scale mixing program for similar 

compound. Compounds were mixed in two stages: masterbatch stage and finalization 

stage. Feeding order, shape of the mixing curves, total mixing time, revolutions, and the 

silanisation times were studied. Revolutions were calculated from the mixing time and 

the rotor speed, duration of the feeds was excluded. Silanisation time was defined as 

time the batch temperature was above 140 °C, since silanisation reaction has been 

proven to be effective above that temperature (Roeben et al. 2015).  

6.1 Feeding Order 

Feeding order and the ram lifts of the masterbatch stages are presented in the Figure 17 

and Figure 18. Part of the feeds in large-scale mixer are done ram down, which are 

shown as vertical lines. First significant difference in the feeding orders was the timing 

of the silica addition. Large-scale program (Figure 17) had the silica addition in the be-

ginning of the mixing cycle. Early addition of silica caused high shear forces to be induced 

to the silica, which was beneficial for the silica dispersion (Limper 2012). Small-scale 

program instead had silica addition later in the program in two parts. In that case, the 

compound temperature was already significantly higher than the room temperature. 

Compound was consequently softer, which lowered the input of the mechanical energy 

(Dierkes et al. 2003) and possibly hindered dispersion of silica. In addition, last silica 

feed of the small-scale program was after silane, which could have affected the silanisa-

tion reaction (Jeong et al. 2016). In the study of Jeong (2016) the late addition of silane 

was proven to enhance dispersion, whereas early addition of silane resulted in more 

complete silanisation reaction. Based on that, it was assumed that the different timings 
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of the silica and silane feeds could have caused differences in dispersion and the com-

pleteness of the silanisation reaction in the small- and large-scale mixers.  

 

Figure 17. Large-scale masterbatch mixing program. Arrows represent ram lifts. Mixing 
cycle proceeds from the left to the right.  

 

Figure 18. Small- scale masterbatch mixing program. Vertical arrows indicate ram lifts. 
Program proceeds from the left to the right. 
 

Second significant difference in the feeding orders was the timing of the oil feed. Accord-

ing to the large-scale program the oil was fed after the filler addition. Whereas, oil in the 

small-scale mixing program was already fed with the first batch of fillers. Since oil de-

creases shear forces (Pohl et al. 1994), oil addition together with the fillers could have 

hindered the dispersion of silica in the small-scale mixer.  

 

Third major difference in the feeds was the timing of the ZnO and the stearic acid addi-

tion. Large-scale program had the ZnO and stearic acid addition after the feed of silica 
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and silane. Small-scale program instead fed ZnO and stearic acid at the same time as 

the first batch of silica and silane. As discussed earlier, ZnO and stearic acid tend to 

react with the hydroxy groups on the surface of the silica (Mihara 2016). Therefore, ad-

dition of ZnO and stearic acid along with the silica and silane could have hinder silanisa-

tion reaction and reduced the activating function of ZnO in the compound mixed in the 

small-scale mixer.  

 

Large-scale mixing program had two ram cleaning steps. Ram cleaning ensured that no 

constituents were stagnated above the ram or between ram and the chute. Besides that, 

ram cleaning step also ventilated the mixing chamber, which improved ethanol removal. 

Ethanol removal was proven to shift the equilibrium of the silanisation reaction to the 

desired side resulting in higher degree of silanisation (Noordermeer et al. 2007). There-

fore, the silanisation reaction could have been enhanced by the ram cleaning steps in 

the large-scale mixer. In addition, ethanol removal reduced condensation of the ethanol 

on the surfaces of the mixing chamber, which could have prevented slippage of the com-

pound on the mixer surfaces and furthermore increased the efficiency of mixing (Dierkes 

et al. 2003).  

 

Finalization stage 

Large-scale finalization program is presented in the Figure 19, and the small-scale fina-

lization program is presented in the Figure 20. Feeding orders of the finalization pro-

grams varied only slightly. Both mixing programs comprised addition of the masterbatch 

and the finalization chemicals (Chemical F) in the beginning of the program. The only 

difference was the feed of Chemical 4. Chemical 4 was fed already in the masterbatch 

stage in the large-scale mixing program, whereas it was fed in the finalization stage in 

the small-scale program.  

 

Figure 19. Finalization program of the large-scale mixer. Ram lifts are marked as vertical 
arrows. Mixing cycle proceeds from the left to the right.  
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Figure 20. Finalization program of the small-scale mixer. Vertical arrows indicate ram 
lifts. Mixing cycle proceeds from the left to the right. 

6.2 Batch Temperature and Power Demand 

Batch temperatures and the motor power demands during the masterbatch-stage of mix-

ing are given in the Figure 21 and Figure 22. Notable is that the batch temperature (blue 

line) in the large-scale mixer increased steadily during the last three mixing steps until 

the dump temperature was reached, which was 25 % higher than dump temperature of 

the small-scale mixer. Whereas in the small-scale mixer, the batch temperature was kept 

constant during Mixing 3. 

 

 

 

Figure 21. Mixing curve of the large- scale mixer. Blue color is batch temperature and 
green color is motor power.  

Highest power peak (green line) in the large-scale mixer was in the beginning of the 

mixing cycle right after the Feed 1. Power demand kept rising steadily during Mixing 3, 

having the second peak value around the last ram cleaning step. Differently, the highest 

power peaks in the small-scale mixer were seen after the second and third feeds due to 
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the later filler additions. Feed 1 instead was followed only by a small increase in the 

power demand, which was resulting from the mastication of the polymers.  

 

Figure 22. Temperature and Power curves of the masterbatch stage in small- scale 
mixer. Blue and green lines represent batch temperature and motor power, respectively. 

Higher dump temperature of the large-scale mixer could have affected the final proper-

ties. Noordermeer (2007) and Dierkes (2003) found that increasing dump temperature 

enhanced coupling reaction between the silane and the silica, which furthermore reduced 

the filler-filler interactions. Although, when silanisation times were compared, the dura-

tion of silanisation in the large-scale mixing program was around 40% of the silanisation 

time in small-scale mixing program. Increased silanisation time could have compensated 

the effect of the lower dump temperature.  

6.3 Mixing Time and Revolutions 

Mixing times and revolutions of the large- and small-scale mixing programs are com-

pared in the Figures 23a and 23b. It can be clearly seen that mixing time of masterbatch 

stage in the small-scale program is longer than in the large-scale program resulting in 

significantly higher amount of revolutions. Differences in the mixing times and the revo-

lutions in the finalization stage are smaller. Mixing time is only slightly shorter in the 

small-scale program, and the amount of revolutions is slightly higher.  
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Figure 23b. Differences in revolu-
tions between large-scale (L) and 
small-scale (S) mixing programs in 

masterbatch and final batch stages. 
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Longer mixing time and higher amount of revolutions in the small-scale mixing program 

could have resulted in better dispersion, since the compound passed the high shear zone 

of the mixer significantly higher number of times. As discussed earlier, dispersion in-

creases by increasing shear forces and mixing time (Limper 2012).  

6.4 Compound Properties 

 

Comparison of the compound properties of the small- and large-scale mixed compounds 

can be seen in the Figure 24. The values of the compound mixed in the large-scale mixer 

are chosen to be used as basis of the indexes. Therefore, all the large-scale property 

values are given a value of 100 and small-scale properties are scaled accordingly. All 

the compound properties were measured after finalization stage. 
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Figure 23a. Differences in mixing times 
between large-scale (L) and small-scale 
(S) mixing programs in masterbatch and 
final batch stages. 
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Figure 24. Comparison of the compound properties of the compounds mixed with the 
large-and small-scale mixers. Values are given as indexes. The higher the index is, the 
higher is the actual value.  

Compound properties varied significantly depending on whether the compounds were 

mixed with the large- or small-scale mixer. First, Mooney viscosity of the small-scale 

mixed compound was 37% lower than that of the large-scale mixed compound. Decrease 

in Mooney viscosity could have indicated better dispersion (Wang 1998) and silanisation 

(White et al. 2009). Better dispersion of the small-scale mixer could also have reflected 

to lower hardness and increased Mod300/Mod100-ratio (Noordermeer et al. 2007).  

 

Small-scale mixed compound had also lower values of the dynamic properties. Results 

further suggested that the silanisation reaction had been better (Sarkawi et al. 2014) in 

small-scale, resulting in better rubber-filler coupling. These findings were supported with 

increased tensile strength, which could have been a result of better rubber-filler interac-

tions (Mostafa et al. 2010) and better dispersion (Jeong et al. 2016). Elongation at break 

was also slightly lower in the case of the small-scale mixer, as well indicating better si-

lanisation (Noordermeer et al. 2007).  

 

It was seen that the feeding order and the differences in the mixing programs had an 

influence on the compound properties. Anyhow, it must be noted that the raw materials 

used in these tests were from different batches, which could have also had an influence 

on the compound properties.  

63 89 89 72 65 124 107 98 96 95

Small-scale Large-scale



42 
 

7. MODIFICATION OF THE SMALL-SCALE MIX-
ING PROGRAM 

Aim is of the tests described in this chapter was to create a small-scale mixing program, 

which would correspond to the mixing program of the large-scale mixer in terms of feed-

ing order and the batch temperature. First, the masterbatch-stage feeding order of the 

small-scale mixer was modified to correspond to the feeding order of the large-scale 

mixer. Second, capability of the small-scale mixer to reach as high batch temperatures 

as the large-scale mixer was tested.  

7.1 Feeding Order  

Small-scale mixing program (A0) presented in the Figure 25 was used as starting point 

of the mixing program modifications. The mixing program was composed of Feeds 1-3 

and Mixing steps 1-3. Mixing 3 comprised a silanisation phase during which the com-

pound temperature was elevated to the targeted temperature and kept there by adjusting 

the rotor speed.  

 

Figure 25. Core of the mixing program (A0) used in the feeding order tests. 

 

The tests done to modify the feeding order of the small-scale mixer are presented in the 

Figure 26 and explained more closely in the following paragraphs. Green color indicates 

test, which was successful. Yellow color presents batch, which nearly reached preset 

targets. Red color indicates test, which was unsuccessful in terms of temperature devel-

opment. 

 

Feed 2 Feed 3 Feed 1 

Mixing 1 Mixing 2 Mixing 3: Silanisation 
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Figure 26. Feeding order development of the small-scale mixer. Green, yellow, and red 
colors indicate successful, nearly successful, and unsuccessful tests, respectively.  

7.1.1 Silica Amount at the First Feed 
 
Silica, resins, chemical 1 and chemical 4 were moved to the Feed 1 to unify the first 

feeds of the small- and large-scale mixers. Silica amount was varied to find the maximum 

possible addition amount of silica, since assumption was that all the silica cannot be fed 

at the first feed. Batches A1, A2, and A3 contained 1/3, 2/3, and 3/3 of the total silica 

content, respectively. Fill factor was 69%. Rotor speed and mixing time were as in A0. 

 

A1: 1/3 silica A2: 2/3 silica A3: 3/3 silica 

Feed 1: Silica amount, fill factor: 69% 

 

A6: + 20 s A7: +20 s,+15 RPM 

Mixing time & RPM  

A4: 65% A5: 61% 
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A8: Feed Si & Mixing Si 

A9: Feed 2: CB, Ch2, Ch3, ZnO   

       Feed 3: oils, wax, stearic acid 

A10:  Feed 2 & Feed 3 combined 

Additional silane feed 
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A0: Initial small-scale program 



44 
 

Ram setting was successful in A1 and A2, but when all the silica was added at the first 

feed (A3) ram did not reach its end position within the given mixing time. Addition of all 

the silica was anyway seen possible if fill factor or mixing parameters of Mixing 1 were 

modified. First feed was as in A3 in the further tests. 

7.1.2 Fill Factor 
 

The fill factor 69% was reduced to 65% and 61% in the batches A4 and A5, respectively. 

The first one being recommended in the mixer’s manual. Effect of the fill factor on ram 

setting in Mixing 1 and on the temperature profile in Mixing 3 were studied. Ram setting 

was improved in Mixing 1 but the temperature development in Mixing 3 was hindered in 

both cases. Temperature of batch A4 reached the targeted temperature in Mixing 3 but 

maximum rotor speed (100 RPM) was required to keep the temperature at the targeted 

level during the Mixing 3. Temperature of the batch A5 remained 2 degrees below the 

targeted temperature in Mixing 3. Lower fill factor was not seen a proper way to improve 

the ram setting behavior due to the hindered temperature development.  

7.1.3 Mixing Time and Rotor Speed at Mixing 1 
 

Mixing time and rotor speed in Mixing 1 were increased to improve ram setting. It was 

assumed that longer mixing time would allow ram to reach its end position within the 

Mixing 1. Increase in the rotor speed was assumed to improve ram setting by improving 

silica intake due to increased amount of revolutions. Two batches were mixed. First one 

(A6) had 20 seconds longer mixing time in Mixing 1. Second batch (A7) had 20 seconds 

longer mixing time and 15 RPM higher rotor speed in Mixing 1. Both batches A6 and A7 

showed improved ram setting behavior. Ram reached its end position at precisely same 

time in A6 and A7. Thus, increase in the rotor speed did not further improve the ram 

setting behavior. Therefore, 20 seconds longer mixing time at Mixing 1 was used in the 

further tests.  

7.1.4 Silane Feed 
 

Silane was fed in the large-scale program ram down before the actual Feed 2. Based on 

that, in A8 an additional silane feed step (Feed Si) was created, which was followed by 

a mixing step (Mixing Si). Duration of the Mixing Si was determined from the amount of 

revolutions used to mix the silane in the large-scale mixing program. Revolutions were 

kept constant between the two mixers. Core of the created mixing program is seen in the 

Figure 27. 
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Figure 27. Core of the small-scale mixing program (A8) after creation of Feed Si and 
Mixing Si. 

Silane addition affected the temperature development in Mixing 3. Sustaining the tar-

geted temperature at Mixing 3 required maximum rotor speed, which was assumed to 

be caused by increased mixing time and additional effective mixing after silane addition. 

Changes resulted in a softer compound in Mixing 3, which hindered the temperature 

development. Although, silane addition was seen possible if the mixing time in Mixing 2 

was decreased to prevent overmixing before Mixing 3. 

7.1.5 Feed 2 and Feed 3 
 

Feeds 2 and 3 were modified to correspond large-scale mixing program. Thus, in batch 

A9 Feed 2 comprised carbon black, Ch2, Ch3, and ZnO, and Feed 3 comprised oils, 

wax, and stearic acid. Revolutions in Mixing 2 were set to the same level as in the large-

scale program resulting in reduced mixing time. Mixing parameters of Mixing 3 were as 

in previous batches.  

 

Reduction in the mixing time improved slightly temperature development in Mixing 3. 

Compound reached targeted temperature earlier than in the batch A8. Anyhow, temper-

ature development was still hindered compared to A0. Addition of carbon black before 

addition of oil possibly influenced oil incorporation, since oil incorporation is known to 

require available filler surfaces (Ryzko 2012). It was assumed that carbon black was 

mixed too efficiently before the oil feed, which caused oil to form lubrication films and 

consequently hinder temperature development. Carbon black was fed slightly before oils 

in the large-scale mixing program. Anyhow, the mixing process in large-scale is more 

inefficient (Colvin 2004) and therefore there are still fillers available for oil incorporation. 

 

Based on findings of A9, Feeds 2 and 3 were combined in the batch A10. Thus, Mixing 

2 was removed. Mixing 3 was modified the way that rotor speed in the beginning of that 

phase was set to 100 RPM to bring the compound quickly to the targeted temperature. 

Changes in A10 improved temperature development significantly. Targeted silanisation 
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temperature was reached within the same time as in A0. Mixing program of A10 was 

chosen to be used in the further tests, since its feeding order was alike in the large-scale 

mixing program and the temperature development was good at the last mixing step. 

7.2 Temperature Profile 

Aim of the mixing program modifications was to define with which mixing program pa-

rameters the temperature curve of the large-scale mixer could be obtained in small-scale. 

Targeted mixing program is presented in the Figure 28. Temperatures T1, T2, and T3 are 

the batch temperatures of the compound mixed with the large-scale mixing program. 

Duration of mixing steps was not considered in these tests, since only the ability to reach 

required temperatures T1, T2, and T3 was studied. Feeding order was as in A10. 

                 

 

Figure 28. Core of the mixing program used in temperature development tests. T1, T2, 
and T3 are target temperatures in the end of Mixing 1, Si, and 3, respectively. 

7.2.1 Rotor Speed and Cooling Water Temperature 
 

Rotos speeds and the mixer temperature control unit (TCU) temperatures were varied to 

find out combinations, which could produce a batch with similar temperature profile as 

the batch mixed with the large-scale mixing program. TCU temperature controls the cool-

ing water temperature and was set in the mixing program. TCU temperature cannot be 

changed during mixing. Tested TCU temperatures were 50 °C, 80 °C, 85 °C, and 92 °C. 

Tests with different TCU temperatures were started with the maximum rotor speed. If the 

targeted temperature profile was obtained, lower rotor speeds were tested to find out the 

lowest possible rotor speed that could produce targeted temperature profile. Tested TCU 

temperatures and rotor speed combinations are presented in Figure 29. Samples are 

named so that A10 is the feeding order, second number is the TCU temperature, and 

the third number is the rotor speed.  
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Figure 29. Different TCU temperature and rotor speed combinations. Green color indi-
cates test, which reached targeted temperatures and red color indicates test which did 
not fulfill temperature targets. 

The lowest TCU temperature and rotor speed combination, with which targeted temper-

ature profile was obtained, was 85 °C and 90 RPM. When TCU temperature was in-

creased to 92 °C, the targeted temperature profile was obtained also with lower rotor 

speeds: 75 RPM and 80 RPM.  

7.2.2 Mixing Time and Revolutions 
 

Mixing times and revolutions were analyzed of each batch that reached the targeted 

temperatures. Absolute mixing times and revolutions are compared in the Figure 30. 

Shorter mixing times were required when higher TCU temperatures were used, which 

resulted in fewer revolutions. Also, higher rotor speed seemed to shorten the mixing time 

due to increased amount of shear, which resulted in better temperature development. 

Batch A10-85-100 is an exception, since Mixing 1 was prolonged due to poor tempera-

ture signal, which affected the overall mixing time and revolutions. That possibly affected 

the temperature development in Mixing 2 and 3. Batch A10-92-80 was chosen to be used 
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in the further studies, since it had the lowest possible rotor speed that resulted in similar 

mixing time that was used in the large-scale mixing program. 

 

 

Figure 30. Absolute mixing times and revolutions of the large-scale mixing program, A0, 
and A10 compared to the batches mixed with modified TCU temperatures and rotor 
speeds.  

7.3 Property Analysis 

Mooney viscosity and Payne Effect of the batches A0, A10 and A10-92-80 after mas-

terbatch stage are given in Table 6. Masterbatch stage Mooney viscosity and Payne 

Effect of the large-scale mixer were not available. Mooney viscosity and Payne Effect 

decreased significantly when feeding order of A0 was changed to A10. Also, ΔG* was 

significantly lower in batches A10 and A10-92-80 suggesting that filler-filler interactions 

in A0 were significantly higher. Moving the silica to the first feed assumable improved 

dispersion, due to higher shear forces induced to it. In addition, silica was mixed longer 

compared to the initial small-scale program since silica was fed earlier. The silica addition 

was also before the silane in A10 and A10-92-80, which have been proven to increase 

dispersion (Jeong et al. 2016). 
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Table 6.  Masterbatch stage Mooney viscosities and ΔG* of A0, A10, and A10-92-80 as 

indexes. The higher the index is, the higher is the actual value.  

Property A0 A10 A10-92-80 

Mooney Viscosity 100 66 75 

ΔG*  100 34 37 

Silanisation time 100 101 53 

 

When comparing A10 and A10-92-80 can be seen that changes in the mixing program 

increased slightly Mooney viscosity and ΔG*, which might have been a result of shorter 

silanisation time and consequently shorter total mixing time. Shorter silanisation time 

might be though compensated with higher dump temperature, since silanisation effi-

ciency is proven to increase by increasing temperature (Dierkes et al. 2003). That might 

have lowered the required silanisation time compared to A10.  

 

Altogether, differences in the temperatures and the mixing times of the mixing programs 

had an effect on the compound properties. Based on these findings, besides having sim-

ilar feeding orders and temperature profiles, also the mixing time has to be controlled 

when studying the effect of the mixer size on the compound properties.     

 



50 
 

8. SCALE-UP BASED ON THE TIME-TEMPERA-
TURE PROFILE 

Aim of this chapter was to find out how the mixer size influences the rubber compound 

properties when the mixing process is upscaled keeping the time-temperature profiles 

uniform. This chapter includes, first, a study of the mixing parameters, which create the 

targeted time-temperature curve in the small- and medium-scale mixers. Second, mixing 

of the test compounds in three different sized mixers and comparison of the resulting 

temperature profiles, silanisation times and revolutions. Third, comparison of the com-

pound properties after time-temperature based upscaling.  

8.1 Core of the Targeted Mixing Program 

 

Same batch of the polymers and silica were used in all the tests described in this chapter. 

Feeding order was as in A10, except the silane feed which was moved to the Feed 2 in 

small- and medium-scale mixing programs. Core of the mixing program is seen in the 

Figure 31. 

 

Figure 31. Core of the targeted mixing program. Vertical arrows indicate ram lifts. T1, T2, 
T3, and T4 are the batch temperatures in the end of Mixing 1, Mixing 2, Mixing 3, and 
Mixing 4, respectively. Mixing times of Mixing 1-4 are marked with t1, t2, t3, and t4, re-
spectively. Point where ram sets after Feed 1 is marked with an asterisk. 

 

Temperature of the compound in the targeted program raised after Feed 2 the way that 

T2 > T3 > T4, T4 being the dump temperature. Ram set at half of t1. Large-scale mixed 

batch (L) was mixed with the large-scale mixer following targeted time-temperature pro-

file. All the batches were finalized in the small-scale mixer with the same finalization 

program. 
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8.2 Mixing Programs of the Small- and Medium-Scale Mixers 

Tests to optimize the mixing parameters so that the time-temperature curves of the small- 

and medium-scale mixers would correspond to the targeted time-temperature curve are 

presented in the following paragraphs. 

8.2.1 Small-Scale Mixing Program 
 
Tests done with the small-scale mixer to find parameters, which would create the tar-

geted time-temperature profile are given in the Figure 32. Green indicates program pa-

rameters, which created targeted time-temperature curve. Yellow indicates test, which 

reached targeted temperatures, but required adjustments to the mixing parameters. Vi-

olet and red indicate tests, which had improper ram setting and poor temperature profile, 

respectively. 

 

 

Figure 32. Tests to develop the time-temperature-based mixing program. Green indi-
cates program parameters, which created the targeted time-temperature curve. Yellow 
indicates tests, which reached targeted temperatures, but required adjustments to the 
mixing parameters. Violet and red indicates tests, which had improper ram setting and 
poor temperature profile, respectively. 

First batches, S1 and S2, were mixed with TCU temperature of 80 °C and rotor speeds 

of 80 RPM and 90 RPM, respectively. It was found that fill factor of 69% was too high 

since ram did not set within half t1. Fill factor was reduced to 65% in further tests. As-

sumption was that the reduced fill factor would weaken the temperature development in 

69 % 65 % 
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the end of the program. Therefore, rotor speed at Mixing 2-4 was increased to 100 RPM 

in the batch S3. Lowered fill factor allowed ram to set in half t1 as expected. Anyhow, 

compound barely reached temperature T4 and the shape of the mixing curve was not as 

targeted since T3 was higher than T4. It was assumed that increase in TCU temperature 

combined with reduced rotor speed at Mixing 2-4 would improve the temperature devel-

opment and the shape of the time-temperature curve. Thus, TCU temperature was in-

creased to 90 °C in further tests. 

 

Increased TCU temperature and lowered rotor speed improved time-temperature profile. 

Targeted time-temperature profile was obtained with the rotor speeds of 80 RPM (S4) 

and 90 RPM (S5). Intake behavior of Mixing 1 was better in S4. Whereas, temperature 

development in the Mixing 2-4 was better in S5. It was assumed that having the rotor 

speed of 80 RPM in Mixing 1 and 90 RPM in Mixing 2-4 would create targeted time-

temperature curve. Batch S6 was mixed accordingly. Time-temperature profile of S6 was 

as targeted. Temperature raised steadily during the Mixing 2-4. In addition, ram set at 

half t1. Batch S6 was chosen to represent the small-scale mixer in further studies where 

properties of the batches mixed with different sized mixers were compared. S6 was 

mixed twice to prove the repeatability of the test results. 

8.2.2 Medium-Scale Mixing Program 
 
Mixing program of the first batch (M1) was provided by Harburg Freudenberg and it was 

based on the mixing program of the large-scale mixer and tests done with a 5-liter mixer. 

Rotor speeds of the batch M1 were used as base for the rotor speed changes in further 

tests. TCU temperature of M1 was 50 °C.  

 

Several tests were done to find out mixing parameters, which could be used to create 

program, that would follow targeted time-temperature curve. Tests are presented in the 

Figure 33. Green colored batches followed targeted time-temperature profile. Red col-

ored batches did not reach targeted temperatures, and blue colored batches reached 

targeted dump temperature without fulfilling the mixing time requirements.  
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Figure 33. Mixing program optimization of the medium-scale mixer. Changes in the rotor 
speeds are calculated from the rotor speeds of the first batch. Green colored batches 
followed the targeted time-temperature profile. Red colored batches did not reach tar-
geted temperatures. Blue colored batch was dropped due to high batch temperature be-
fore fulfilling the mixing time requirements.  

It was found that fill factor of 67% was too high, which was seen as improper ram setting 

in M1 and M2. Fill factor was lowered to 62% in batches M3-M6, which allowed ram to 

set in half t1. Targeted time-temperature profile was obtained with batches M4, M5, and 

M6. The most precise version of the targeted time-temperature profile was M6. Proper-

ties of M6 were chosen to be compared to the properties of the small- and large-scale 

mixed compounds later in this chapter. 

8.3 The Temperature Profiles and the Amount of Revolutions 

Time-temperature profiles were controlled during the mixing process in each mixer size. 

Anyhow the temperature development in small-, and medium-scale mixers did not pre-

cisely follow the temperature profile of the large-scale mixer. Consequently, the time the 

compound spent above the silanisation temperature (140 °C) increased by decreasing 

mixer size. The increase in the silanisation time was more pronounced in the case of the 

small-scale mixer, which had 81% longer silanisation time in comparison with the large-

scale mixer. Anyhow, dump temperatures of all the batches were close to each other, 

M6 having the highest dump temperature, which was 3 % higher than that of S6 and L.  
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Differences in the temperature profiles was suggested to be caused by different source 

of the batch heat. Batch volume compared to the cooling or heating surfaces of the mixer 

increased by increasing mixer size. Consequently, the effect of the heat produced inside 

the compound was more significant the larger was the mixer size. Weaker temperature 

generation of the smaller mixers was compensated by higher TCU temperatures and 

rotor speeds, which both increased along the decreasing mixer size. Higher rotor speeds 

resulted in higher amount of revolutions and consequently to softer compounds during 

Mixing 2-4. This was seen as hindered temperature development, which resulted in sim-

ilar dump temperatures despite that silanisation temperature was reached the earlier the 

smaller was the mixer. Masterbatch stage revolutions and silanisation times of the small-

, medium-, and large-scale mixers are compared in the Figure 34. Values are indexed 

so that the higher the index is, the higher is the value.  

 

Figure 34. Comparison of the amount of revolutions, silanisation times, and dump tem-
peratures of the batches S6, M6, and L. Numbers are presented as indexes. The higher 
the index is, the higher is the number.  

Differences in the revolutions and silanisation times had an effect on the silanisation 

reaction, which is proven to be time and temperature dependent (Dierkes et al. 2003). 

Also, diffusion of silane has been proven to be the higher the higher is the compound 

temperature (Noordermeer et al. 2007). In addition, higher amount of revolutions in-

creases dispersion, which furthermore improves silanisation by increasing the accessible 

surface area of the silica (Noordermeer et al. 2007). Based on that, the silanisation re-

action was assumed to be more complete in the small-scale mixed batch. Improvement 

in dispersion caused by the higher number of revolutions was though hindered due to 

higher temperature, which softened small-scale mixed compound lowering the deforma-

tional stresses. Differences in times spent at elevated temperatures and difference in 

amount of revolutions could also have led to chain scission of the polymers in the small-

scale mixed compound (Wang 1998).  
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8.4 Comparison of the Compound Properties 

Mooney viscosity, dispersion, Payne Effect, cure behavior, mechanical properties, and 

dynamic mechanical properties of the compounds S6, M6, and L were tested as de-

scribed in the Section 5.2. Mooney viscosity and Payne Effect were measured from the 

masterbatches. Rest of the compounds were finalized, and dispersion, mechanical prop-

erties, and dynamic mechanical properties were measured. S6 and L were finalized 24 

hours after completion of the masterbatch stage. Whereas in M6 time between mas-

terbatch stage mixing and finalization was approximately 2 weeks. 

8.4.1 Mooney Viscosity, Dispersion, and Payne Effect 
 

Values of the Mooney viscosities decreased by decreasing mixer size (Figure 35). Sur-

prising was that the Mooney values of the small- and medium-scale mixers were within 

3 index units, whereas Mooney viscosity of the large-scale mixer was 17 index units 

higher than that of the small-scale mixer. Mooney values are linked to completeness of 

the silanisation reaction (Noordermeer et al. 2007), which furthermore is affected by the 

dispersion and completeness of the coupling reaction (Meon et al. 2004). Based on that, 

the Mooney values suggested that the longer silanisation time of the small-scale mixed 

compound did not significantly improve the completion of the silanisation reaction when 

compared to the medium-scale mixer. Similar behavior was seen in the results of the 

Payne effect measurement. Filler-filler interactions, characterized as ΔG* values (Figure 

35), were clearly higher in the case of the large-scale mixer, but the values of the small- 

and medium-scale mixer were close to each other. Results indicated that the significantly 

higher amount of revolutions and significantly longer silanisation time of the small-scale 

mixer did not significantly decrease the filler-filler interactions in the compound in com-

parison with the medium-scale mixed compound. Mixing longer time above the silanisa-

tion temperature could have hindered efficiency of mixing, since the compound was at 

softer state longer time.  

 

The image-based dispersion analysis showed that the dispersion percentage increased 

by decreasing mixer size (Figure 35). Differences between the small- and medium-scale 

mixers were larger than expected from the Mooney results. Increase in the dispersion 

could have been caused by differences in the rotor speeds in the beginning of the mixing 

cycle which was dominated by the dispersion. Rotor speed increased by decreasing 

mixer size, which could have caused better dispersion during Mixing 1.  



56 
 

 

Figure 35. Dependence of Mooney viscosity, dispersion and ΔG* on the mixer size. Val-
ues are indexed. The higher the index is, the higher is the value. S6, M6, and L are the 
values of small-, medium-, and large-scale mixers, respectively. 

8.4.2 Dynamic Mechanical Properties 
 

Dynamic Mechanical properties of the samples measured with DMA and RPA are shown 

in Figure 36. The lowest values of the dynamic properties were obtained with the small-

scale mixer, whereas highest values were obtained with the large-scale mixer. The only 

exception was the tan ẟ value from RPA, which was the highest for the medium-scale 

mixer (M6). Anyhow, tan ẟ (RPA) value of M6 was based only on one sample which 

could distort the results. Tan ẟ values from DMA increased by increasing mixer size, and 

results from tan ẟ of DMA seems to be in line with tan ẟ values from RPA in case of S6 

and L.    

 

Sarkawi and coworkers (2014) wrote that improved silica-silane-rubber coupling lowers 

tan ẟ values. That trend was be clearly seen from the Figure 36, suggesting that the 

silica-silane-coupling improved by decreasing mixer size. This was as expected, since 

silanisation time and revolutions increased by decreasing mixer size. Better dispersion 

and silanisation were also seen in values of E*, which describes the overall resistance 

of the compound to deformation. It is shown that E* decreases by improving dispersion 

and silanisation (Jeong et al. 2016), which was clearly seen in these results. Similar 

behavior was seen in complex torque S*, which also decreased by decreasing mixer 

size. 
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Figure 36. Dynamic properties of the small-, medium-, and large- scale mixers measured 
with DMA and RPA at 60 °C. Values are indexed. The higher the index, the higher the 
value. 

8.4.3 Mechanical Properties 
 

Mechanical properties of the compounds S6, M6, and L are compared in the Figure 37. 

Reduced filler-filler interactions were seen as reduction in Mod10 (Mostafa 2015) and 

hardness (Mostafa 2015; Wang 1998) of the samples S6 and M6. Similarly, the rein-

forcement index Mod300/Mod100 was higher in both samples S6 and M6, but more sig-

nificantly in S6. Increase in Mod300/Mod100 indicates that the silica is better dispersed 

and coupled (Noordemeer et al. 2007) in S6, since Mod300/Mod100 increases by 

weaker filler-filler and increasing polymer-filler interactions (Wang 1998). Values of 

Mod10, Mod300/Mod100, and hardness indicate that filler-filler interactions were 

stronger in the batch L, which was expected from the earlier results of the Mooney vis-

cosity and Payne Effect.  
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Figure 37. Mechanical properties of S6, M6, and L. Values are indexed. High index in-
dicates high value. 

 

Elongation at break was the smallest in S6 and the highest in M6. Elongation at break is 

proven to decrease by improving dispersion and silanisation (Noordermeer et al. 2007), 

since the elongation of the polymer chains is hindered by the well dispersed fillers. There-

fore, based on the earlier results elongation at break was expected to decrease by de-

creasing mixer size. Smallest elongation at break was obtained with S6. Controversially, 

M6 had higher elongation at break than L. Differences in the properties could originate 

from the longer period of time between the masterbatch stage and finalization. Storage 

time is known to cause silica flocculation (Kaewsakul et al. 2014), which could increase 

the filler-filler interactions in M6 and that way affect the elongation at break. Anyhow, the 

difference is not significant between M6 and L when the variance in the test results is 

considered. 

 

Tensile strength of the compounds was expected to improve by increasing dispersion 

and silanisation (Noordermeer et al. 2007; Wang 1998). Therefore, it was surprising that 

tensile strength remained at the same level in S6, M6, and L. However, besides the 

differences in dispersion and silanisation, there might have also been other factors influ-

encing the tensile strength. Tensile strength is affected by the crosslinking density of the 

compound (Mostafa 2010), which was assumed to be nearly constant within different 

samples. Therefore, if the effect of dispersion and silanisation on tensile strength was 

small enough, it could have been hidden by the other compound characteristics that 

dominated the tensile strength values.  

 

Finalization stage in the small-scale mixer could also have uniformed all the mechanical 

properties of the samples. Mixing in the small-scale is effective, and therefore could have 
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improved the state-of-mix in M6 and L. Effective mixing could have leveled down the 

differences in all the properties, which were measured after the masterbatch stage.  
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Figure 38. Mixing curves of the time-temperature-based mixing program S6 (left) and 
the power-peak-based mixing program S7 (right). Blue line is the batch temperature and 
red line is the motor power. 

9. SCALE-UP BASED ON THE POWER PEAK 

Power-peak-based mixing was studied as an alternative downscaling method. Aim was 

to terminate the mixing process at a point where the compounds in each mixer size would 

be mixed a constant time after passing the power peak. Power peak shows the point of 

the mixing cycle where fillers are dispersed and incorporated. Thus, terminating the mix-

ing process a constant time after power peak was assumed to result in more uniform 

compound properties in comparison with the time-temperature-based mixing. Location 

of the power peak in the different sized mixers varied so that it was located the later in 

the mixing process the larger was the mixer. Location of the power peak was at Mixing 

2, Mixing 3, and between Mixing 3 and 4, in S6, M6, and L, respectively.  

9.1 Mixing Program 

Programs S7 and M7 were created based on the location of the power peak in S6 and 

M6, respectively. Mixing programs were modified so that the temperature after Mixing 1 

would rise faster than in the programs S6 and M6. Temperature increase was done by 

increasing the rotor speed after Mixing 1 by 10 RPM in S7 and by 5% in M7 in comparison 

with S6 and M6, respectively. Targeted mixing time after the power peak was estimated 

from the time-temperature curve of the large-scale mixer (Figure 21). Power and tem-

perature curves of S7 and M7 are compared to corresponding curves of S6 and M6 in 

Figure 38 and Figure 39. 
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Figure 39. Mixing curves of the time-temperature-based mixing program M6 and the 
power-peak-based program M7. Blue line is the batch temperature and red line is the 
motor power. 

9.2 Revolutions and Temperature Profiles 

Power-peak-based mixing resulted in more uniform amount of revolutions and 

silanisation times between different sized mixers. Silanisation time and revolutions of S7 

reduced 81% and 49% in comparison with S6, respectively. Whereas, silanisation time 

and revolutions of M7 reduced 46%, and 12%, in comparison with M6, respectively. 

Reduction in the amount of the revolutions and the silanisation times is shown in Figure 

40. 
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Figure 40. Effect of the power peak- based mixing on the amount of revolutions (left) and 
silanisation time (right) in the small-scale (S), medium-scale (M), and large-scale (L) mix-
ers. Values are indexed. The higher the index is, the higher is the value. 
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9.3 Properties of the Compounds 

Decrease in the revolutions and the silanisation times resulted in more uniform Mooney 

viscosity, dispersion, and ΔG* values. Dispersion analysis suggested that the high 

amount of revolutions in S7 overcompensated the effect of the shortest silanisation time 

keeping the dispersion of S7 better than that of M7 and L. This could have resulted, 

similarly as in S6, from higher rotor speed in the Mixing 1. Anyhow, it must be noted that 

the dispersion values were measured after the finalization phase, which could have bal-

anced out the differences. Indexed mean values of Mooney, dispersion, and ΔG* are 

given in the Table 7. 

 

Table 7.  Mooney viscosity, dispersion, and ΔG* values of the compounds mixed follow-

ing the time-temperature- based upscaling (S6 and M6) and the power peak- based up-
scaling (S7 and M7) compared to the corresponding values of the large-scale mixer (L). 
Values are indexed. High index indicates high value. 

Property S6 S7 M6 M7 L 

Mooney 82 106 86 102 100 

Dispersion 150 126 121 113 100 

ΔG* 63 109 69 98 100 
 

Even though the dispersion was proven to be the higher the smaller the mixer, values of 

the complex shear modulus (ΔG*) and Mooney viscosity showed different trend in S7 

and M7. Both values: S7 and M7 were more uniform with L than after time-temperature 

based upscaling, suggesting that reduced amount of total revolutions and reduced si-

lanisation time balanced the differences in filler-filler interactions. Highest Mooney and 

ΔG* values were obtained with S7, suggesting that the filler-filler interactions in the S7 

were the strongest. The strongest filler-filler interactions were resulting from the shortest 

silanisation time and consequently the shortest mixing time.  

9.3.1 Mechanical Properties 
 

Power-peak-based mixing mostly affected the mechanical properties of the small-scale 

mixer, since they differed the most from the large-scale mixer when downscaling was 

based on the time-temperature profile. Reduced amount of revolutions and shortened 

silanisation time reduced Mod300/Mod100 and increased Mod10 and hardness of S7 in 

comparison with S6. Changes were in line with the changes in Mooney viscosity and 
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ΔG*, indicating increased filler-filler interaction in S7. Mechanical properties are pre-

sented in the Figure 41 and compared to the mechanical properties of S6, M6, and L in 

the Table 8. 

 

Figure 41 Mechanical properties of S7, M7, and L. Values are indexed. High index indi-
cates high value. 

 

Power-peak-based mixing unified the value of elongation at break of S7 with M7 and L. 

Elongation at break of S7 increased 14% in comparison with S6. In medium-scale, the 

power-peak-based mixing did not have that significant effect. The elongation at break of 

M7 increased only 3% in comparison with M6. It can be assumed that the increase in 

elongation at break in the both samples was caused by reduced silanisation time and 

reduced amount of revolutions. Changes were more significant in S7, since the reduction 

in silanisation time and amount of revolutions was more pronounced.  

 

Table 8. Comparison of Mechanical properties: Modulus 10% (Mod10), Modulus300 % 
to Modulus 100%- ratio (Mod300/Mod100), tensile strength, elongation at break, and 
hardness.Values are indexed median values. Higher index indicates higher value. 

Property S6 S7 M6 M7 L 

Mod10 90 114 90 104 100 

Mod300/Mod100 113 99 101 98 100 

Tensile strength 100 96 101 100 100 

Elongation at break 81 92 107 110 100 

Hardness 97 107 97 102 100 
 

Power peak-based mixing reduced the tensile strength of S7 by 4% in comparison to S6. 

Reduction in tensile strength was assumed to be caused by reduced silanisation time, 

which resulted in insufficient silanisation and that way reduced polymer-filler coupling. 

Tensile strengths of M7 and L were at the same level. Anyhow, differences in the tensile 

114 99 96 92 107104 98 100 110 102100 100 100 100 100

Mod10 Mod300/Mod100 Tensile Strength Elongation at Break Hardness

S7 M7 L
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strengths were not significant. Results suggested that the tensile strength was highly 

affected by other compound characteristics that were not influenced by the mixing pro-

cess upscaling. 

9.3.2 Dynamic Mechanical Properties 
 

Effect of the power-peak-based mixing on the dynamic mechanical properties of the com-

pounds are given in the Table 9. Values of the compounds mixed based on the power 

peak (S7 and M7) are compared to the samples mixed based on the time-temperature 

profile (S6 and M6). Values are indexed mean values. 

 

Table 9. Comparison of the dynamic mechanical properties of the compounds mixed 
with the time-temperature- and power-peak-based mixing programs. Values are indexed 
mean values. Higher index means higher value. 

Property S6 S7 M6 M7 L 

tan ẟ (DMA) 71 99 94 102 100 

tan ẟ (RPA) 82 96 105 102 100 

E* 71 124 81 115 100 

S* 81 132 85 112 100 
 

Loss tangent (tan ẟ) values after power-peak-based mixing where more uniform than 

when the mixing program was based on the time-temperature profile. Value of tan ẟ of 

S7 increased 40%, whereas tan ẟ of M7 increased 9%. Increase in tan ẟ was expected 

since tan ẟ is affected by the silica-rubber coupling (Sarkawi et al. 2014). Coupling was 

reduced by the shorter silanisation time. Decreased silanisation time was also seen in 

E* and S*, which both increased by increasing mixer size. E* is proven to increase by 

decreasing dispersion and silanisation (Jeong et al. 2016).  

 

Power-peak-based mixing seemed to be a promising upscaling principle. Anyhow, more 

research has to be done to unify the silanisation times of the compounds, without in-

creasing the amount of revolutions. Amount of revolutions in smaller mixers could be 

possibly reduced in time-temperature- and power-peak-based upscaling if the TCU tem-

peratures of the small- and medium-scale mixers could be further increased. In that case 

rotor speeds could be lowered having the batch temperatures still at targeted level. This 

could also balance the temperature curves during the last steps of the mixing cycle and 

furthermore uniform the silanisation times. In addition, differences in the effective mixing 

at the beginning of the mixing program could be reduced due to lower rotor speed. This 

could balance the differences in dispersion between the different sized mixers. Anyhow, 

more research has to be done around this topic to find out the proper scale-up method.  
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10. CONCLUSIONS 

Effect of mixing equipment scale-up on the compound properties was studied by upscal-

ing the mixing process based on the time-temperature profiles and the power peak. 

Study was started with a comparison of the initial small- and large-scale mixing pro-

grams. It was found that mixing programs had significant differences in feeding orders, 

temperature profiles, total amount of revolutions, and mixing times. Major part of the 

differences was in the masterbatch-stage. Feeding order of the small-scale mixer was 

more inefficient in terms of dispersion and silanisation, mainly due to the timing of the 

silica feed. In addition, dump temperature of the small-scale mixer was lower and the 

silanisation time longer. The total mixing time was also longer and consequently the total 

amount of revolutions was higher in small-scale mixer. Differences in the mixing pro-

grams was seen in the properties of the compounds. Mooney viscosity, dynamic proper-

ties, hardness, and elongation were all lower in case of small-scale mixer. Whereas, 

Mod300/Mod100-ratio and tensile strength were increased. Differences in the properties 

indicated better dispersion and silanisation when the compound was mixed with the 

small-scale program.  

 

Mixing programs were unified to study the sole effect of the mixer size on the compound 

properties, without distortion caused by different feeding orders and mixing tempera-

tures. Feeding order of the small-scale mixer was changed to correspond the feeding 

order of large-scale mixer. Changed feeding order had significant effect on the dispersion 

and silanisation when compared to the initial small-scale program. Mixing program of the 

small-scale mixer was further modified to correspond the mixing temperatures of the 

large-scale mixer. The same batch temperature profile as the large-scale mixer was ob-

tained when the TCU temperature and the rotor speed of the small-scale mixer were 

increased in comparison to the initial small-scale mixing program. Changes resulted in 

reduction in silanisation time and amount of revolutions, which increased Payne effect 

and Mooney viscosity. Unification of the mixing times was seen beneficial.  

 

Time-temperature-based upscaling was tested in three different sized mixers: small (1.5 

l), medium (45 l), and large (320 l). Even though the time-temperature profile was con-

trolled, it was seen that the temperature development was differed depending on the size 

of the mixer. Differences in the temperature profiles was assumed to be caused by dif-

ferent sources of the batch heat. To compensate the smaller batch volume, the TCU 
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temperature and rotor speed of the mixers was necessary to be increased by decreasing 

mixer size. That lead to different temperature development, which was the most signifi-

cantly in the case of the small-scale mixer. Resulting from that, the silanisation time was 

the longer the smaller was the mixer. Amount of revolutions also increased by decreasing 

mixer size. Differences in the silanisation times and revolutions was reflected in the com-

pound properties. Mooney viscosity, tan ẟ, ΔG*, E* 60 °C, S*, Mod10, and hardness 

increased by increasing mixer size. Whereas, dispersion percentage and 

Mod300/Mod100 decreased by increasing mixer size.  

 

Power peak- based upscaling was tested. Mixing programs in each mixer size was ter-

minated a constant time after passing the last power peak. Location of the power peak 

in the different sized mixers varied so that it was located the later in the mixing process 

the larger was the mixer. Thus, the power-peak-based upscaling resulted in the shorter 

mixing time the smaller was the mixer. Consequently, total amount of revolutions was 

reduced in comparison with the time-temperature-based upscaling. In addition, the si-

lanisation time decreased by decreasing mixer size. Power-peak based mixing unified 

the compound properties. Differences seen in the Mooney viscosities, tan ẟ, dispersion 

percentages and ΔG* after time-temperature-based upscaling were leveled down. Any-

how, compound properties still varied resulting from different amount of revolutions and 

silanisation times. Power-peak-based upscaling was seen as a promising approach. An-

yhow, more research has to be done to unify the silanisation times of the compounds, 

without increasing the amount of revolutions. 
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