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THESIS ADVISORY COMMITTEE: CHAKRIT SIRISINHA, Ph.D., PONGDHORN 
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ABSTRACT 

Hydrogenated nitrile rubber (HNBR) was mixed with reinforcing fillers, 

namely, carbon black (CB), silica and organoclay. Cure, viscoelastic and mechanical 

properties of HNBR filled with various types and loadings of reinforcing fillers were 

investigated. Fourier transform (FT) rheometry was used to study the non-linear 

viscoelastic behaviour of filled rubber compounds. Filler loading appears to play a 

strong role on cure characteristics and non-linear viscoelastic response.  

The HNBR vulcanisate hardness of 80 Shore A was of interest in this work 

as a typical hardness used in industrial rollers, especially steel and paper mill rollers. 

Such hardness could be achieved by various reinforcing fillers. Among CB, silica and 

organoclay, the CB was found to be the most effective reinforcing filler, giving good 

mechanical properties. This was attributed to the superiority in magnitudes of filler 

dispersion and rubber-filler interaction as evidenced by the broadest linear viscoelastic 

(LVE) region. 

The reinforcement magnitude of N326/N990, N326/N774 and N550/N990 

carbon black (CB) hybrid systems in HNBR vulcanisates was compared.  The increase 

in loading portion of CB having larger surface area and/or greater structure in hybrid 

systems gives rise to the greater magnitudes of CB transient network formation and 

filler-rubber interaction. The relatively high structure of N550 leads to the high extents 

of bound rubber and crosslink density, yielding the comparable crosslink density, 

mechanical and viscoelastic properties of HNBR vulcanisates with N550/N990 and 

N326/N990 hybrid systems. 

Heat build-up (HBU) of HNBR filled with various CB loadings (i.e., 0 to 

60 phr) and CB characteristics (i.e., N326, N550, N774 and N990) was determined 

using Gabometer 4000 flexometer equipped with high load cell of 4000 N. The HBU 

measured was then correlated with loss modulus measured from RPA 2000, giving the 

logarithmic relationship of: HBUG = 18.019ln(G″) - 54.138 with R
2
 of 0.9214. 

However, the relationship between HBU measured from RPA 2000 and Gabometer 

4000 of HNBR vulcanisates filled various CB loadings and characteristics was 

relatively poor. In other words, the HBU measurement with RPA 2000 could not 

satisfactorily replace the standard HBU technique in the systems studied.  

 

KEY WORDS: HYDROGENATED NITRILE RUBBER/  

 VISCOELASTIC PROPERTIES/ FILLER REINFORCEMENT/ 

FOURIER TRANSFORM REOMETRY/ HEAT BUILD-UP 
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บทคัดย่อ 

ยางไฮโดรเจนเนตเทตไนไตรล์ (HNBR) ได้น ามาผสมกับตัวเติมเสริมแรง ได้แก่ เขม่าด า (carbon black; CB) ซิลิกา 
(silica) และออรกาโนเคลย (organoclay) และน าไปตรวจสอบพฤติกรรมการวัลคาไนซ์ (cure properties) สมบัตหิยุ่นหนืด 
(viscoelastic properties) และสมบัตเิชงิกล (mechanical properties) พบว่าปฎิกิริยาการวัลคาไนซ์ เกิดได้ดีขึ้นเมื่อเพ่ิมปริมาณตัวเติม
มากขึ้น และจากการศึกษาพฤติกรรมหยุ่นหนืดที่ไม่ใช่เชงิเส้น (non-linear viscoelastic) ของยางคอมพาวด์โดยใช้เทคนิคฟูเรียร์
ทรานสฟอร์ม (Fourier transform) พบว่าปริมาณของตัวเติมเป็นตัวแปรหลักที่มีอิทธิพลต่อการตอบสนองของการหยุน่หนืดที่ไม่ใช่
เชิงเส้น  

ในงานวิจัยนี้สนใจยางที่มีความแข็ง 80 Shore A เนื่องจากเป็นความแข็งที่เป็นความแข็งทั่วไปที่ใช้ในอุตสาหกรรม
การผลิตลูกกลิ้งโดยเฉพาะลูกกลิ้งในโรงงานเหล็กและโรงงานกระดาษ ตัวเติมเสริมแรง ได้แก่ เขม่าด า ซิลิกา และดินขาวน ามาใช้ใน
การเตรียมยางวัลคาไนซ์ที่มีระดับความแข็งนี้ได้ พบว่าเขม่าด าเป็นตัวเติมเสริมแรงที่มีประสิทธิภาพที่ดีที่สุด เนื่องจากแสดงสมบัติ
เชิงกลที่ดี ซึ่งสามารถอธิบายได้ด้วยอันตรกิริยาที่ดีกว่าระหว่างเขม่าด าและยางไฮโดรเจนเนตเทตไนไตรล์ (CB-HNBR interaction) ดัง
เห็นได้จากช่วงกว้างของการหยุน่หนืดเชิงเส้น (linear viscoelastic region) ของยางวัลคาไนซ์  

เมื่อเปรียบเทียบการเสริมแรงของยางวัลคาไนซ์ที่ผสมกับเขม่าด าลูกผสมในระบบที่แตกต่างสามระบบ ได้แก ่ระบบ 
N326/N990, N326/N774 และ N550/N990 พบว่าการเพ่ิมปริมาณเขม่าด าที่มีพ้ืนที่ผิวและ/หรือโครงสร้างสูงมากขึ้นในระบบลูกผสม
ส่งผต่อการเพ่ิมปริมาณโครงสร้างตาข่ายชั่วคราวของเขม่าด า (CB transient network) และท าให้แรงอันตรกิริยาระหว่างเขม่าด าและ
ยางมีมากขึ้น โครงสร้างที่ค่อนข้างสูงของ N550 จะท าให้มีปริมาณยางบาวด์ (bound rubber) และความหนาแน่นเชื่อมขวางมาก ยางวัล
คาไนซ์ที่ผสมกับเขม่าด าลูกผสมระบบ N550/N990 จึงมีสมบัติเชิงกลและสมบัติหยุ่นหนืดใกลเ้คียงกับยางวัลคาไนซท์ี่ผสมกับเขม่าด า
ลูกผสมระบบ N326/N990 

กาทดสอบการสะสมความร้อน (heat build-up; HBU) ของยางไฮโดรเจนเนตเทตไนไตรล์ที่เติมเขม่าด าต่างชนิดกัน 
(ได้แก่ N326, N550, N774 และ N990) ในปริมาณต่างๆ (ได้แก่ 0 ถงึ 60 phr) ทดสอบด้วยเครื่อง Gabometer 4000 flexometer ภายใต้
น้ าหนักกดสูงสุด 4000 นิวตัน พบว่าเมื่อน าการสะสมความร้อนที่วัดได้มาสร้างความสัมพันธ์กับค่าโมดูลัสสูญเสียที่วัดจาก RPA 2000 
ได้ความสัมพันธ์เชิงลอการิทึมตามสมการ HBUG = 18.019ln (G ") - 54.138 โดยมีค่าของความผิดพลาด (R2) เท่ากบั 0.9214 อย่างไรก็
ตาม การสะสมความร้อนของยางไฮโดรเจนเนตเทตไนไตรล์ที่เติมเขม่าด าต่างชนิดกัน (ได้แก่ N326, N550, N774 และ N990) ใน
ปริมาณต่างๆที่วัดจาก RPA 2000 กับ Gabometer 4000 มีความสัมพันธ์ในแง่ที่ไม่ดี หรืออาจกล่าวได้ว่าการวัดการสะสมความร้อน
ด้วยเครื่อง RPA 2000 ไม่สามารถใช้แทนวิธีมาตรฐานได้ในยางระบบที่ท าการศึกษา 
 
360 หน้า  
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CHAPTER I 

INTRODUCTION 

 

 

 Rubber industrial rolls are generally utilised in various types of industries 

including steel, textile, paper, printing and packaging industries. Practically, each type 

of industries requires different physical properties to match the service conditions. 

Typically, good mechanical properties especially abrasion and tear resistances and 

elasticity associated with good processability are desirable. In order to achieve such 

properties, the appropriate rubber formulation is known to be one of key factors. In the 

case of rubber covering rolls to be used in paper mill industry, the rubber covers must 

be subjected to extreme service conditions (i.e., high compression load at high 

temperature (ca. 120-150°C) in conjunction with chemicals used in paper production). 

Therefore, high hardness, tensile strength, tear and abrasion resistance as well as low 

heat build-up (HBU) are necessary.  

 In the present study, hydrogenated nitrile rubber (HNBR) is selected due to 

its excellent thermal stability, high chemical resistance, very good mechanical strength 

with high elasticity. Typically, HNBR has widely been employed in automotive and 

industrial applications (1). HNBR is known to be curable with either peroxide or 

sulfur/sulfurdonor cure systems, depending on its degree of unsaturation on the 

backbone as well as on product properties required. Laboratory comparisons of 

sulfur/sulfur-donor and peroxide cured HNBR compounds reveal that the peroxide 

vulcanisation provides considerably superior compression set and heat resistance (2).  

 Although HNBR offers relatively good mechanical properties due to its 

highly saturated structure facilitating the molecular packing, an incorporation of filler 

into HNBR is still necessary for further enhancing mechanical properties as well as 

performance per cost of the final products (3, 4). The reinforcement performance of 

filler has been reported to depend typically on filler characteristics including specific 

surface area, surface chemistry and structure (or degree of aggregation). In general, the 

greater loading of reinforcing filler will result in the higher hardness and modulus. 
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Simultaneously, property improvement and processability are found to reach its 

maxima at certain filler loading relying on the mixing efficiency for filler dispersion 

and distribution (i.e., state-of-mix). There are numerous works on enhancement in 

mechanical properties of HNBR vulcanisates by reinforcing fillers including carbon 

black (CB), silica, carbon nanotubes and organoclay (5-12). 

 
Nonetheless, the published work on viscoelastic properties of CB filled 

HNBR is still limited. It is reported that storage modulus (G′) increases and damping 

factor peak (tanδmax) decreases with CB loading which is attributed to the changes in 

occluded rubber, bound rubber and shell rubber (13, 14). By increasing CB specific 

surface area, the tanδ appears to decrease in the transition zone and then increase in 

the plateau zone (rubber plateau). The magnitude of G′ enhancement is more obvious 

with increasing specific surface area of CB. Numerous works (15-18) reveal that CB 

surface area and loading play strong roles in viscoelastic behaviour of filled rubber.
 

 
Basically, the reinforcement mechanism of CB filled rubber is believed to 

be caused by hydrodynamic effect and CB-CB together with rubber-CB interactions 

(19). Although the presence of rubber-CB interaction leads to a high extent of 

reinforcement, such interaction gives rise to the high magnitude of HBU found in 

rubber products. This is because of the fact that the rubber-CB interaction is 

dominated by the physical over chemical interactions (20), allowing molecular flow at 

rubber-CB interfaces, and thus the occurrence of energy dissipation via hysteretic 

process (21). The HBU is reported to increase with increasing hysteresis loss, 

implying a correlation of HBU to viscoelastic behaviour to some extent (22). 

 
In this work, the viscoelastic behaviour and mechanical properties as well 

as HBU of HNBR compounds and vulcanisates filled with various types of CB are 

studied. A correlation between viscoelastic behaviour and HBU of rubber vulcanisates 

is established. Moreover, the effects of filler types on properties of HNBR compounds 

and vulcanisates are investigated. 
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CHAPTER II 

OBJECTIVES 

 

 

The present research aims to investigate cure characteristics, viscoelastic 

behaviour and mechanical properties of HNBR compounds and vulcanisates filled 

with various types and loadings of fillers. Then, a correlation between viscoelastic 

behaviour and HBU of rubber vulcanisates is established. The scope of this work 

consists of two main parts, as follows: 

  

 

2.1 Effects of filler type and loading  

The main purpose of this part is to study the influences of filler type and 

loading on cure and viscoelastic behaviour as well as mechanical properties of HNBR. 

The following studies are carried out. 

 Investigation of CB type (i.e. N326, N550, N774 and N990) and 

loading effects on properties of HNBR compounds and vulcanisates.  

 Investigation of precipitated silica (i.e. Hi-Sil 233-S) loading effect on 

properties of HNBR compounds and vulcanisates.  

 Investigation of organoclay (i.e. Bentone
®
 38) loading effect on 

properties of HNBR compounds and vulcanisates.  

 Investigation of CB hybrid system effects on properties of HBNR 

compounds and vulcanisates. Three systems of CB hybrid, i.e. 

N326/N990, N550/N990 and N326/N774, having different surface area 

and structure will be focused. 
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2.2 Correlation between viscoelastic behaviour and heat build-up of  

HNBR vulcanisates  

The final part focuses on a correlation between viscoelastic properties, 

such as, loss modulus and damping factor with HBU of HNBR vulcanisates. The 

correlation of viscoelastic behaviour to HBU results as measured from         

Gabometer 4000 and RPA 2000 will be established. 
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CHAPTER III 

LITERATURE REVIEW 

 

 

3.1 Hydrogenated nitrile rubber (HNBR) 

Hydrogenated nitrile rubber, or HNBR as designated by ASTM 1418, was 

first commercialised in 1984 by Zeon Corporation (Nippon Zeon Co., Ltd.) under the 

trade name Zetpol.  Later in the same year, HNBR was introduced by Bayer under the 

trade name Therban as a new material for applications in temperatures between -25°C 

and 150°C. The HNBR is a synthetic rubber produced through a hydrogenation of 

nitrile rubber (NBR).  The process is the addition of hydrogen atoms into carbon-to-

carbon double bonds (C=C) on butadiene segment resulting in a decrease in amount of 

unsaturation in the polymer backbone. The chemical structure of HNBR is presented 

in Figure 3.1. The subscripted “x-z” after the initial ethylene unit shows the variation 

in the ethylene unit concentration as a function of the degree of hydrogenation of 

butadiene units. 

 

Figure 3.1 Chemical structure of hydrogenated nitrile rubber (HNBR) 

 

Typically, grades of HNBR are classified by hydrogenation level, i.e., a 

saturation degree ranges from 85% to 99.9%. The HNBR grades containing 4-8% 

(partially hydrogenated) or virtually no double bonds (fully hydrogenated) are used in 

most cases. Partially hydrogenated materials can be crosslinked using both sulphur and 

peroxide cure systems, and the fully hydrogenated grades can be crosslinked with 

peroxides. This further expands the range of grades, and opens up more applications 

for these HNBR materials. 

Mechanical properties of HNBR vulcanisates are extremely good generally 

with high tensile strength at room temperature and elevated service temperatures up to 
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100-140°C. In addition, the HNBR provides outstanding abrasion resistance and 

significantly improved heat resistance, compared to NBR, while retaining its excellent 

oil and fuel resistances. The addition of hydrogen atoms causes many of the carbon-to-

carbon double bonds (C=C) in the polymer backbone to become single bonds (C-C), 

which is desirable because of its high thermal stability. The higher the percent of 

saturation, the greater the number of C-C bonds, and thus the greater the chemical and 

heat resistances. However, the acrylonitrile (ACN) content is unaffected by the 

hydrogenation process, and provides swelling resistance to oils and fuels in a similar 

manner to the parent polymer. With increasing ACN content, oil and fuel resistances 

of HNBR are improved with the expense of low temperature properties.  

Unsaturated HNBR elastomers are typically cured with either peroxide or 

sulfur/sulfur-donor cure systems (2). Sulphur curing systems are used to provide 

certain advantage, such as, elongation, tear strength and flex fatigue (1). On the 

contrary, the peroxide/coagent systems can be used for improving resistances to heat 

and compression set. To enhance low-temperature flexibility as well as to optimise 

physical properties and processing characteristics, the appropriate plasticisers are 

incorporated to the compounds. The addition of reinforcing filler (such as, carbon 

black, silica, clay and etc.) into compound formulations is known to enhance the 

physical properties of HNBR compounds effectively. 

The applications for HNBR elastomers are in a variety of areas, including 

oilfield, automotive, industrial, and assorted performance-demanding applications. 

The HNBR is used for a wide range of products, including o-rings, packings, wellhead 

seals, drill bit seals, blowout preventers, and drill pipe protectors. Belts, seals and 

hoses are among the most important applications of HNBR. Automotive belts, 

especially synchronous timing belts, are the largest application in automotive market 

due to the good strength and dynamic properties of HNBR. As for sealing application, 

the HNBR is selected because of its excellent resistances to heat, hot oils and swelling 

in a variety of fluids and chemicals. The HNBR is also employed in industrial rolls for 

steel processing, pulp and paper milling, textile manufacturing and many other 

materials handling applications due to its unique properties, particularly fluid, abrasion 

and high-pressure decompression resistances as well as broad service temperature and 

pressure. 
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3.2 Filler reinforcement in rubber industry 

The vulcanisation process of rubber used in rubber industry yields resilient 

products having elastic properties sometimes with low strength. Such low strength 

could be overcome by the addition of certain fillers to the rubber. Carbon black (CB) 

and precipitated silica (PSi) have mainly been used as reinforcing fillers in the rubber 

industry for decades. Such fillers offer improvement in mechanical properties of 

rubber compounds and vulcanisates. The degree of property improvement is strongly 

dependent on a dispersion degree of filler particles and their principal relevant 

properties (e.g., particle size, surface area, aggregate structure and surface activity) in 

conjunction with the rubber-filler interaction (23-25). 

 

3.2.1 Filler dispersion in rubber reinforcement 

The uniform dispersion of reinforcing filler throughout the rubber matrix is 

essential for rubber compounding to achieve optimum vulcanisate properties, and the 

degree of dispersion is a crucial factor which ultimately controls the mechanical 

properties of the filled rubbers (26, 27). The poor dispersion gives the detrimental 

effect in vulcanisates which can be summarised as follows (28): (i) reduced product 

life, (ii) poor performance in service, (iii) poor product appearance, (iv) poor 

processing characteristics, (v) poor product uniformity, (vi) raw material waste and 

high finished-product rejection rates and (vii) excessive energy usage. The dispersion 

of filler agglomerates in rubber matrix considerably influences mechanical properties 

of rubber products. Typically, large filler agglomerates cause poor mechanical 

properties, and therefore must be broken down into aggregates (see Figure 3.2).  

 

 

Figure 3.2 Filler aggregation and dispersion (29) 
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The dispersion of filler takes place in three major steps within the mixing 

stage, i.e., incorporation, distribution and dispersion steps (30). In the incorporation 

step, when filler is added in conventional mixing equipment, the filler must be wetted 

by rubber matrix. The completion of wetting can be indicated by the absence of loose 

filler (1). Distribution is the step that the incorporated or wetted fillers are distributed 

uniformly throughout the matrix. Dispersion, the final step, occurs simultaneously 

with the transformation of agglomerates into aggregates, accompanied by the 

formation of bound rubber and three dimensional networks. An optimal particle size 

distribution has to be achieved to gain the best performance in a specific application. 

Therefore, the break-up of filler agglomerates in the mixing process has extensively 

been studied by various researchers (31-33). 

Factors controlling the filler dispersion and distribution in rubber matrix 

could be summarised as shown below (34):  

 Filler type, size distribution and surface activity  

 Type of a rubber matrix and its molecular and physico-chemical 

characteristics  

 Overall mix composition 

 Efficiency of mixing (deciding a degree of filler dispersion and 

uniformity of its distribution) 

 Parameters of vulcanisation 

It is very important to choose the suitable filler to match the mixing and 

processing as well as final performance properties. An incorrect choice of filler could 

lead to excessive mixing time or the compounds with poor dispersion level. For 

example, CBs having lower structure can be wetted more quickly, because of fewer 

spaces to be filled with rubber in its aggregate. On the other hand, during the 

dispersion stage, the low structure CBs develop relatively low viscosity in the 

compound, causing relatively small magnitude of shear in the mixer. Therefore, the 

lower structure CBs are harder to be dispersed. Alternatively, the dispersion step of 

rubber compound filled with low structure CBs must be extended to achieve the 

desired dispersion level. Conversely, CBs possessing higher structure take longer time 

to wet out. Nevertheless, in the dispersion step, such CBs are easier to be disrupted 

due to its relatively high bulk viscosity. Its dispersion rate, therefore, is faster. Higher 
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surface area CBs have substantial cohesive force, and need relatively high magnitude 

of shear to break up the agglomerates into their constituent aggregates, making them 

more difficult to be dispersed. Consequently, high surface area CBs and low structure 

CBs are the most difficult, while low surface area CBs and high structure CBs are the 

easiest to be dispersed in the rubber matrix. CB spectrum shown in Figure 3.3 is 

generally utilised to choose proper CBs for mixing. It is worth noting that as CB 

surface area increases, only the CBs with high structure are practical. Conversely, at 

high surface area, there is no practical demand for CBs possessing lower structure, 

since it is too difficult to disperse (1). 

 

 

Figure 3.3 Carbon black spectrum (1) 

 

The stiffness and plasticity of rubber matrix play major roles in 

determining the level of filler dispersion. The rubber matrix has to be stiff enough to 

break-up the filler agglomerates into aggregates. On the other hand, the rubber matrix 

has to be sufficiently flowable to facilitate the filler incorporation, and to give a 

uniform distribution of the filler throughout the compound. Generally, the stiffness of 

rubber matrix can be reduced by the addition of plasticiser (softener) into rubber 

compound during the mixing process. As defined by ASTM D883, the plasticiser is a 

substance incorporated into a plastic or elastomer to increase its flexibility, workability 
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or distensibility. Plasticisers are grouped into the following categories: phthalates, 

aliphatics (mainly adipates), epoxy, trimellitates, polymerics, phosphates and others. 

Ester plasticisers divided as phthalates and specialties (e.g., trimellitates, adipates, 

sebacates, etc.), play significant roles in rubber manufacturing, and are selected based 

upon cost-performance evaluation (35, 36). A plasticiser compatibility is the major 

factor determining a compound processability.  

The sequence of a plasticiser incorporation to gain the best mixing 

procedure has been reported that the filler should be added into masticated rubber 

sooner than the plasticiser. However, this method does not work well in view of the 

economy of production, due to the high power consumption. The elimination of the 

shortcomings of separate incorporation and the reduction of mixing time were 

proposed by Rostler and Du Pont (37). The premixed preparations of fillers and 

plasticisers in compounding rubber are used in their study. The advantages of this 

method are the decreases in milling time and power consumption during the mixing 

process as well as the elimination of dust in handling dry fillers and the 

inconveniences in handling the highly viscous plasticisers. Nevertheless, the use of 

premixed preparation is limited to the plasticiser content. It is found that the 

concentration of plasticiser in the premixed preparation must not be too high. 

Otherwise, the poor filler dispersion is resulted. 

The good filler dispersion and distribution can also be improved 

significantly by the uses of dispersants and coupling agents. A silane is widely used as 

a coupling agent and an adhesion promoter, and also as a dispersant for non-black 

filler in rubber matrix especially silica (38, 39). Generally, the silane can improve 

compatibility between silica and rubber matrix through its dual functionality. A typical 

structure of silane coupling agent is shown below: 

 

(RO)3SiCH2CH2CH2-X 

 

where RO is a hydrolysable functional group, such as, methoxy, ethoxy or acetoxy, 

etc. that reacts with inorganic materials, such as, filler, and X is an organofunctional 

group, such as amino, methacryloxy, epoxy, etc., that reacts with organicmaterials, 

such as, rubber matrix. The silane is typically used as a primer for treating filler 



Fac. of Grad. Studies, Mahidol Univ.     Ph.D. (Polymer Science and Technology) / 11 

 

surfaces to make the filler more suitable for usage in rubber. A strong filler–filler 

interaction is significantly reduced, and the dispersion of filler in the rubber matrix is, 

therefore, improved. Figure 3.4 shows a simplified picture of the coupling linkage 

between rubber and filler by silane (29). 

 

 

Figure 3.4 The coupling linkage between rubber and filler by silane (29) 

 

Initially, the filler surface treatment is executed, i.e., a reactive silanol 

group reacts with silane through a hydrolysis reaction, which can then condense with 

other silanol groups on filler surfaces. Then, the bonding between silane treated filler 

and rubber is achieved, i.e., a reactive hydrocarbon chain in organic part of the silane 

will interact or react with the rubber matrix. The assumed mechanism for the silica-

silane reaction and the formation of filler-rubber bond is shown in Figure 3.5. 

The characterisation of filler dispersion degree in the rubber matrix seems 

to be important. Several experimental techniques have been proposed (40-44). The 

degree of filler dispersion practically requires powerful analytical techniques, being 

able to examine inside structure of filler agglomerates. Such techniques include a 

scanning electron microscopy (SEM). The SEM is a type of electron microscope 

which images a sample surface by scanning the surfaces with a high-energy beam of 

electrons in a raster scan pattern. The electrons interact with the atoms that make up 

the sample, producing the signals corresponding to the sample’s surface topography, 

composition, and other properties, such as, electrical conductivity. The SEM image 

analysis is typically based on the use of atomic number contrast from backscattered 

electron images to determine the dispersion of filler. The fillers with higher atomic 

number elements, such as, calcium (Ca), magnesium (Mg) and zinc (Zn) will be 

visually lighter in colour in the image, and the fillers with lower atomic number 

elements, such as, carbon (C) and sulphur (S) will be darker, while rubber matrix is 
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dark. The SEM micrographs have a large depth of field yielding a characteristic three-

dimensional appearance useful for understanding the surface structure of a sample. 

 

 

Figure 3.5 Reaction steps for silica treatment and formation of rubber-to-filler bonds 

(45) 

 

The state of filler dispersion in rubber matrix can be characterised by the 

statistical processing of SEM micrographs. The quadrate method and index value (Iδ) 

proposed by Morishita, is utilised as a tool for characterisation (46-48). Karásek and 

Sumita (49) reviewed that the Iδ index is one of the most useful quadrate methods, in 

which the total area of the SEM pattern is divided into small elementary parts with 

equal area, and the number of the points in each element is calculated. The Iδ index 
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which plays an important role in the characterisation of dispersion of points is given as 

shown in Equation (3.1) (49). 

 

      Iδ   qδ     (3.1) 

with    

 

δ   
∑ ni(ni- 1)
q

i 1

 ( -1)
 

 

where  q = dividing number (total number of sample sections) 

ni  = number of particles in the i-th section (i = 1,2,3,...,q) 

N = total number of particles  

 

Figure 3.6 shows schematically the dependence of Iδ on q for various 

distribution modes of particles. For Poisson’s distribution, all the δ are equal to q
-1

, 

independently of the value of q, i.e., Iδ is always unity (Figure 3.6a). For the regular 

mode of distribution, Iδ gradually decreases with increasing q value (Fig. 3.6b). For the 

aggregate mode, the Iδ increases as the q value increases (Figure 3.6c-f). The smaller 

the size of the aggregate, the larger the value of q at which the Iδ becomes larger than 

unity (smaller size of aggregate: Figure 3.6d and 3.6f; larger size of aggregate: Figure 

3.6c and 3.6e). Furthermore, when the particles are distributed in the regular mode in 

each aggregate, the Iδ has a maximum peak at a certain value of q (Figures 3.6e and 

3.6f). For CB-SBR compounds, it is observed that the distribution mode changes from 

aggregate mode to Poisson’s with increasing CB loading (Figure 3.7). 

 

(3.2) 
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Figure 3.6  Schematic representation of the relationship between Iδ index and dividing 

number (q) for various distribution modes of particles: (a) Poisson’s 

distribution; (b) regular distribution; (c) aggregate distribution in which the 

size of each aggregate is large and the particles are distributed in Poisson’s 

mode in each aggregate; (d) aggregate distribution in which the size of 

each aggregate is small and the particles are distributed in Poisson’s mode 

in each aggregate; (e) aggregate distribution in which the size of each 

aggregate is large and the particles are distributed in regular mode in each 

aggregate; (f) aggregate distribution in which the size of each aggregate is 

small and the particles are distributed in regular mode in each aggregate 

(49) 
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Figure 3.7 The Iδ index for carbon black filled SBR composite materials with various 

carbon black contents (phr.) as a function of dividing number (q) (49) 

 

3.2.2 Polymer-filler interactions  in filler reinforcement 

It is generally accepted that the reinforcement of rubbers and the 

improvement of other properties, to a large extent, are associated with the chemical 

and physical interactions between the rubber matrix and fillers. Thus, researchers have 

attempted to explain the improved performance of rubber products from the 

microscopic view by relating the observed cure kinetics and mechanical properties 

with the interactions between rubbers and fillers. (38, 50, 51) The development of 

rubber-filler interactions is dependent on the characteristics of filler, particularly 

specific surface area and structure. The specific surface area or primary particle size 

determines the effective contact area between the filler and rubber matrix. The 

structure or the degree of irregularity of the filler plays an essential role in the 

restrictive motion of rubber chains under strain. The surface activity refers to the 

strength of the filler surface interaction with the polymer, via either physical or 
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chemical adsorption. The strong interaction between rubber and filler plays an 

important role on the improved filler dispersion, which contributes to the adjustment 

of important physical characteristics, such as, modulus, extensibility and resilience in 

rubber vulcanisates (52). The most possible way to enhance the strength of the 

bonding is the modification of the filler surfaces, which should be considered in 

conjunction with the improvement in filler dispersion by either changing the polarity 

of the filler particles or sterically avoiding their aggregration (53, 54). 

Generally, the incorporation of reinforcing filler, including CB into rubber 

results in a certain fraction of rubber strongly adsorbed on the filler surfaces. When an 

uncured compound of filled rubber is dissolved in its good solvent, only a free rubber 

portion can be extracted into solvent, therefore, highly swollen filler rubber gel is 

found in the rubber solution. By definition, a bound rubber is the rubber content in 

such gel (55). At higher filler concentration or higher bound-rubber content in 

compound, the bound rubber forms an enormous gel of filler particles held together in 

a three-dimensional lattice by longer interparticle rubber molecules, which is an 

indication of higher filler-rubber interaction. Therefore, the bound rubber is considered 

as a factor in filler reinforcement of rubber, a measure of filler surface activity and 

filler-polymer interaction (56-59). The bound rubber content is almost proportional to 

filler content, i.e. bound rubber content increases with increasing filler loading. At a 

certain filler loading, the bound rubber depends on characteristics of filler, such as 

surface area, structure or morphology, and surface activity. Regarding the rubber 

nature, the chemical structure (saturated or unsaturated and polar or non-polar) and the 

microstructure (configuration, molecular weight, and molecular weight distribution) 

influence strongly the level of bound rubber content. Effect of bound rubber on 

properties of filled rubber compounds and vulcanisates has been studied (60-63). 

Choi investigated the influence of CB structure on the bound rubber 

formation of styrene butadiene rubber (SBR) by employing three types of CB with 

similar primary particles but different structures (64). The results were studied within 

the concept that the bound rubber is composed of loosely and tightly bound ones (65, 

66). The loosely bound rubber exists in an outer shell around the filler while the tightly 

bound rubber is in the immediate vicinity of the filler particle. The tightly bound 

rubber is much less mobile than the loosely bound rubber (67, 68). At high extracting 
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temperature, some loosely bound rubber can be extracted, i.e. bound rubber content is 

decreased as the extraction temperature becomes higher (69). From the experiment, 

the result implies that the total and tightly bound rubber contents increase with 

increasing CB content and the magnitude of increment increases with the development 

of filler structure, as shown in Figure 3.8.  

 

 

Figure 3.8  Variation of the bound rubber contents with the carbon black content: 

rectangles, circles, and triangles represent the N326, N330 and N351, 

respectively; the solid and open symbols stand for the total and tightly 

bound rubber contents, respectively (64) 

 

The bound rubber effect is correlated to viscosity and cure behaviour of 

CB filled SBR compound. Mooney viscosity and Mooney peak (which is the initial 

viscosity after the preheating) increase with increasing of the CB content, as shown in 

Figure 3.9. Choi explained these results with the increased bound rubber content.  
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Figure 3.9  Variation of the Mooney viscosity and Mooney peak with the carbon black 

content: rectangles, circles, and triangles represent the N326, N330 and 

N351, respectively; the solid and open symbols stand for the Mooney 

viscosity and Mooney peak, respectively (64) 

 

Figure 3.10 shows the variation of the cure characteristics as a function of 

the CB content, which the t3 and t18 means the times taken for the viscosity to reach 

from the minimum point to increases of t3 and t18 MU, respectively, and the ∆t (  t18-

t3) is used as the cure rate index. Evidently, the t3, t18, and ∆t decrease with increase of 

the CB content. At a given CB content, compound filled with CB having high 

structure is found to be more effective to increase the bulk viscosity, and to make the 

cure times faster than the one filled with lower structure CB. The faster cure time 

found in the compounds with higher bound rubber content is explained by the 

difficulty for the curatives to move through the bound rubber phase particularly in the 

tightly bound region, leading to more free curatives available in rubber matrix, and 

then the crosslinking reaction in rubber bulk is promoted (64).  
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Figure 3.10 Variation of the Mooney cure times (cure characteristics) at 135°C with 

the carbon black content: rectangles, circles, and triangles represent the 

N326, N330 and N351, respectively; the solid and open symbols stand 

for the t3, t18, and ∆t, respectively (64) 

 

Choi and his coworkers also studied the influence of bound rubber content 

on the cure characteristics of filled rubber (70). Two types of CB possessing different 

both surface area and structure, namely, N220 and N550 filled NR were used. The 

result shows that the cure rate of the compound filled with N550 is more sensitive to 

the filler content than the compound filled with N220 (see Figure 3.11). The more 

tightly bound rubber in higher developed CB structure is used to explain the result. It 

is known that the N550 possesses smaller surface area but more developed structure 

than N220. Thus, the N550 having more tightly bound rubber than N220 with less 

developed structure, reveals lower curative adsorption. The greater amount of curative 

in matrix, therefore, causes the cure promotion phenomenon in the compound with 

N550. 
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Figure 3.11  Variation of the cure rate as a function of carbon black loading at a cure 

rate of (T90-T2)/(t90-t2) for compounds filled with (■)  220 and (●)  550 

(70) 

 

In principle, a measurement of bound rubber is a simple, in which small 

pieces of uncured compound of filler rubber are immersed in a large excess of good 

solvent, such as, toluene, for several days at room temperature in order to presumably 

achieve full extraction of soluble rubber. Factors affecting the bound rubber content 

during the measurement are solvent nature and extraction temperature. Weights of the 

samples before and after the extraction were measured and the bound rubber contents 

could be calculated from Equation (3.3).  

 

Rb( )   
100 *Wfg - Wt (

mf

mf + mr
)+

Wt (
mr

mf + mr
)

 

 

where Rb = bound rubber content 

Wfg  = weight of filler and gel 

(3.3) 
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Wt  =  weight of sample 

mf = fraction of filler in compound 

mr  = fraction of rubber in compound 

 

On the basis of developed method by Le and his co-worker (71-73), the 

characterisation of a wetting behaviour of filler by rubber chains is realised. When 

filler is mixed with a rubber, a part of the rubber chains will be bonded to the existing 

reactive groups or active centre available on the filler surface. The bound rubber 

cannot be separated from the filler when the filled compound is extracted in a good 

solvent during a certain period of time, the bound part of the rubber forming a layer 

around the filler particles remains in the rubber-filler gel. The larger the amount of 

rubber that stays on the filler surface, the better the polymer-filler interaction, which 

has also been related to improved final properties. In contrast to the bound rubber 

often reported in literature, the determination of the amount of rubber bound to the 

surface of the filler is proposed according to Equation (3.4). 

 

    
m2-m1 R

m2

  

 

where  L  = rubber-layer bonded on filler surface 

m1  = mass of composite before extracting  

m2  = mass of rubber-filler gel 

CR  = mass concentration of filler in composite 

 

 

3.3 Viscoelastic properties of filled rubber compounds and 

vulcanisates 

Viscoelastic properties of filled rubber can be investigated by a dynamic 

mechanical analysis. When a strain is imposed periodically with a sinusoidal 

alternation at a frequency () on a test specimen, the stress will respond sinusoidally 

with phase lag (), as shown in Figure 3.11. Thus, the relationship between strain () 

and stress () could be expressed as shown in Equations 3.5 and 3.6, respectively. 

(3.4) 
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0
 sin  t    (3.5) 

           0 sin  ( t + δ)   (3.6) 

 

where t = time 

 = phase angle between stress and strain 

   
0
 = maximum amplitude of strain 

 0 = maximum amplitude of stress 

 

 

Figure 3.12 Sinusoidal stress and strain correspondence 

 

In an alternative form, the  can be sub-divided further into two 

components, i.e., in-phase and out-of-phase with strain, as shown in Equation (3.7). 

 

        0 sin  t      +  0 cos  t       (3.7) 

 

Accordingly, the dynamic stress-strain behaviour of rubber material can be 

expressed in terms of storage modulus or elastic modulus (G′), which is in-phase with 

the applied strain, and loss modulus or viscous modulus (G″), which is 90
°
 out-of-

phase with the applied strain. 

 

        
0
 G sin  t +  

0
 G″ cos  t  (3.8) 

     G    ( 0  
0

⁄ ) cosδ    (3.9) 

     G″   ( 0  
0

⁄ ) sinδ    (3.10) 

stress 

γ
0
 strain 

time or phase angle 

 0 

δ 
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Additional frequency-dependent material functions, including complex 

modulus (G
*
), complex viscosity (η

*
), dynamic viscosity (η′) and the elastic viscosity 

(″), are defined by Equations (3.11) to (3.14), respectively. 

 

   G
*
   ( 0  

0
⁄ )   G  + iG″   (3.11) 

      η*  G
*
 ⁄      (3.12) 

      η    G″  ⁄      (3.13) 

      η″   G  ⁄      (3.14) 

 

where i = imaginary number ( 1 ) 

   = frequency (rad/s) 

 

Another widely used material function for describing the viscoelastic 

behaviour is the tangent of the phase angle (or the so-called damping or loss factor) as 

illustrated in Equation (3.15). 

 

    tanδ   G″ G ⁄     (3.15) 

 

The addition of filler into rubber systems is known to cause a considerable 

change in viscoelastic behaviour of rubber materials. The effect of strain amplitude on 

the dynamic modulus has been studied very intensively. Fletcher and Gent reported a 

detailed study of the low frequency dynamic properties of filled NR (74), which was 

later extended by Payne (75). The dynamic modulus of a filled rubber material 

displays very strong deformation amplitude dependence (non-linear properties), which 

is known as the Payne effect (75, 76). This effect is described by the breakdown and 

reformation of the filler network structure during dynamic mechanical testing. At low 

strain amplitudes, high storage modulus is observed, due to the presence of the filler 

network. The filler network is deformed by the increase in strain amplitude. It is 

observed as a drastic decrease of the storage modulus when the strain amplitude is 

increased. At sufficiently high strain amplitude, the network is permanently broken 

and can no longer reform. An example of this phenomenon is given in Figure 3.13. 
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Figure 3.13 Strain dependence of G′ at 70°C and 10 Hz for SBR compounds with 

different loadings of carbon black N234 (21) 

 

A qualitative description of this phenomenon is given in Figure 3.13. 

Fröhlich et al. (77) described the behaviour of the complex shear modulus of filled 

rubber samples versus dynamic shear deformation similar to the model of Payne, i.e., 

the strain-independent part of (i) the modulus as a combination of the polymer 

network, (ii) the contribution from the hydrodynamic effect and (iii) the modulus 

resulting from the in-rubber structure, as shown in Figure 3.14. The explanation of 

idealised form of a typical elastic modulus curve is summarised as follows: 

(a) The polymer network contribution depends on the crosslink density of 

the matrix and the nature of the polymer. 

(b) The hydrodynamic effect, in this model, is caused by the effect of 

strain amplification, in which the filler is the undeformable phase. As a consequence, 

the intrinsic strain of the polymer matrix is higher than the external strain yielding a 

strain-independent contribution to the modulus. 

(c) The effect of the structure is attributed to the “in-rubber structure”, 

which can be understood as a combination of the structure of the filler in the in-rubber 

state (“in-rubber DBP”) and the extent of filler-polymer interaction. The in-rubber 

structure is a measure of the occluded rubber, which is shielded from deformation, and 
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therefore increases the effective filler content leading also to a strain-independent 

contribution to the modulus. The filler-polymer interaction can be attributed to either 

physical (Van der Waals), chemical linkages or both. In the case of the silica-silane 

system, this interaction is formed by chemical linkages, for example. 

(d) The stress softening at large amplitudes is attributed to the breakdown 

of the inter-aggregate association respectively to the breakdown of the filler network. 

This stress softening at small deformations called the Payne-effect, plays an important 

role in the understanding of reinforcement mechanism of filled rubber samples. 

 

 

Figure 3.14 A qualitative interpretation of the Payne effect (77) 

 

Wang (21) used the Payne effect to explain what happens to the trapped 

rubber between aggregates. As the filler network breaks down and reforms, it is 

proposed that the trapped rubber is allowed to rejoin the rubber matrix, and decrease 

the effective filler volume. The decreased effective filler volume causes the modulus 

to drop off, even further at higher temperature or higher strain amplitudes. While this 

model of change in occluded rubber with temperature and strain amplitude seems to 

explain the changes occurring in filled rubber under dynamic testing, the model is still 

an oversimplification for the effect of filler loading on reinforcement. Wang also 

investigated how filler surface area and structure influence the dynamic mechanical 

behaviour. It has been found that increases in surface area and filler structure promote 
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the storage modulus. A rational explanation for these reinforcement mechanisms based 

on filler structure and filler loading is still lacking.  

 

 

3.4 Viscoelastic characterisation through large amplitude harmonic 

experiment 

Fourier transform (FT) rheometry is a development of the so-called 

dynamic (or harmonic) testing to investigate both the linear and the non-linear 

viscoelastic properties of polymers, through performing large amplitude oscillatory 

strain (LAOS) experiments. Full strain and torque signals are captured under harmonic 

deformations at fixed frequency and temperature. Any commercial torsional dynamic 

rheometer can be conveniently modified for FT testing.  

 

 

Figure 3.15 Typical recorded torque signal when submitting a high cis-1,4 

polybutadiene sample to a harmonic strain of 20° at 1 Hz frequency; 

average torque cycle and Fourier Transform spectrum (78)  
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It is well known that the conventional open gap rheometers, such as, 

parallel plates and cone-and-plate instruments are not suitable for testing on very stiff 

and/or highly elastic polymers. The Rubber Process Analyser (RPA 2000, Alpha 

Technologies) offering the capability of testing very stiff materials, such as, filled 

polymer compounds, is suitably modified for FT experiments (78-82). 

The modified RPA 2000 yields both strain and torque signals as recorded 

data files of actual harmonic strain and stress readings versus time at given 

temperature and frequency. The FT calculation technique converts a material property 

observed in the time domain, i.e., the torque signal, into the similar property expressed 

in the frequency domain, i.e., the torque spectrum, as shown in Figure 3.15. 

Strain sweep test is performed at fixed frequency and temperature. The 

effect of strain amplitude on FT rheometry results is modeled with mathematical 

relationships, such as, Equation (3.16) (78-82).    

 

G
*( 

0
)   Gf

*
 + [

G0
*
-Gf

*

1+(  
0
)
B
] 

 

where G0
*
 = modulus in the linear region 

  Gf
*
  = modulus for an infinite strain 

    = reverse of a critical strain which corresponds to (G0
*
- Gf

*
2⁄ ) 

  B = parameter describing strain sensitivity of material 

   
 
 = strain amplitude (that usually expressed in % strain) 

 

As shown in Figure 3.16, a G
* versus  

 
 curve can be drawn with the 

equation and the inset parameters largely outside the experimental window. The Gf
* is 

a mere fitting parameter with obviously no physical meaning but G0
*
 can be considered 

as a true material parameter because one would indeed expect any virgin polymer to 

exhibit this behaviour and also because a number of experimental results on gum 

rubbers really document the linear plateau (where the modulus is not dependent on 

strain amplitude). The critical strain (1/A) corresponds to the mid modulus values 

(3.16) 
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between zero and infinite strain. Parameter B is called the strain sensitivity parameter 

because such parameter affects the steepness of the curve in the non-linear region. 

 

 

Figure 3.16 Modeling G
*
 variation with strain amplitude; physical meaning of model 

parameters (78)  

 

A non-linear viscoelasticity of tested compounds is described by odd 

torque harmonics up to the 15
th 

harmonic at high strain amplitude, reported as the total 

torque harmonic content (TTHC), 3
rd

 relative torque harmonic (T(3/1)) and 5
th

 relative 

torque harmonic (T(5/1)). Fitting parameter of Equation (3.17) is successfully used to 

fit the non-linear viscoelastic behaviour of filled rubber compounds. 

 

     TH( )   (TH0+  )[1-exp(-  )]
D

   (3.17) 

 

where  is the strain magnitude. The TH0, , C and D are parameters of the model. The 

member (TH0+  ) expresses a linear variation of harmonics in the high strain region, 

while the member [1-exp(-  )]
D
 describes the transition from the linear to the non-

linear viscoelastic response. Parameter D is related to the onset of significant 

harmonics while Parameter C indicates the strain sensitivity of the non-linear 

character. Model of the variation of relative torque harmonics against strain amplitude 

is shown in Figure 3.17.  
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Figure 3.17 Modeling relative torque harmonics variation with strain amplitude; 

physical meaning of model parameters (82) 

 

Under the application of a sufficiently large strain, there is a significant 

different between the non-linear viscoelastic behaviour of a neat (unfilled) rubber and 

of a filled rubber. The non-linearity of neat rubbers occurs through external causes, 

i.e., the applied strain. It is, therefore, called extrinsic non-linear viscoelasticity. While 

the non-linearity behaviour of filled rubbers is called intrinsic non-linear 

viscoelasticity, due to the strain response depends on internal morphology of filled 

rubbers.  

The observation in quarter cycle integration of averaged torque signal is 

added to the FT analysis in order to distinguish the extrinsic and intrinsic non-linear 

viscoelasticity. The non-linear behaviour of filled rubber compounds is considered 

with respect to the ratio of the first to the second quarter torque signal integration, i.e., 

Q1/Q2 ratio.  

From Figure 3.18, it is obvious that the Q1/Q2 ratio of unfilled 

homogeneous polymers is generally higher than 1, and increases with strain amplitude. 

In this case, the torque signal is always distorted “on the left” (i.e., Q1 > Q2), 

indicating extrinsic non-linear viscoelasticity. 
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(a) 

 

(b) 

 

(c) 

Figure 3.18 Documenting extrinsic and intrinsic non-linear viscoelastic characters 

through quarter cycle integration of averaged torque signal: (a) recorded 

torque signals during RPA tests at high strain on gum and 50 phr N330 

filled polybutadiene compound; (b) effect of strain amplitude on Q1/Q2 

ratio of gum and 60 phr N330 filled polybutadiene compound; (c) effect 

of filler content on Q1/Q2 ratio (81) 
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As for high load filled compound, the ratio of Q1/Q2 is generally higher 

than 1 at very low strain, and then quickly passes below 1 as strain increases, which 

correspond to a distortion “on the right” of the torque signal. It is considered that the 

Q1/Q2 lower than 1 reflects some structural character of material, which enhances 

their non-linearity as intrinsic non-linear viscoelasticity.  

With the effect of filler level on Q1/Q2 ratio at high strain (see Figure 

3.18(c)), the Q1/Q2 ratio decreases, as filler content increases. The transition from 

extrinsic into intrinsic non-linear viscoelasticity takes place at filler content 

corresponding to the so-called percolation level (78, 80, 81, 83). 

 

 

3.5 Viscoelastic properties and heat build-up of filled rubbers 

Rubber components undergo cyclic deformations of sufficient magnitude 

and frequency to cause some part of the energy. The energy of deformation is 

transformed into heat as a result of various dissipative processes. The heat generated 

internally is not conducted away rapidly enough, and the internal temperature becomes 

high enough, and therefore, the energy dissipation gives rise to a temperature rise. 

Viscoelastic behaviour, such as G′, G″ and tanδ has been used to evaluate heat 

generation in rubber materials. The G″ can be used as representative of the energy 

dissipated as heat. The ratio of G″ to G′ or generally known as a damping factor or 

loss factor (tanδ) is a measure of the energy dissipated by various processes, such as, 

molecular mobility (84, 85) breakdown and reformation of the filler transient network 

(84) or slippage of rubber molecules under high strain amplitudes (86). The energy 

loss during one cycle of strain (∆E) is given by Equation (3.18). 

 

   ∆E  ∫  d   ∫
 d 

dt

2  

0
dt    (3.18) 

 

From Equations (3.5) and (3.8), the amount of energy dissipated in a full 

cycle of oscillatory straining can be written as Equation (3.19): 

 

  ∆E    
0
2 ∫ (G 

sin  t cos  t+G
″
cos2  t)dt    

0
22  

0
G″ (3.19) 
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By the definitions of G″ and G
*
, ∆E can be also written as Equations 

(3.20) and (3.21). 

 

   ∆E    0 0sinδ     0 0tanδ    (3.20) 

     ∆E    0
2G″ G

*2
    0

2⁄ J″   (3.21) 

 

where   J″ = loss compliance which is defined as G″/G
*2

 or  

G″/(G″
2
 + G′

2
) 

 

It can be seen that, depending on whether  
0
,  0 or     , is kept constant 

during the dynamic deformation (corresponding to the constant strain, constant stress 

or constant energy input), the dissipated energy (or also called hysteresis loss) is 

proportional to G″, J″ or tanδ, respectively.  

The incorporation of reinforcing filler, such as, CB and silica, into rubber 

greatly influences the viscous component. The effect of filler on hysteresis of rubber 

vulcanisates is dominated by the filler specific area, structure and loading (87, 88). At 

constant filler loading, the increase in surface area of filler results in the increase in 

tendency of secondary network formation. Under sufficient deformation, the 

breakdown of these secondary structures increases, i.e., the hysteresis loss increases, 

leading to a higher heat generation in rubber vulcanisates. Such heat generation 

without adequate heat dissipation then leads to a heat buildup (HBU), i.e., temperature 

rise. In theory, the HBU in a rubber vulcanisate is proportional to the hysteresis loss. 

Relationships between HBU of CB filled NR and hysteresis loss were examined by 

Park and co-workers (22). The results reveal that the HBU is a complicated function of 

the hysteresis loss. Figure 3.19 shows the variation of HBU with G″ for filled 

vulcanisates at a constant stroke. The HBU of filled NR increases either with 

increasing hysteresis or loading of CB, even though the proportionality is not linear.  
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Figure 3.19 Relationship among heat buildup (HBU), loss modulus (G″) and carbon 

black loading of NR vulcanisates with heat buildup test at stroke 

amplitude of 4.45 mm and pre-load of 25 kgf (22) 

 

Generally, the HBU measurement is carried out using a conventional 

Goodrich flexometer (ASTM D623 or DIN 53 533). A cyclic deformation is applied to 

a standard cylindrically shaped cured rubber specimen under standard conditions of 

frequency and temperature. The temperature rise in the specimen is recorded as a 

function of time. Although the Goodrich Flexometer has the practical advantage of 

being relatively simple to operate and cost-effective, the rubber compounds must be 

moulded and cured as cylinder shape specimens under high pressure in accordance 

with ASTM D623-93. Such standard practices do not favour routine testing however.  

The Rubber Process Analyser (RPA 2000) is a dynamic rheometer 

especially designed for the measurement of viscoelastic properties of rubber before, 

during and after the vulcanisation process. The rubber sample is enclosed and moulded 

in a sealed and pressurised cavity of bi-conical design, so that the thin test specimen 

with the full contact with the die surface could be ensured. The instrument has the 

capability to measure rubber viscoelastic properties in a relatively large range of 

variable test parameters, i.e., temperature, oscillation frequency and strain/angle of 

oscillation, and time.  
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Figure 3.20 Rubber Process Analyser; measuring principle and sealed test cavity (89) 

 

At first, the RPA 2000 could be considered as an ideal tester for measuring 

viscous heating associated with sustained oscillatory strain because the sample has a 

favourable surface area to sample volume ratio, and the instrument can apply large 

strains within the limits of the load cell capabilities. However in normal operating 

conditions, the set temperature is automatically controlled and maintained, so that any 

heating of the test material during a test is compensated for with respect to desired 

isothermal conditions. As reported by Dick and Pawlowski (90), it is however possible 

to short-cut the thermal control, so that a direct measure of viscous heating can be 

performed on cured rubbers with an excellent repeatability. The authors published 

results showing successful measurements of HBU on rubber vulcanisates (Figure 

3.21).  
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Figure 3.21 Relationship between heat build-up (HBU) measured from RPA 2000 

and Goodrich flexometer of cured SBR vulcanisates filled with carbon 

black (90)  
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CHAPTER IV 

MATERIALS AND METHODS 

 

 

4.1 Compound preparation 

 

4.1.1 Materials 

The materials used in the present study are summarised in Table 4.1. 

 

Table 4.1 Materials used in the present study 

 

Chemical name Grade/Supplier 

Hydrogenated nitrile rubber 

(HNBR) 

Therban


 VP KA 8837 (34% acrylonitrile 

content, Mooney viscosity (ML1+4 at 

100°C) = 55)/Lanxess Co., Ltd., Thailand 

Zinc oxide (ZnO) Commercial grade/Petch Thai Chemical 

Co., Ltd., Thailand 

Stearic acid  Commercial grade/Petch Thai Chemical 

Co., Ltd., Thailand 

2, 2, 4-trimethyl-1, 2-

dihydroquinoline (TMQ) 

Vulkanox
 

HS/Bayer International S. A., 

Bayer Thai Co., Ltd., Thailand 

Tri-2-ethylhexyl trimellitate 

(TOTM) 

TOTM (STAB)/Behn Meyer Chemical 

(Thailand) Co., Ltd., Thailand 

Trimethylolpropane trimethacrylate 

(TRIM) 

SR350/Sartomer, Chemical Innovation Co., 

Ltd., Thailand 

Zinc diacrylate (ZDA) Saret SR416/Sartomer, Chemical Innovation 

Co., Ltd., Thailand 
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Table 4.1 Materials used in the present study (cont.)   

 

Chemical name Grade/Supplier 

Dicumyl peroxide (DCP) Percumyl
 

D/Petch Thai Chemical Co., 

Ltd., Thailand 

Carbon black (CB) N326, N550, N774 and N990/Loxley Public 

Co., Ltd., Thailand and Siam Luck Trading 

Co., Ltd., Thailand 

Precipitated silica (PSi) Tokusil


 233/ Tokuyama Siam Silica Co., 

Ltd., Thailand 

Quaternium-18 Hectorite Bentone


 38/Elementis, Belgium 

Vinyltriethoxysilane (VTEO) Commercial grade/Evonik-Degussa, GmbH 

Methyl ethyl ketone Commercial grade/V.S. Chem House, 

Thailand 

 

4.1.2 Apparatus 

The apparatus used in the present study are summarised in Table 4.2. 

 

Table 4.2 List of apparatus used in the present study 

 

Apparatus Model/Manufacturer 

Laboratory two-roll mill LRM 150/Labtech Engineering Co., Ltd., 

Thailand 

Hydraulic hot press G30H /Wabash Genesis Series Hydraulic 

Press, USA  

Instron tester 4301/Instron Universal, USA  

Rubber Process Analyser RPA 2000/Alpha Technology, USA  
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Table 4.2 List of apparatus used in the present study (cont.)   

 

Apparatus Model/Manufacturer 

Shore A Hardness tester  H17A/Wallace, UK 

DIN abrasion tester 6102/Zwick, , USA 

Dynamic mechanical thermal analyser Explexor 25 N/Gabo, Germany  

Flexometer Gabometer 4000/Gabo, Germany  

Scanning electron microscope  SEM S-2500/Hitachi, Japan 

Videomeasuring machine 

 

VMZ-1510/Itokin Technology Co., Ltd., 

Thailand 

 

4.1.3 Compound formulation 

Raw rubber was compounded according to the formulation as given in 

Table 4.3. Remarkably, for the study of silica loading effect, silane coupling agent was 

charged to PSi at 6% by weight of PSi. 
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Table 4.3 Compound formulation used in the study of filler type and loading effects  

 

Ingredients Amount (phr) Function 

HNBR 100 Raw rubber 

Filler
a 

Variable
b 

Reinforcing filler 

TMQ 1 Antioxidant 

ZnO 5 Activator/Filler 

Stearic acid 1 Activator/Softener 

TOTM 5 Plasticiser 

TRIM 10 Coagent 

Saret SR416
 

6 Metallic coagent 

DCP  2 Curing agent 

a
  Filler was used with various categories: Carbon black (N326, N550, N774 and N990), Clay 

(Bentone38), Silica (Hisil233/6%vinyl silane) 

b
  Carbon black loading was varied: 0, 10, 20, 40 and 60 phr 

  Clay loading was varied: 0, 5, 10, 20 and 30 phr 

  Silica loading was varied: 0, 10, 20, 30 and 40 phr 

 

For the study of CB hybrid system effect (having different CB surface area 

and structure) on properties of HBNR compounds and vulcanisates, three CB hybrid 

systems were prepared by blending two grades of CB having different surface area 

and/or structure. The total CB lading was kept constant at 60 phr. The CB hybrid 

ratios were as follows: 0/100, 20/80, 40/60, 60/40, 80/20 and 100/0. Detail of 

compound formulation used is illustrated in Table 4.4. 
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Table 4.4 Compound formulation used in the study of carbon black hybrid system 

effect 

 

Ingredients Amount (phr) Function 

HNBR 100 Raw rubber 

Carbon black hybrid
a 

60 Reinforcing filler 

TMQ 1 Antioxidant 

TOTM 5 Plasticiser 

TRIM 10 Coagent 

Saret SR416 10 Coagent 

DCP  2 Curing agent 

a
  CB hybrid was used with various systems: N326/N990, N326/N774 and N550/N990 

 

 

4.1.4 Mixing procedure 

Initially, HNBR was masticated at 40
°
C using a two-roll mill with 

mastication time of 3 minutes. Afterward, the compounding ingredients and filler were 

sequentially added and mixed. Total mixing time of 20 minutes was used throughout 

the whole work. Detail of mixing procedure in the study of filler type and loading 

effects is shown in Table 4.5. 
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Table 4.5 Mixing procedure used in the study of filler type and loading effects 

 

Action Time (min) 

Add HNBR 0 

Add compounding ingredients
a
 3 

Add filler 7 

Add remaining compounding ingredients
b
 12 

Dump and sheet 20 

   a
 Compounding ingredients were: ZnO, stearic acid and TMQ 

   b
 Remaining chemicals were: TOTM, TRIM, DCP and ZDA 

 

For the study of CB hybrid system effect, the mixing procedure is 

illustrated in Table 4.6. In the first step, HNBR was charged to the mixer, and allowed 

3 minute for mastication at the set temperature of 40
°
C. Then, antioxidant (TMQ) was 

added, and mixed further for 1 minute. Filler and remaining compounding ingredients 

were subsequently incorporated, and mixed for 16 minutes. The mix was finally 

discharged and sheeted. 

 

Table 4.6 Mixing procedure used in the study of carbon black hybrid system 

 

Action Time (min) 

Add HNBR 0 

Add TMQ 3 

Add filler 4 

Add remaining compounding ingredients
a
 6 

Dump and sheet 20 

a
 Remaining chemicals were: TOTM, TRIM, DCP and ZDA 
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4.2 Determination of cure characteristics 

Cure characteristics of prepared HNBR compounds were measured at 

145
°
C using the Rubber Process Analyser (RPA 2000) with test frequency and strain 

of 6.28 rad/s and 15%, respectively. Scorch time (ts2) and cure time (tc90) were 

determined from the time to achieve torque rise of 2 units above the minimum torque, 

and the time to reach 90% complete cure state, respectively. The torque difference 

(∆S′) between the maximum (S′max) and minimum (S′min) storage torque was 

considered as an indication of crosslink density (91). Cure rate was calculated by 

dividing the difference between the storage torques at tc90 and ts2 by the difference at 

tc90 and ts2, i.e., cure rate = (∆S′)/(tc90 - ts2) (92). 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Typical cure characteristics 

 

 

4.3 Determination of filler-rubber interaction 

The filler-rubber interaction of filled HNBR compounds was investigated 

through the measurement of bound rubber content (BRC), as developed by Le and co-

workers (71-73). The rubber-layer bonded on the CB surface was determined by 

extracting the unbound materials, such as, ingredients and free rubbers with methyl 

ethyl ketone for 7 days at room temperature and drying at 80°C in an oven for 2 hours 

until reaching a constant mass. Weights of the samples before and after the extraction 

were measured, and the rubber-layer bonded on the surface of CB was calculated 

using Equation 3.4 (as shown in section 3.2.2). 

Minimum torque (Smin) 

Maximum torque (Smax) 

 

Time (min) 

Torque (dN-m) 

Smax - Smin 
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4.4 Determination of viscoelastic properties 

The viscoelastic behaviour of HNBR compounds and vulcanisates were 

measured using the Rubber Process Analyser (RPA 2000).  

A version of the instrument, suitably modified for Fourier Transform 

experiments (78, 79), was used for large amplitude oscillatrory strain (LAOS) 

experiments on uncured HNBR compounds. Strain sweep tests were performed at 

100°C and test frequency of 3.14 rad/s (0.5 Hz). Two tests were performed on each 

sample, namely test “a” and “b”, in order to check material’s homogeneity. Strain 

history effects, if any, were considered by running two successive strain sweep runs on 

the same sample, with a dwell time of 2 minutes between both runs. The data were 

recorded as belonging to run 1 and run 2. Both linear and non-linear viscoelastic 

properties of filled HNBR compounds were investigated, and reported through 

complex modulus (G
*
) and torque harmonics of filled HNBR compounds as a function 

of strain amplitude as well as quarter torque signal integration. 

As for HNBR vulcanisates, the viscoelastic behaviour of HNBR 

vulcanisates was measured using the RPA 2000. Strain sweep test was conducted, and 

the resultant storage modulus or elastic modulus (G′), loss modulus or viscous 

modulus (G″) and damping factor or loss factor (tanδ) were recorded at 60°C. It must 

be noted that the time sweep test was initially performed to monitor thermal stability 

of test specimens, so that it could be ensured that any change in results of strain sweep 

tests is not caused mainly by a thermal degradation. 

 

 

4.5 Determination of dynamic mechanical properties 

Dynamic mechanical properties of HNBR vulcanisates were measured 

using a dynamic mechanical analyser (Gabo, Explexor
TM

 25N) with tension mode 

under static and dynamic strain amplitudes of 2% and 0.1%, respectively. Temperature 

sweep tests were performed in a temperature range of -80 to 140°C with a heating rate 

of 2°C/min. The test frequency was kept constant at 62.8 rad/s (10 Hz). 
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4.6 Determination of heat build-up 

The flexometer (Gabometer 4000) was used to assess the magnitude of 

heat build-up (HBU) in HNBR vulcanisates, according to ASTM D623 under high 

static stress of 1.97 MPa at test temperature, frequency and dynamic strain of 100°C, 

15 Hz and 2.2 mm, respectively. The test specimen having cylindrical in shape with 

diameter of 17.80.1 mm and height of 250.15 mm was placed in the test chamber. 

Specimen temperature was monitored as a function of time.  The test was terminated 

after 25 minutes, and temperature rise (∆T) was determined as a HBU. 

Apart from Gabometer 4000, the RPA 2000 could be used to predict HBU. 

HNBR compounds were first cured at 145°C for 120 minutes within the test cavity. 

Then, the temperature was reduced to 40°C using the so-called variable temperature 

analysis (VTA) feature of the built-in instrument monitoring system, and held at this 

level for 5 minutes before starting the heat build-up test. The delay feature was set at 

5°C for 1 minute in order to switch-off temperature control system of the RPA 2000. 

By this means, the test specimen temperature is not controlled under temperature 

probe. Then cured specimen was tested under oscillation at 75.36 rad/s (12 Hz) 

frequency and 30% strain for 5 minutes. The rise in the temperature of the lower die 

was used as a measure of HBU of cured HNBR as calculated from Equation 4.1. 

 

     HBU = Tf  Ti       (4.1) 

 

where   HBU =  heat build-up (°C) 

   Tf  = final temperature of lower die (°C) 

   Ti  = initial temperature of lower die (°C) 

 

From the RPA die design, there is a rubber seal between the lower seal 

plate and lower die.  This rubber seal could release a small amount of frictional heat 

build-up during oscillating, which must be accounted for and subtracted from the total 

lower die temperature rise when a rubber specimen is being tested. Therefore, the 

lower die temperature from the HBU test in RPA 2000 with empty cavity was 

recorded, and the HBU difference, or the so-called real HBU, was calculated using 

Equation 4.2. 
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    HBUr = HBUa-HBUe       (4.2) 

 

where   HBUr = real heat build-up (°C) 

  HBUa = heat build-up from filled cavity (°C) 

  HBUe = heat build-up from empty cavity (°C) 

 

 

4.7 Mechanical property measurement 

To prepare vulcanised HNBR, the uncured compounds were compression 

moulded under clamping pressure of 15 MPa at 145
°
C for 120 minutes by hydraulic 

hot press. 

 

4.7.1 Hardness 

Hardness of 6-mm-thick specimens was measured at room temperature 

according to ASTM D2240-97 with a Shore A durometer. The hardness value is 

determined by the penetration of the durometer indenter foot into the sample. At least 

6 readings at different areas were taken for an average as the hardness value of the 

tested sample.  

 

4.7.2 Tensile properties 

Tensile strength, modulus and elongation at break were performed as per 

ASTM D412-98, using the Instron universal tensile tester at a crosshead speed of 500 

mm/min with the load cell of 1 kN. Dumbbell-shaped test pieces were punched out 

from the moulded 1-mm-thick sheets using ASTM die C. 

 

4.7.3 Tear strength 

The tear strength of HNBR vulacnisates was measured according to 

ASTM D624-98 using the Instron universal tensile tester at a crosshead speed of 500 

mm/min with the load cell of 1 kN. Winkelmann-shaped tear test specimens were 

punched out from the moulded 1-mm-thick sheets using ASTM 624 die B. The test 

measures the strength required to initiate a tear in a material. The values of tear 

properties were the average of 4-5 specimens.  
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4.7.4 Abrasion resistance 

Abrasion resistance of HNBR vulcanisates was measured using abrasion 

tester (Zwick model 6120) in accordance with DIN 53516. The rubber vulcanisates 

were moulded in cylindrical shapes with diameter and thickness of 16.00.2 mm and 

12 mm, respectively. The abrasion resistance was measured by moving a test piece 

across the surface of an abrasive sheet mounted to a revolving drum, and is expressed 

as volume loss in cubic millimetres. The specimen surface was observed by 

videomeasuring machine to support the explanation of wear mechanism. 

 

 

4.8 Determination of dispersion and/or distribution of filler 

A scanning electron microscope (SEM) with 15 kV accelerating voltage 

was utilised for evaluating the quality of dispersion and distribution of filler in the 

rubber matrix. The cryogenic fractured surfaces of rubber specimens were prepared 

and sputtered with gold before viewing. 
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CHAPTER V 

RESULTS AND DISCUSSION 

 

 

The results and discussion of this research consist of 2 parts. The first part 

concerns the effects of filler type and loading on properties of HNBR. Viscoelastic 

behaviour of HNBR compounds is investigated to predict processability as well as 

reinforcement of a HNBR products. The reinforcement of HNBR vulcanisates is 

determined by measuring their cure characteristics, mechanical and dynamic 

properties, i.e., hardness, tensile properties, tear strength and abrasion resistance. The 

second part, a correlation of viscoelastic properties to HBU as measured from different 

instruments of filled HNBR vulcanisates will be focused and compared. 

 

 

5.1 Effects of filler type and loading on reinforcement of 

hydrogenated nitrile rubber 

 

5.1.1 Influences of carbon black loading and characteristics 

In this study, a CB added to HNBR is expected to improve mechanical 

properties via rubber-filler interaction between HNBR matrix and CB. The 

reinforcement performance of filler has been reported to depend typically on CB 

loading and characteristics including specific surface area, surface chemistry and 

structure (or degree of aggregation) (14, 52, 57, 77). Simultaneously, property 

improvement and processability are found to reach its maxima at a certain CB loading 

relying on the mixing efficiency for CB dispersion and distribution (i.e., state-of-mix) 

(1). The cure characteristics and mechanical properties of HNBR filled with various 

CB loadings and types are compared in order to reach at a comprehensive 

understanding of the influences of the concentration and characteristics of the CB on 

the CB filled HNBR compounds and vulcanisates.  
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5.1.1.1 Cure characteristics 

Results of scorch time (ts2), cure time for 90% of cure 

completion (tc90), and torque difference between the maximum and minimum torques 

(S′) as an indication of crosslink density (91) are presented in Figures 5.1 to 5.3, 

respectively. It can be seen that the scorch time (ts2) and the cure time (tc90) decrease 

while the torque difference (or crosslink density) increases with increasing CB 

loading. These results evidently imply a cure promotion phenomenon by the 

incorporation of CB. The explanations are postulated by (i) a thermal history, (ii) an 

alkalinity of CB, (iii) a relatively high thermal conductivity of CB and (iv) a restriction 

of curative migration to the tightly bound rubber (70).  

It has been known that, as filler loading increases, bulk 

viscosity increases with the magnitude depending on filler specific surface area, filler 

structure and filler-rubber interaction. This would lead to a rise in bulk temperature via 

shear heating and thus the thermal history applied to the rubber bulk. By this means, 

the high magnitude of thermal history experienced in compound leads to an 

acceleration of curative dissociation in compounds.  

In peroxide vulcanisation, the crosslinking is initiated by the 

thermal decomposition of the peroxide to produce alkoxy radicals. Next, the active 

radicals abstract hydrogen atom from elastomer chains to form macro-radicals. 

Finally, crosslinking is resulted either from the combination of two macro-radicals or 

from the addition of a macro-radical to an unsaturated moiety of another primary 

elastomer chain (93, 94). The alkalinity of the CB allows the peroxide decomposition 

to follow a free radical mechanism which results in the crosslinking of polymer (95, 

96).   

In terms of thermal conductivity effect, compared with raw 

rubber, the CB as solid particles possesses much higher thermal conductivity (0.1-0.6 

W/mK for rubber (97) and ~2 W/mK for CB(98)) which helps transferring heat from 

mould surface to rubber.    

Regarding the restriction of curative migration to the tightly 

bound rubber, Choi (64) reported that the effective prevention of curative adsorption 

of tightly bound rubber allows more free curatives to locate in rubber matrix, and 

therefore the crosslinking reactions become faster. 
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Figure 5.1 Relationship among scorch time (ts2), carbon black loading and 

characteristics in HNBR compounds 

 

 

Figure 5.2 Relationship among cure time (tc90), carbon black loading and 

characteristics in HNBR compounds 
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Figure 5.3 Relationship among torque difference (or crosslink density), carbon 

black loading and characteristics in HNBR compounds 

   

However, it is evident that, at any given CB loading, the 

specific surface area of CB affects cure behaviour to some extent, but with the lower 

magnitude than the CB loading. As specific surface area of CB increases, the 

formation of rubber-filler interaction due to the rise in contacting area increases, and 

then crosslink density also increases (99, 100). Exceptionally, the crosslink density 

appears to be highest in HNBR filled with N550, which is due probably to bound 

rubber and/or crosslinking reaction effects.  

The crosslinking reaction is proposed to correlate to the bound 

rubber as follows: there are some rubber molecules adsorbed on the surfaces of CB 

aggreates, leading to the increased rubber-filler interaction and thus the bound rubber. 

The curatives added into compound will prefer locating in the free rubber matrix 

rather than the bounded rubber. The higher the CB surface area and structure, the 

higher the bound rubber. As mentioned previously, with increasing bound rubber 

content, the rate of cure reaction could be promoted, leading to the higher crosslink 

density as observed in this work. 

Table 5.1 shows the results of bound rubber content of HNBR 

compounds filled with CB having different surface areas and structures as measured 

through rubber-layer bonded on CB surface. It is evident that the bound rubber content 
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of HNBR compounds filled with CB having relatively high surface area is higher. 

Notably, the bound rubber content of HNBR compound filled with N550 having 

relatively low surface area is comparable to that filled with N326.  Such high content 

of bound rubber found in the vulcanisates filled with N550 is believed to arise from 

the high structure of N550. Choi and coworker (70) have reported that the CB with 

highly developed structure provides the tightly bound rubber. Such tightly bound 

rubber then obstructs a curative absorption process on filler surfaces. This means a 

migration of free curatives to the free rubber matrix is promoted leading to the 

increased cure rate reaction and the state-of-cure.  

 

Table 5.1 The rubber-layer bonded on the surface of carbon black of HNBR 

compound filled with different carbon black characteristics 

Carbon black type Rubber-layer (L) 

N326 0.213   0.01 

N550 0.205   0.00 

N774 0.0468 0.07 

N990 N/A 

 

5.1.1.2 Viscoelastic properties 

Generally, the study of viscoelastic behaviour is capable of 

predicting a processability and mechanical properties of compounds and vulcanisates. 

In this work, the viscoelastic properties of CB filled HNBR compounds and 

vulcanisates (i.e., uncured and cured CB filled HNBR, respectively) were investigated 

using oscillatory shear rheometer, namely, RPA 2000. The viscoelastic behaviour of 

CB filled HNBR compounds and vulcanisates as a function of deformation strain was 

examined. 

a) Uncured carbon black filled HNBR systems  

In this section, the viscoelastic properties of uncured HNBR 

filled with CB having different characteristics (specific surface area and structure) and 

contents are investigated by RPA 2000, suitably modified for Fourier Transform (FT) 
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experiments. Both the linear and non-linear viscoelastic domains are investigated with 

respect to various characteristics and contents of CB filled HNBR compounds. 

(RPA-FT) Complex modulus vs. Strain amplitude 

Figures 5.4 to 5.7 show plots of complex modulus (G
*
) versus 

strain amplitude (%) for HNBR filled with different loadings of N326, N550, N774 

and N990, respectively. In all cases, it is evident that results from the two tests (a and 

b) are identical, indicating the homogenous compounds. It is also found that the 

difference between run 1 and run 2 is minimal, meaning either that there are no 

significant strain history effects or that the 2 minutes dwell time between runs is 

sufficient for strain recovery. An exception is the case of the 60 phr N550 filled 

HNBR compound, which exhibits a deviation of run 2 curve at high strain. This 

anomalous result could be explained by a premature scorching of the compound. The 

fast crosslinking reaction due to a large amount of tightly bound rubber is used to 

explain this phenomenon, as discussed previously. 

It is clearly seen from Figures 5.4 to 5.8 that, at low strain, the 

G
*
 of unfilled compound is lowest, while the G

*
 of filled compound with CB loading 

of 60 phr is highest for all CB surface area. Expectedly, the G
*
 of CB filled HNBR 

increases with increasing CB content, which is due mainly to the reinforcing effects, 

i.e., the hydrodynamic effect, the filler-filler interaction as well as the CB-HNBR 

interaction (17, 21). Moreover, it is evident that the lightly filled compounds exhibit a 

relatively extended linear viscoelastic (LVE) region until the CB loading reaches 20 

phr, then the compounds with CB loading of 40 phr show a narrow LVE region. 

Compounds with CB loading of 60 phr show no significant LVE region within the 

experimental strain windows of the RPA 2000.  

The shortening of the LVE region is associated with an 

increase in G
*
, likely indicating an increase in magnitude of filler network formation 

and hence a higher dynamic strain softening (DSS) effect.  At high CB content, the 

filler network is expected to play a key role at low strain, but its magnitude of DSS 

appears to reduce at high strain due to the filler network disruption.  
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Figure 5.4 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR compounds filled 

with various N326 loadings 
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Figure 5.5 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR compounds filled 

with various N550 loadings 
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Figure 5.6 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR compounds filled 

with various N774 loadings 
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Figure 5.7 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR compounds filled 

with various N990 loadings 
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Figure 5.8 Relationship among fit parameters of Equation 3.16, carbon black 

loading and characteristics in HNBR compounds: (a) linear complex 

modulus (  
*); (b) mid-modulus critical strain (1/A); (c) strain 

sensitivity (B) 
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At the 60 phr CB loading regardless of the CB specific surface 

area, the strain-dependent G
*
 is clearly observed in all uncured compounds with the 

greater magnitude in the compounds filled with CB having higher specific surface 

area. Also, at low strain amplitude, the magnitude of G
*
 rise is greater in HNBR filled 

with higher specific surface area (or smaller particle size) of CB. This is likely due to 

the greater possibility of formation of a CB tridimensional transient network through 

larger contacting area.  

To support the proposed explanation of the CB characteristics 

(surface area and structure) and loading effects, the Equation 3.16 (as shown in 

literature review section) is used to perform the regression, and the fit parameters that 

govern the viscoelastic properties of filled HNBR compounds will be discussed in a 

very concise manner. As evidenced in Figure 5.8, the linear complex modulus (  
*) 

increases with increasing CB loading and surface area. This supports the explanation 

of reinforcing effect as discussed earlier. To consider the extent of the LVE region, the 

mid-modulus critical strain (1/A) is used. Figure 5.8 (b) reveals that the 1/A values 

decrease with increasing CB loading and surface area, which is in good agreement 

with the DSS effect, as discussed previously. The B parameter appears to decrease 

with increasing CB content and surface area, indicating a strong dependency of the 

strain sensitivity of HNBR compounds. 

   (RPA-FT) Torque Harmonics vs. Strain amplitude 

The non-linear viscoelasticity of tested compounds is 

described by odd torque harmonics at high strain amplitude, reported as the total 

torque harmonic content (TTHC), 3
rd

 relative torque harmonic (T(3/1)) and 5
th

 relative 

torque harmonic (T(5/1)).  

Figures 5.9 to 5.12 show the variation of torque harmonics 

versus strain amplitude at the test frequency of 0.5 Hz in HNBR filled with different 

loadings of N326, N550, N774 and N990, respectively. It can be seen that there are no 

significant differences between test a and b, indicating that all the tested compounds 

are homogeneous.  
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Figure 5.9 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR compounds filled with 

various N330 loadings 
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Figure 5.10 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR compounds filled with 

various N550 loadings 
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Figure 5.11 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR compounds filled with 

various N774 loadings 
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Figure 5.12 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR compounds filled with 

various N990 loadings 
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obtained result, as mentioned previously in the complex modulus results (see Figure 

5.5).  

Obviously, the torque harmonics versus strain amplitude of all 

the tested compounds shows S-shape curves, meaning that, at high strain, there is a 

linear variation with strain. Therefore, the non-linear viscoelastic behaviour of all the 

tested compounds can easily be documented by the fit parameters of Equation 3.17. 

The T(3/1) is the largest and convenient to capture the essential of the non-linear 

behaviour, as a consequence, the fit parameters for T(3/1) of tested compounds are 

performed and the result are compared as shown in Figure 5.13. It is evident that the 

TH0 and α (used to describe the high strain behaviour of all the tested compounds), 

slightly change with the increasing CB loading and surface area. It could be said that, 

at high strain, the CB characteristics and loading do not influence the viscoelastic 

properties of HNBR compounds. This is due to the disruption of rubber-filler 

interaction. Therefore, the viscoelastic character is maintained only by the stretched 

rubber phase. At low and middle strain behaviour, the most significant information of 

non-linear viscoelastic behaviour is provided by parameters C and D (81). 

To quantify the effect of strain on CB filled HNBR 

compounds, the parameter C is evidently more stable than the parameter D. This is 

because the parameter C tends to increase with increasing CB content, which is 

noticeable in all CB characteristics. The decreases in parameter D values are 

insignificantly. The parameter C result is in good agreement with the concept of DSS 

effect, i.e., the extent of LVE region decreases with the increase in magnitude of filler 

network formation. At given CB loadings of 40 and 60 phr, it is evident that the 

parameter C of N550 is highest followed by N326 and N774 which are comparable. 

The lowest value is found in the compound with N990. It is clear that the change in 

parameter C is in line with the CB structure (N550 > N326  N774 > N990). The non-

linear viscoelastic character of such filled HNBR compound is noticeable through the 

quarter cycle integration method to be discussed in the next section. 
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Figure 5.13 Relationship among fit parameters of Equation 3.17, carbon black 

loading and characteristics in HNBR compounds: (a) parameter TH0; 

(b) parameter α; (c) parameter C; (d) parameter D  

   

  Quarter Torque Signal Integration 
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Figure 5.14 RPA-FT at 100°C on HNBR compounds filled with N326 assessing 

extrinsic or intrinsic non-linear viscoelastic character through the 

quarter cycle torque integration; strain sweep tests at 3.14 rad/s 
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Figure 5.15 RPA-FT at 100°C on HNBR compounds filled with N550 assessing 

extrinsic or intrinsic non-linear viscoelastic character through the 

quarter cycle torque integration; strain sweep tests at 3.14 rad/s 
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Figure 5.16 RPA-FT at 100°C on HNBR compounds filled with N774 assessing 

extrinsic or intrinsic non-linear viscoelastic character through the 

quarter cycle torque integration; strain sweep tests at 3.14 rad/s 
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Figure 5.17 RPA-FT at 100°C on HNBR compounds filled with N990 assessing 

extrinsic or intrinsic non-linear viscoelastic character through the 

quarter cycle torque integration; strain sweep tests at 3.14 rad/s 
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non-linear behaviour of HNBR compounds increases with increasing CB content and 

characteristics, as shown in Figure 5.18. 

 

 

Figure 5.18 Relationship among quarter torque signal integration ratio, carbon black 

loading and characteristics in HNBR compounds at strain amplitude of 

251.32% 
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more obvious in the HNBR filled with larger surface area (i.e., the filler three-

dimension transient network is a major role).  

 

 

Figure 5.19 Storage modulus ( ′) as a function of strain amplitude of filled HNBR 

vulcanisates with various carbon black loadings and characteristics at 

test temperature and frequency of 60°C and 1 rad/s, respectively 
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which could be explained by the increase in contacting area available for the 

interaction between rubber and CB as well as between filler aggregates (or three-
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possesses smaller CB specific surface area than the N326, the vulcanisate with N550 

0

500

1000

1500

2000

2500

3000

3500

1 10 100

S
to

ra
g

e 
m

o
d

u
lu

s 
(k

P
a

)

Strain amplitude (%)

N326 0 phr
10 phr
20 phr
40 phr
60 phr

0

500

1000

1500

2000

2500

3000

3500

1 10 100

S
to

ra
g
e 

m
o
d

u
lu

s 
(k

P
a
)

Strain amplitude (%)

N774 0 phr
10 phr
20 phr
40 phr
60 phr

0

500

1000

1500

2000

2500

3000

3500

1 10 100
S

to
ra

g
e 

m
o

d
u

lu
s 

(k
P

a
)

Strain amplitude (%)

N550 0 phr
10 phr
20 phr
40 phr
60 phr

0

500

1000

1500

2000

2500

3000

3500

1 10 100

S
to

ra
g

e 
m

o
d

u
lu

s 
(k

P
a

)

Strain amplitude (%)

N990 0 phr
10 phr
20 phr
40 phr
60 phr



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 71 

 

shows comparable  ′ to that with N326, which is in agreement with the relatively high 

structure and crosslink density in the vulcanisate filled with N550 (as shown in Figure 

5.3). 

 

 

Figure 5.20 Relationship among storage modulus ( ′), carbon black loading and 

characteristics in HNBR vulcanisates at test strain, temperature and 

frequency of 10%, 60°C and 1 rad/s, respectively 

 

Figure 5.21 reveals the results of  ″ versus strain amplitude of 

HNBR vulcanisates filled with various CB loadings and characteristics. Evidently, the 

 ″ of all vulcanisates increases with increasing CB loading regardless of the strain 

amplitude. This is because of the effect of CB reinforcement and crosslink density, as 

discussed in the  ′ results. It is reported that the  ″ is dependent on rates of transient 

network breakdown and reformation processes under dynamic strain, and the 

processes of filler network breakdown and reformation cause additional energy 

dissipation (21). The breakdown magnitude of filler network increases with increasing 

strain amplitude while the reformation of this structure takes place instantly, thus the 

strain independence of  ″ is observed. On the other hand, if filler network is destroyed 

and the reconstruction takes place slower than its disruption, the strain independence 

of  ″ will be invalid. Therefore, the decrease in  ″ with strain amplitude is observed. 
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Figure 5.21 Loss modulus ( ″) as a function of strain amplitude of filled HNBR 

vulcanisates with various carbon black loadings and characteristics at 

test temperature and frequency of 60°C and 1 rad/s, respectively 
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deformation where the filler transient network is already disrupted, the viscous 

dissipation via molecular flow at CB surfaces is believed to be responsible for the 

slight increase in  ″. The influence of CB characteristics on  ″ of HNBR vulcanisates 

is illustrated in Figure 5.22. Evidently the specimens with high magnitude of filler 

network demonstrate high value of  ″.  

 

 

Figure 5.22 Relationship among loss modulus ( ″), carbon black loading and 

characteristics in HNBR vulcanisates at test strain, temperature and 

frequency of 10%, 60°C and 1 rad/s, respectively 

 

Figure 5.23 demonstrates the alteration in damping factor or 

tanδ, which is the ratio of loss to storage moduli, as a function of deformation strain. 

In general, the damping factor could be used to imply the magnitude of viscous 

response per unit of elastic response. It is evident that the damping factor of all 

vulcanisates increases with increasing strain amplitude, indicating the rise in 

magnitude of viscous contribution dominating over the elastic one. The increase in 

damping factor is reported to be the result of energy dissipation through a molecular 

slippage associated with the breakdown of the three dimensional filler transient 

network. This phenomenon is sometimes known as hysteretic process (17). 
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Figure 5.23 Damping factor (tanδ) as a function of strain amplitude of filled HNBR 

vulcanisates with various carbon black loadings and characteristics at 

test temperature and frequency of 60°C and 1 rad/s, respectively 

 

In the case of CB characteristics effect on damping factor of 

filled vulcanisates, it is clearly seen from Figure 5.24 that the damping factor increases 

as the specific surface area of CB increases. As mentioned in CB loading effect, the 

increase in contacting area (by increasing surface area in this case) available for 

physical interaction between rubber and CB would lead to the rise in energy 

dissipation via molecular flow at the CB surfaces.  
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Figure 5.24 Relationship among damping factor (tanδ), carbon black loading and 

characteristics in HNBR vulcanisates at test strain, temperature and 

frequency of 10%, 60°C and 1 rad/s, respectively 

   

  Temperature sweep test 

Figures 5.25 to 5.30 reveal that the filler loading can influence 

temperature dependence of  ′,  ″ and tanδ of filled vulcanisates as measured from 

DMA (Gabo, Explexor
TM

 25N). Figure 5.25 exhibits that the  ′ of the whole 

temperature range increases with CB loading, which is attributed to the filler 

reinforcement effect, i.e. hydrodynamic effect, filler-filler interaction as well as filler-

rubber interaction, and the crosslink density effect, as discussed previously.  
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Figure 5.25 Storage modulus ( ′) as a function of temperature of filled HNBR 

vulcanisates with various carbon black loadings and characteristics at 

test static strain, dynamic strain and frequency of 2%, 0.1% and 62.8 

rad/s, respectively 

 

Figure 5.26 illustrates the influences of CB characteristics on 

 ′ of filled vulcanisates. As expected, the values of  ′ agree well with those 

determined from the strain sweep test, as evidenced earlier in Figure 5.19. The 

vulcanisates filled with N55  exhibit the comparable  ′ to those with N326, which is 

due to the balancing effects of crosslink density and surface area. 
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Figure 5.26 Relationship among storage modulus ( ′), carbon black loading and 

characteristics in HNBR vulcanisates at test static strain, dynamic 

strain, frequency and temperature of 2%, 0.1%, 62.8 rad/s and 60°C, 

respectively 

   

Figure 5.27 shows a temperature dependence of  ″ in HNBR 

vulcanisates with different CB loadings. It can be seen that the  ″ increases with 

increasing CB loading over the range of temperature investigated. It is well known that 

the  ″ can be used as representative of the energy dissipated as heat, which is 

sometimes called as hysteresis loss. The incorporation of filler into rubber increases 

the energy dissipation resulting in increasing hysteresis. The different CB 

characteristics give different responses to the temperature dependence of the hysteresis 

loss.  
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Figure 5.27 Loss modulus ( ″) as a function of temperature of filled HNBR 

vulcanisates with various carbon black loadings and characteristics at 

test static strain, dynamic strain and frequency of 2%, 0.1% and 62.8 

rad/s, respectively 

 

The effects of CB characteristics on the hysteresis loss at 60°C 

(in the rubbery region) are revealed in Figure 5.28. Undoubtedly, the  ″ increases 

with the incorporation of CB having relatively high surface area in HNBR 

vulcanisates. As mentioned previously, the rise in magnitude of three-dimension 

transient network results in the larger portion of energy dissipation of the vulcanisates, 

leading to the increase in hysteresis loss. 
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Figure 5.28 Relationship among loss modulus ( ″), carbon black loading and 

characteristics in HNBR vulcanisates at test static strain, dynamic 

strain, frequency and temperature of 2%, 0.1%, 62.8 rad/s and 60°C, 

respectively  

 

Figure 5.29 reveals tanδ results over a temperature range from 

-80 to 140
°
C. It can be seen that, the tanδ peaks of filled HNBR decreases with 

increasing CB loading due mainly to: (i) the reduction in rubber volume fraction by 

the CB incorporated (dilution effect) and (ii) the restricted molecular mobility (or 

HNBR segmental motions) via the increased filler-rubber interaction. The dilution 

effect and the interaction between filler and rubber result in increased  ′ with lowered 

energy dissipation. Generally, the increase in filler-rubber interaction leads to a shift in 

Tg to the high temperature as a result of molecular restriction. From Figure 5.28, the Tg 

does not change with increasing CB loading, which is due to the temperature tolerance 

of ± 2°C of DMTA. 

On the contrary, the tanδ in the rubbery region appears to 

increase with increasing CB loading, which is consistent with the results measured 

from the strain sweep test as shown previously in Figure 5.24. The hysteresis is 

responsible for the change in tanδ, which is increased by the incorporation of CB.  The 

higher tanδ in rubbery region would cause the higher extent of heat build-up found in 

rubber product under vibration condition.   
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Figure 5.29 Damping factor (tanδ) as a function of temperature of filled HNBR 

vulcanisates with various carbon black loadings and characteristics at 

test static strain, dynamic strain and frequency of 2%, 0.1% and 62.8 

rad/s, respectively 

   

At any given CB loading, the characteristics of CB, i.e., 

surface area and structure give different responses to the temperature dependence of 

tanδ. The effects of CB characteristics on tanδ at the Tg and 60°C are illustrated in 

Figure 5.30. Apparently, the tanδ at Tg is diminished, and the tanδ at 6 °C is increased 

by increasing surface area of CB. The interaction between filler and rubber is utillised 

as an explanation. It is well known that the CB having larger surface area shows the 

stronger rubber-filler interaction. Wang (21) explained that the stronger rubber-filler 

interaction would result in greater immobilised rubber shell, causing the effective 

volume of filler increases. Thus, the lower hysteresis at Tg and the higher increase in 

hysteresis at 60°C are resulted.  
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Figure 5.30 Relationship among damping factor (tanδ) carbon black loading and 

characteristics in HNBR vulcanisates at test static strain, dynamic 

strain, frequency of 2%, 0.1%, 62.8 rad/s, respectively: (a) at the glass 

transition temperature; (b) 60°C 
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thoroughly in the HNBR matrix. The degree of CB dispersion and distribution in 

HNBR matrix can be observed in detail by the the statistical processing of SEM 

micrographs using the quadrate method and Morishita’s Index (Iδ) value (49) (see also 

section 3.2.1 for measurement). 

 

  

 (a)       (b) 

  

 (c)       (d) 

Figure 5.31 SEM micrographs of HNBR vulcanisates filled with various N550 

loadings: (a) 10 phr; (b) 20 phr; (c) 40 phr; (d) 60 phr  

 

The relationship between Morishita’s index (Iδ) and quadrate 

number (q) for various distribution modes of particles is presented in Figure 5.32. 

Both values are utilised as a tool in a characterisation of filler dispersion and 
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distribution (49). The results are explained according to the schematic representation 

as shown previously in Figure 3.6 (section 3.2.1). Apparently, the cured HNBR 

systems filled with low CB loadings, i.e., 10 and 20 phr, show aggregate distribution 

in which the size of each aggregate is large, and the particles are distributed in regular 

mode in each aggregate (see Figure 3.6e). The filler agglomerates could be broken 

down more effectively by an increase in bulk viscosity (i.e., the increase in shear 

stress).  The increase in bulk viscosity depends on filler loading, i.e., the higher the 

filler loading, the higher the bulk viscosity. Thus, the HNBR vulcanisate filled with 

CB loading of 40 phr reveals distribution mode as illustrated in Figure 3.6f, i.e., the 

size of each aggregate is small and the particles are distributed in regular mode in each 

aggregate. However, the incorporation of excessive CB leads to the filler 

agglomeration. Consequently, the CB particles are distributed in Poisson’s mode (see 

Figure 3.6d) as evidenced in the vulcanisate filled with CB loading of 60 phr.  

 

 

Figure 5.32 Morishita’s index (Iδ) for HNBR vulcanisates filled with various N550 

loadings as a function of quadrat number (q) 

   

Regarding the effects of CB characteristics on the dispersion 
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enhances wetting and incorporation efficiencies while the high structure increases the 

viscosity of the compound, thereby leading to shear stresses available for a disruption 

of CB agglomerates (28).  

 

  

 (a)       (b) 

  

 (c)       (d) 

Figure 5.33 SEM micrographs of HNBR vulcanisates filled with various carbon 

black characteristics: (a) N326; (b) N550; (c) N774; (d) N990  

 

Figure 5.34 illustrates the Iδ result of filled HNBR vulcanisates 

with various CB surface areas and structures as a function of q. The HNBR 

vulcanisates filled with N326, N550 and N774 show the distribution mode in the 

direction of Figure 3.6d, i.e., the distribution of each small aggregate is in Poisson’s 
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mode. However, the distribution mode of the HNBR vulcanisates filled with N550 and 

N774 approach the Poisson’s mode more obviously than those filled with N326, 

meaning the filler dispersion of N326 is poorer. Expectedly, the distribution mode of    
the HNBR vulcanisates filled with N990 follows the distribution in the same way as 

shown in Figure 3.6e, the particles in each large aggregate are distributed in the 

regular mode, which is due to the increased wetting and incorporation efficiencies as 

discussed previously.  

 

 

Figure 5.34 Morishita’s index (Iδ) for HNBR vulcanisates filled with various carbon 

black characteristics as a function of quadrat number (q) 
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factor as functions of CB loading and specific surface area is in good agreement with 

the increase in the M100 of the corresponding vulcanisates. The increased CB loading 

and specific surface area mean a rise in contacting positions available for interaction 

between rubber molecules and CB surfaces. Also, the dilution of rubber molecules by 

undeformable filler particles (or the hydrodynamic reinforcement) could be another 

part of reasons for an enhancement in the M100. Notably, the M100 of vulcanisates 

with CB N550 appears to be close to that of CB N326 and becomes greater at high CB 

loading (60 phr) despite the relatively small specific surface area of CB N550. The 

results trend is similar to the one observed for  ′ results discussed earlier. Thus, it is 

proposed that the reinforcement provided by N550 is governed mainly by the crosslink 

density enhancement rather than the rubber-filler interaction.  

 

 

Figure 5.35 Relationship among modulus at 100% strain (M100), carbon black 

loading and characteristics in HNBR vulcanisates   
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caused by filler reinforcement, as mentioned previously. However, an excessive 

crosslink density found particularly in vulcanisate filled with N550 might restrict 

molecular mobility, and thus a reduction in energy dissipation during being strained. 

This would end up with a decrease in mechanical strength (101). One might notice that 

the tensile strength of vulcanisate filled with N774 at high loading (60 phr) is highest 

among vulcanisates with N326, N550 and N990. The lowest tensile strength found in 

cured N990 filled HNBR systems is not surprising as the N990 possesses relatively 

small specific surface area and low structure (low DBPA value) and thus the low 

rubber-filler interaction. The apparently low tensile strength observed in N326 filled 

HNBR vulcanisates at high loading is probably attributed to its relatively poor 

dispersion in HNBR as discussed in Figure 5.34. It is known that the capability of CB 

incorporation, distribution and dispersion is reduced with increasing specific surface 

area of the filler. Thus, some of undispersed N326 agglomerates might act as flaws in 

specimens leading to a reduction in tensile strength. In the case of cured N550 filled 

HNBR vulcanisates, the excessive crosslink density might be responsible for a 

relatively low tensile strength.  

 

 

Figure 5.36 Relationship among tensile strength, carbon black loading and 

characteristics in HNBR vulcanisates   
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Results of elongation at break (%EB) as illustrated in Figure 

5.37 agree well with the tensile strength results, i.e., the greater the reinforcement, the 

lower the %EB. High extents of crosslink density and rubber-filler interaction would 

restrict molecular deformation and thus leads to a decrease in %EB.  

 

 

Figure 5.37 Relationship among elongation at break, carbon black loading and 

characteristics in HNBR vulcanisates   
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hardness), and its effect is comparable to the crosslink density effect found in 

vulcanisates with N550.  

 

 

Figure 5.38 Relationship among tear strength, carbon black loading and 

characteristics in HNBR vulcanisates   

 

 

Figure 5.39 Relationship among hardness, carbon black loading and characteristics 

in HNBR vulcanisates   
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It has been reported that abrasion resistance is controlled 

mainly by the modulus and the friction coefficient of the vulcanisate (113). Higher 

modulus and lower friction coefficient give the vulcanisates with superior abrasion 

resistance. Figure 5.40 (a) demonstrates comparison of abrasion loss in vulcanisates 

reinforced with various CB surface area. Compared to unfilled vulcanisates, the CB 

filled ones exhibit higher volume loss which appears to increase with increasing CB 

loading. It is believed that the difference in abrasion loss is caused by the discrepancy 

in wear mechanisms. To support the proposed explanation, the abraded surfaces of test 

specimens were photographed, and the images are shown in Figure 5.40 (b). In the 

case of unfilled HNBR vulcanisate, the rubber layer is created on the specimen 

surfaces, and thereafter adheres tightly to the surfaces of the test specimen. This means 

this layer is practically not removable during the whole abrasion process, giving rise to 

the small volume loss, i.e., relatively high abrasion resistance. This proposed 

mechanism is evidenced by smooth surface of the test specimen. In the case of filled 

vulcanisates, the CB particles could escape from the specimen surfaces during the 

abrasion process as demonstrated by the scratches on specimen surfaces. With the 

increasing CB loading, the decrease in abrasion resistance is due to the increase in 

abrasive action of CB. Also, at a given specific surface area of CB, the abrasion 

resistance tends to decrease with increasing CB loading, particularly at high CB 

loading. 

Regarding the CB surface area effect on abrasion loss, Figure 

5.40 (a) shows high volume loss in the systems with N326 and N990. This 

phenomenon is probably due to the poor filler dispersion at high loading of N326 

having large specific surface area, and due to low magnitude of rubber-filler 

interaction of N990 possessing relatively low structure and specific surface area. 
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(a) 

 

  
 

(b) 

 

Figure 5.40 Abrasion resistance: (a) relationship among abrasion loss, carbon black 

loading and characteristics in HNBR vulcanisates; (b) abraded surfaces 

of HNBR vulcanisates after the abrasion process 
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effectively reduce the filler-filler interaction and promote the polymer-filler interaction 

(105). In this study, a vinylsilane is used as coupling agent and dispersing aid in 

peroxide-cured HNBR compounds. The vinylsilane could also act as a cure activator 

which enhances the curing behaviour and crosslinking density (106). The effect of 

silica loading on polymer-filler interaction, cure characteristics, viscoelastic 

behaviour, dynamic mechanical properties and mechanical properties of silica-filled 

HNBR is investigated in this section. 

5.1.2.1 Cure characteristics 

The results of scorch time and cure time of silica filled HNBR 

compounds are presented in Figures 5.41 and 5.42, respectively. It is obvious that both 

scorch time and optimum cure time decrease with increasing silica loading, which can 

be explained by an increase in thermal history with increasing silica loading. Since the 

shear heating during the mixing process increases with increasing silica loading as a 

result of increased compound viscosity, the compounds with high loadings of silica 

would be subjected to a high thermal history, leading to the reduction in scorch and 

cure time (107). 

 

 

Figure 5.41 Relationship between scorch time (ts2) and silica loading in HNBR 

compounds 
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Figure 5.42 Relationship between optimum cure time (tc90) and silica loading in 

HNBR compounds 

 

Regarding the crosslink density, Figure 5.43 shows the rise in 

torque difference of cured silica filled HNBR system with increasing silica loadings. 
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Figure 5.43 Relationship between torque difference (or crosslink density) and silica 

loading in HNBR compounds 

 

5.1.2.2 Viscoelastic properties 

a) Uncured silica filled HNBR systems  

(RPA-FT) Complex modulus vs. Strain amplitude 
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Figure 5.44 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR compounds filled 

with various silica loadings 
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Figure 5.45 Relationship between fit parameters of Equation 3.16 and silica loading 

in HNBR compounds: (a) linear complex modulus (  
*); (b) mid-

modulus critical strain (1/A); (c) strain sensitivity (B) 
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Fit parameters of Equation 3.16 are given in Figure 5.45. The 

  
*
 increases with increasing silica loading, and increases extremely when the silica 

content is more than 20 phr. The hydrodynamic effect, filler network and rubber-filler 

interaction are taken into consideration. The parameter A in Equation 3.16 is the 

reverse of a critical strain, and thus the 1/A value is ploted with silica loading. It can 

be seen that the 1/A value decreases with increasing silica loading. Expectedly, the 

decrease in the value of 1/A is significant in the highly silica filled compound (i.e. the 

compounds filled with 30 and 40 phr). The higher the filler loading, the larger the 

dynamic strain softening (DSS) effect. Also, the strain sensitivity as expressed by 

parameter B decreases with the loading of silica. 

(RPA-FT) Torque Harmonics vs. Strain amplitude 

Figure 5.46 shows the torque harmonics varying with 

increasing strain amplitude for all the tested silica filled HNBR compounds. Data are 

well reproducible with no difference between tests a and b, and no difference between 

runs 1 and 2. Torque signal harmonics thus appear to be insensitive to strain history.  

As expected, the total torque harmonic content (TTHC) curve 

envelops the 3
rd

 relative torque harmonic (T(3/1)) and the 5
th

 relative torque harmonic 

(T(5/1)). The T(3/1) behaves as the most significant part of the information, i.e., an S-

shape curve is generally observed for all tested compounds. 

Fit parameters followed Equation 3.17 for T(3/1) as a function 

of strain are given in Figure 5.47. As mentioned previously, the parameters TH0 and α 

describe the principle of asymptotic non-linear behaviour at infinite strain where all 

rubber-filler interaction is completely destroyed, meaning that the viscoelastic 

character is maintained only by the stretched rubber phase, then the amount of silica 

does not affect the change in the values of TH0 and α, as shown in Figures 5.47 (a) and 

5.47 (b). However, the most significant information of non-linear viscoelastic 

behaviour can be expressed by the parameters C and D. The strain sensitivity of the 

non-linear response increases, and the extent of the LVE region decreases with 

increasing silica loading, as exhibited in Figures 5.47 (c) and 5.47 (d), respectively. 

The result is in complete agreement with the concept of DSS effect, i.e., the extent of 

LVE region decreases with the increase in magnitude of filler network formation. 
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Figure 5.46 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR compounds filled with 

various silica loadings 
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Figure 5.47 Relationship between fit parameters of Equation 3.17 and silica loading 

in HNBR compounds: (a) parameter TH0; (b) parameter α; (c) 

parameter C; (d) parameter D  

   

  Quarter Torque Signal Integration 

  The change from extra (strain-induced) to intra (morphology-

induced) non-linear viscoelastic character as silica loading increases is evidenced by 

the Q1/Q2 ratio, as shown in Figure 5.48. The minimum Q1/Q2 ratio occurs at strain 

of approximately 168%. It is known that the value of the minimum Q1/Q2 ratio can be 

considered as an indication of the nonlinear behaviour due to the filler content (78).  

  Figure 5.49 illustrates the minimum Q1/Q2 ratio of filled 

HNBR compounds with various silica loadings. It is clearly seen that the non-linear 

character changes as silica loading increases. The filled HNBR compounds change 

from extrinsic to intrinsic non-linear behaviour as filler loading increases, and the 

transition occurs expectedly at silica loading greater than 20 phr, i.e., at silica loading 

of 30 and 40 phr, the minimum Q1/Q2 ratio is below 1. Evidently, there are greater 

interactions between HNBR and silica for highly filled compounds. 
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Figure 5.48 RPA-FT at 100°C on HNBR compounds filled with silica assessing 

extrinsic or intrinsic non-linear viscoelastic character through the 

quarter cycle torque integration; strain sweep tests at 3.14 rad/s 
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Figure 5.49 Relationship between quarter torque signal integration ratio and silica 

loading in HNBR compounds at strain amplitude of 167.55%  

 

b) Cured silica filled HNBR systems  

Strain sweep test  

In the cases of HNBR vulcanisates, the results of  ′,  ″ and 

tanδ as a function of stain amplitude are exhibited in Figures 5.50, 5.51 and 5.52, 

respectively. The unfilled cured system shows lowest  ′ with broadest LVE region. 

The  ′ increases with increasing silica loading, which is in agreement with the 

crosslink density and reinforcing effects. It must be noted that the magnitude of Payne 

effect in highly silica filled compounds is relatively high which implies the fertility of 

filler network formation. 
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rubber (21). With the result of  ″ as a function of strain amplitude, the highly filled 
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noticeable strain dependence. The  ″ passes its maximum, and decreases as the rate of 

filler reformation is lower than that of disruption (21). 

 

 

Figure 5.50 Storage modulus ( ′) as a function of strain amplitude of filled HNBR 

vulcanisates with various silica loadings at test temperature and 

frequency of 60°C and 1 rad/s, respectively 

 

 

Figure 5.51 Loss modulus ( ″) as a function of strain amplitude of filled HNBR 

vulcanisates with various silica loadings at test temperature and 

frequency of 60°C and 1 rad/s, respectively 
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Plots of tanδ of HNBR vulcanisates filled with various silica 

loadings as a function of strain amplitude are exhibited in Figure 5.52. The results are 

in good agreement with the G′ and  ″ results, i.e., the tanδ increases with increasing 

silica loading and strain amplitude, and the highly filled vulcanisates show the high 

magnitude of increase in tan. The energy dissipation via the disruption of filler-filler 

networks is responsible for the results at low strain. The molecular slippage is 

responsible for the results at high strains. 

  

 

Figure 5.52 Damping factor (tanδ) as a function of strain amplitude of filled HNBR 

vulcanisates with various silica loadings at test temperature and 

frequency of 60°C and 1 rad/s, respectively 

 

Temperature sweep test  
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used to predict the degree of rolling resistance of a tire (108). As for high performance 

tyre, a decrease in tanδ at this temperature range results in a reduction in the rolling 

resistance (21, 109, 110). In the rubbery region, it is evident that the tanδ decreases 

with increasing temperature. With increasing temperature, the molecular mobility and 

free volume of the rubber chains on the filler surface will increase, and the tanδ will 

decrease due to a decrease in energy dissipation (21). However, it can be seen that the 

temperature dependence of the tanδ is depressed by the introduction of silica. This 

may be anticipated from more developed filler network in the HNBR vulcanisates 

filled with highly silica loading.  

 

 

Figure 5.53 Storage modulus ( ′) as a function of temperature of filled HNBR 

vulcanisates with various silica loadings at test static strain, dynamic 

strain and frequency of 2%, 0.1% and 62.8 rad/s, respectively 
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Figure 5.54 Loss modulus ( ″) as a function of temperature of filled HNBR 

vulcanisates with various silica loadings at test static strain, dynamic 

strain and frequency of 2%, 0.1% and 62.8 rad/s, respectively 

 

 

Figure 5.55 Damping factor (tanδ) as a function of temperature of filled HNBR 

vulcanisates with various silica loadings at test static strain, dynamic 

strain and frequency of 2%, 0.1% and 62.8 rad/s, respectively 
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5.1.2.3 Filler dispersion and distribution 

SEM micrographs of silica filled HNBR vulcanisates as 

observed by SEM technique are shown in Figure 5.56. The degrees of dispersion and 

distribution of silica in HNBR matrix are characterised by the statistical processing of 

SEM micrographs using the quadrate method and Morishita’s Iδ value (49) (as detailed 

in section 3.2.1 of chapter 3).  

 

  

 (a)       (b) 

  

 (c)       (d) 

Figure 5.56 SEM micrographs of HNBR vulcanisates filled with various silica 

loadings: (a) 10 phr; (b) 20 phr; (c) 30 phr; (d) 40 phr  
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The plot between Iδ and q for filled vulcanisates with various 

silica loadings is presented in Figure 5.57. Evidently, the HNBR filled with silica 

loading of 10 phr shows the aggregate mode in a manner that the size of each 

aggregate is small, and the particles of each aggregate are distributed in Poisson’s 

mode. Due to the stronger intermolecular hydrogen bonds between silanol groups on 

the silica surfaces, the tight silica clusters are formed (103, 104). This can cause a poor 

dispersion of silica in a rubber matrix. In this work, vinyl silane might act as 

dispersing aids, and thus the dispersion of silica is improved as expected. Moreover, 

there is the alteration of distribution mode from the aggregate mode to the Poisson’s 

distribution with increasing silica loading (greater than 10 phr), indicating the 

improvement in silica dispersion. The increase in bulk viscosity with silica loading 

causes increased stress field available for disrupting the silica clusters. However, the 

plots between Iδ and q show similar pattern for the vulcanisates filled with 20, 30 and 

40 phr of silica, indicating that the degree of filler dispersion is not affected by the 

increased silica loading. This could be explained by effect of counter-balancing 

between formation and disruption of silica clusters. 

 

 

Figure 5.57 Morishita’s index (Iδ) for silica filled HNBR vulcanisates filled with 

various silica loadings as a function of quadrat number (q) 
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5.1.2.4 Mechanical properties 

  Figure 5.58 represents the plot of M100 against silica loading. 

It is evident that the M100 of silica filled HNBR vulcanisates increases with 

increasing silica loading as expected. There are two main possible factors controlling 

M100, i.e., crosslink density and filler reinforcement effects. Regarding the crosslink 

density effect, it is known that the higher the crosslink density, the greater the M100. 

As shown previously in Figure 5.43, the crosslink density increases with the loading of 

silica. In the case of filler reinforcement effect, apart from the hydrodynamic effect, it 

is believed that the vinylsilane added as a coupling agent have been effective in 

improving interaction between filler and rubber matrix (111). The higher the amount 

of silica, the larger the extent of filler network formation and filler-rubber interaction, 

and thus the greater the M100. 

 

 

Figure 5.58 Relationship between modulus at 100% strain (M100) and silica 

loading in HNBR vulcanisates 

 

The result of tensile strength is shown in Figure 5.59. As 
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Figure 5.60 demonstrates the relationship between elongation 

at break (% EB) and silica loading. It can be seen that the % EB decreases 

progressively with increasing silica loading, which can be explained by an increase in 

crosslink density associated with a decrease in the amount of deformable phase or 

sometimes known as a dilution effect. 

 

 

Figure 5.59 Relationship between tensile strength and silica loading in HNBR 

vulcanisates 

 

 

Figure 5.60 Relationship between elongation at break and silica loading in HNBR 

vulcanisates  
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Expectedly, tear strength of HNBR vulcanisates increases with 

increasing silica loading, as shown in Figure 5.61. Tear characteristics of vulcanisates 

can be related to the crosslink density as well as filler type and loading (1). With 

increasing silica loading, the magnitude of crosslink density and rubber-filler 

interaction increase, leading to the improvement in tear strength. 

 

 

Figure 5.61 Relationship between tear strength and silica loading in HNBR 

vulcanisates 

   

Regarding the hardness of silica filled HNBR vulcanisates, it is 

obvious from Figure 5.62 that the hardness increases continually with increasing silica 

loading.  The results of hardness are in line with the M100 result (112). It is known 

that the measurement of hardness could be used to predict the modulus of vulcanisates. 
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Figure 5.62 Relationship between hardness and silica loading in HNBR vulcanisates 

 

Apparently, the abrasion resistance is diminished with 

increased silica loading, as illustrated in Figure 5.63, i.e., the increase in abrasion loss 

with the amount of silica is observed for HNBR vulcanisates filled with silica loading 

greater than 20 phr. As discussed previously in the G′ results (viscoelstic properties of 

silica filled HNBR vulcanisates section), the highly silica filled vulcanisates show the 

greater magnitude of Payne effect implying the more filler network formation through 

the filler-filler interaction. The increase in developed silica cluster or the strong silica-

silica interaction results in the reduction in abrasion resistance at high silica loading 

(113). 
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Figure 5.63 Relationship between loss and silica loading in HNBR vulcanisates 

 

5.1.3 Influences of organoclay loading  

Nano-clay is one of non-black reinforcing fillers, which is used to impart a 

number of desirable properties to rubber compounds. Naturally, the clay is composed 

of hydrated aluminum silicates. Exchangeable cations, such as, sodium ion (Na
+
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calcium (Ca
2+

) ion hydrate strongly in the presence of water, result in a hydrophilic 

environment at the clay surfaces. As a result, a good dispersion of the clay in the 
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alkylphosphonium, leading to a broadened interlayer spacing.  The modified clays 

then become more compatible with organic polymers.  

Bentone
®
 38 is an organically modified clay where its hectorite is treated 

by quaternary ammonium cations. It is well known that the incorporation of 

organically modified clays into rubber matrix can result in performance improvement 

which expands the range of rubber applications (114, 115). In this study, the effect of 

Bentone
®
 38 on properties of HNBR compounds and vulcanisates is of interest. 
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5.1.3.1 Cure characteristics 

Figures 5.64 and 5.65 show scorch time (ts2) and optimum cure 

time (tc90) of HNBR filled with various organoclay loadings, respectively. It is evident 

that the scorch time (ts2) and optimum cure time (tc90) decrease with increasing 

organoclay loading, associated with an increase in torque difference (or crosslink 

density), as illustrated in Figure 5.66. The cure promotion phenomenon is explained 

by the thermal history as discussed earlier. In addition, the restriction of curative 

migration into the immobilised rubber giving rise to the increase in curative 

concentration in free rubber might be responsible for the cure promotion phenomenon. 

 

 

Figure 5.64 Relationship between scorch time (ts2) and organoclay loading in 

HNBR compounds 
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Figure 5.65 Relationship between cure time (tc90) and organoclay loading in HNBR 

compounds 

 

 

Figure 5.66 Relationship between torque difference (or crosslink density) and 

organoclay loading in HNBR compounds 
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5.1.3.2 Viscoelastic properties 

a) Uncured organoclay filled HNBR systems 

(RPA-FT) Complex modulus vs. Strain amplitude 

  Figure 5.67 shows the strain dependence detected on the G
*
 of 

organoclay filled HNBR compounds. Reproducibility is excellent and there is no strain 

history effect, excepting that the highly filled HNBR compounds (i.e., HNBR filled 

with the organoclay loadings of 20 and 30 phr) show obvious difference between run 1 

and run 2 at low strain. This implies a strain history effect during the 2 minutes resting 

period between runs. The LVE region is observed, and decreases with the amount of 

organoclay.  

  Fitting parameters of Equation 3.16 are given in the Figure 

5.68. It is evident that the   
*
 increases with organoclay content, which is due to the 

reinforcement of organoclay, including hydrodynamic effect, filler-rubber interaction 

and filler network. The 1/A related with the extent of the LVE region decreases, and 

the strain sensitivity parameter B decreases steadily with increasing organoclay 

loading. This is attributed to the filler network is destroyed at sufficient strain 

amplitudes, denoted as a dynamic strain softening effect (DSS) effect. The observation 

is in good accordance with the results of silica as discussed previously. 

(RPA-FT) Torque Harmonics vs. Strain amplitude 

The typical torque harmonic responses including the total 

torque harmonic content (TTHC), the 3
rd

 torque harmonic (T(3/1)) and the 5
th

 torque 

harmonic (T5/1)) components of organoclay filled HNBR compounds are shown in 

Figure 5.69. As expected, the T(3/1) illustrates the essential of the non-linear 

behaviour, i.e., the results exhibit the S-shape. It is evident that there are bad data files 

for test b of all filled compounds, and the strain history effect is noticed in the highly 

filled HNBR compounds (i.e., there is difference between run 1 and run 2 of 

compound filled with 20 and 30 phr of organoclay loadings).  
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Figure 5.67 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR compounds filled 

with various organoclay loadings 
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Figure 5.68 Relationship between fit parameters of Equation 3.16 and organoclay 

loading in HNBR compounds: (a) linear complex modulus (  
*); (b) 

mid-modulus critical strain (1/A); (c) strain sensitivity (B) 
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The model (Equation 3.17) parameters are shown in Figure 

5.69. A linear variation of harmonics in the high strain region can be expressed by the 

parameters TH0 and α. There are changes in the values of TH0 and α with increasing 

organoclay loading more than 20 phr. In principle, the filler-filler interaction as well as 

the physical interaction between filler and rubber can be fully destroyed at high strain. 

As a consequence, the non-linear character of filled compound depends on the 

stretched rubber properties resulting in the insensitivity in the parameters TH0 and α 

with increasing filler loading. However, the HNBR compound filled with high loading 

of organoclay (i.e., 30 phr organoclay filled HNBR compound) consists of a great 

magnitude of rubber-filler interaction. Since the available experimental window is 

limited to some 1000% strain, which is obviously not enough to ensure a full 

destruction of the rubber-filler (78), the increase in the parameter TH0 and the decrease 

in the parameter α are clearly observed for such highly filled compound.  

The non-linear character of HNBR compounds is significantly 

affected by the high loading of organoclay. The parameters C and D using to quantify 

strain effect tend to decrease with organoclay content. The parameter C indicates the 

strain sensitivity of the non-linear response while the parameter D implies the extent 

of the LVE region.  Interestingly, the strain sensitivity of filled compound is in line 

with the disruption of filler network due to a large strain amplitude, i.e., the parameter 

C seems insensitive to organoclay content until the organoclay loading is increased 

more than 20 phr, and then the decrease in parameter C is noticeable. In the case of the 

parameter D, there is the obvious decrease in the parameter D with increasing 

organoclay loading. The filler-filler interaction plays a significant role, and as a result, 

the DSS effect could be used to explain the non-linearity of filled compounds. 
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Figure 5.69 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR compounds filled with 

various organoclay loadings 
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Figure 5.70 Relationship between fit parameters of Equation 3.17 and organoclay 

loading in HNBR compounds: (a) parameter TH0; (b) parameter α; (c) 

parameter C; (d) parameter D  

   

  Quarter Torque Signal Integration 

  As demonstrated previously, the FT rheometry allows clearly 

quantifying the non-linear response of viscoelastic materials (116). The non-linear 

viscoelactic behaviour of filled rubber compounds can be investigated using a quarter 

cycle integration in terms of extrinsic and intrinsic non-linear viscoelasticity. The 

distortion of Q1/Q2 ratio is utilised. 
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non-linear character can change from extrinsic to intrinsic as the organoclay loading 

increases.  

 

 

 

Figure 5.71 RPA-FT at 100°C on HNBR compounds filled with organoclay 

assessing extrinsic or intrinsic non-linear viscoelastic character through 

the quarter cycle torque integration; strain sweep tests at 3.14 rad/s 

 

 

 

0.8

1.0

1.2

0 200 400 600 800 1000

Q
1

/Q
2

 i
n

te
g
ra

ti
o

n
 r

a
ti

o

Strain (%)

0 phr

Test a; run 1 Test a; run 2

Test b; run 1 Test b; run 2

0.8

1.0

1.2

0 200 400 600 800 1000

Q
1

/Q
2

 i
n

te
g

ra
ti

o
n

 r
a

ti
o

Strain (%)

5 phr

Test a; run 1 Test a; run 2

Test b; run 1 Test b; run 2

0.8

1.0

1.2

0 200 400 600 800 1000

Q
1

/Q
2

 i
n

te
g

ra
ti

o
n

 r
a

ti
o

Strain (%)

20 phr

Test a; run 1 Test a; run 2

Test b; run 1 Test b; run 2

0.8

1.0

1.2

0 200 400 600 800 1000

Q
1

/Q
2

 i
n

te
g

ra
ti

o
n

 r
a

ti
o

Strain (%)

10 phr

Test a; run 1 Test a; run 2

Test b; run 1 Test b; run 2

0.8

1.0

1.2

0 200 400 600 800 1000

Q
1

/Q
2

 i
n

te
g

ra
ti

o
n

 r
a

ti
o

Strain (%)

30 phr

Test a; run 1 Test a; run 2
Test b; run 1 Test b; run 2



Panjaporn Wongwitthayakool  Results and Discussion / 122 

 

Besides, Figure 5.72 demonstrates that the transition occurs at 

organoclay loading of 10 phr. As mentioned previously, the non-linear behaviour of 

filled rubber compounds depends on the internal effect, such as, the filler network 

formation. Consequently, the result implies that the formation of filler network is 

significant in the HNBR compounds filled with 20 and 30 phr of organoclay loadings. 

 

 

Figure 5.72 Relationship between quarter torque signal integration ratio and 

organoclay loading in HNBR compounds at strain amplitude of 

167.55% 

 

b) Cured organoclay filled HNBR systems 
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highly filled vulcanisates. Thus, a similar explanation could be applied. In contrast to 

the G′ for filled compounds, the  ″ at high strain of cured specimen increases with 

increasing strain amplitude. Such behaviour can be explained by the energy dissipation 

via molecular slippage during applied dynamic strain.  

As for the tanδ (Figure 5.75) which is a ratio of energy loss to 

energy stored, it is obvious that the tanδ increases with increasing strain amplitudes 

and organoclay loading, corresponding to the results of G′ and  ″. The results are in 

line with the precipitated silica as discussed previously. 

 

 

Figure 5.73 Storage modulus ( ′) as a function of strain amplitude of filled HNBR 

vulcanisates with various organoclay loadings at test temperature and 

frequency of 60°C and 1 rad/s, respectively 
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Figure 5.74 Loss modulus ( ″) as a function of strain amplitude of filled HNBR 

vulcanisates with various organoclay loadings at test temperature and 

frequency of 60°C and 1 rad/s, respectively 

 

 

Figure 5.75 Damping factor (tanδ) as a function of strain amplitude of filled HNBR 

vulcanisates with various organoclay loadings at test temperature and 

frequency of 60°C and 1 rad/s, respectively 
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than the unfilled HNBR, and the significant increase in G′ with organoclay loading is 

noticeable above the Tg.  Having in mind that the service temperature of rubbers is 

usually above their Tg, the plateau values of the G′ in this region is of great 

importance.  

As shown in Figure 5.77, the hysteresis loss of the organoclay 

filled HNBR vulcanisates above the Tg is significantly higher than the unfilled 

compounds. The  ″ increases with increasing organoclay loading. However, the 

plateau values of the  ″ above the Tg is also seen for filled vulcanisates. 

In the case of tanδ, it can be seen that the tanδ peak decreases 

with increasing organoclay loading. However, the amount of organoclay does not 

affect the temperature at tanδ peak (or Tg).  

 

 

Figure 5.76 Storage modulus ( ′) as a function of temperature of filled HNBR 

vulcanisates with various organoclay loadings at test static strain, 

dynamic strain and frequency of 2%, 0.1% and 62.8 rad/s, respectively 
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Figure 5.77 Loss modulus ( ″) as a function of temperature of filled HNBR 

vulcanisates with various organoclay loadings at test static strain, 

dynamic strain and frequency of 2%, 0.1% and 62.8 rad/s, respectively 

 

 

Figure 5.78 Damping factor (tanδ) as a function of temperature of filled HNBR 

vulcanisates with various organoclay loadings at test static strain, 

dynamic strain and frequency of 2%, 0.1% and 62.8 rad/s, respectively 
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5.1.3.3 Filler dispersion and distribution 

 

  

 (a)       (b) 

  

 (c)       (b) 

Figure 5.79 SEM micrographs of HNBR vulcanisates filled with various organoclay 

loadings: (a) 5 phr; (b) 10 phr; (c) 20 phr; (d) 30 phr  

 

The organoclay dispersion in the HNBR matrix can be 

qualitatively determined from SEM images. As observed in Figure 5.79, the uniform 

distribution of the organoclays in the rubber matrix is observed in all filled 

vulcanisates, i.e., the organoclay particles as bright spots in micrographs distribute 

throughly in HNBR matrix. It is well known that the organoclays can be more easily 

dispersed in rubber matrix due to: (i) the presence of large alkyl hydrocarbon in the 
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galleries of silicate layers, (ii) the silicate surface properties changed from hydrophilic 

to hydrophobic and (iii) the interlayer distance increased (117-119). This leads to the 

excellent modulus, tensile strength and tear strength, which will be discussed in the 

next section. 

5.1.3.4 Mechanical properties 

Tensile properties including M100, tensile strength and 

elongation at break elongation at break are revealed in Figures 5.80 to 5.82. Results 

obtained show that the M100 increases with increasing organoclay loading (Figure 

5.80). The increase of M100 can be explained by the filler reinforcement and crosslink 

density effects as discussed earlier (see the effects of CB and silica sections).  

 

 

Figure 5.80 Relationship between modulus at 100% strain (M100) and organoclay 

loading in HNBR vulcanisates  

 

Figure 5.81 shows the tensile strength as a function of 

organoclay loading. It is obvious that the tensile strength increases with organoclay 

loading. The explanation is similar to the results of M100, i.e., the increase in tensile 

strength with organoclay loading is due to the filler reinforcement effect associated 

with an improvement in crosslink density. Results of elongation at break as shown in 

Figure 5.82 reveals a slight decrease with the organoclay loading which supports the 

increase in interfacial interaction between polymer and organoclay layers along with 

the crosslink density (120, 121).  

0

2

4

6

8

10

0 5 10 15 20 25 30

M
1

0
0

 (
M

P
a

)

Organoclay loading (phr)



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 129 

 

 

Figure 5.81 Relationship between tensile strength and organoclay loading in HNBR 

vulcanisates 

 

 

Figure 5.82 Relationship between elongation at break and organoclay loading in 

HNBR vulcanisates 

   

Figure 5.83 demonstrates the tear strength of organoclay filled 

HNBR vulcanisates. It is evident that the tear strength increases with increasing 

organoclay loading. The results are in line with the tensile properties. As a 

consequence, the similar explanation can be applied.  
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Figure 5.83 Relationship between tear strength and organoclay loading in HNBR 

vulcanisates 

 

Hardness of vulcanisates as illustrated in Figure 5.84 is 

influenced by organoclay loading in a manner that the hardness increases continually 

with organoclay loading. Undoubtedly, the filled system with the high crosslink 

density gives the high hardness. Also, it is evident the result of hardness is in good 

agreement with the M100 results, and therefore, similar explanation could be applied. 

 

 

Figure 5.84 Relationship between hardness and organoclay loading in HNBR 

vulcanisates 
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  Results of abrasion resistance, which is inversely proportional 

to abrasion loss of vulcanisates are revealed in Figure 5.85. The addition of organoclay 

does not significantly change abrasion resistance of vulcanisates up to the organoclay 

loading of 10 phr, and then abrasion resistance is impaired with increasing organoclay 

content. It has been reported that, during intense abrasion in sliding contact, a high 

temperature is developed, and such high temperature of rubber is detrimental to 

abrasion resistance (19, 21, 122). The increase in organoclay loading exhibits 

enhanced hysteresis (123, 124) due to more frictional sliding at the interface between 

the surface of the organoclay layer and rubber chain under deformation. It is well 

known that the hysteresis is proportional to the  ″ (21, 125), and consequently, the 

deterioration in abrasion resistance of organoclay filled HNBR vulcanisates agrees 

well with the result of  ″ as shown previously in Figure 5.74. 

 

 

Figure 5.85 Relationship between loss and organoclay loading in HNBR 

vulcanisates 
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5.1.4 Comparative study of mechanical properties of carbon black, 

silica and organoclay filled HNBR systems 

Basically, the rubber roll covers used in paper mill industry require good 

mechanical properties, such as, tensile strength abrasion and tear resistances associated 

with low heat build-up (HBU). However, a specific hardness is needed for the rubber 

covered rolls. In this section, the effect of filler types on the mechanical properties of 

HNBR vulcanisates at similar hardness level of 80 Shore A is focused. The CB used in 

this part is N550 due to its superior mechanical properties as mentioned previously in 

section 5.1.1. 

 Hardness and M100 of all vulcanisates are shown in Figures 5.86 and 5.87, 

respectively, where both properties increase with increasing filler loading. At filler 

loading of 10, 20 and 30 phr, the highest hardness and M100 are observed in the 

HNBR vulcanisates filled with organoclay. To achieve the hardness of 80 to 82 Shore 

A, the filler loadings required are 30 phr for organoclay, 40 phr for silica and 60 phr 

for CB. In other words, organoclay is the most effective for enhancing hardness of the 

HNBR vulcanisate, followed by silica and CB, respectively. 

 

 

Figure 5.86 Hardness as a function of filler loading for filled HNBR vulcanisates 
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Figure 5.87 Modulus at 100% strain (M100) as a function of filler loading for filled 

HNBR vulcanisates  

 

 Tensile strength of filled HNBR vulcanisates having similar hardness of 80 

Shore A is shown in Figure 5.88. The tensile strength of all filled vulcanisates is 

higher than control (i.e., unfilled vulacnisate). The CB filled vulcanisate exhibits the 

highest tensile strength followed by the systems with silica and organoclay. The 

results might be explained by the filler network formation, and by the interaction 

development between filler and rubber. Figure 5.89 displays the results of  ′ as a 

function of strain amplitude of HNBR vulcanisates filled with various types of filler 

possessing similar hardness level. It is evident that the  ′ of HNBR vulcanisate filled 

with CB is lower than that filled with organoclay and silica, and shows broader LVE 

region. The less filler network formation and more filler-rubber interaction of the CB 

filled vulcanisates results in the higher tensile strength.  

The elongation at break of filled HNBR vulcanisates possessing similar 

hardness level is in line with the tensile strength results, i.e., the elongation at break of 

CB filled vulcanisate is lowest, followed by silica and organoclay filled ones, 

respectively, as illustrated in Figure 5.90. 
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Figure 5.88 Tensile strength as a function of filler loading for filled HNBR 

vulcanisates having the hardness of 80 Shore A 

 

 

Figure 5.89 Storage modulus ( ′) as a function of strain amplitude of filled HNBR 

vulcanisates having the hardness of 80 Shore A 
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Figure 5.90 Elongation at break as a function of filler loading for filled HNBR 

vulcanisates having the hardness of 80 Shore A 

 

 Figure 5.91 shows tear strength at the hardness of 80 Shore A of filled 
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orientation or crystallisation near the tear tip, resulting in higher tear resistance. 
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Figure 5.91 Tear strength as a function of filler loading for filled HNBR 

vulcanisates having the hardness of 80 Shore A 
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Figure 5.92 Abrasion loss as a function of filler loading for filled HNBR 

vulcanisates having the hardness of 80 Shore A  
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density.  Since the amounts of bound and occluded rubber increase with increases in 

surface area and structure of CB hybrid systems (i.e., N326 content), the migration of 

curative to rubber matrix would probably increase, promoting the cure reaction. In 

addition, as the content of N326 possessing relatively high surface area and structure 

increases, the increased bulk viscosity leads to increased shear heating via viscous 

dissipation. The increased bulk temperature during the mixing process is resulted, 

giving the shortened time required for curative dissociation and hence a cure 

promotion phenomenon. It is noticeable that the cure behaviour of N326/N990 filled 

HNBR depends on characteristics of major CB composition in the CB hybrid system, 

i.e., at N326/N990 ratio of 0/100, 20/80 and 40/60, the cure behaviour is dominated by 

N990, while at the ratio of 60/40, 80/20 and 100/0, the cure characteristics are 

governed by N326. This phenomenon is sometimes known as the dilution effect. 

 

Table 5.2 Summarised objectives for preparing carbon black hybrid systems used 

in the present section 

 

System Objectives 

N326/N990 To investigate surface area and structure effects in hybrid system 

assembling extreme characteristics of CB 

N326/N774 To investigate the effect of the different CB surface area in hybrid 

systems on the filler reinforcement and the processability with 

minimal effect of CB structure 

N550/N990 To monitor the effect of N550 instead of N326 on HNBR properties 

compared with the N326/N990 hybrid system  

  

In the case of HNBR compounds filled with N326/N774 

hybrid system, the content of N326 impacts slightly on scorch time, and the cure time 

is somewhat shortened with N326 loading. Crosslink density does not increase 

systemically with increasing N326 loading. Compared with HNBR filled with 

N326/N990 hybrid system, it is noticed that both scorch and cure times of N326/N774 

filled HNBR vulcanisates are shorter, particularly at a hybrid ratio which N774 is main 
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composition. This result can be explained by predominant characteristics (i.e., CB 

surface area and structure) of CB composition. The higher the CB surface area and the 

structure, the greater the filler-polymer interaction, leading to the faster the cure 

reaction. As a consequence, the compounds filled with N326/N774 show the higher 

crosslink density. 

 

 

Figure 5.93 Relationship among scorch time (ts2), carbon black hybrid ratio and 

hybrid system in HNBR compounds  

 

In the case of HNBR compounds filled with N550/N990 

hybrid system, both scorch and cure times of filled compounds decrease with 

increasing N550 content. Expectedly, crosslink density of HNBR vulcanisates increase 

with increasing N550 content, which is due to the increase of CB structure in CB 

hybrid ratio, as discussed previously. By comparing the cure characteristics of 

N550/N990 filled HNBR with N326/N990 filled HNBR, it is observed that, the 

crosslink density of HNBR filled with both hybrid systems are comparable, which is 

due probably to the bound rubber and/or crosslinking reaction effects, as discussed 

earlier in section 5.1.1. 
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Figure 5.94 Relationship among cure time (tc90), carbon black hybrid ratio and 

hybrid system in HNBR compounds  

 

 

Figure 5.95 Relationship among torque difference (or crosslink density), carbon 

black hybrid ratio and hybrid system in HNBR compounds  
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5.1.5.2 Viscoelastic properties 

c) Uncured CB hybrid system filled HNBR  

(RPA-FT) Complex modulus vs. Strain amplitude 

Figures 5.96 to 5.98 show the complex modulus (G*) of filled 

HNBR compounds with N326/N990, N326/N774 and N550/N990 hybrid systems as a 

function of strain amplitude, respectively. It is clearly seen that all compounds are 

homogeneous, since the results from two tests (a and b) are identical. Moreover, it is 

found that, in all cases, except for the HNBR compound filled with N550/N990 hybrid 

ratio of 100/0, the G* appears to be insensitive to strain history as observed by the 

superimposition between runs 1 and 2. At the N550/N990 hybrid ratio of 100/0 filled 

HNBR compound, a deviation of run 2 curve is observed at high strain. Referred to 

Figure 5.93, it is evident that this system exhibits the fastest scorch time. 

Consequently, such deviation result could probably be explained by the localised 

premature crosslink of the test compounds.  

Results of complex modulus as a function of strain amplitude 

of filled HNBR with the three CB hybrid systems are modelled with Equation 3.16. Fit 

parameters of Equation 3.16 are plotted in Figure 5.99, where the relationship between 

  
*
 and the CB hybrid ratio of HNBR compounds filled with different CB hybrid 

systems is correlated.  

In the case of N326/N990 filled compounds, it is evident that 

the   
*
 increases with increasing N326 content, which is attributed to the reinforcing 

effect, i.e., a combination of hydrodynamic effect, filler-filler interaction as well as 

filler-rubber interaction. The presence of N326 with relatively high surface area and 

structure is generally reported to yield a strong filler transient network and filler-

rubber interaction, leading to a remarkable rise in   
*
. The increase of   

*
 with 

increasing N326 and N550 content is also found in the results of N326/N774 and 

N550/N990 hybrid system filled HNBR compounds, respectively. The addition of CB 

having higher surface area and/or structure in CB hybrid system results in higher   
*
 of 

HNBR compounds, due likely to the greater magnitudes of a filler tri-dimensional 

transient network, and filler-rubber interaction through larger contacting area.  
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Figure 5.96 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR filled with various 

N326/N990 hybrid ratios 
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Figure 5.97 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR filled with various 

N326/N774 hybrid ratios 
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Figure 5.98 Complex modulus (G
*
) as a function of strain amplitude at 3.14 rad/s 

and 100°C as measured by the RPA-FT of HNBR filled with various 

N550/N990 hybrid ratios 
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similar, excepting in case 100/0 hybrid ratio. The lower   
*
 of neat N550 filled HNBR 

compound is caused by the lower magnitudes of the filler network formation and 

filler-rubber interaction in filled HNBR compounds, which is in agreement with the 

bound rubber result (as shown in Table 5.1). 

As mentioned previously, the mid modulus critical strain 

(1 A⁄ ) is used to determine the extent of the LVE region. Figure 5.99 (b) exhibits the 

1 A⁄  values which decrease with increasing CB contents having higher surface area 

and/or structure into hybrid ratio. This is attributed to a greater magnitude of filler 

network formation, leading to the narrower LVE region and hence a larger dynamic 

strain softening effect. Seemingly, at the CB hybrid ratios of 0/100, 20/80 and 40/60, 

the 1 A⁄  values of N326/N774 filled HNBR compound are lower than those of 

N326/N990 filled system, demonstrating that the narrower LVE region is pronounced 

by the incorporation of CB possessing higher surface area and structure into the hybrid 

system. Compared between N326/N990 and N550/N990 filled HNBR compounds, 

similar 1 A⁄  values are resulted, i.e., the extent of the LVE region is dominantly 

governed by the N990 characteristics. In the case of 60/40, 80/20 and 100/0 CB hybrid 

ratios, the 1 A⁄  values of N550/N990 filled HNBR compound are higher than those of 

N326/N990 filled HNBR compound. The greater magnitude of a CB tridimensional 

transient network through the CB with larger surface area is responsible for the shorter 

LVE region, and hence a larger dynamic strain softening effect. Accordingly, the 

increase in CB content having higher surface area and/or structure into hybrid ratio 

influences extremely the strain sensitivity of HNBR compounds, as evidenced from a 

decrease in parameter B in Figure 5.99 (c). 
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Figure 5.99 Relationship among fit parameters of Equation 3.16, carbon black 

hybrid ratio and hybrid system in HNBR compounds: (a) linear 

complex modulus (  
*); (b) mid-modulus critical strain (1/A); (c) strain 

sensitivity (B) 

0

100

200

300

400

  1  2  8 4  6 6  4 8  2 1    

L
in

ea
r 

co
m

p
le

x
 m

o
d

u
lu

s 
(k

P
a
)

Carbon black hybrid ratio

(a)

N326/N990

N326/N774

N550/N990

0

0.3

0.6

0.9

1.2

1.5

  1  2  8 4  6 6  4 8  2 1    

S
tr

a
in

 s
en

si
ti

v
it

y

Carbon black hybrid ratio

(c)

N326/N990

N326/N774

N550/N990

0

50

100

150

200

  1  2  8 4  6 6  4 8  2 1    M
id

-m
o
d

u
lu

s 
cr

it
ic

a
l 

st
ra

in
 (

%
)

Carbon black hybrid ratio

(b) N326/N990

N326/N774

N550/N990



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 147 

 

  (RPA-FT) Torque Harmonics vs. Strain amplitude 

  The non-linear viscoelasticity of tested compounds is 

described by odd torque harmonics at high strain amplitude, reported as the overall 

torque harmonic content, TTHC (i.e., the sum of the odd harmonics up to the 15
th

), 3
rd

 

relative torque harmonic T(3/1) and 5
th

 relative torque harmonic T(5/1).  

The variations of torque harmonics, i.e., TTHC, T(3/1) and 

T(5/1) versus strain amplitude of filled HNBR compounds with carbon black hybrid 

systems are shown in Figures 5.100 to 5.102. It is clearly seen that all the tested 

compounds show the torque signal harmonic insensitive to the strain history and the 

homogeneity effects as observed from the superimposition between runs 1 and 2, and 

between tests a and b, respectively. The exception is found in the case of filled HNBR 

compound with N550/N990 hybrid ratio of 100/0, in which the difference between run 

1 and 2 is clearly observed at high strain due to scorch of compound, as discussed 

previously. Evidently the relative torque harmonics variation with strain amplitude is 

conformed to S-shape curves for all tested compounds, so that, at high strain, there is a 

linear variation with strain. Consequently, the fit parameter of Equation 2 could 

successfully be used to fit the non-linear viscoelastic behaviour of filled HNBR 

compounds. 

The T(3/1) is largest and most convenient to capture the 

essential of the nonlinear behaviour.  The fit parameters for T(3/1) of tested 

compounds are presented in Figure 5.96. At high strain, the filler network could be 

destroyed, being in agreement with the concept of dynamic strain softening, as 

mentioned previously. The TH0, parameters α, C and D are used to quantify the non-

linear viscoelastic behaviour of filled HNBR compounds with different CB hybrid 

ratio and system. The TH0 and parameter α describe the asymptotic non-linear 

behaviour at infinite strain, i.e., when all filler-rubber interaction is expectedly be 

destroyed, and when the viscoelastic character is maintained only by the stretched 

rubber phase (78). Consequently, all filled HNBR compounds should display similar 

TH0 and parameter α values. However, the increase of strain is experimentally limited 

to 1000%, which might not be sufficient to completely demolish the filler-rubber 

interactions (78). The change of TH0 and parameter α, therefore, are not systematic 

with increasing CB loading having high surface area and/or structure in hybrid ratio, 
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as noticed in Figure 5.96 (a). In addition, it is found that the TH0 value of filled HNBR 

with N326/N774 is higher than that of filled HNBR with N326/N990 hybrid system up 

to the N326 content in hybrid ratio of 40%, and then the TH0 values of both CB hybrid 

systems filled HNBR compounds are comparable. With respect to filled HNBR 

compounds with N550/N990 hybrid system, the TH0 of 326/N990 is greater. It is 

apparent that the filler-rubber interaction of N550 is weaker than that of N326. The 

non-linear viscoelastic behaviour of filled HNBR compounds is dominated by 

characteristics of the major CB composition in the hybrid system. Evidently, the filler-

rubber interaction depending strongly on CB characteristics in hybrid system is 

responsible. Generally, the parameter α tends to decrease when the TH0 increases. 

Therefore, the parameter α is in line with the TH0 results, i.e., at 0/100, 20/80 and 

40/60 CB hybrid ratio. The parameter α of HNBR filled with N326/N774 hybrid is 

lower than that of HNBR filled with N326/N990 hybrid, and the parameter α of 

HNBR vulcanisate filled with N550/N990 is greater than that of HNBR vulcanisate 

filled with N326/N990 at 60/40, 80/20 and 100/0 hybrid ratios.  

The most significant information of non-linear viscoelastic 

behaviour is provided by parameters C and D, as illustrated in Figures 5.103 (c) and 

5.103 (d), respectively. The parameter D of all hybrid systems filled HNBR 

compounds increases with increasing CB loading which possesses higher surface area 

and/or structure into the hybrid ratio. This result is in agreement with the concept of 

filler transient network (or “Payne effect”) and strain softening effect. Also, the 

parameter D increases systematically with the decrease in extent of linear region. The 

increase in CB possessing high surface area and/or structure in hybrid ratio causes the 

increase in magnitude of the filler network. The parameter C describing the strain 

sensitivity reflects the non-linear viscoelastic behaviour of HNBR compounds filled 

with different CB hybrid systems in the same manner as the parameter D, i.e., the 

strain sensitivity tends to increase with the rise in the amount of CB with high surface 

area and/or structure in hybrid ratio.  
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Figure 5.100 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR filled with various 

N326/N990 hybrid ratios 
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Figure 5.101 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR filled with various 

N326/N774 hybrid ratios 
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Figure 5.102 Torque harmonics as a function of strain amplitude at 3.14 rad/s and 

100°C as measured by the RPA-FT of HNBR filled with various 

N550/N990 hybrid ratios 
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Figure 5.103 Relationship among fit parameters of Equation 3.17, carbon black 

hybrid ratio and hybrid system in HNBR compounds: (a) parameter 

TH0; (b) parameter α; (c) parameter C; (d) parameter D  
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Figure 5.104 RPA-FT at 100°C on HNBR filled with N326/N990 assessing extrinsic 

or intrinsic non-linear viscoelastic character through the quarter cycle 

torque integration; strain sweep tests at 3.14 rad/s 
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Figure 5.105 RPA-FT at 100°C on HNBR filled with N326/N774 assessing extrinsic 

or intrinsic non-linear viscoelastic character through the quarter cycle 

torque integration; strain sweep tests at 3.14 rad/s 
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Figure 5.106 RPA-FT at 100°C on HNBR filled with N550/N990 assessing extrinsic 

or intrinsic non-linear viscoelastic character through the quarter cycle 

torque integration; strain sweep tests at 3.14 rad/s 
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It is known that the interaction between filler and rubber plays 

a crucial role on the flow properties of filled compounds. The decreasing filler-rubber 

interaction leads to the decreased viscosity and the improved flow properties of filled 

compounds, and thus the advantage in processability. Consequently, the filled 

compound exhibiting lower Q1/Q2 ratio, such as, N326/N774 filled HNBR compound 

is more difficult to process. Interestingly, when the CB having large surface area 

and/or high structure is major component in hybrid system (i.e., 60/40, 80/20 and 

100/0 hybrid ratio), the Q1/Q2 ratio of N550/N990 filled HNBR compound is greater 

than that of N326/N990 filled system, indicating the superior processability. 

 

 

Figure 5.107 Relationship among quarter torque signal integration ratio, carbon black 

hybrid ratio and hybrid system in HNBR compounds 
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Strain sweep test 
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in Figure 5.108.  
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Figure 5.108 Storage modulus ( ′) as a function of strain amplitude of filled HNBR 

vulcanisates with various carbon black hybrid ratios and hybrid systems 

at test temperature and frequency of 60°C and 1 rad/s, respectively 
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It is evident that the G′ increases with increasing the amount of 

CB having higher surface area and/or structure, i.e., N326 and N550 into CB hybrid 

ratio, which is attributed to the reinforcing effect, i.e. hydrodynamic effect, filler-filler 

interaction as well as filler-rubber interaction. The presence of CB with relatively high 

surface area and/or structure is reported to yield the strong filler transient network, 

leading to a remarkable rise in G′ particularly at low strain of deformation. At high 

strain, the G′ decreases as a result of filler transient network disruption. 

  Figure 5.109 illustrates the comparative  ′ of cured HNBR 

filled with different CB hybrid systems at 10% strain amplitude. It can be seen that the 

 ′ of filled vulcanisates is in line with the crosslink density as illustrated in Figure 

5.95, thus, similar explanation could be applied.  

 

 

Figure 5.109 Relationship among storage modulus ( ′), carbon black hybrid ratio 

and hybrid system in HNBR vulcanisates at test strain, temperature and 

frequency of 10%, 60°C and 1 rad/s, respectively 
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Figure 5.110 Loss modulus ( ″) as a function of strain amplitude of filled HNBR 

vulcanisates with various carbon black hybrid ratios and hybrid systems 

at test temperature and frequency of 60°C and 1 rad/s, respectively 
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In the case of  ″, it could be seen form Figures 5.110 and 

5.111 that the  ″ increases with increasing CB possessing relatively high surface area 

and structure into CB hybrid system. The hysteresis loss is expected to increase due to 

the greater filler network formation and the stronger filler-rubber interaction as well as 

crosslink density. The  ″ decreases with dynamic strain due to the reduction in 

magnitude of filler network. The magnitude of  ″ reduction with strain amplitude 

could be observed in the vulcanisates filled with CB hybrid ratio dominated by CB 

having relative high surface area and structure. However, at high strain of deformation 

where the filler transient network is already disrupted, the  ″ increases slightly with 

stain amplitude, which could be explained by the viscous dissipation via molecular 

flow at the CB surfaces. The result trends of the  ″ of HNBR vulcanisates filled with 

different CB hybrid systems (at 10% strain amplitude) are similar to the  ′. Therefore, 

the reinforcing and crosslink density effects could be taken as the explanation. 

 

 

Figure 5.111 Relationship among loss modulus ( ″), carbon black hybrid ratio and 

hybrid system in HNBR vulcanisates at test strain, temperature and 

frequency of 10%, 60°C and 1 rad/s, respectively 
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Figure 5.112 Damping factor (tanδ) as a function of strain amplitude of filled HNBR 

vulcanisates with various carbon black hybrid ratios and hybrid systems 

at test temperature and frequency of 60°C and 1 rad/s, respectively 
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Plots of tan of cured HNBR filled with various CB hybrid 

ratios as a function of strain amplitude and CB hybrid ratio are exhibited in Figures 

5.112 and 5.113, respectively. The results of damping factor are in good agreement 

with the  ′ and  ″ results, i.e. tanδ increases with increasing CB having relatively 

high surface area and structure (i.e., N326 and N550) into hybrid system. This is due 

to the energy dissipitation via the disruption of filler-filler networks. 

 

 

Figure 5.113 Relationship among damping factor (tanδ), carbon black hybrid ratio 

and hybrid system in HNBR vulcanisates at test strain, temperature and 

frequency of 10%, 60°C and 1 rad/s, respectively 
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Figure 5.114 Storage modulus ( ′) as a function of temperature of filled HNBR 

vulcanisates with various carbon black hybrid ratios and hybrid systems 

at test static strain, dynamic strain and frequency of 2%, 0.1% and 62.8 

rad/s, respectively 
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Figure 5.115 Loss modulus ( ″) as a function of temperature of filled HNBR 

vulcanisates with various carbon black hybrid ratios and hybrid systems 

at test static strain, dynamic strain and frequency of 2%, 0.1% and 62.8 

rad/s, respectively 
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Figure 5.116 Relationship among storage modulus ( ′), carbon black hybrid ratio 

and hybrid system in HNBR vulcanisates at test static strain, dynamic 

strain, frequency and temperature of 2%, 0.1%, 62.8 rad/s and 60°C, 

respectively 

 

 

Figure 5.117 Relationship among loss modulus ( ″), carbon black hybrid ratio and 

hybrid system in HNBR vulcanisates at test static strain, dynamic 

strain, frequency and temperature of 2%, 0.1%, 62.8 rad/s and 60°C, 

respectively 
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Figure 5.118 Damping factor (tanδ) as a function of temperature of filled HNBR 

vulcanisates with various carbon black hybrid ratios and hybrid systems 

at test static strain, dynamic strain and frequency of 2%, 0.1% and 62.8 

rad/s, respectively 
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Figure 5.119 Relationship among damping factor (tanδ), carbon black hybrid ratio 

and hybrid system in HNBR vulcanisates at test static strain, dynamic 

strain and frequency of 2%, 0.1% and 62.8 rad/s, respectively: (a) the 

glass transition temperature; (b) 60°C 

 

Results of tanδ over a temperature range of -80 to 140
°
C are 

given in Figures 5.118 and 5.119. The damping peaks of filled HNBR decrease with 

the increasing the amount of CB possessing relatively high surface area and structure 

into hybrid ratio, implying the restricted molecular mobility (or HNBR segmental 

motions) via the increased rubber-filler interaction.  
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On the contrary, the damping factor in the rubbery plateau 

appears to increase with increasing the amount of CB having relatively high surface 

area and structure into hybrid ratio (as shown in Figure 5.119 (b)), which is consistent 

with the results measured from the strain sweep test as shown previously in Figure 

5.113. The higher damping factor at rubbery plateau would practically cause the 

higher extent of heat build-up found under sinusoidal deformation including tyre and 

industrial roll applications.    

5.1.5.3 Filler dispersion and distribution 

In this section, the effects of CB hybrid ratio and CB hybrid 

system on the filler dispersion and distribution of cured HNBR are investigated. The 

SEM images as shown in Figures 5.120 to 5.122 reveal that all types of CB  

aggregates (i.e., the bright phase) in hybrid system distribute uniformly in HNBR. 

Nevertheless, the size of the CB aggregates varies with the type of the CB. The SEM 

results are in agreement with the viscoelastic properties as discussed previously. 

In the SEM image of HNBR filled with N326/N990 hybrid 

system, the difference in size of CB aggregates can be obviously distinguished. The 

N326 has much smaller aggregate size than the N990. The interfacial boundary 

between N990 aggregates and the HNBR matrix is relatively sharp. By contrast, the 

interfacial boundary between N326 and HNBR is not clear indicating the greater the 

filler-rubber interaction of N326 with HNBR, and thus the improvement in the 

mechanical properties of filled HNBR. Similar observation is found in the SEM 

images of HNBR filled with N326/N774 and N550/N990 hybrid systems. 
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 (a)      (b) 

 

  

 (c)      (d) 

 

  

 (e)      (f) 

 

Figure 5.120 SEM micrographs of N326/N990 filled HNBR vulcanisates with 

various carbon black hybrid ratios: (a) 0/100; (b) 20/80; (c) 40/60; (d) 

60/40; (e) 80/20; (f) 100/0  

 



Panjaporn Wongwitthayakool  Results and Discussion / 170 

 

  

 (a)      (b) 

 

  

 (c)      (d) 

 

  

 (e)      (f) 

 

Figure 5.121 SEM micrographs of N326/N774 filled HNBR vulcanisates with 

various carbon black hybrid ratios: (a) 0/100; (b) 20/80; (c) 40/60; (d) 

60/40; (e) 80/20; (f) 100/0  
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 (a)      (b) 

 

  

 (c)      (d) 

 

  

 (e)      (f) 

 

Figure 5.122 SEM micrographs of N550/N990 filled HNBR vulcanisates with 

various carbon black hybrid ratios: (a) 0/100; (b) 20/80; (c) 40/60; (d) 

60/40; (e) 80/20; (f) 100/0  
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5.1.5.4 Mechanical properties 

Mechanical properties of HNBR vulcanisates as a function of 

CB hybrid ratio and system are shown in Figures 5.123 to 5.128. Figure 5.123 shows 

the M100 of CB hybrid system filled HNBR vulcanisates. As expected, the M100 

increases with the amount of CB having relative high specific surface area and 

structure in CB hybrid system. The increased M100 is controlled by crosslink density 

and filler reinforcement effects, as evidenced by the results of crosslink density and 

the viscoelastic behaviour (see Figures 5.95 and 5.108, respectively). 

 

 

Figure 5.123 Relationship among modulus at 100% strain (M100), carbon black 

hybrid ratio and hybrid system in HNBR vulcanisates 

 

The tensile strength of filled HNBR vulcanisates is shown in 

Figure 5.124. Similar to the M100 results, the tensile strength of filled HNBR 

vulcanisates increases with increasing the amount of CB possessing relatively high 

surface area and structure into hybrid system. Thus, similar explanation could be 

applied. 

In the case of elongation at break, it can be seen from Figure 

5.125 that the elongation at break is not significantly changed with increasing loading 

of CB having relatively high surface area and structure into hybrid system. 
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Figure 5.124 Relationship among tensile strength, carbon black hybrid ratio and 

hybrid system in HNBR vulcanisates  

 

 

Figure 5.125 Relationship among elongation at break, carbon black hybrid ratio and 

hybrid system in HNBR vulcanisates  

 

Results of tear strength as illustrated in Figure 5.126 are in line 

with the tensile strength results, i.e., the increase in tear strength is governed by the 

amount of CB owning relatively high specific surface area and structure development 

in hybrid system. Therefore, similar explanation could be applied. 
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Figure 5.126 Relationship among tear strength, carbon black hybrid ratio and hybrid 

system in HNBR vulcanisates  

 

For the hardness results as illustrated in Figure 5.127, the result 

trends agree well with those of M100, and similar explanation could be applied (i.e., 

based on the crosslink density and the filler network effects). 

Figure 5.128 demonstrates the results of abrasion loss of 

HNBR vulcanisates with various CB hybrid systems. It is expected that the larger 

surface area and greater structure of CB would result in the improved abrasion 

resistance. Nevertheless, the abrasion resistance is not significantly affected by the 

increase of N326 content in N326/N990 and N326/N774 hybrid systems. Interestingly, 

it is found that the abrasion resistance of N550/N990 filled HNBR vulcanisate can be 

improved by the increasing N550 loading in hybrid ratio up to 40% weight, and then 

the abrasion resistance is independent of N550 loading. This result is due probably to 

the good filler dispersion of N550 as discussed previously in section 5.1.1.3. The 

valcanisates filled with the CB having large particle size and structure display good 

CB dispersion. Compared to the N326, the N550 has relatively large particle size and 

structure, as a consequence, the incorporation of N550 into CB hybrid system is 

capable of enhancing the abrasion resistance of vulcanisates. 
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Figure 5.127 Relationship among hardness, carbon black hybrid ratio and hybrid 

system in HNBR compounds 

 

 

Figure 5.128 Relationship among abrasion loss, carbon black hybrid ratio and hybrid 

system in HNBR vulcanisates 
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5.2 Correlation between viscoelastic behaviour and heat build-up of 

carbon black filled hydrogenated nitrile rubber vulcanisates  

 

It is known that CB is the most widely used reinforcing filler used in 

rubber industry and its elementary particle size and the aggregate structure are the key 

factor controlling the reinforcement efficiency. The reinforcement mechanism of filled 

rubber arises from a superimposition of several effects, namely, hydrodynamic effect, 

filler-filler interactions and rubber-filler interactions (19, 77, 128). Although the 

presence of rubber-CB interaction leads to a high extent of reinforcement, such 

interaction gives rise to the high magnitude of heat build-up (HBU) taking place in 

rubber products. This is because of the fact that the rubber-CB interaction is 

dominated by the physical over chemical interactions (20), allowing molecular flow at 

rubber-CB interfaces, and thus the greater energy dissipation via hysteretic process 

(21). In CB filled natural rubber (NR), the HBU increases with increasing hysteresis 

loss, implying a correlation of HBU to viscoelastic behaviour to some extent (22). 

Consequently, the present section aims to investigate the interconnection between 

HBU and viscoelastic properties of HNBR filled with CBs having different surface 

area and structure. The prediction of HBU by the routine measurement of viscoelastic 

properties was conducted and discussed. With the appropriate test procedure, the   

RPA 2000 could be used to directly measure HBU of rubber compounds and 

vulcanisates with excellent repeatability under moderate strain and high frequency 

(90).  

 

5.2.1 Heat build-up (HBU) behaviour 

In this study, a correlation between HBU results (as measured with the 

stress controlled flexometer equipped with high load force, i.e., the Gabometer 4000), 

and the viscoelastic properties as measured with the RPA 2000 is established.  

5.2.1.1 Heat build-up behaviour 

Generally, HBU measurement is carried out using a 

conventional Goodrich flexometer. However, in some industrial roll products in which 

high stress is applied to the rolls, the high modulus of rubber vulcanisates covering 

over the metal cores is required in order to prevent excessive deformation. This means 



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Polymer Science and Technology) / 177 

 

the high modulus of roll products is needed. The precise prediction of HBU behaviour 

of this high-modulus rubber vulcanisates is not practical with the use of conventional 

Goodrich flexometer under the static stress of only 0.99 MPa. Consequently, the 

stress-controlled flexometer equipped with high load cell (up to 4,000 N), namely, 

Gabometer 4000, was used to measure the HBU of rubber vulcanisates in this section. 

The HBU is plotted against CB loading as shown in Figure 

5.129 for filled HNBR vulcanisates with different CB characteristics. By increasing 

CB loading, the HBU significantly increases, and the magnitude of HBU rise is more 

pronounced in the specimens with high surface area and/or structure. Such increase in 

HBU is anticipated to be the results of hysteretic process via the disruption of transient 

filler network and molecular flow at the CB interfaces (21, 22, 129). Exceptionally, 

the HBU is found to be highest in HNBR filled with N550, which is due probably to 

its relatively high extent of developed structure. At a given CB loading, the increase in 

surface area and structure of CB would increase filler transient network. Under 

deformation, these transient networks are disrupted, leading to the more energy 

dissipated, and thus the energy loss is increased. The higher energy loss results in the 

higher HBU occurring in rubber vulcanisates. 

 

 

Figure 5.129 Relationship among Gabometer 4000 HBU, carbon black loading and 

characteristics in HNBR vulcanisates 
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It is clear that the HBU behaviour depends significantly on CB 

characteristics, and is needed to be measured for ensuring the acceptable performance 

of rubber product. However, the HBU measurement using the flexometer equipped 

with high load cell and powerful shaker is rather costly. Thus, one of objectives of the 

present work is to draw the correlation between viscoelastic results measured from 

oscillatory RPA 2000 as a routine test and the HBU monitored from the specially 

designed flexometer. By this means, it is possible to estimate the HBU from the    

RPA 2000 results. 

 

5.2.2 A prediction of heat build-up behavior under high-load by the 

use of conventional viscoelastic results in CB filled HNBR vulcanisates 

 

 

Figure 5.130 Relationship among Gabometer 4    HBU, loss modulus ( ″), carbon 

black loading and characteristics in HNBR vulcanisates: the  ″ is 

measured with RPA 2000 at test strain, temperature and frequency of 

2%, 100°C and 1 rad/s, respectively 
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hysteresis loss. Such hysteresis loss is proportional to the G″ (21, 125, 130). 

Therefore, the G″ is applied to predict the HBU in this work.  

Figures 5.130 reveals the effect of CB loading on HBU and G″ of HNBR 

vulcanisates filled with different CB characteristics. It is observed that both HBU and 

G″ of filled HNBR vulcanisates increases with increasing CB loading, and increases 

with increasing surface area and/or structure of CB at a given loading.  

 

 

Figure 5.131 Relationship between Gabometer 4000 HBU and loss modulus (G″) in 

filled HNBR (vulcanisates) with various carbon black loadings and 

characteristics: 20 phr (black solid symbol); 40 phr (gray solid symbol); 

60 phr (unfilled symbol) 

 

The correlation of HBU with G″ for all vulcanisates filled with various CB 

loadings and characteristics is plotted as illustrated in Figure 5.131. Evidently, 

regardless of CB loading and characteristics, the HBU increases with increasing G″, 

and their correlation agree well with the logarithmic regression equation as shown in 

Equation 5.1 with R
2
 = 0.9214. In other words, the  ″ plays strong role on HBU of 

HNBR vulcanisates studied. 
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 HBUG = 18. 19ln( ″) – 54.138 (5.1) 

 

where HBUG = heat build-up as determined from the Gabometer 4000  

  ″ = loss modulus as measured routinely from the RPA 2000 

 

 Apart from G″, one might consider the tanδ as an indication of HBU at a 

given G′ (or stiffness). In this case, the energy loss or dynamic hysteresis is also 

proportional to the tanδ (21, 85). The plot of HBU and tanδ with CB loading of HNBR 

vulcanisates filled with different CB characteristics is shown in Figure 5.132. As can 

be seen, the filled vulcanisates expressing high tanδ, will also show high HBU.   

 

 

Figure 5.132 Relationship among Gabometer 4    HBU, damping factor (tanδ), 

carbon black loading and characteristics in HNBR vulcanisates: the 

tanδ is measured with RPA 2000 at test strain, temperature and 

frequency of 2%, 100°C and 1 rad/s, respectively 

 

Figure 5.133 reveals the change in HBU as a function of tanδ in a similar 

trend to that of HBU against G″ as illustrated in Equation 5.2, but with the lower R
2
 of 

0.9011. As indicated from the R
2
, the tanδ is not as good as the  ″ in predicting HBU 

under high load applied.  
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 HBUG = 35.995ln(tanδ) + 125.03 (5.2) 

 

where HBUG = heat build-up as determined from the Gabometer 4000  

 tanδ = damping factor as measured routinely from the RPA 2000 

 

 

Figure 5.133 Relationship between Gabometer 4    HBU and damping factor (tanδ) 

in filled HNBR vulcanisates with various carbon black loadings and 

characteristics: 20 phr (black solid symbol); 40 phr (gray solid symbol); 

60 phr (unfilled symbol) 

 

From the overall results, it is possible to estimate the HBU generally 

measured from the high-load flexometer, by the use of RPA 2000 results as a routine 
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5.2.3 A study of heat build-up behaviour of carbon black filled 

hydrogenated nitrile rubber vulcanisates using closed cavity torsional rheometers 

The RPA 2000 has been used to directly measure HBU of rubber 

vulcanisate with excellent repeatability under moderate strain and high frequency (90). 

In this work, a correlation between HBU results as measured with the Gabometer 4000 

and with the RPA 2000 is established. 

 Figure 5.134 shows HBU as measured from RPA 2000.  Evidently, the 

HBU significantly increases with increasing CB loading and/or surface area, and the 

magnitude of HBU increment is more pronounced in specimens loaded with high 

surface area and/or structure of CB. Compared to Gabometer 4000 HBU, a similar 

trend can be observed despite the different mode of deformation, i.e., shear in        

RPA 2000 and compression in Gabometer 4000. Indeed, since the HBU is an overall 

effect reflecting the viscous dissipation of a rubber compound submitted to large 

dynamic strain, then a similar effect can be expected to be observed with the          

RPA 2000 when the temperature control of the instrument has been switched-off. 

 

 

Figure 5.134 Relationship among HBU as measured from RPA 2000, carbon black 

loading and characteristics in HNBR vulcanisates 
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characteristics is illustrated in Figure 5.135. The correlation of RPA 2000 HBU to G″ 

is also represented by logarithmic regression equation as displayed in Equation 5.3 

with R
2
 = 0.7931. Compared to the Gabometer 4000 HBU, the RPA 2000 does not 

correlate well to the G″ as indicated from the relatively low R
2
. 

 

 HBUR = 8.8541ln( ″) – 32.977 (5.3) 

 

where HBUR = heat build-up as determined from the RPA 2000  

  ″ = loss modulus as measured routinely from the RPA 2000 

 

 

Figure 5.135 Relationship between RPA 2000 HBU and loss modulus (G″) in filled 

HNBR vulcanisates with various carbon black loadings and 

characteristics: 20 phr (black solid symbol); 40 phr (gray solid symbol); 

60 phr (unfilled symbol) 
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Gabometer 4000 HBU shows a relatively poor correlation as illustrated in Equation 

5.4 with R
2
 = 0.7271. Such low R

2
 means that the 72.71% of the total variation in 

HBU measured from the standard manner with the Gabometer 4000 can be explained 

by the relationship between RPA 2000 HBU and Gabometer 4000 HBU as Equation 

5.4. In other words, the HBU measurement with RPA 2000 could not satisfactorily 

replace the standard HBU technique. This is due probably to the RPA 2000 is far from 

being an effective calorimeter, so that uncontrolled heat losses introduce an error. 

 

 HBUG = 17.269ln(HBUR) – 4.3585 (5.4) 

 

where HBUG = heat build-up as determined from the Gabometer 4000  

 HBUR = heat build-up as measured directly from the RPA 2000 

 

 

Figure 5.136 Relationship between Gabometer 4000 HBU and RPA 2000 HBU in 

filled HNBR vulcanisates with various carbon black loadings and 

characteristics: 20 phr (black solid symbol); 40 phr (gray solid symbol); 

60 phr (unfilled symbol) 
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CHAPTER VI 

CONCLUSIONS 

 

 

Part 1: Effects of filler type and loading  

 

1. Investigation of carbon black type (i.e. N326, N550, N774 and 

N990) and loading effects on properties of HNBR compounds and vulcanisates 

A significant dependence of cure behaviour (i.e., scorch time, optimum 

cure time and crosslink density) on CB loading and specific surface area is observed. 

Interestingly, the high structure of N550 CB gives the high bound rubber content, and 

thus the increased magnitudes of cure rate, state-of-cure and crosslink density. 

The non-linear viscoelastic behaviour of compounds was investigated at 

large strain amplitude through the Fourier transform technique. The results show strain 

history effects with 60 phr N550 filled HNBR, which is due mainly to the high 

magnitude of filler transient network. 

Storage modulus and damping factor of vulcanisates significantly increase 

with increasing CB specific surface area and loading of CBs. The combined effects of 

hydrodynamic effect, filler transient network, molecular slippage at CB interfaces, 

crosslink density and filler dispersion (especially at high loading of N326 having high 

surface area) are proposed to be responsible for the mechanical and viscoelastic 

properties. The overall results imply a close correlation of viscoelastic and mechanical 

properties via energy dissipation process caused by molecular slippage at CB surfaces. 

 

2. Investigation of precipitated silica (i.e. Hi-Sil 233-S) loading effect 

on properties of HNBR compounds and vulcanisates 

Cure promotion phenomenon (i.e., decrease in scorch and cure times, and 

an increase in crosslink density) is explained by the interplay of thermal history and 

the reduced migration of curatives to tightly bound rubber (i.e., an increase in curative 

residing in mobilised HNBR matrix). Viscoelastic properties of silica filled HNBR are 
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influenced strongly by the hydrodynamic effect associated with strong silica transient 

network and silica-HNBR interaction. Tensile properties and tear resistance are found 

to be affected by the combination of filler reinforcement and crosslink density effects. 

However, at high silica loading (i.e., 30 and 40 phr), the degree of silica dispersion 

becomes the crucial factors controlling mechanical properties.  

 

3. Investigation of organoclay (i.e. Bentone
®
 38) loading effect on 

properties of HNBR compounds and vulcanisates 

Scorch and cure time decrease with increasing nanoclay loading, which 

could be explained by: (i) cure promotion phenomenon via the reduced magnitude of 

curative migration to the tightly bound rubber and (ii) high thermal history of rubber 

bulk during the mixing process.  

Similar to CB and silica, the incorporation of nanoclay into HNBR plays 

role on viscoelastic properties of compounds and vulcanisates, which is due mainly to 

the hydrodynamic and filler network effects as well as filler-rubber interaction. Tensile 

and tear properties in organoclay filled vulcanisates are governed by changes in 

crosslink density and filler reinforcement effects. Abrasion resistance is found to 

depend significantly on the increased hysteresis loss, which is more pronounced in the 

vulcanisates with high nanoclay loading (i.e., 20 and 30 phr). 

 

4. Property comparison of mechanical properties of carbon black, 

silica and nanoclay filled HNBR systems 

Hardness and modulus increase noticeably with increasing filler loading. 

At any given loading of fillers, the nanoclay filled HNBR vulcanisates exhibit 

relatively high hardness and modulus. A larger amount of CB is needed to match the 

hardness of the vulcanisates filled with silica and nanoclay. At similar hardness of 80 

Sh A, the CB filled vulcanisates gives the superiority in tensile strength and abrasion 

resistance, but the inferiority in tear strength to the silica and nanoclay filled 

vulcanisates. The explanation is proposed by good filler dispersion and strong filler-

rubber interaction. 
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5. Investigation of carbon black hybrid system effects on properties 

of HBNR compounds and vulcanisates 

As the loading of CB having higher surface area and/or structure in hybrid 

systems increases to become a major portion, a rise in crosslink density (as determined 

from the cure torque difference) is observed. The N326/N990 and N550/N990 filled 

HNBR vulcanisates show comparable crosslink density.  

The non-linear viscoelastic behaviour of filled HNBR compounds at large 

strain amplitude through the use of Fourier transform technique is dominated by 

characteristics of major portion of CB in the hybrid systems. The increase in N326 or 

N550 in the CB hybrid system is attractive in enhancing the filler-rubber interaction 

and thus the mechanical properties. 

 

 

Part 2: Correlation between viscoelastic behaviour and heat build-up 

of HNBR vulcanisates  

 

The heat build-up (HBU) significantly increases with increasing CB 

loading and/or surface area, and the magnitude of HBU rise is more pronounced in 

specimens with high surface area and/or structure. It is found that the G″ is a more 

effective in predicting HBU than the loss factor (tanδ). In the present work with filler 

loading and characteristics used (i.e., 0 to 60 phr of N326, N550, N774, N990), it is 

possible to estimate the HBU generally measured from the high load flexometer from 

the RPA2000 results as a routine test with the logarithmic regression equation, as 

follows: 

HBUG = 18.019ln(G″) – 54.138 

The HBU of cured specimens, as measured with the RPA2000, shows the 

expected general trend with respect to CB loading and characteristics. However, there 

are some extent of discrepancies in HBU measured directly from Gabometer4000 and 

RPA2000 which could be explained by the uncontrolled heat losses in RPA2000. In 

other words, the RPA2000 is far from being an efficient calorimeter.  
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APPENDIX A 

INFLUENCES OF CARBON BLACK LOADING AND 

CHARACTERISTICS ON REINFORCEMENT OF 

HYDROGENATED NITRILE RUBBER 

 

 

Table A1 Scorch time (ts2), cure time (tc), and torque difference (S′) of HNBR 

filled with various CB characteristics and loadings 

 

CB type CB loading (phr) Scorch time (min) Cure time (min) S'max-S'min (dN-m) 

- 0 1.42 ± 0.03 74.54 ± 1.07 28.14 ± 0.19 

N326 10 1.30 ± 0.03 74.73 ± 0.37 31.57 ± 0.72 

20 1.17 ± 0.01 73.94 ± 0.50 36.35 ± 0.09 

40 1.06 ± 0.01 71.94 ± 0.31 42.61 ± 0.71 

60 0.98 ± 0.03 69.22 ± 0.20 48.71 ± 1.21 

N550 10 1.21 ± 0.15 74.06 ± 0.76 34.02 ± 0.18 

20 1.10 ± 0.06 73.93 ± 0.39 38.11 ± 0.55 

40 0.98 ± 0.05 72.14 ± 0.88 49.61 ± 0.60 

60 0.87 ± 0.04 69.86 ± 1.96 54.77 ± 3.21 

N774 10 1.33 ± 0.03 74.25 ± 1.42 32.32 ± 1.91 

20 1.20 ± 0.02 74.07 ± 1.18 37.73 ± 0.81 

40 1.06 ± 0.03 72.65 ± 1.59 43.43 ± 2.91 

60 0.99 ± 0.02 71.44 ± 1.25 46.51 ± 2.84 

N990 10 1.21 ± 0.15 75.23 ± 0.06 32.54 ± 0.80 

20 1.22 ± 0.03 75.83 ± 0.16 35.47 ± 0.20 

40 1.12 ± 0.02 75.48 ± 0.09 41.13 ± 0.44 

60 1.06 ± 0.04 75.69 ± 0.70 45.47 ± 0.77 
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Table A2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB characteristics and  

loadings 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

- 0 6.98 68.68 8.38 68.71 8.38 68.11 6.98 68.91 

12.57 67.64 19.55 66.90 19.55 66.26 12.57 67.66 

32.11 65.00 60.04 59.58 60.04 59.46 32.11 64.42 

97.74 53.43 167.55 43.87 167.55 43.85 97.74 52.85 

251.33 36.94 335.10 32.51 335.10 32.41 251.33 37.00 

418.88 29.16 481.71 26.86 481.71 26.97 418.88 28.93 

544.54 25.18 600.39 23.52 600.39 23.66 544.54 24.90 

656.24 22.38 712.09 21.08 712.09 21.13 656.24 22.19 

767.94 20.10 837.76 18.86 837.76 18.85 767.94 19.97 

893.61 18.00 949.46 17.32 949.46 17.19 893.61 17.94 

N326 10 6.98 79.83 8.38 77.19 8.38 79.96 6.98 78.05 

12.57 77.91 19.55 73.94 19.55 77.04 12.57 75.84 

32.11 73.37 60.04 63.94 60.04 66.77 32.11 70.63 

97.74 58.14 167.55 46.39 167.55 47.67 97.74 56.12 

251.33 39.72 335.10 34.63 335.10 35.08 251.33 39.45 

418.88 31.31 481.71 28.67 481.71 29.05 418.88 30.98 

544.54 26.97 600.39 25.15 600.39 25.41 544.54 26.70 

656.24 23.93 712.09 22.51 712.09 22.68 656.24 23.74 

767.94 21.48 837.76 20.09 837.76 20.18 767.94 21.35 

893.61 19.23 949.46 18.36 949.46 18.38 893.61 19.17 

20 6.98 92.22 8.38 86.11 8.38 92.00 6.98 88.46 

12.57 89.58 19.55 81.04 19.55 87.00 12.57 84.49 

32.11 82.29 60.04 67.30 60.04 72.55 32.11 76.42 

97.74 62.43 167.55 48.21 167.55 50.39 97.74 58.50 

251.33 42.18 335.10 36.28 335.10 37.03 251.33 41.06 

418.88 33.14 481.71 30.11 481.71 30.67 418.88 32.46 

544.54 28.52 600.39 26.45 600.39 26.84 544.54 28.02 

656.24 25.27 712.09 23.67 712.09 23.95 656.24 24.93 

767.94 22.66 837.76 21.19 837.76 21.34 767.94 22.45 

893.61 20.36 949.46 19.37 949.46 19.48 893.61 20.17 

40 6.98 139.56 8.38 125.82 8.38 138.08 6.98 130.04 

12.57 129.51 19.55 110.65 19.55 122.13 12.57 118.76 

32.11 111.39 60.04 84.71 60.04 93.92 32.11 99.89 

97.74 77.88 167.55 58.35 167.55 62.07 97.74 71.54 

251.33 51.98 335.10 44.05 335.10 45.76 251.33 50.01 

418.88 40.75 481.71 36.57 481.71 37.62 418.88 39.48 

544.54 34.85 600.39 31.98 600.39 32.72 544.54 33.99 

656.24 30.81 712.09 28.58 712.09 29.14 656.24 30.18 

767.94 27.57 837.76 25.48 837.76 25.88 767.94 27.12 

893.61 24.62 949.46 23.19 949.46 23.42 893.61 24.33 
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Table A2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB characteristics and  

loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N326 60 6.98 205.60 8.38 179.18 8.38 198.71 6.98 188.38 

12.57 178.34 19.55 146.35 19.55 161.19 12.57 163.54 

32.11 141.08 60.04 103.33 60.04 114.40 32.11 127.45 

97.74 92.21 167.55 69.48 167.55 73.26 97.74 85.54 

251.33 62.24 335.10 53.01 335.10 54.67 251.33 59.92 

418.88 48.62 481.71 43.80 481.71 44.62 418.88 47.35 

544.54 41.29 600.39 38.24 600.39 38.63 544.54 40.61 

656.24 36.42 712.09 34.03 712.09 34.33 656.24 35.96 

767.94 32.62 837.76 30.21 837.76 30.38 767.94 32.25 

893.61 28.98 949.46 27.65 949.46 27.79 893.61 28.78 

N550 10 6.98 77.93 8.38 73.71 8.38 76.27 6.98 74.59 

12.57 75.78 19.55 70.89 19.55 73.94 12.57 72.66 

32.11 70.71 60.04 61.09 60.04 63.98 32.11 67.82 

97.74 55.67 167.55 44.39 167.55 45.54 97.74 53.79 

251.33 38.23 335.10 33.48 335.10 33.73 251.33 37.94 

418.88 30.24 481.71 27.84 481.71 28.07 418.88 30.01 

544.54 26.15 600.39 24.46 600.39 24.65 544.54 25.95 

656.24 23.23 712.09 21.93 712.09 22.05 656.24 23.14 

767.94 20.93 837.76 19.63 837.76 19.71 767.94 20.85 

893.61 18.82 949.46 18.00 949.46 18.00 893.61 18.77 

20 6.98 93.36 8.38 85.39 8.38 92.15 6.98 86.64 

12.57 90.20 19.55 81.74 19.55 87.95 12.57 84.12 

32.11 82.33 60.04 68.03 60.04 72.98 32.11 77.00 

97.74 61.43 167.55 48.10 167.55 50.14 97.74 58.87 

251.33 41.38 335.10 36.21 335.10 37.14 251.33 41.30 

418.88 32.76 481.71 30.18 481.71 30.88 418.88 32.79 

544.54 28.32 600.39 26.55 600.39 27.07 544.54 28.36 

656.24 25.23 712.09 23.85 712.09 24.21 656.24 25.29 

767.94 22.74 837.76 21.38 837.76 21.66 767.94 22.86 

893.61 20.52 949.46 19.57 949.46 19.80 893.61 20.63 

40 6.98 136.11 8.38 120.91 8.38 135.32 6.98 123.36 

12.57 129.02 19.55 110.15 19.55 122.64 12.57 116.00 

32.11 112.28 60.04 85.29 60.04 94.06 32.11 100.59 

97.74 78.12 167.55 59.54 167.55 62.60 97.74 72.34 

251.33 53.61 335.10 46.39 335.10 47.35 251.33 51.74 

418.88 42.55 481.71 39.09 481.71 39.32 418.88 41.78 

544.54 36.65 600.39 34.75 600.39 34.48 544.54 36.53 

656.24 32.60 712.09 31.42 712.09 30.85 656.24 32.83 

767.94 29.33 837.76 28.38 837.76 27.55 767.94 29.80 

893.61 26.29 949.46 26.16 949.46 25.01 893.61 27.05 
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Table A2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB characteristics and  

loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N550 60 6.98 188.91 8.38 178.44 8.38 183.17 6.98 181.46 

12.57 174.79 19.55 159.23 19.55 157.77 12.57 168.97 

32.11 144.70 60.04 115.64 60.04 114.66 32.11 140.34 

97.74 96.61 167.55 78.64 167.55 75.98 97.74 95.05 

251.33 67.37 335.10 62.48 335.10 58.96 251.33 68.65 

418.88 53.86 481.71 53.55 481.71 49.15 418.88 56.52 

544.54 46.35 600.39 50.83 600.39 43.03 544.54 51.95 

656.24 41.08 712.09 53.21 712.09 38.31 656.24 52.30 

767.94 37.01 837.76 55.28 837.76 34.19 767.94 53.56 

893.61 33.50 949.46 57.29 949.46 31.33 893.61 53.20 

N774 10 6.98 79.72 8.38 76.23 8.38 77.12 6.98 76.44 

12.57 77.84 19.55 73.18 19.55 74.70 12.57 74.60 

32.11 72.91 60.04 63.46 60.04 65.36 32.11 69.82 

97.74 57.56 167.55 46.01 167.55 46.72 97.74 55.51 

251.33 39.39 335.10 34.42 335.10 34.56 251.33 39.00 

418.88 31.10 481.71 28.51 481.71 28.72 418.88 30.69 

544.54 26.81 600.39 24.96 600.39 25.17 544.54 26.45 

656.24 23.80 712.09 22.33 712.09 22.45 656.24 23.53 

767.94 21.34 837.76 19.96 837.76 19.99 767.94 21.18 

893.61 19.13 949.46 18.15 949.46 18.15 893.61 19.00 

20 6.98 92.01 8.38 85.59 8.38 91.47 6.98 86.96 

12.57 89.23 19.55 81.86 19.55 87.06 12.57 84.62 

32.11 81.83 60.04 68.81 60.04 72.88 32.11 77.85 

97.74 62.19 167.55 49.14 167.55 50.79 97.74 59.89 

251.33 42.41 335.10 37.06 335.10 37.66 251.33 42.17 

418.88 33.53 481.71 30.85 481.71 31.26 418.88 33.35 

544.54 28.98 600.39 27.09 600.39 27.40 544.54 28.84 

656.24 25.80 712.09 24.30 712.09 24.49 656.24 25.69 

767.94 23.21 837.76 21.78 837.76 21.85 767.94 23.16 

893.61 20.86 949.46 19.96 949.46 19.90 893.61 20.86 

40 6.98 116.07 8.38 104.71 8.38 115.81 6.98 106.09 

12.57 111.07 19.55 96.83 19.55 107.74 12.57 101.01 

32.11 98.70 60.04 76.70 60.04 85.20 32.11 89.32 

97.74 70.31 167.55 53.47 167.55 56.81 97.74 65.39 

251.33 47.41 335.10 40.84 335.10 42.09 251.33 46.12 

418.88 37.46 481.71 34.17 481.71 34.84 418.88 36.81 

544.54 32.28 600.39 30.06 600.39 30.51 544.54 31.91 

656.24 28.75 712.09 27.00 712.09 27.33 656.24 28.50 

767.94 25.89 837.76 24.19 837.76 24.41 767.94 25.70 

893.61 23.23 949.46 22.02 949.46 22.15 893.61 23.10 
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Table A2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB characteristics and  

loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N774 60 6.98 159.33 8.38 141.27 8.38 158.02 6.98 144.90 

12.57 149.04 19.55 126.38 19.55 140.58 12.57 135.04 

32.11 126.83 60.04 94.49 60.04 104.38 32.11 114.79 

97.74 85.41 167.55 64.70 167.55 67.91 97.74 79.91 

251.33 58.35 335.10 50.23 335.10 51.67 251.33 56.37 

418.88 46.40 481.71 42.28 481.71 42.92 418.88 45.48 

544.54 39.95 600.39 37.49 600.39 37.64 544.54 39.74 

656.24 35.49 712.09 33.79 712.09 33.61 656.24 35.66 

767.94 31.85 837.76 30.35 837.76 29.75 767.94 32.36 

893.61 28.37 949.46 28.19 949.46 27.12 893.61 29.32 

N990 10 6.98 73.77 8.38 70.15 8.38 72.63 6.98 70.84 

12.57 72.47 19.55 68.23 19.55 71.02 12.57 69.66 

32.11 68.51 60.04 59.91 60.04 62.47 32.11 65.73 

97.74 54.74 167.55 43.64 167.55 44.80 97.74 52.81 

251.33 37.37 335.10 32.56 335.10 32.96 251.33 37.02 

418.88 29.40 481.71 27.07 481.71 27.35 418.88 29.15 

544.54 25.40 600.39 23.76 600.39 23.97 544.54 25.20 

656.24 22.63 712.09 21.31 712.09 21.48 656.24 22.48 

767.94 20.35 837.76 19.10 837.76 19.19 767.94 20.27 

893.61 18.31 949.46 17.49 949.46 17.47 893.61 18.25 

20 6.98 82.65 8.38 76.78 8.38 81.27 6.98 77.96 

12.57 80.45 19.55 73.49 19.55 78.06 12.57 75.60 

32.11 75.15 60.04 62.87 60.04 66.93 32.11 70.40 

97.74 58.05 167.55 45.19 167.55 46.90 97.74 55.27 

251.33 39.29 335.10 33.88 335.10 34.46 251.33 38.62 

418.88 30.83 481.71 28.23 481.71 28.56 418.88 30.45 

544.54 26.61 600.39 24.84 600.39 25.04 544.54 26.36 

656.24 23.67 712.09 22.26 712.09 22.40 656.24 23.50 

767.94 21.31 837.76 19.92 837.76 19.89 767.94 21.19 

893.61 19.07 949.46 18.13 949.46 18.11 893.61 18.98 

40 6.98 104.84 8.38 95.63 8.38 104.43 6.98 96.32 

12.57 101.70 19.55 90.30 19.55 98.86 12.57 93.12 

32.11 92.29 60.04 73.66 60.04 80.25 32.11 84.34 

97.74 67.37 167.55 51.62 167.55 53.94 97.74 63.14 

251.33 44.87 335.10 38.54 335.10 39.21 251.33 43.59 

418.88 35.10 481.71 32.17 481.71 32.47 418.88 34.47 

544.54 30.27 600.39 28.35 600.39 28.49 544.54 29.91 

656.24 26.95 712.09 25.40 712.09 25.48 656.24 26.71 

767.94 24.29 837.76 22.74 837.76 22.83 767.94 24.10 

893.61 21.76 949.46 20.81 949.46 20.76 893.61 21.64 
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Table A2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB characteristics and  

loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N990 60 6.98 126.26 8.38 115.62 8.38 126.67 6.98 117.91 

12.57 120.93 19.55 107.10 19.55 116.68 12.57 112.74 

32.11 106.11 60.04 83.28 60.04 89.85 32.11 98.62 

97.74 73.62 167.55 56.93 167.55 58.67 97.74 70.67 

251.33 48.53 335.10 42.35 335.10 42.72 251.33 48.17 

418.88 38.29 481.71 35.46 481.71 35.61 418.88 38.14 

544.54 33.26 600.39 31.26 600.39 31.38 544.54 33.14 

656.24 29.73 712.09 28.08 712.09 28.22 656.24 29.64 

767.94 26.86 837.76 25.15 837.76 25.21 767.94 26.76 

893.61 24.12 949.46 23.11 949.46 23.23 893.61 24.04 

 

Table A3 Fit parameters of Equation 3.16 of HNBR compounds filled with various 

CB characteristics and loadings 

 

CB type CB loading (phr)   
* (kPa) 1/A (%) B 

- 0 69.86 241.6 1.137 

N326 10 82.42 209.0 1.042 

 20 96.87 171.3 0.954 

 40 161.70 95.7 0.717 

 60 359.40 16.7 0.458 

N550 10 79.96 202.6 1.019 

 20 97.74 157.9 0.968 

 40 153.30 102.4 0.788 

 60 239.90 56.8 0.634 

N774 10 81.27 210.9 1.029 

 20 96.53 173.1 0.949 

 40 125.50 123.3 0.892 

 60 185.10 79.8 0.760 

N990 10 75.27 211.9 1.111 

 20 85.11 187.2 1.029 

 40 110.50 141.5 0.988 

 60 137.00 104.5 0.934 
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Table A4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

- 0 6.98 0.00 8.38 0.00 8.38 0.53 6.98 0.00 

12.57 0.00 19.55 0.15 19.55 0.79 12.57 0.00 

32.11 0.83 60.04 0.90 60.04 0.97 32.11 0.67 

97.74 2.03 167.55 4.36 167.55 4.45 97.74 2.01 

251.33 7.07 335.10 8.99 335.10 9.03 251.33 6.85 

418.88 10.89 481.71 12.05 481.71 12.00 418.88 10.78 

544.54 13.02 600.39 13.75 600.39 13.70 544.54 13.11 

656.24 14.47 712.09 15.52 712.09 15.29 656.24 14.72 

767.94 15.99 837.76 17.03 837.76 16.70 767.94 16.17 

893.61 17.38 949.46 18.33 949.46 18.13 893.61 17.54 

N326 10 6.98 0.00 8.38 0.00 8.38 0.64 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.08 12.57 0.00 

32.11 0.52 60.04 1.07 60.04 1.07 32.11 0.79 

97.74 2.29 167.55 4.70 167.55 4.87 97.74 2.28 

251.33 7.47 335.10 9.36 335.10 9.59 251.33 7.23 

418.88 11.32 481.71 12.38 481.71 12.46 418.88 11.18 

544.54 13.43 600.39 14.16 600.39 14.07 544.54 13.33 

656.24 14.77 712.09 15.75 712.09 15.56 656.24 14.92 

767.94 16.29 837.76 17.17 837.76 17.05 767.94 16.41 

893.61 17.68 949.46 18.50 949.46 18.37 893.61 17.83 

20 6.98 0.00 8.38 0.00 8.38 0.08 6.98 0.00 

12.57 0.00 19.55 0.24 19.55 0.54 12.57 0.10 

32.11 0.64 60.04 1.32 60.04 1.25 32.11 1.09 

97.74 2.51 167.55 5.05 167.55 5.46 97.74 2.41 

251.33 7.97 335.10 9.90 335.10 10.19 251.33 7.61 

418.88 11.74 481.71 12.71 481.71 12.76 418.88 11.72 

544.54 13.64 600.39 14.30 600.39 14.36 544.54 13.75 

656.24 15.01 712.09 15.95 712.09 15.89 656.24 15.20 

767.94 16.40 837.76 17.40 837.76 17.40 767.94 16.57 

893.61 17.85 949.46 18.71 949.46 18.68 893.61 17.99 

40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.44 60.04 0.91 60.04 0.84 32.11 0.63 

97.74 3.18 167.55 5.94 167.55 6.35 97.74 2.75 

251.33 9.14 335.10 11.00 335.10 11.26 251.33 8.81 

418.88 12.86 481.71 13.46 481.71 13.73 418.88 12.54 

544.54 14.70 600.39 15.04 600.39 15.12 544.54 14.40 

656.24 15.85 712.09 16.57 712.09 16.63 656.24 15.89 

767.94 17.30 837.76 18.02 837.76 18.14 767.94 17.20 

893.61 18.63 949.46 19.33 949.46 19.40 893.61 18.55 
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Table A4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N326 60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.17 19.55 0.00 19.55 0.56 12.57 0.00 

32.11 1.45 60.04 1.62 60.04 1.71 32.11 0.39 

97.74 4.24 167.55 7.20 167.55 7.81 97.74 3.85 

251.33 10.60 335.10 12.07 335.10 12.46 251.33 10.22 

418.88 13.93 481.71 14.34 481.71 14.83 418.88 13.46 

544.54 15.83 600.39 15.98 600.39 16.31 544.54 15.37 

656.24 17.01 712.09 17.54 712.09 17.77 656.24 16.83 

767.94 18.36 837.76 18.95 837.76 19.23 767.94 18.25 

893.61 19.60 949.46 20.52 949.46 20.63 893.61 19.66 

N550 10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.14 19.55 0.56 19.55 0.00 12.57 0.00 

32.11 0.95 60.04 1.30 60.04 1.36 32.11 0.51 

97.74 2.54 167.55 4.78 167.55 4.90 97.74 2.50 

251.33 7.57 335.10 9.39 335.10 9.54 251.33 7.44 

418.88 11.31 481.71 12.34 481.71 12.34 418.88 11.34 

544.54 13.19 600.39 14.14 600.39 13.92 544.54 13.36 

656.24 14.65 712.09 15.72 712.09 15.50 656.24 14.96 

767.94 16.14 837.76 17.30 837.76 17.21 767.94 16.34 

893.61 17.63 949.46 18.62 949.46 18.47 893.61 17.81 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.06 12.57 0.00 

32.11 0.05 60.04 1.25 60.04 1.14 32.11 0.98 

97.74 2.91 167.55 5.13 167.55 5.38 97.74 2.54 

251.33 8.26 335.10 9.98 335.10 10.25 251.33 7.97 

418.88 11.80 481.71 12.76 481.71 12.90 418.88 11.86 

544.54 13.70 600.39 14.52 600.39 14.34 544.54 13.81 

656.24 15.16 712.09 16.08 712.09 16.00 656.24 15.26 

767.94 16.65 837.76 17.61 837.76 17.56 767.94 16.84 

893.61 18.05 949.46 19.03 949.46 18.86 893.61 18.25 

40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.17 19.55 0.24 19.55 0.11 12.57 0.33 

32.11 0.68 60.04 1.61 60.04 1.61 32.11 0.90 

97.74 3.73 167.55 6.67 167.55 7.18 97.74 3.62 

251.33 9.80 335.10 11.39 335.10 11.57 251.33 9.44 

418.88 12.91 481.71 13.72 481.71 13.69 418.88 12.87 

544.54 14.56 600.39 15.49 600.39 15.09 544.54 14.72 

656.24 15.97 712.09 17.17 712.09 16.71 656.24 16.34 

767.94 17.33 837.76 18.63 837.76 18.29 767.94 17.78 

893.61 18.71 949.46 20.10 949.46 19.57 893.61 19.27 
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Table A4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N550 60 6.98 0.00 8.38 0.00 8.38 1.21 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.61 12.57 0.00 

32.11 0.53 60.04 1.99 60.04 2.34 32.11 0.00 

97.74 4.61 167.55 7.77 167.55 8.01 97.74 4.39 

251.33 10.78 335.10 12.22 335.10 12.11 251.33 10.93 

418.88 13.35 481.71 14.60 481.71 14.16 418.88 13.84 

544.54 14.93 600.39 16.62 600.39 15.65 544.54 16.03 

656.24 16.51 712.09 19.45 712.09 17.17 656.24 18.75 

767.94 18.00 837.76 22.26 837.76 18.82 767.94 21.38 

893.61 19.61 949.46 25.38 949.46 20.44 893.61 24.07 

N774 10 6.98 0.00 8.38 0.48 8.38 0.05 6.98 0.00 

12.57 0.00 19.55 0.27 19.55 0.22 12.57 0.02 

32.11 0.64 60.04 1.17 60.04 1.13 32.11 0.87 

97.74 2.58 167.55 4.87 167.55 5.04 97.74 2.38 

251.33 7.75 335.10 9.43 335.10 9.64 251.33 7.44 

418.88 11.46 481.71 12.51 481.71 12.52 418.88 11.36 

544.54 13.57 600.39 14.35 600.39 14.20 544.54 13.56 

656.24 14.97 712.09 15.96 712.09 15.78 656.24 15.07 

767.94 16.44 837.76 17.47 837.76 17.29 767.94 16.63 

893.61 17.87 949.46 18.76 949.46 18.66 893.61 18.06 

20 6.98 0.00 8.38 0.00 8.38 0.14 6.98 0.00 

12.57 0.00 19.55 1.05 19.55 0.61 12.57 0.00 

32.11 1.32 60.04 1.69 60.04 1.92 32.11 1.17 

97.74 3.12 167.55 5.45 167.55 5.91 97.74 3.20 

251.33 8.61 335.10 10.15 335.10 10.42 251.33 8.22 

418.88 12.07 481.71 13.08 481.71 13.15 418.88 12.20 

544.54 13.96 600.39 14.72 600.39 14.83 544.54 14.18 

656.24 15.39 712.09 16.39 712.09 16.37 656.24 15.69 

767.94 16.97 837.76 18.05 837.76 17.93 767.94 17.25 

893.61 18.30 949.46 19.38 949.46 19.27 893.61 18.61 

40 6.98 0.00 8.38 0.04 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.90 19.55 0.00 12.57 0.00 

32.11 1.24 60.04 2.05 60.04 2.17 32.11 1.22 

97.74 4.19 167.55 6.36 167.55 6.81 97.74 3.89 

251.33 9.75 335.10 11.27 335.10 11.61 251.33 9.16 

418.88 13.17 481.71 13.98 481.71 14.10 418.88 12.97 

544.54 14.90 600.39 15.67 600.39 15.48 544.54 14.85 

656.24 16.29 712.09 17.15 712.09 16.98 656.24 16.32 

767.94 17.74 837.76 18.62 837.76 18.60 767.94 17.81 

893.61 19.04 949.46 19.97 949.46 19.84 893.61 19.15 
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Table A4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N774 60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.32 

12.57 0.00 19.55 0.63 19.55 0.63 12.57 0.32 

32.11 1.01 60.04 2.53 60.04 2.43 32.11 1.26 

97.74 4.98 167.55 7.50 167.55 7.91 97.74 4.50 

251.33 10.99 335.10 12.32 335.10 12.50 251.33 10.50 

418.88 13.97 481.71 14.70 481.71 14.63 418.88 13.92 

544.54 15.59 600.39 16.34 600.39 16.16 544.54 15.66 

656.24 16.94 712.09 17.94 712.09 17.68 656.24 17.17 

767.94 18.47 837.76 19.48 837.76 19.19 767.94 18.68 

893.61 19.77 949.46 20.96 949.46 20.63 893.61 20.15 

N990 10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.03 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.95 60.04 0.79 32.11 0.00 

97.74 2.19 167.55 4.22 167.55 4.40 97.74 2.22 

251.33 7.26 335.10 8.86 335.10 9.24 251.33 6.89 

418.88 11.08 481.71 11.93 481.71 12.06 418.88 10.86 

544.54 13.03 600.39 13.89 600.39 13.78 544.54 12.99 

656.24 14.50 712.09 15.53 712.09 15.32 656.24 14.62 

767.94 16.07 837.76 17.18 837.76 16.99 767.94 16.11 

893.61 17.41 949.46 18.39 949.46 18.29 893.61 17.54 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.32 19.55 0.89 19.55 0.55 12.57 0.04 

32.11 1.01 60.04 1.71 60.04 1.79 32.11 0.67 

97.74 3.25 167.55 5.31 167.55 5.62 97.74 3.12 

251.33 8.53 335.10 10.04 335.10 10.64 251.33 7.98 

418.88 12.09 481.71 12.98 481.71 13.29 418.88 11.88 

544.54 14.00 600.39 14.72 600.39 14.95 544.54 13.92 

656.24 15.50 712.09 16.34 712.09 16.32 656.24 15.54 

767.94 16.99 837.76 17.98 837.76 17.84 767.94 16.99 

893.61 18.29 949.46 19.24 949.46 19.32 893.61 18.29 

40 6.98 0.00 8.38 0.47 8.38 0.17 6.98 0.00 

12.57 0.00 19.55 0.37 19.55 0.32 12.57 0.00 

32.11 0.57 60.04 1.69 60.04 1.81 32.11 0.91 

97.74 3.79 167.55 6.15 167.55 6.43 97.74 3.45 

251.33 9.40 335.10 10.91 335.10 11.35 251.33 8.88 

418.88 13.05 481.71 13.76 481.71 13.97 418.88 12.78 

544.54 14.99 600.39 15.67 600.39 15.63 544.54 14.78 

656.24 16.45 712.09 17.30 712.09 17.24 656.24 16.46 

767.94 18.07 837.76 18.93 837.76 19.02 767.94 18.04 

893.61 19.36 949.46 20.16 949.46 20.19 893.61 19.41 



Fac. of Grad. Studies, Mahidol Univ.                               Ph.D. (Polymer Science and Technology) / 211 

Table A4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N990 60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.26 19.55 0.00 12.57 0.00 

32.11 0.85 60.04 1.77 60.04 1.94 32.11 0.51 

97.74 4.38 167.55 6.86 167.55 7.24 97.74 3.97 

251.33 10.35 335.10 11.72 335.10 12.05 251.33 9.74 

418.88 13.86 481.71 14.52 481.71 14.71 418.88 13.67 

544.54 15.78 600.39 16.55 600.39 16.60 544.54 15.68 

656.24 17.41 712.09 18.19 712.09 18.16 656.24 17.47 

767.94 18.88 837.76 19.73 837.76 19.67 767.94 18.90 

893.61 20.22 949.46 21.05 949.46 21.04 893.61 20.18 

 

Table A5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

- 0 6.98 0.11 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.01 60.04 0.00 32.11 0.00 

97.74 0.92 167.55 2.96 167.55 2.97 97.74 0.97 

251.33 5.24 335.10 6.88 335.10 6.88 251.33 5.13 

418.88 8.20 481.71 9.04 481.71 8.95 418.88 8.21 

544.54 9.56 600.39 10.12 600.39 9.97 544.54 9.62 

656.24 10.36 712.09 10.94 712.09 10.72 656.24 10.51 

767.94 11.13 837.76 11.72 837.76 11.50 767.94 11.27 

893.61 11.83 949.46 12.34 949.46 12.14 893.61 11.98 
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Table A5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N326 10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.05 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.19 60.04 0.08 32.11 0.00 

97.74 1.16 167.55 3.22 167.55 3.32 97.74 1.21 

251.33 5.60 335.10 7.17 335.10 7.28 251.33 5.39 

418.88 8.56 481.71 9.29 481.71 9.28 418.88 8.50 

544.54 9.86 600.39 10.32 600.39 10.21 544.54 9.83 

656.24 10.60 712.09 11.09 712.09 10.92 656.24 10.65 

767.94 11.29 837.76 11.80 837.76 11.65 767.94 11.35 

893.61 11.95 949.46 12.36 949.46 12.22 893.61 12.02 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.27 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.08 

32.11 0.00 60.04 0.40 60.04 0.32 32.11 0.10 

97.74 1.43 167.55 3.55 167.55 3.78 97.74 1.41 

251.33 5.96 335.10 7.45 335.10 7.63 251.33 5.67 

418.88 8.80 481.71 9.45 481.71 9.48 418.88 8.79 

544.54 10.02 600.39 10.43 600.39 10.39 544.54 10.09 

656.24 10.72 712.09 11.11 712.09 11.08 656.24 10.82 

767.94 11.37 837.76 11.85 837.76 11.76 767.94 11.49 

893.61 12.01 949.46 12.45 949.46 12.37 893.61 12.15 

40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.40 60.04 0.40 32.11 0.03 

97.74 2.13 167.55 4.35 167.55 4.77 97.74 1.98 

251.33 7.10 335.10 8.44 335.10 8.63 251.33 6.70 

418.88 9.75 481.71 10.16 481.71 10.26 418.88 9.59 

544.54 10.75 600.39 10.97 600.39 11.02 544.54 10.61 

656.24 11.31 712.09 11.59 712.09 11.58 656.24 11.27 

767.94 11.90 837.76 12.26 837.76 12.25 767.94 11.90 

893.61 12.49 949.46 12.82 949.46 12.78 893.61 12.55 

60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.24 60.04 1.22 60.04 1.23 32.11 0.05 

97.74 3.57 167.55 5.91 167.55 6.36 97.74 3.27 

251.33 8.47 335.10 9.52 335.10 9.75 251.33 8.11 

418.88 10.62 481.71 10.80 481.71 11.04 418.88 10.37 

544.54 11.44 600.39 11.56 600.39 11.75 544.54 11.23 

656.24 11.98 712.09 12.18 712.09 12.29 656.24 11.89 

767.94 12.56 837.76 12.90 837.76 12.94 767.94 12.54 

893.61 13.16 949.46 13.56 949.46 13.54 893.61 13.26 
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Table A5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N550 10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.14 

32.11 0.00 60.04 0.57 60.04 0.49 32.11 0.11 

97.74 1.34 167.55 3.39 167.55 3.49 97.74 1.45 

251.33 5.63 335.10 7.20 335.10 7.23 251.33 5.61 

418.88 8.46 481.71 9.22 481.71 9.18 418.88 8.57 

544.54 9.68 600.39 10.27 600.39 10.16 544.54 9.87 

656.24 10.50 712.09 11.06 712.09 10.93 656.24 10.72 

767.94 11.27 837.76 11.81 837.76 11.66 767.94 11.44 

893.61 11.96 949.46 12.41 949.46 12.28 893.61 12.11 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.42 60.04 0.35 32.11 0.00 

97.74 1.77 167.55 3.79 167.55 3.93 97.74 1.66 

251.33 6.26 335.10 7.58 335.10 7.71 251.33 5.99 

418.88 8.89 481.71 9.48 481.71 9.49 418.88 8.88 

544.54 10.01 600.39 10.46 600.39 10.41 544.54 10.08 

656.24 10.77 712.09 11.18 712.09 11.08 656.24 10.88 

767.94 11.43 837.76 11.88 837.76 11.80 767.94 11.57 

893.61 12.10 949.46 12.49 949.46 12.39 893.61 12.24 

40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.20 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.01 

32.11 0.00 60.04 0.72 60.04 0.66 32.11 0.24 

97.74 2.62 167.55 4.85 167.55 5.16 97.74 2.40 

251.33 7.27 335.10 8.59 335.10 8.56 251.33 7.02 

418.88 9.52 481.71 10.03 481.71 9.94 418.88 9.53 

544.54 10.38 600.39 10.87 600.39 10.68 544.54 10.48 

656.24 11.00 712.09 11.57 712.09 11.29 656.24 11.21 

767.94 11.64 837.76 12.36 837.76 12.06 767.94 11.91 

893.61 12.34 949.46 12.99 949.46 12.65 893.61 12.66 

60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.30 60.04 1.37 32.11 0.00 

97.74 3.59 167.55 6.42 167.55 6.30 97.74 3.53 

251.33 8.43 335.10 9.59 335.10 9.21 251.33 8.69 

418.88 9.93 481.71 10.54 481.71 10.17 418.88 10.28 

544.54 10.59 600.39 11.37 600.39 10.87 544.54 11.16 

656.24 11.26 712.09 12.35 712.09 11.58 656.24 12.09 

767.94 12.04 837.76 13.50 837.76 12.47 767.94 13.12 

893.61 12.83 949.46 14.67 949.46 13.18 893.61 14.38 
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Table A5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N774 10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.13 60.04 0.03 32.11 0.00 

97.74 1.10 167.55 3.22 167.55 3.30 97.74 1.22 

251.33 5.48 335.10 7.05 335.10 7.15 251.33 5.38 

418.88 8.39 481.71 9.11 481.71 9.10 418.88 8.37 

544.54 9.69 600.39 10.16 600.39 10.07 544.54 9.69 

656.24 10.46 712.09 10.95 712.09 10.81 656.24 10.57 

767.94 11.20 837.76 11.74 837.76 11.60 767.94 11.31 

893.61 11.89 949.46 12.29 949.46 12.14 893.61 11.98 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.46 60.04 0.45 32.11 0.00 

97.74 1.75 167.55 3.65 167.55 3.89 97.74 1.69 

251.33 6.07 335.10 7.36 335.10 7.53 251.33 5.86 

418.88 8.67 481.71 9.32 481.71 9.37 418.88 8.78 

544.54 9.86 600.39 10.35 600.39 10.35 544.54 10.02 

656.24 10.66 712.09 11.11 712.09 11.08 656.24 10.87 

767.94 11.34 837.76 11.87 837.76 11.80 767.94 11.56 

893.61 12.01 949.46 12.50 949.46 12.35 893.61 12.20 

40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.60 60.04 0.67 32.11 0.05 

97.74 2.24 167.55 4.28 167.55 4.68 97.74 2.00 

251.33 6.92 335.10 8.04 335.10 8.28 251.33 6.51 

418.88 9.29 481.71 9.79 481.71 9.87 418.88 9.19 

544.54 10.30 600.39 10.71 600.39 10.68 544.54 10.26 

656.24 10.99 712.09 11.38 712.09 11.31 656.24 11.02 

767.94 11.60 837.76 12.05 837.76 11.97 767.94 11.65 

893.61 12.23 949.46 12.65 949.46 12.53 893.61 12.32 

60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.91 60.04 0.93 32.11 0.00 

97.74 2.90 167.55 5.28 167.55 5.69 97.74 2.59 

251.33 7.87 335.10 8.84 335.10 9.01 251.33 7.53 

418.88 9.91 481.71 10.23 481.71 10.28 418.88 9.86 

544.54 10.66 600.39 11.02 600.39 10.97 544.54 10.75 

656.24 11.25 712.09 11.69 712.09 11.59 656.24 11.44 

767.94 11.87 837.76 12.41 837.76 12.25 767.94 12.11 

893.61 12.56 949.46 13.13 949.46 12.87 893.61 12.88 
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Table A5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N990 10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.59 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.50 60.04 0.49 32.11 0.00 

97.74 1.39 167.55 3.27 167.55 3.42 97.74 1.41 

251.33 5.67 335.10 7.01 335.10 7.28 251.33 5.44 

418.88 8.42 481.71 9.05 481.71 9.10 418.88 8.35 

544.54 9.66 600.39 10.13 600.39 10.09 544.54 9.65 

656.24 10.44 712.09 10.97 712.09 10.85 656.24 10.57 

767.94 11.20 837.76 11.74 837.76 11.60 767.94 11.33 

893.61 11.91 949.46 12.37 949.46 12.24 893.61 12.05 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.46 60.04 0.37 32.11 0.00 

97.74 1.58 167.55 3.61 167.55 3.68 97.74 1.45 

251.33 6.10 335.10 7.28 335.10 7.38 251.33 5.59 

418.88 8.71 481.71 9.21 481.71 9.14 418.88 8.44 

544.54 9.81 600.39 10.27 600.39 10.07 544.54 9.73 

656.24 10.65 712.09 11.07 712.09 10.88 656.24 10.65 

767.94 11.37 837.76 11.81 837.76 11.51 767.94 11.39 

893.61 12.05 949.46 12.40 949.46 12.10 893.61 12.07 

40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.66 60.04 0.73 32.11 0.00 

97.74 2.07 167.55 4.26 167.55 4.53 97.74 1.97 

251.33 6.71 335.10 7.87 335.10 8.13 251.33 6.33 

418.88 9.23 481.71 9.68 481.71 9.78 418.88 9.03 

544.54 10.35 600.39 10.75 600.39 10.76 544.54 10.27 

656.24 11.16 712.09 11.58 712.09 11.51 656.24 11.17 

767.94 11.85 837.76 12.30 837.76 12.26 767.94 11.93 

893.61 12.51 949.46 12.88 949.46 12.76 893.61 12.58 

60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.81 60.04 0.76 32.11 0.00 

97.74 2.56 167.55 4.77 167.55 5.11 97.74 2.39 

251.33 7.33 335.10 8.38 335.10 8.65 251.33 6.95 

418.88 9.71 481.71 10.13 481.71 10.27 418.88 9.60 

544.54 10.79 600.39 11.21 600.39 11.24 544.54 10.75 

656.24 11.58 712.09 11.99 712.09 11.99 656.24 11.66 

767.94 12.32 837.76 12.68 837.76 12.69 767.94 12.40 

893.61 12.92 949.46 13.27 949.46 13.26 893.61 13.02 
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Table A6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

- 0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.01 19.55 0.00 12.57 0.00 

32.11 0.22 60.04 0.26 60.04 0.30 32.11 0.07 

97.74 0.34 167.55 0.46 167.55 0.54 97.74 0.35 

251.33 0.80 335.10 1.15 335.10 1.21 251.33 0.74 

418.88 1.59 481.71 1.93 481.71 1.93 418.88 1.57 

544.54 2.23 600.39 2.46 600.39 2.45 544.54 2.27 

656.24 2.65 712.09 2.89 712.09 2.86 656.24 2.72 

767.94 3.11 837.76 3.36 837.76 3.33 767.94 3.15 

893.61 3.52 949.46 3.70 949.46 3.67 893.61 3.53 

N326 10 6.98 0.00 8.38 0.18 8.38 0.17 6.98 0.00 

12.57 0.21 19.55 0.13 19.55 0.01 12.57 0.00 

32.11 0.27 60.04 0.43 60.04 0.44 32.11 0.35 

97.74 0.54 167.55 0.61 167.55 0.69 97.74 0.53 

251.33 0.95 335.10 1.30 335.10 1.36 251.33 0.91 

418.88 1.70 481.71 2.02 481.71 2.04 418.88 1.68 

544.54 2.31 600.39 2.55 600.39 2.54 544.54 2.30 

656.24 2.71 712.09 2.97 712.09 2.95 656.24 2.74 

767.94 3.17 837.76 3.42 837.76 3.41 767.94 3.18 

893.61 3.58 949.46 3.76 949.46 3.76 893.61 3.60 

20 6.98 0.00 8.38 0.54 8.38 0.29 6.98 0.18 

12.57 0.00 19.55 0.35 19.55 0.41 12.57 0.41 

32.11 0.63 60.04 0.80 60.04 0.83 32.11 0.58 

97.74 0.86 167.55 0.85 167.55 0.97 97.74 0.76 

251.33 1.17 335.10 1.52 335.10 1.57 251.33 1.12 

418.88 1.87 481.71 2.15 481.71 2.19 418.88 1.89 

544.54 2.43 600.39 2.63 600.39 2.66 544.54 2.45 

656.24 2.79 712.09 3.06 712.09 3.06 656.24 2.84 

767.94 3.25 837.76 3.53 837.76 3.55 767.94 3.29 

893.61 3.66 949.46 3.88 949.46 3.88 893.61 3.69 

40 6.98 0.00 8.38 0.12 8.38 0.29 6.98 0.48 

12.57 0.15 19.55 0.17 19.55 0.26 12.57 0.13 

32.11 0.36 60.04 0.45 60.04 0.41 32.11 0.37 

97.74 0.61 167.55 0.74 167.55 0.80 97.74 0.47 

251.33 1.19 335.10 1.60 335.10 1.62 251.33 1.13 

418.88 1.97 481.71 2.19 481.71 2.24 418.88 1.90 

544.54 2.53 600.39 2.68 600.39 2.71 544.54 2.47 

656.24 2.92 712.09 3.13 712.09 3.17 656.24 2.94 

767.94 3.40 837.76 3.60 837.76 3.66 767.94 3.39 

893.61 3.80 949.46 3.94 949.46 3.99 893.61 3.78 
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Table A6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

N326 60 6.98 0.00 8.38 0.16 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.01 19.55 0.00 12.57 0.00 

32.11 0.23 60.04 0.07 60.04 0.14 32.11 0.09 

97.74 0.25 167.55 0.56 167.55 0.63 97.74 0.18 

251.33 1.23 335.10 1.65 335.10 1.75 251.33 1.16 

418.88 2.16 481.71 2.32 481.71 2.46 418.88 2.04 

544.54 2.80 600.39 2.92 600.39 3.00 544.54 2.68 

656.24 3.21 712.09 3.38 712.09 3.43 656.24 3.17 

767.94 3.63 837.76 3.82 837.76 3.86 767.94 3.60 

893.61 3.98 949.46 4.17 949.46 4.19 893.61 3.98 

N550 10 6.98 0.00 8.38 0.49 8.38 0.62 6.98 0.50 

12.57 0.00 19.55 0.25 19.55 0.16 12.57 0.06 

32.11 0.52 60.04 0.58 60.04 0.64 32.11 0.44 

97.74 1.04 167.55 0.76 167.55 0.86 97.74 0.82 

251.33 1.13 335.10 1.43 335.10 1.49 251.33 1.04 

418.88 1.83 481.71 2.13 481.71 2.12 418.88 1.83 

544.54 2.39 600.39 2.61 600.39 2.57 544.54 2.40 

656.24 2.76 712.09 3.01 712.09 2.99 656.24 2.80 

767.94 3.20 837.76 3.44 837.76 3.43 767.94 3.22 

893.61 3.61 949.46 3.81 949.46 3.80 893.61 3.63 

20 6.98 0.00 8.38 0.09 8.38 0.34 6.98 0.00 

12.57 0.19 19.55 0.18 19.55 0.15 12.57 0.00 

32.11 0.40 60.04 0.57 60.04 0.58 32.11 0.43 

97.74 0.85 167.55 0.77 167.55 0.84 97.74 0.74 

251.33 1.14 335.10 1.55 335.10 1.59 251.33 1.12 

418.88 1.92 481.71 2.19 481.71 2.23 418.88 1.93 

544.54 2.49 600.39 2.65 600.39 2.65 544.54 2.48 

656.24 2.86 712.09 3.07 712.09 3.04 656.24 2.87 

767.94 3.29 837.76 3.54 837.76 3.52 767.94 3.31 

893.61 3.73 949.46 3.91 949.46 3.90 893.61 3.73 

40 6.98 0.00 8.38 0.08 8.38 0.27 6.98 0.09 

12.57 0.00 19.55 0.12 19.55 0.12 12.57 0.06 

32.11 0.24 60.04 0.58 60.04 0.53 32.11 0.42 

97.74 0.79 167.55 0.87 167.55 0.97 97.74 0.72 

251.33 1.37 335.10 1.77 335.10 1.83 251.33 1.30 

418.88 2.11 481.71 2.33 481.71 2.35 418.88 2.08 

544.54 2.61 600.39 2.89 600.39 2.80 544.54 2.62 

656.24 3.03 712.09 3.36 712.09 3.22 656.24 3.13 

767.94 3.45 837.76 3.80 837.76 3.68 767.94 3.57 

893.61 3.80 949.46 4.09 949.46 3.97 893.61 3.94 
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Table A6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

N550 60 6.98 0.00 8.38 0.00 8.38 0.09 6.98 0.00 

12.57 0.00 19.55 0.18 19.55 0.28 12.57 0.00 

32.11 0.24 60.04 0.38 60.04 0.67 32.11 0.24 

97.74 0.80 167.55 0.88 167.55 1.04 97.74 0.64 

251.33 1.56 335.10 1.97 335.10 2.03 251.33 1.57 

418.88 2.30 481.71 2.71 481.71 2.61 418.88 2.46 

544.54 2.89 600.39 3.44 600.39 3.10 544.54 3.28 

656.24 3.32 712.09 4.22 712.09 3.45 656.24 4.07 

767.94 3.70 837.76 4.80 837.76 3.84 767.94 4.68 

893.61 4.03 949.46 5.34 949.46 4.16 893.61 5.13 

N774 10 6.98 0.00 8.38 0.43 8.38 0.16 6.98 0.28 

12.57 0.00 19.55 0.38 19.55 0.15 12.57 0.17 

32.11 0.47 60.04 0.59 60.04 0.69 32.11 0.49 

97.74 0.82 167.55 0.79 167.55 0.86 97.74 0.76 

251.33 1.14 335.10 1.40 335.10 1.47 251.33 1.03 

418.88 1.88 481.71 2.12 481.71 2.17 418.88 1.80 

544.54 2.46 600.39 2.67 600.39 2.66 544.54 2.45 

656.24 2.84 712.09 3.07 712.09 3.04 656.24 2.86 

767.94 3.25 837.76 3.52 837.76 3.48 767.94 3.29 

893.61 3.65 949.46 3.87 949.46 3.83 893.61 3.70 

20 6.98 0.00 8.38 0.54 8.38 0.50 6.98 0.68 

12.57 0.00 19.55 0.36 19.55 0.30 12.57 0.26 

32.11 0.66 60.04 0.91 60.04 0.97 32.11 0.52 

97.74 1.04 167.55 1.01 167.55 1.12 97.74 1.07 

251.33 1.32 335.10 1.68 335.10 1.74 251.33 1.29 

418.88 2.04 481.71 2.34 481.71 2.36 418.88 2.07 

544.54 2.61 600.39 2.77 600.39 2.80 544.54 2.64 

656.24 2.93 712.09 3.18 712.09 3.18 656.24 3.01 

767.94 3.36 837.76 3.64 837.76 3.63 767.94 3.42 

893.61 3.77 949.46 4.01 949.46 4.01 893.61 3.85 

40 6.98 0.00 8.38 0.08 8.38 0.13 6.98 0.33 

12.57 0.00 19.55 0.36 19.55 0.15 12.57 0.08 

32.11 0.43 60.04 0.76 60.04 0.76 32.11 0.47 

97.74 1.10 167.55 1.01 167.55 1.10 97.74 1.04 

251.33 1.45 335.10 1.83 335.10 1.86 251.33 1.36 

418.88 2.20 481.71 2.45 481.71 2.48 418.88 2.15 

544.54 2.72 600.39 2.91 600.39 2.90 544.54 2.68 

656.24 3.09 712.09 3.34 712.09 3.30 656.24 3.11 

767.94 3.52 837.76 3.72 837.76 3.72 767.94 3.52 

893.61 3.91 949.46 4.08 949.46 4.04 893.61 3.92 



Fac. of Grad. Studies, Mahidol Univ.                               Ph.D. (Polymer Science and Technology) / 219 

Table A6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

N774 60 6.98 0.00 8.38 0.00 8.38 0.11 6.98 0.00 

12.57 0.01 19.55 0.12 19.55 0.11 12.57 0.00 

32.11 0.36 60.04 0.63 60.04 0.62 32.11 0.38 

97.74 0.97 167.55 1.02 167.55 1.04 97.74 0.93 

251.33 1.54 335.10 1.95 335.10 1.97 251.33 1.53 

418.88 2.32 481.71 2.55 481.71 2.57 418.88 2.31 

544.54 2.84 600.39 3.09 600.39 3.06 544.54 2.88 

656.24 3.30 712.09 3.55 712.09 3.48 656.24 3.34 

767.94 3.69 837.76 3.90 837.76 3.82 767.94 3.74 

893.61 4.01 949.46 4.25 949.46 4.16 893.61 4.07 

N990 10 6.98 0.00 8.38 0.41 8.38 0.42 6.98 0.46 

12.57 0.05 19.55 0.55 19.55 0.34 12.57 0.59 

32.11 0.48 60.04 0.86 60.04 0.84 32.11 0.73 

97.74 1.27 167.55 0.89 167.55 0.96 97.74 1.09 

251.33 1.21 335.10 1.45 335.10 1.55 251.33 1.06 

418.88 1.94 481.71 2.16 481.71 2.23 418.88 1.82 

544.54 2.50 600.39 2.67 600.39 2.67 544.54 2.45 

656.24 2.87 712.09 3.07 712.09 3.05 656.24 2.86 

767.94 3.27 837.76 3.50 837.76 3.48 767.94 3.27 

893.61 3.67 949.46 3.85 949.46 3.85 893.61 3.68 

20 6.98 0.00 8.38 0.21 8.38 0.34 6.98 0.29 

12.57 0.08 19.55 0.12 19.55 0.22 12.57 0.15 

32.11 0.57 60.04 0.62 60.04 0.66 32.11 0.43 

97.74 1.01 167.55 0.85 167.55 1.02 97.74 0.99 

251.33 1.22 335.10 1.54 335.10 1.76 251.33 1.18 

418.88 1.95 481.71 2.26 481.71 2.37 418.88 1.97 

544.54 2.55 600.39 2.75 600.39 2.85 544.54 2.56 

656.24 2.95 712.09 3.14 712.09 3.17 656.24 2.97 

767.94 3.36 837.76 3.53 837.76 3.55 767.94 3.35 

893.61 3.73 949.46 3.88 949.46 3.94 893.61 3.73 

40 6.98 0.00 8.38 0.28 8.38 0.12 6.98 0.00 

12.57 0.00 19.55 0.11 19.55 0.09 12.57 0.00 

32.11 0.45 60.04 0.55 60.04 0.52 32.11 0.38 

97.74 1.05 167.55 0.95 167.55 1.03 97.74 0.95 

251.33 1.38 335.10 1.72 335.10 1.80 251.33 1.29 

418.88 2.16 481.71 2.45 481.71 2.50 418.88 2.08 

544.54 2.72 600.39 2.92 600.39 2.93 544.54 2.68 

656.24 3.12 712.09 3.32 712.09 3.32 656.24 3.13 

767.94 3.54 837.76 3.72 837.76 3.73 767.94 3.53 

893.61 3.93 949.46 4.06 949.46 4.07 893.61 3.93 
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Table A6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

N990 60 6.98 0.00 8.38 0.00 8.38 0.14 6.98 0.00 

12.57 0.00 19.55 0.05 19.55 0.07 12.57 0.00 

32.11 0.52 60.04 0.72 60.04 0.83 32.11 0.34 

97.74 1.33 167.55 1.13 167.55 1.24 97.74 1.15 

251.33 1.61 335.10 1.90 335.10 2.00 251.33 1.49 

418.88 2.37 481.71 2.61 481.71 2.67 418.88 2.34 

544.54 2.94 600.39 3.13 600.39 3.16 544.54 2.93 

656.24 3.36 712.09 3.56 712.09 3.55 656.24 3.39 

767.94 3.78 837.76 3.94 837.76 3.95 767.94 3.77 

893.61 4.13 949.46 4.28 949.46 4.29 893.61 4.13 

 

Table A7 Fit parameters of Equation 3.17 of HNBR compounds filled with various 

CB characteristics and loadings 

 

CB type CB loading (phr) TH α C D 

- 0 6.700 0.0058 0.0090 3.7030 

N326 10 7.200 0.0053 0.0090 3.4250 

 20 7.400 0.0053 0.0090 3.1070 

 40 8.100 0.0049 0.0100 3.1540 

 60 8.600 0.0052 0.0120 2.7560 

N550 10 7.000 0.0056 0.0080 2.8140 

 20 7.200 0.0055 0.0090 2.9650 

 40 7.300 0.0057 0.0120 3.2100 

 60 7.200 0.0062 0.0170 3.8210 

N774 10 6.800 0.0057 0.0090 3.5380 

 20 7.100 0.0056 0.0080 2.6800 

 40 7.500 0.0053 0.0100 2.8320 

 60 7.700 0.0055 0.0130 3.3100 

N990 10 6.896 0.0057 0.0082 2.8440 

 20 6.954 0.0056 0.0089 2.9770 

 40 7.298 0.0059 0.0094 2.6670 

 60 7.507 0.0062 0.0105 2.7880 
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Table A8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB characteristics 

and loadings 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

- 0 6.98 1.08 8.38 1.06 8.38 1.08 6.98 1.01 

12.57 1.08 19.55 1.08 19.55 1.05 12.57 1.07 

32.11 1.04 60.04 1.05 60.04 1.04 32.11 1.02 

97.74 1.07 167.55 1.03 167.55 1.04 97.74 1.06 

251.33 1.06 335.10 1.07 335.10 1.08 251.33 1.05 

418.88 1.08 481.71 1.09 481.71 1.09 418.88 1.08 

544.54 1.09 600.39 1.10 600.39 1.10 544.54 1.08 

656.24 1.09 712.09 1.11 712.09 1.10 656.24 1.10 

767.94 1.12 837.76 1.12 837.76 1.11 767.94 1.11 

893.61 1.12 949.46 1.12 949.46 1.12 893.61 1.11 

N326 10 6.98 1.06 8.38 1.09 8.38 1.06 6.98 1.06 

12.57 1.07 19.55 1.06 19.55 1.08 12.57 1.09 

32.11 1.04 60.04 1.05 60.04 1.05 32.11 1.05 

97.74 1.05 167.55 1.04 167.55 1.03 97.74 1.06 

251.33 1.04 335.10 1.06 335.10 1.06 251.33 1.05 

418.88 1.07 481.71 1.09 481.71 1.07 418.88 1.07 

544.54 1.07 600.39 1.09 600.39 1.09 544.54 1.08 

656.24 1.09 712.09 1.10 712.09 1.10 656.24 1.08 

767.94 1.10 837.76 1.11 837.76 1.10 767.94 1.10 

893.61 1.10 949.46 1.10 949.46 1.11 893.61 1.11 

20 6.98 1.10 8.38 1.09 8.38 1.12 6.98 1.04 

12.57 1.08 19.55 1.08 19.55 1.09 12.57 1.08 

32.11 1.05 60.04 1.05 60.04 1.04 32.11 1.02 

97.74 1.07 167.55 1.04 167.55 1.03 97.74 1.06 

251.33 1.02 335.10 1.04 335.10 1.03 251.33 1.03 

418.88 1.05 481.71 1.08 481.71 1.07 418.88 1.06 

544.54 1.06 600.39 1.08 600.39 1.08 544.54 1.07 

656.24 1.07 712.09 1.09 712.09 1.08 656.24 1.07 

767.94 1.09 837.76 1.10 837.76 1.10 767.94 1.10 

893.61 1.10 949.46 1.09 949.46 1.10 893.61 1.09 

40 6.98 1.12 8.38 1.03 8.38 1.08 6.98 1.01 

12.57 1.08 19.55 1.05 19.55 1.06 12.57 1.04 

32.11 1.03 60.04 1.04 60.04 1.03 32.11 1.00 

97.74 1.01 167.55 1.02 167.55 1.00 97.74 1.02 

251.33 1.00 335.10 1.02 335.10 1.00 251.33 1.02 

418.88 1.02 481.71 1.06 481.71 1.04 418.88 1.04 

544.54 1.04 600.39 1.05 600.39 1.05 544.54 1.05 

656.24 1.04 712.09 1.07 712.09 1.06 656.24 1.04 

767.94 1.07 837.76 1.09 837.76 1.07 767.94 1.06 

893.61 1.07 949.46 1.08 949.46 1.09 893.61 1.07 
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Table A8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB characteristics 

and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N326 60 6.98 1.03 8.38 0.98 8.38 1.02 6.98 0.97 

12.57 1.09 19.55 1.01 19.55 1.02 12.57 0.98 

32.11 1.00 60.04 1.02 60.04 1.01 32.11 1.00 

97.74 0.98 167.55 0.99 167.55 0.97 97.74 1.01 

251.33 0.95 335.10 0.99 335.10 0.97 251.33 0.98 

418.88 0.98 481.71 1.03 481.71 1.00 418.88 1.02 

544.54 1.01 600.39 1.04 600.39 1.02 544.54 1.04 

656.24 1.02 712.09 1.05 712.09 1.05 656.24 1.03 

767.94 1.05 837.76 1.07 837.76 1.06 767.94 1.06 

893.61 1.06 949.46 1.06 949.46 1.07 893.61 1.07 

N550 10 6.98 1.04 8.38 1.07 8.38 1.04 6.98 1.05 

12.57 1.12 19.55 1.04 19.55 1.06 12.57 1.07 

32.11 1.09 60.04 1.02 60.04 1.04 32.11 1.04 

97.74 1.08 167.55 1.06 167.55 1.03 97.74 1.08 

251.33 1.05 335.10 1.06 335.10 1.06 251.33 1.05 

418.88 1.07 481.71 1.09 481.71 1.08 418.88 1.06 

544.54 1.09 600.39 1.10 600.39 1.10 544.54 1.09 

656.24 1.10 712.09 1.10 712.09 1.09 656.24 1.08 

767.94 1.10 837.76 1.11 837.76 1.12 767.94 1.11 

893.61 1.10 949.46 1.12 949.46 1.11 893.61 1.11 

20 6.98 1.03 8.38 1.06 8.38 1.06 6.98 1.07 

12.57 1.09 19.55 1.12 19.55 1.07 12.57 1.08 

32.11 1.03 60.04 1.05 60.04 1.04 32.11 1.04 

97.74 1.04 167.55 1.04 167.55 1.04 97.74 1.04 

251.33 1.01 335.10 1.04 335.10 1.04 251.33 1.04 

418.88 1.04 481.71 1.07 481.71 1.06 418.88 1.06 

544.54 1.07 600.39 1.08 600.39 1.08 544.54 1.08 

656.24 1.06 712.09 1.09 712.09 1.09 656.24 1.08 

767.94 1.09 837.76 1.10 837.76 1.09 767.94 1.09 

893.61 1.08 949.46 1.11 949.46 1.11 893.61 1.10 

40 6.98 1.11 8.38 1.04 8.38 1.06 6.98 1.04 

12.57 1.07 19.55 1.05 19.55 1.07 12.57 1.04 

32.11 1.08 60.04 1.06 60.04 1.04 32.11 1.05 

97.74 1.04 167.55 1.05 167.55 1.03 97.74 1.05 

251.33 1.02 335.10 1.03 335.10 1.02 251.33 1.03 

418.88 1.03 481.71 1.05 481.71 1.04 418.88 1.05 

544.54 1.06 600.39 1.05 600.39 1.06 544.54 1.06 

656.24 1.05 712.09 1.07 712.09 1.07 656.24 1.05 

767.94 1.07 837.76 1.07 837.76 1.07 767.94 1.06 

893.61 1.08 949.46 1.08 949.46 1.09 893.61 1.07 
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Table A8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB characteristics 

and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N326 60 6.98 1.03 8.38 0.98 8.38 1.02 6.98 0.97 

12.57 1.09 19.55 1.01 19.55 1.02 12.57 0.98 

32.11 1.00 60.04 1.02 60.04 1.01 32.11 1.00 

97.74 0.98 167.55 0.99 167.55 0.97 97.74 1.01 

251.33 0.95 335.10 0.99 335.10 0.97 251.33 0.98 

418.88 0.98 481.71 1.03 481.71 1.00 418.88 1.02 

544.54 1.01 600.39 1.04 600.39 1.02 544.54 1.04 

656.24 1.02 712.09 1.05 712.09 1.05 656.24 1.03 

767.94 1.05 837.76 1.07 837.76 1.06 767.94 1.06 

893.61 1.06 949.46 1.06 949.46 1.07 893.61 1.07 

N550 10 6.98 1.04 8.38 1.07 8.38 1.04 6.98 1.05 

12.57 1.12 19.55 1.04 19.55 1.06 12.57 1.07 

32.11 1.09 60.04 1.02 60.04 1.04 32.11 1.04 

97.74 1.08 167.55 1.06 167.55 1.03 97.74 1.08 

251.33 1.05 335.10 1.06 335.10 1.06 251.33 1.05 

418.88 1.07 481.71 1.09 481.71 1.08 418.88 1.06 

544.54 1.09 600.39 1.10 600.39 1.10 544.54 1.09 

656.24 1.10 712.09 1.10 712.09 1.09 656.24 1.08 

767.94 1.10 837.76 1.11 837.76 1.12 767.94 1.11 

893.61 1.10 949.46 1.12 949.46 1.11 893.61 1.11 

20 6.98 1.03 8.38 1.06 8.38 1.06 6.98 1.07 

12.57 1.09 19.55 1.12 19.55 1.07 12.57 1.08 

32.11 1.03 60.04 1.05 60.04 1.04 32.11 1.04 

97.74 1.04 167.55 1.04 167.55 1.04 97.74 1.04 

251.33 1.01 335.10 1.04 335.10 1.04 251.33 1.04 

418.88 1.04 481.71 1.07 481.71 1.06 418.88 1.06 

544.54 1.07 600.39 1.08 600.39 1.08 544.54 1.08 

656.24 1.06 712.09 1.09 712.09 1.09 656.24 1.08 

767.94 1.09 837.76 1.10 837.76 1.09 767.94 1.09 

893.61 1.08 949.46 1.11 949.46 1.11 893.61 1.10 

40 6.98 1.11 8.38 1.04 8.38 1.06 6.98 1.04 

12.57 1.07 19.55 1.05 19.55 1.07 12.57 1.04 

32.11 1.08 60.04 1.06 60.04 1.04 32.11 1.05 

97.74 1.04 167.55 1.05 167.55 1.03 97.74 1.05 

251.33 1.02 335.10 1.03 335.10 1.02 251.33 1.03 

418.88 1.03 481.71 1.05 481.71 1.04 418.88 1.05 

544.54 1.06 600.39 1.05 600.39 1.06 544.54 1.06 

656.24 1.05 712.09 1.07 712.09 1.07 656.24 1.05 

767.94 1.07 837.76 1.07 837.76 1.07 767.94 1.06 

893.61 1.08 949.46 1.08 949.46 1.09 893.61 1.07 
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Table A8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB characteristics 

and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N550 60 6.98 1.09 8.38 1.05 8.38 1.09 6.98 1.06 

12.57 1.10 19.55 1.06 19.55 1.09 12.57 1.08 

32.11 1.06 60.04 1.01 60.04 1.02 32.11 1.05 

97.74 1.01 167.55 1.00 167.55 1.00 97.74 1.03 

251.33 0.97 335.10 1.00 335.10 1.00 251.33 0.99 

418.88 1.00 481.71 1.01 481.71 1.02 418.88 1.01 

544.54 1.02 600.39 1.02 600.39 1.04 544.54 1.02 

656.24 1.03 712.09 1.00 712.09 1.06 656.24 1.00 

767.94 1.04 837.76 1.01 837.76 1.06 767.94 1.00 

893.61 1.05 949.46 1.00 949.46 1.08 893.61 0.98 

N774 10 6.98 1.08 8.38 1.07 8.38 1.11 6.98 1.12 

12.57 1.08 19.55 1.10 19.55 1.10 12.57 1.08 

32.11 1.09 60.04 1.05 60.04 1.05 32.11 1.07 

97.74 1.08 167.55 1.04 167.55 1.05 97.74 1.07 

251.33 1.07 335.10 1.06 335.10 1.06 251.33 1.05 

418.88 1.07 481.71 1.09 481.71 1.08 418.88 1.07 

544.54 1.08 600.39 1.09 600.39 1.08 544.54 1.09 

656.24 1.09 712.09 1.11 712.09 1.11 656.24 1.09 

767.94 1.10 837.76 1.12 837.76 1.11 767.94 1.12 

893.61 1.12 949.46 1.12 949.46 1.13 893.61 1.11 

20 6.98 1.09 8.38 1.09 8.38 1.08 6.98 1.08 

12.57 1.11 19.55 1.07 19.55 1.08 12.57 1.13 

32.11 1.08 60.04 1.05 60.04 1.05 32.11 1.09 

97.74 1.07 167.55 1.05 167.55 1.05 97.74 1.07 

251.33 1.04 335.10 1.06 335.10 1.05 251.33 1.04 

418.88 1.06 481.71 1.08 481.71 1.07 418.88 1.07 

544.54 1.08 600.39 1.10 600.39 1.08 544.54 1.09 

656.24 1.08 712.09 1.10 712.09 1.10 656.24 1.09 

767.94 1.10 837.76 1.12 837.76 1.12 767.94 1.10 

893.61 1.11 949.46 1.12 949.46 1.13 893.61 1.10 

40 6.98 1.11 8.38 1.09 8.38 1.11 6.98 1.10 

12.57 1.10 19.55 1.09 19.55 1.10 12.57 1.13 

32.11 1.06 60.04 1.05 60.04 1.04 32.11 1.04 

97.74 1.06 167.55 1.06 167.55 1.04 97.74 1.07 

251.33 1.03 335.10 1.05 335.10 1.03 251.33 1.04 

418.88 1.04 481.71 1.06 481.71 1.04 418.88 1.05 

544.54 1.07 600.39 1.07 600.39 1.07 544.54 1.08 

656.24 1.07 712.09 1.09 712.09 1.08 656.24 1.07 

767.94 1.08 837.76 1.10 837.76 1.10 767.94 1.08 

893.61 1.09 949.46 1.11 949.46 1.11 893.61 1.09 
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Table A8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB characteristics 

and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N774 60 6.98 1.12 8.38 1.06 8.38 1.06 6.98 1.07 

12.57 1.09 19.55 1.10 19.55 1.09 12.57 1.09 

32.11 1.06 60.04 1.05 60.04 1.03 32.11 1.06 

97.74 1.06 167.55 1.03 167.55 1.02 97.74 1.08 

251.33 1.00 335.10 1.04 335.10 1.02 251.33 1.04 

418.88 1.03 481.71 1.05 481.71 1.03 418.88 1.05 

544.54 1.06 600.39 1.07 600.39 1.05 544.54 1.06 

656.24 1.06 712.09 1.07 712.09 1.06 656.24 1.06 

767.94 1.07 837.76 1.09 837.76 1.09 767.94 1.07 

893.61 1.08 949.46 1.09 949.46 1.10 893.61 1.08 

N990 10 6.98 1.08 8.38 1.12 8.38 1.09 6.98 1.66 

12.57 1.12 19.55 1.09 19.55 1.07 12.57 1.08 

32.11 1.08 60.04 1.01 60.04 1.01 32.11 1.05 

97.74 1.08 167.55 1.05 167.55 1.06 97.74 1.07 

251.33 1.05 335.10 1.06 335.10 1.05 251.33 1.05 

418.88 1.08 481.71 1.09 481.71 1.08 418.88 1.07 

544.54 1.09 600.39 1.10 600.39 1.10 544.54 1.09 

656.24 1.09 712.09 1.09 712.09 1.10 656.24 1.09 

767.94 1.11 837.76 1.12 837.76 1.12 767.94 1.10 

893.61 1.11 949.46 1.11 949.46 1.13 893.61 1.10 

20 6.98 1.13 8.38 1.11 8.38 1.11 6.98 1.10 

12.57 1.09 19.55 1.10 19.55 1.08 12.57 1.12 

32.11 1.06 60.04 1.04 60.04 1.05 32.11 1.08 

97.74 1.09 167.55 1.05 167.55 1.05 97.74 1.09 

251.33 1.05 335.10 1.05 335.10 1.06 251.33 1.07 

418.88 1.06 481.71 1.08 481.71 1.08 418.88 1.08 

544.54 1.09 600.39 1.10 600.39 1.10 544.54 1.10 

656.24 1.09 712.09 1.10 712.09 1.10 656.24 1.09 

767.94 1.10 837.76 1.12 837.76 1.14 767.94 1.11 

893.61 1.11 949.46 1.12 949.46 1.15 893.61 1.11 

40 6.98 1.08 8.38 1.06 8.38 1.09 6.98 1.10 

12.57 1.10 19.55 1.09 19.55 1.08 12.57 1.09 

32.11 1.10 60.04 1.06 60.04 1.04 32.11 1.08 

97.74 1.08 167.55 1.07 167.55 1.06 97.74 1.09 

251.33 1.05 335.10 1.06 335.10 1.05 251.33 1.06 

418.88 1.06 481.71 1.08 481.71 1.07 418.88 1.08 

544.54 1.08 600.39 1.10 600.39 1.09 544.54 1.09 

656.24 1.08 712.09 1.10 712.09 1.10 656.24 1.08 

767.94 1.11 837.76 1.12 837.76 1.10 767.94 1.09 

893.61 1.09 949.46 1.10 949.46 1.11 893.61 1.10 
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Table A8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB characteristics 

and loadings (cont.) 

 
CB 

type 

CB 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N990 60 6.98 1.14 8.38 1.09 8.38 1.06 6.98 1.08 

12.57 1.08 19.55 1.08 19.55 1.06 12.57 1.10 

32.11 1.08 60.04 1.08 60.04 1.07 32.11 1.08 

97.74 1.10 167.55 1.07 167.55 1.05 97.74 1.09 

251.33 1.06 335.10 1.08 335.10 1.06 251.33 1.07 

418.88 1.07 481.71 1.08 481.71 1.07 418.88 1.08 

544.54 1.08 600.39 1.09 600.39 1.08 544.54 1.09 

656.24 1.08 712.09 1.10 712.09 1.09 656.24 1.08 

767.94 1.09 837.76 1.10 837.76 1.09 767.94 1.09 

893.61 1.09 949.46 1.10 949.46 1.10 893.61 1.09 

 

Table A9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB characteristics and loadings: 

(a) Storage modulus ( ′) 

 

1) N326 

Strain amplitude (%) 
 ′ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 943.88 1326.80 1521.30 2211.80 27702.00 

0.70 927.81 1199.30 1419.80 2143.70 3465.40 

0.98 918.06 1175.70 1422.40 2068.90 3227.20 

1.95 924.85 1196.40 1394.50 1977.50 2944.40 

3.07 929.36 1205.80 1384.60 1933.50 2805.20 

5.02 931.28 1204.10 1359.00 1858.60 2597.20 

6.98 926.94 1201.20 1338.80 1796.50 2446.30 

10.04 921.62 1186.70 1301.50 1710.80 2291.60 

15.07 907.15 1157.90 1261.00 1624.30 2128.30 

19.95 893.44 1128.40 1226.30 1562.00 2013.00 

29.99 861.85 1070.90 1163.00 1453.60 1819.40 

40.04 835.20 1024.00 1106.70 1363.60 1669.20 

49.94 806.94 980.27 1055.70 1284.60 1545.20 

59.99 780.41 940.85 1010.60 1216.70 1441.30 

70.03 755.73 904.57 965.01 1147.70 1333.10 

79.93 732.17 872.43 925.02 1081.90 1247.90 
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Table A9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′)  

 

2) N550 

Strain amplitude (%) 
 ′ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 943.88 1272.90 1486.90 2381.70 3658.20 

0.70 927.81 1230.80 1451.30 2223.20 3321.90 

0.98 918.06 1228.40 1432.90 2179.30 3124.00 

1.95 924.85 1212.30 1434.60 2079.60 2887.30 

3.07 929.36 1203.70 1439.30 2042.80 2763.90 

5.02 931.28 1191.10 1432.80 1979.80 2568.30 

6.98 926.94 1178.30 1421.50 1923.40 2437.20 

10.04 921.62 1157.60 1393.00 1852.70 2316.70 

15.07 907.15 1130.10 1354.90 1750.80 2189.20 

19.95 893.44 1107.00 1316.70 1682.00 2096.70 

29.99 861.85 1056.10 1250.10 1565.80 1915.00 

40.04 835.20 1014.10 1194.40 1464.30 1756.90 

49.94 806.94 974.03 1144.70 1385.10 1626.20 

59.99 780.41 936.54 1099.40 1315.70 1535.10 

70.03 755.73 901.58 1056.00 1255.90 1449.70 

79.93 732.17 870.37 1012.40 1190.10 1365.40 

 

3) N774 

Strain amplitude (%) 
 ′ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 943.88 1237.80 1476.20 1967.00 2568.00 

0.70 927.81 1165.20 1416.90 1853.00 2429.00 

0.98 918.06 1155.70 1385.20 1814.60 2320.70 

1.95 924.85 1134.30 1359.50 1739.40 2247.20 

3.07 929.36 1121.40 1344.90 1719.10 2224.70 

5.02 931.28 1112.00 1321.50 1674.30 2156.30 

6.98 926.94 1105.70 1306.70 1647.50 2101.40 

10.04 921.62 1093.20 1283.30 1598.30 2017.80 

15.07 907.15 1072.20 1245.20 1536.00 1920.80 

19.95 893.44 1051.60 1211.10 1482.50 1842.10 

29.99 861.85 1008.50 1149.30 1388.90 1696.50 

40.04 835.20 967.84 1093.60 1309.80 1571.40 

49.94 806.94 930.53 1045.20 1242.00 1448.90 

59.99 780.41 891.13 1000.50 1175.80 1334.80 

70.03 755.73 855.79 960.35 1108.60 1270.70 

79.93 732.17 817.89 919.20 1038.30 1224.40 
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Table A9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′)  

 

4) N990 

Strain amplitude (%) 
 ′ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 943.88 1142.80 1317.30 1524.40 1896.00 

0.70 927.81 1149.10 1269.20 1516.30 1760.40 

0.98 918.06 1100.20 1227.30 1472.50 1767.70 

1.95 924.85 1080.90 1220.80 1453.10 1736.00 

3.07 929.36 1055.80 1190.50 1421.90 1742.80 

5.02 931.28 1043.70 1188.80 1395.70 1720.20 

6.98 926.94 1032.70 1174.90 1370.00 1697.10 

10.04 921.62 1013.30 1150.40 1335.80 1643.60 

15.07 907.15 992.02 1122.80 1297.60 1572.70 

19.95 893.44 970.13 1095.60 1261.40 1515.20 

29.99 861.85 927.97 1047.60 1193.10 1413.30 

40.04 835.20 888.10 999.45 1130.30 1328.50 

49.94 806.94 852.07 954.59 1073.80 1249.80 

59.99 780.41 815.84 908.74 1019.00 1173.50 

70.03 755.73 781.07 864.57 962.11 1090.10 

79.93 732.17 747.86 821.23 906.05 1033.60 
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Table A9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″)  

 

1) N326 

Strain amplitude (%) 
G″ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 71.72 171.13 179.49 295.23 24773.00 

0.70 79.51 125.26 158.26 289.95 558.18 

0.98 78.10 106.26 168.10 298.48 545.23 

1.95 82.20 119.37 158.98 294.90 546.50 

3.07 82.07 118.93 155.97 292.11 543.84 

5.02 82.15 121.15 163.67 288.97 526.37 

6.98 80.94 122.19 161.37 284.86 497.67 

10.04 81.55 121.93 161.35 279.56 469.07 

15.07 82.74 121.07 162.11 271.13 433.78 

19.95 84.16 125.87 162.81 265.60 411.44 

29.99 89.49 133.39 165.39 261.62 388.09 

40.04 91.78 136.64 166.08 256.91 371.27 

49.94 94.70 140.35 167.63 255.77 363.76 

59.99 97.36 142.31 170.29 258.07 361.10 

70.03 101.64 149.66 177.30 268.35 373.52 

79.93 104.69 158.97 187.77 281.88 379.81 

 

2) N550 

Strain amplitude (%) 
G″ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 71.72 105.19 159.88 291.93 588.89 

0.70 79.51 124.51 142.51 288.42 526.36 

0.98 78.10 118.53 143.45 284.47 520.66 

1.95 82.20 125.69 145.41 285.82 548.74 

3.07 82.07 124.32 152.14 283.35 535.88 

5.02 82.15 128.08 151.09 281.30 516.68 

6.98 80.94 125.72 152.09 272.21 490.70 

10.04 81.55 125.76 151.79 266.65 458.13 

15.07 82.74 127.49 153.19 260.64 419.04 

19.95 84.16 129.17 155.37 260.19 395.05 

29.99 89.49 134.70 162.42 257.93 377.83 

40.04 91.78 135.04 164.50 256.62 382.35 

49.94 94.70 135.55 168.88 255.32 396.85 

59.99 97.36 135.24 172.05 257.91 400.60 

70.03 101.64 136.13 179.75 263.58 401.29 

79.93 104.69 137.46 190.38 272.61 396.67 

 



Panjaporn Wongwitthayakool                                                                                           Appendices / 230 

Table A9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

3) N774 

Strain amplitude (%) 
G″ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 71.72 116.72 163.80 233.54 322.13 

0.70 79.51 133.12 133.88 221.87 326.68 

0.98 78.10 113.68 144.39 228.98 314.52 

1.95 82.20 113.67 150.57 226.82 330.80 

3.07 82.07 113.37 150.93 228.82 329.49 

5.02 82.15 110.72 146.32 225.80 327.97 

6.98 80.94 109.56 146.28 222.92 322.43 

10.04 81.55 109.98 144.78 218.84 311.23 

15.07 82.74 110.68 145.92 216.65 301.13 

19.95 84.16 112.67 147.90 216.91 296.38 

29.99 89.49 116.41 149.31 215.00 302.04 

40.04 91.78 118.86 151.26 215.27 315.91 

49.94 94.70 120.41 152.45 218.19 338.58 

59.99 97.36 122.10 156.44 224.42 376.06 

70.03 101.64 126.32 165.98 242.78 392.56 

79.93 104.69 134.80 182.74 264.55 389.65 

 

4) N990 

Strain amplitude (%) 
G″ (kPa) 

0 phr 10 phr 20 phr  40 phr 60 phr 

0.56 71.72 114.76 142.22 161.62 186.36 

0.70 79.51 103.28 126.23 143.06 178.51 

0.98 78.10 110.45 116.91 149.24 186.95 

1.95 82.20 110.66 126.51 157.11 190.72 

3.07 82.07 110.43 124.75 151.80 193.52 

5.02 82.15 108.59 122.00 153.22 192.11 

6.98 80.94 106.86 118.28 149.33 192.87 

10.04 81.55 105.94 115.87 147.22 194.82 

15.07 82.74 106.89 115.40 147.48 199.42 

19.95 84.16 109.40 118.45 148.97 201.44 

29.99 89.49 112.32 120.81 153.37 205.76 

40.04 91.78 114.36 124.67 156.73 210.02 

49.94 94.70 117.19 128.39 162.13 218.08 

59.99 97.36 118.89 131.78 172.20 237.57 

70.03 101.64 120.85 136.96 187.22 271.15 

79.93 104.69 126.11 148.47 203.79 281.02 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings: (a) 

Storage modulus ( ′) 

 

1) N326 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-80.1 2590.50 -82.1 2917.08 -81.1 3371.53 -81.0 3858.72 -79.8 3955.01 

-79.6 2594.41 -79.8 2937.01 -79.3 3229.65 -78.6 3830.05 -77.2 3973.79 

-78.1 2571.16 -77.2 2924.39 -77.3 3209.81 -76.9 3786.74 -74.0 3935.63 

-75.8 2534.68 -74.7 2893.92 -75.2 3176.67 -75.3 3749.35 -70.9 3877.07 

-72.8 2480.94 -72.7 2870.00 -73.0 3137.57 -73.4 3709.35 -69.9 3845.69 

-70.8 2443.93 -70.7 2838.04 -71.0 3100.09 -71.4 3661.24 -67.0 3776.73 

-69.0 2403.53 -69.1 2810.32 -69.2 3060.09 -69.1 3603.47 -63.9 3710.78 

-67.2 2364.91 -67.2 2765.93 -67.2 3013.66 -67.2 3564.97 -61.5 3644.07 

-65.0 2319.63 -65.1 2732.62 -65.4 2966.00 -65.4 3525.49 -58.6 3568.65 

-63.3 2278.99 -63.3 2690.71 -63.2 2922.45 -63.2 3463.40 -55.4 3513.91 

-61.3 2234.60 -61.1 2646.09 -60.9 2875.75 -61.3 3418.69 -54.3 3493.08 

-59.1 2189.45 -58.9 2602.53 -59.3 2842.42 -59.0 3357.72 -53.5 3477.56 

-57.0 2145.52 -57.1 2558.44 -57.0 2800.76 -57.1 3299.28 -52.5 3454.05 

-54.6 2110.26 -55.1 2510.27 -55.2 2766.78 -55.2 3244.64 -51.6 3435.57 

-52.9 2087.62 -52.9 2461.39 -53.1 2715.71 -52.9 3182.21 -50.3 3411.97 

-51.3 2043.89 -50.8 2409.64 -51.0 2676.59 -51.0 3131.64 -49.3 3384.86 

-49.0 1990.56 -48.7 2366.60 -49.3 2635.87 -48.8 3069.66 -48.2 3361.04 

-46.7 1954.07 -46.8 2327.92 -47.2 2589.21 -46.7 3017.79 -46.7 3325.02 

-44.9 1914.04 -44.9 2276.31 -44.7 2537.09 -45.0 2973.09 -44.8 3268.72 

-42.9 1862.60 -42.7 2205.07 -43.2 2485.15 -42.9 2911.42 -42.9 3220.38 

-40.7 1802.77 -40.5 2137.58 -41.2 2423.35 -41.0 2843.61 -40.9 3160.35 

-38.8 1746.78 -38.6 2057.67 -38.8 2335.52 -39.0 2766.96 -38.8 3084.31 

-36.7 1681.55 -36.5 1967.27 -37.0 2235.93 -36.9 2657.86 -36.8 2973.97 

-34.8 1611.48 -34.6 1842.68 -34.8 2101.16 -35.1 2543.70 -34.7 2824.70 

-32.5 1445.58 -32.7 1670.61 -32.8 1853.30 -32.8 2331.97 -32.7 2591.66 

-30.5 1245.11 -30.5 1403.29 -30.7 1525.53 -30.8 2010.36 -30.7 2248.33 

-28.6 997.53 -28.6 1122.00 -28.5 1221.83 -28.6 1646.01 -28.5 1812.87 

-26.7 718.17 -26.6 807.84 -26.4 887.91 -26.6 1266.09 -26.6 1424.29 

-24.7 485.73 -24.6 534.37 -24.7 619.25 -24.8 864.91 -24.5 1051.65 

-22.6 270.80 -22.6 326.17 -22.6 387.20 -22.7 523.12 -22.6 747.13 

-20.7 145.21 -20.5 181.23 -20.4 227.18 -20.7 349.05 -20.6 516.44 

-18.6 72.77 -18.6 107.34 -18.7 150.80 -18.4 233.91 -18.6 365.35 

-16.7 42.27 -16.5 66.43 -16.6 97.01 -16.7 169.05 -16.5 271.29 

-14.6 28.14 -14.7 47.06 -14.5 67.18 -14.6 125.66 -14.5 211.07 

-12.6 20.94 -12.7 34.17 -12.6 49.34 -12.7 97.29 -12.6 172.98 

-10.5 16.97 -10.6 26.34 -10.6 37.91 -10.6 78.33 -10.6 146.05 

-8.6 14.23 -8.6 21.72 -8.7 31.31 -8.6 67.72 -8.6 126.67 

-6.6 12.26 -6.6 18.62 -6.6 26.59 -6.7 59.79 -6.6 112.75 

-4.6 10.86 -4.6 16.53 -4.7 23.38 -4.6 53.46 -4.5 101.25 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-2.5 9.66 -2.5 14.92 -2.6 21.17 -2.6 48.79 -2.5 92.38 

-0.7 9.09 -0.7 13.86 -0.7 19.22 -0.6 45.25 -0.6 85.18 

4.1 8.41 4.0 12.79 5.0 17.50 5.3 40.79 3.5 78.36 

3.9 8.24 3.9 12.19 4.6 16.85 5.0 39.00 3.5 74.87 

5.2 8.00 5.3 12.00 4.5 16.63 4.6 38.50 5.3 71.63 

7.4 7.77 7.5 11.59 7.3 15.99 7.3 36.69 7.5 68.10 

9.5 7.56 9.4 11.25 9.4 15.43 9.4 35.13 9.6 65.06 

11.4 7.40 11.4 11.00 11.5 14.92 11.3 33.77 11.5 62.90 

13.5 7.28 13.5 10.77 13.7 14.51 13.6 32.39 13.4 61.16 

15.4 7.14 15.2 10.64 15.4 14.21 15.5 31.33 15.4 59.24 

17.4 7.05 17.4 10.49 17.4 13.96 17.3 30.50 17.4 57.29 

19.3 6.97 19.3 10.29 19.4 13.69 19.4 29.69 19.4 55.24 

21.4 6.86 21.4 10.10 21.3 13.49 21.4 28.94 21.2 53.43 

23.5 6.77 23.3 9.91 23.3 13.31 23.5 28.29 23.4 51.65 

25.3 6.69 25.3 9.74 25.5 13.04 25.4 27.60 25.4 49.97 

27.3 6.57 27.4 9.58 27.7 12.80 27.5 26.85 27.6 48.47 

29.4 6.49 29.4 9.41 29.3 12.57 29.7 26.16 29.4 47.12 

31.4 6.43 31.5 9.26 31.3 12.37 31.2 25.75 31.6 45.74 

33.5 6.34 33.5 9.09 33.5 12.16 33.2 25.22 33.4 44.55 

35.4 6.26 35.3 8.95 35.5 11.96 35.5 24.60 35.3 43.39 

37.3 6.20 37.5 8.82 37.4 11.79 37.4 24.06 37.4 42.22 

39.5 6.13 39.4 8.70 39.3 11.62 39.3 23.60 39.4 41.13 

41.4 6.06 41.5 8.57 41.2 11.42 41.6 23.02 41.6 39.94 

43.3 6.02 43.7 8.45 43.4 11.29 43.7 22.52 43.5 38.91 

45.3 5.96 45.4 8.35 45.0 11.10 45.4 22.07 45.5 37.81 

47.4 5.89 47.7 8.23 47.1 10.96 47.7 21.53 47.6 36.58 

49.5 5.84 49.7 8.13 49.3 10.83 49.6 21.13 49.4 35.67 

51.4 5.76 51.3 8.01 51.3 10.67 51.5 20.72 51.3 34.69 

53.3 5.72 53.0 7.91 53.4 10.50 53.3 20.26 53.3 33.78 

55.4 5.65 55.4 7.77 55.6 10.34 55.5 19.82 55.7 32.82 

57.6 5.58 57.0 7.72 57.4 10.19 57.5 19.40 57.5 31.94 

59.3 5.54 59.4 7.53 59.4 10.04 59.3 18.96 59.6 31.03 

61.3 5.49 61.3 7.46 61.4 9.87 61.4 18.54 61.4 30.20 

63.4 5.42 63.5 7.29 63.5 9.71 63.6 18.03 63.4 29.37 

65.3 5.35 65.0 7.25 65.5 9.52 65.2 17.65 65.3 28.68 

67.5 5.28 67.3 7.10 67.5 9.34 67.3 17.20 67.4 27.85 

69.3 5.22 69.0 7.00 69.5 9.19 69.5 16.81 69.8 27.03 

71.3 5.17 71.8 6.82 71.6 8.99 71.1 16.46 71.5 26.34 

73.1 5.12 73.0 6.83 73.4 8.86 73.4 16.04 73.6 25.70 

75.3 5.02 75.7 6.60 75.4 8.69 75.4 15.69 75.6 25.03 

77.3 4.96 77.4 6.52 77.5 8.50 77.4 15.33 77.4 24.48 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

79.5 4.90 79.3 6.42 79.3 8.38 79.2 15.05 79.4 23.90 

81.6 4.83 81.6 6.30 81.4 8.24 81.4 14.73 81.6 23.29 

83.6 4.78 83.5 6.23 83.7 8.09 83.6 14.44 83.5 22.82 

85.5 4.73 85.0 6.19 85.5 7.97 85.4 14.14 85.5 22.29 

87.4 4.68 87.8 6.08 87.4 7.86 87.5 13.91 87.4 21.84 

89.5 4.63 89.2 6.00 89.3 7.77 89.5 13.67 89.6 21.34 

91.5 4.59 91.0 5.95 91.5 7.67 91.4 13.48 91.5 20.92 

93.6 4.55 93.1 5.89 93.5 7.57 93.5 13.28 93.4 20.59 

95.4 4.54 95.7 5.83 95.2 7.51 95.5 13.15 95.1 20.26 

97.2 4.53 97.1 5.79 97.5 7.43 97.7 12.97 97.4 19.96 

99.2 4.48 99.0 5.82 99.4 7.41 99.5 12.82 99.3 19.72 

101.0 4.49 101.1 5.73 101.7 7.37 101.4 12.76 101.6 19.42 

103.5 4.46 103.5 5.70 103.6 7.34 103.5 12.64 103.6 19.16 

105.4 4.44 105.4 5.71 105.3 7.28 105.5 12.51 105.3 18.92 

107.3 4.44 107.2 5.70 107.7 7.25 107.2 12.41 107.4 18.69 

109.5 4.45 109.4 5.66 109.5 7.23 109.1 12.32 109.3 18.50 

111.1 4.46 111.2 5.65 111.4 7.21 111.2 12.21 111.4 18.27 

113.3 4.44 113.7 5.63 113.4 7.20 113.5 12.11 113.7 18.05 

115.3 4.43 115.2 5.69 115.4 7.17 115.6 12.01 115.6 17.85 

117.8 4.43 117.5 5.59 117.4 7.13 117.5 11.91 117.7 17.67 

119.2 4.45 119.4 5.59 119.6 7.08 119.1 11.85 119.5 17.49 

121.6 4.43 121.3 5.58 121.5 7.07 121.3 11.79 121.5 17.34 

123.5 4.44 123.3 5.56 123.5 7.07 123.4 11.72 123.4 17.18 

125.6 4.45 125.7 5.55 125.5 7.05 125.7 11.61 125.8 17.00 

127.1 4.42 127.2 5.53 127.4 7.04 127.3 11.55 127.8 16.86 

129.6 4.43 129.3 5.53 129.5 7.02 129.7 11.49 129.5 16.74 

131.5 4.44 131.2 5.52 131.6 6.99 131.4 11.44 131.6 16.59 

133.6 4.44 133.0 5.52 133.6 6.99 133.5 11.38 133.4 16.41 

135.4 4.46 135.1 5.51 135.6 7.00 135.5 11.31 135.1 16.31 

138.0 4.43 137.7 5.51 137.8 6.98 137.8 11.23 137.6 16.35 

139.6 4.47 139.9 5.52 139.6 6.96 139.4 11.14 140.4 16.31 

141.5 4.46 141.2 5.59 141.2 6.96 141.5 11.14 141.5 15.93 

143.3 4.46 143.4 5.49 143.2 6.95 143.4 11.10 144.0 16.08 

145.1 4.48 145.3 5.49 145.3 6.93 145.2 11.04 145.2 15.87 

147.5 4.46 147.5 5.50 147.1 6.92 147.4 10.99 146.5 15.93 

149.1 4.48 149.3 5.50 149.4 6.91 149.5 10.92 149.5 15.82 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

2) N550 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-80.1 2590.50 -79.3 2752.87 -80.2 3345.97 -80.3 3908.55 -80.0 4467.16 

-79.6 2594.41 -79.3 2774.61 -79.5 3333.88 -77.0 3910.74 -77.7 4356.46 

-78.1 2571.16 -77.2 2766.09 -77.7 3252.30 -73.2 3831.08 -74.6 4298.48 

-75.8 2534.68 -74.9 2746.17 -75.6 3168.69 -72.2 3658.76 -71.5 4226.24 

-72.8 2480.94 -73.1 2720.31 -73.6 3119.18 -71.3 3629.21 -68.8 4152.39 

-70.8 2443.93 -70.9 2685.91 -71.3 3069.23 -70.3 3607.64 -67.6 4122.69 

-69.0 2403.53 -68.9 2650.94 -69.2 3026.29 -68.8 3563.51 -64.9 4051.37 

-67.2 2364.91 -67.1 2610.59 -67.0 2978.69 -66.9 3506.63 -62.1 3974.75 

-65.0 2319.63 -64.7 2564.27 -65.5 2937.16 -65.1 3457.68 -59.3 3897.65 

-63.3 2278.99 -63.0 2532.83 -63.2 2883.09 -63.0 3393.22 -56.3 3819.83 

-61.3 2234.60 -61.0 2492.59 -61.1 2831.65 -61.0 3343.30 -55.2 3781.91 

-59.1 2189.45 -59.1 2458.18 -59.1 2789.23 -58.9 3287.91 -52.5 3720.20 

-57.0 2145.52 -57.1 2416.40 -57.4 2744.33 -56.9 3239.59 -49.6 3640.58 

-54.6 2110.26 -55.0 2376.05 -55.2 2679.24 -55.0 3187.02 -48.4 3610.95 

-52.9 2087.62 -53.1 2335.94 -53.0 2633.25 -53.1 3129.94 -47.5 3580.17 

-51.3 2043.89 -50.9 2291.01 -50.9 2592.53 -51.0 3064.18 -46.3 3550.47 

-49.0 1990.56 -48.9 2253.23 -48.9 2552.61 -48.9 3002.10 -45.4 3523.06 

-46.7 1954.07 -47.0 2213.35 -46.9 2516.42 -46.9 2958.18 -44.3 3488.55 

-44.9 1914.04 -44.9 2169.51 -45.1 2477.71 -44.9 2909.17 -43.3 3450.30 

-42.9 1862.60 -42.8 2122.68 -43.0 2427.42 -42.8 2853.08 -42.2 3410.74 

-40.7 1802.77 -40.9 2075.50 -40.8 2355.94 -40.8 2792.18 -40.9 3357.60 

-38.8 1746.78 -38.9 2017.25 -38.9 2237.82 -38.7 2731.21 -38.8 3266.24 

-36.7 1681.55 -36.8 1935.90 -36.6 2091.95 -36.8 2644.91 -36.9 3138.92 

-34.8 1611.48 -34.6 1818.51 -34.8 1948.57 -34.7 2520.20 -34.8 2970.78 

-32.5 1445.58 -32.6 1646.76 -32.4 1705.37 -32.6 2321.30 -32.8 2715.01 

-30.5 1245.11 -30.6 1424.93 -30.5 1499.72 -30.4 1985.50 -30.6 2329.71 

-28.6 997.53 -28.5 1136.66 -29.1 1260.89 -28.4 1622.55 -28.5 1849.61 

-26.7 718.17 -26.6 835.83 -26.3 769.25 -26.5 1258.07 -26.5 1433.64 

-24.7 485.73 -24.5 552.10 -24.7 555.31 -24.5 892.41 -24.6 1044.21 

-22.6 270.80 -22.6 338.89 -22.3 323.01 -22.6 602.19 -22.7 723.71 

-20.7 145.21 -20.6 198.88 -20.5 208.44 -20.6 376.49 -20.7 488.62 

-18.6 72.77 -18.7 119.51 -18.8 130.95 -18.6 241.10 -18.6 338.96 

-16.7 42.27 -16.7 72.94 -16.5 85.31 -16.7 163.99 -16.6 252.19 

-14.6 28.14 -14.6 48.85 -14.8 59.16 -14.6 115.57 -14.6 194.10 

-12.6 20.94 -12.5 35.23 -12.8 39.31 -12.7 86.95 -12.6 156.65 

-10.5 16.97 -10.6 27.58 -10.5 31.07 -10.6 68.88 -10.6 131.69 

-8.6 14.23 -8.6 22.80 -8.6 26.74 -8.6 57.20 -8.6 113.81 

-6.6 12.26 -6.5 19.39 -6.6 23.57 -6.6 49.66 -6.6 100.44 

-4.6 10.86 -4.7 17.24 -4.6 21.27 -4.6 44.40 -4.6 91.06 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-2.5 9.66 -2.6 15.58 -2.6 19.80 -2.6 39.99 -2.6 82.75 

-0.7 9.09 -0.6 14.39 -0.7 18.46 -0.6 37.00 -0.7 77.09 

4.1 8.41 3.4 13.43 4.8 16.99 3.7 34.25 3.1 71.67 

3.9 8.24 3.6 12.82 4.5 16.21 3.9 33.01 3.4 68.91 

5.2 8.00 5.3 12.60 4.4 16.03 5.2 31.89 5.3 66.09 

7.4 7.77 7.0 12.19 7.4 15.55 7.5 30.45 7.5 63.30 

9.5 7.56 9.5 11.81 9.4 15.04 9.5 29.33 9.5 61.24 

11.4 7.40 11.7 11.52 11.4 14.63 11.5 28.41 11.4 59.51 

13.5 7.28 13.5 11.35 13.4 14.26 13.5 27.77 13.4 57.91 

15.4 7.14 15.4 11.21 15.4 13.94 15.3 27.32 15.4 56.10 

17.4 7.05 17.3 11.02 17.4 13.68 17.4 26.71 17.3 54.28 

19.3 6.97 19.2 10.82 19.5 13.43 19.3 26.12 19.2 52.42 

21.4 6.86 21.4 10.62 21.6 13.25 21.4 25.49 21.2 50.89 

23.5 6.77 23.5 10.43 23.4 13.09 23.4 24.83 23.5 49.51 

25.3 6.69 25.4 10.27 25.4 12.88 25.4 24.30 25.2 48.31 

27.3 6.57 27.4 10.10 28.1 12.73 27.4 23.77 27.3 47.05 

29.4 6.49 29.4 9.93 29.1 12.61 29.4 23.26 29.4 45.76 

31.4 6.43 31.3 9.79 31.4 12.39 31.6 22.77 31.4 44.66 

33.5 6.34 33.5 9.66 33.4 12.21 33.5 22.33 33.5 43.58 

35.4 6.26 35.4 9.53 35.4 12.01 35.6 21.91 35.5 42.60 

37.3 6.20 37.8 9.34 37.5 11.82 37.4 21.53 37.3 41.64 

39.5 6.13 39.6 9.20 39.4 11.67 39.3 21.10 39.4 40.70 

41.4 6.06 41.4 9.11 41.6 11.45 41.3 20.74 41.6 39.60 

43.3 6.02 43.5 8.99 43.5 11.31 43.5 20.39 43.4 38.65 

45.3 5.96 45.3 8.88 45.2 11.15 45.7 19.97 45.4 37.72 

47.4 5.89 47.6 8.75 47.1 10.99 47.2 19.66 47.6 36.81 

49.5 5.84 49.6 8.65 49.4 10.83 49.2 19.32 49.2 36.06 

51.4 5.76 51.6 8.52 51.5 10.69 50.9 19.02 51.2 35.21 

53.3 5.72 53.4 8.42 53.3 10.59 53.5 18.64 53.0 34.48 

55.4 5.65 55.5 8.31 55.5 10.40 55.6 18.28 55.3 33.58 

57.6 5.58 57.7 8.21 57.4 10.27 57.4 17.97 57.1 32.89 

59.3 5.54 59.2 8.10 59.5 10.13 59.5 17.62 59.7 31.94 

61.3 5.49 61.3 8.01 61.5 9.98 61.1 17.33 61.5 31.26 

63.4 5.42 63.4 7.88 63.4 9.83 63.0 17.07 63.3 30.63 

65.3 5.35 65.6 7.76 65.5 9.70 65.3 16.70 65.4 29.93 

67.5 5.28 67.4 7.67 67.5 9.54 67.1 16.41 67.6 29.20 

69.3 5.22 69.4 7.54 69.5 9.38 69.2 16.10 69.4 28.55 

71.3 5.17 71.4 7.41 71.4 9.23 71.1 15.80 71.7 27.85 

73.1 5.12 73.5 7.30 73.4 9.04 73.2 15.45 73.5 27.22 

75.3 5.02 75.8 7.13 75.6 8.89 75.1 15.23 75.4 26.70 

77.3 4.96 77.6 7.03 77.3 8.78 77.2 14.94 77.5 26.07 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

79.5 4.90 79.6 6.90 79.5 8.57 79.6 14.63 79.5 25.51 

81.6 4.83 81.5 6.81 81.3 8.47 81.6 14.37 81.2 25.02 

83.6 4.78 83.7 6.71 83.6 8.31 83.9 14.14 83.4 24.50 

85.5 4.73 86.0 6.59 85.2 8.29 86.1 13.89 85.5 24.02 

87.4 4.68 87.6 6.52 87.3 8.09 87.0 13.73 87.4 23.54 

89.5 4.63 89.1 6.48 89.4 7.98 89.1 13.51 89.5 23.09 

91.5 4.59 91.8 6.36 91.4 7.92 91.5 13.33 91.7 22.67 

93.6 4.55 93.6 6.30 93.5 7.83 93.7 13.17 93.7 22.22 

95.4 4.54 95.7 6.23 95.5 7.74 95.3 13.03 95.6 21.87 

97.2 4.53 97.0 6.21 97.4 7.72 97.2 12.86 97.7 21.55 

99.2 4.48 99.6 6.14 99.7 7.64 99.1 12.75 99.8 21.27 

101.0 4.49 101.0 6.13 101.5 7.62 101.7 12.64 101.8 20.97 

103.5 4.46 103.6 6.11 103.4 7.61 103.6 12.54 103.5 20.74 

105.4 4.44 105.5 6.07 105.3 7.57 105.2 12.44 105.3 20.51 

107.3 4.44 107.2 6.07 107.5 7.55 107.1 12.36 107.4 20.30 

109.5 4.45 109.8 6.05 109.4 7.53 109.0 12.29 109.3 20.06 

111.1 4.46 111.2 6.08 111.4 7.49 111.3 12.21 111.5 19.86 

113.3 4.44 113.5 6.00 113.4 7.50 112.9 12.10 113.4 19.69 

115.3 4.43 115.5 6.00 115.4 7.46 115.9 12.04 115.8 19.44 

117.8 4.43 117.8 5.97 117.5 7.42 118.2 12.00 117.4 19.23 

119.2 4.45 119.1 5.99 119.3 7.42 119.5 11.92 119.6 19.08 

121.6 4.43 121.0 5.98 121.6 7.39 121.5 11.85 121.6 18.89 

123.5 4.44 123.7 5.95 123.8 7.39 123.4 11.78 123.4 18.72 

125.6 4.45 125.8 5.95 125.6 7.38 125.9 11.72 125.4 18.60 

127.1 4.42 128.3 5.93 127.3 7.40 127.7 11.69 127.2 18.45 

129.6 4.43 129.8 5.93 129.5 7.37 129.8 11.65 129.2 18.30 

131.5 4.44 131.6 5.93 131.5 7.37 131.1 11.60 131.4 18.12 

133.6 4.44 133.1 5.94 133.3 7.35 133.2 11.55 133.4 17.99 

135.4 4.46 135.5 5.93 135.2 7.32 135.3 11.51 135.7 17.82 

138.0 4.43 137.3 5.90 137.2 7.38 137.4 11.47 137.5 17.70 

139.6 4.47 138.7 5.98 139.4 7.33 139.4 11.43 139.4 17.58 

141.5 4.46 141.3 5.88 141.5 7.31 141.3 11.39 141.5 17.46 

143.3 4.46 143.1 5.90 143.6 7.28 143.6 11.34 143.6 17.30 

145.1 4.48 145.2 5.92 145.8 7.30 145.4 11.29 145.7 17.17 

147.5 4.46 147.1 5.92 147.8 7.28 147.4 11.26 147.8 17.05 

149.1 4.48 149.3 5.93 149.3 7.25 149.5 11.23 149.6 16.96 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

3) N774 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-80.1 2590.50 -81.6 2846.47 -80.2 3365.32 -80.6 3674.76 -80.4 4474.25 

-79.6 2594.41 -80.2 2854.59 -80.0 3362.98 -79.3 3679.52 -78.3 4487.77 

-78.1 2571.16 -76.9 2814.85 -77.9 3323.06 -78.2 3665.42 -74.4 4422.95 

-75.8 2534.68 -74.5 2781.02 -75.7 3285.52 -74.5 3601.73 -71.5 4350.96 

-72.8 2480.94 -72.6 2749.50 -73.8 3236.70 -72.6 3560.36 -68.5 4264.95 

-70.8 2443.93 -71.4 2722.90 -71.3 3180.67 -70.6 3509.14 -65.8 4187.61 

-69.0 2403.53 -69.3 2677.15 -69.1 3131.06 -69.4 3467.04 -64.5 4147.83 

-67.2 2364.91 -67.1 2645.91 -67.0 3083.52 -66.8 3409.18 -61.8 4063.19 

-65.0 2319.63 -65.2 2605.91 -64.7 3032.41 -65.0 3363.91 -60.6 4033.03 

-63.3 2278.99 -63.3 2563.02 -62.9 2984.57 -63.0 3299.33 -57.7 3939.95 

-61.3 2234.60 -61.4 2519.68 -61.2 2942.92 -61.3 3239.83 -55.0 3860.68 

-59.1 2189.45 -58.8 2473.45 -59.4 2895.82 -59.2 3176.41 -52.2 3764.88 

-57.0 2145.52 -57.1 2434.03 -57.2 2854.98 -56.2 3111.72 -49.2 3670.76 

-54.6 2110.26 -55.4 2387.10 -55.5 2813.40 -54.6 3066.38 -46.3 3575.66 

-52.9 2087.62 -53.3 2348.82 -53.1 2763.21 -53.2 3006.63 -43.4 3473.31 

-51.3 2043.89 -50.9 2310.95 -50.8 2721.21 -50.5 2943.25 -42.3 3435.41 

-49.0 1990.56 -49.2 2281.29 -49.1 2675.46 -48.9 2912.76 -41.4 3390.24 

-46.7 1954.07 -46.7 2239.30 -47.2 2626.21 -46.9 2859.29 -40.3 3340.52 

-44.9 1914.04 -45.3 2206.42 -45.4 2572.16 -45.1 2826.09 -39.1 3282.39 

-42.9 1862.60 -43.2 2162.12 -43.1 2498.66 -43.3 2770.57 -38.1 3222.25 

-40.7 1802.77 -41.2 2109.78 -41.1 2431.82 -40.8 2691.21 -36.9 3152.06 

-38.8 1746.78 -39.1 2031.37 -38.8 2349.52 -38.6 2595.19 -35.9 3073.12 

-36.7 1681.55 -36.8 1925.51 -37.0 2261.17 -36.9 2504.98 -34.7 2975.73 

-34.8 1611.48 -34.8 1766.14 -34.9 2126.74 -34.9 2357.94 -33.7 2862.61 

-32.5 1445.58 -32.6 1593.46 -32.9 1930.08 -33.1 2178.98 -32.6 2709.77 

-30.5 1245.11 -30.9 1436.02 -30.7 1656.26 -30.6 1833.62 -30.7 2384.15 

-28.6 997.53 -28.6 1204.70 -28.6 1368.85 -28.4 1483.60 -28.4 1921.91 

-26.7 718.17 -26.8 906.76 -26.2 995.42 -26.6 1208.83 -26.5 1481.54 

-24.7 485.73 -24.5 499.81 -24.9 749.62 -24.9 878.47 -24.6 1047.83 

-22.6 270.80 -22.6 265.25 -22.5 409.28 -22.5 529.09 -22.5 710.52 

-20.7 145.21 -20.5 135.67 -20.6 237.78 -20.5 315.59 -20.8 492.19 

-18.6 72.77 -18.5 70.58 -18.5 137.26 -19.0 210.87 -18.7 320.77 

-16.7 42.27 -16.9 46.88 -16.5 80.64 -16.3 117.52 -16.7 220.45 

-14.6 28.14 -14.6 32.38 -14.7 57.62 -14.6 82.68 -14.6 161.41 

-12.6 20.94 -12.6 24.75 -12.6 42.90 -12.8 64.43 -12.6 122.35 

-10.5 16.97 -10.5 20.54 -10.7 34.26 -10.6 52.07 -10.6 99.07 

-8.6 14.23 -8.7 19.21 -8.6 28.19 -8.5 44.18 -8.6 82.93 

-6.6 12.26 -6.6 16.70 -6.6 23.83 -6.5 38.91 -6.6 71.75 

-4.6 10.86 -4.6 14.72 -4.6 21.16 -4.6 35.34 -4.5 63.23 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-2.5 9.66 -2.6 13.42 -2.7 19.24 -2.6 32.16 -2.7 56.14 

-0.7 9.09 -0.8 12.27 -0.7 17.70 -0.8 30.04 -0.8 51.73 

4.1 8.41 5.2 11.23 5.6 15.88 5.2 27.11 3.9 47.37 

3.9 8.24 4.9 10.69 5.1 15.28 4.8 25.93 3.9 45.47 

5.2 8.00 4.5 10.55 4.7 15.16 4.6 25.63 5.2 43.80 

7.4 7.77 7.0 10.28 7.2 14.75 7.3 24.55 7.6 41.81 

9.5 7.56 9.5 9.95 9.4 14.30 9.5 23.69 9.5 40.15 

11.4 7.40 11.4 9.71 11.5 13.92 11.4 22.95 11.6 38.70 

13.5 7.28 13.5 9.44 13.3 13.56 13.3 22.24 13.4 37.66 

15.4 7.14 15.5 9.26 15.3 13.29 15.3 21.54 15.4 36.70 

17.4 7.05 17.4 9.08 17.4 13.08 17.6 20.92 17.4 35.82 

19.3 6.97 19.4 8.89 19.2 12.90 19.4 20.52 19.4 34.84 

21.4 6.86 21.7 8.74 21.2 12.73 21.5 20.17 21.5 33.86 

23.5 6.77 23.5 8.67 23.4 12.52 23.2 19.85 23.3 33.05 

25.3 6.69 25.3 8.49 25.3 12.36 25.1 19.53 25.2 32.19 

27.3 6.57 27.3 8.41 27.2 12.19 27.5 19.10 27.2 31.42 

29.4 6.49 29.7 8.28 29.1 11.99 29.8 18.69 29.4 30.66 

31.4 6.43 31.5 8.19 31.5 11.79 31.3 18.36 31.3 29.96 

33.5 6.34 33.5 8.06 33.6 11.57 32.8 18.12 33.4 29.28 

35.4 6.26 35.4 7.95 35.5 11.37 35.3 17.75 35.3 28.65 

37.3 6.20 37.2 7.86 37.5 11.21 37.3 17.44 37.3 28.03 

39.5 6.13 39.2 7.78 39.4 11.05 39.4 17.14 39.5 27.40 

41.4 6.06 41.4 7.67 41.3 10.89 41.6 16.85 41.2 26.87 

43.3 6.02 43.6 7.57 43.8 10.78 43.5 16.56 43.1 26.32 

45.3 5.96 45.3 7.49 45.3 10.62 45.5 16.31 45.6 25.72 

47.4 5.89 47.5 7.40 47.3 10.53 47.5 16.06 47.3 25.19 

49.5 5.84 49.5 7.33 49.3 10.41 49.5 15.81 49.5 24.69 

51.4 5.76 51.3 7.23 51.3 10.29 51.3 15.56 51.6 24.13 

53.3 5.72 53.4 7.16 53.3 10.18 53.2 15.35 54.0 23.54 

55.4 5.65 55.5 7.09 55.4 10.05 55.2 15.11 55.5 23.11 

57.6 5.58 57.3 7.01 57.4 9.92 57.4 14.80 58.1 22.59 

59.3 5.54 59.4 6.95 59.6 9.79 59.6 14.56 59.3 22.16 

61.3 5.49 61.2 6.86 61.6 9.64 61.3 14.33 61.1 21.75 

63.4 5.42 63.4 6.81 63.4 9.52 63.4 14.09 63.1 21.27 

65.3 5.35 65.4 6.69 65.3 9.38 65.6 13.83 65.4 20.79 

67.5 5.28 67.6 6.60 67.2 9.24 67.5 13.59 67.2 20.32 

69.3 5.22 69.4 6.52 69.1 9.12 69.2 13.35 69.3 19.90 

71.3 5.17 71.4 6.42 71.5 8.90 71.4 13.10 71.4 19.50 

73.1 5.12 73.6 6.31 73.4 8.75 73.5 12.87 73.2 19.08 

75.3 5.02 75.6 6.23 75.5 8.61 75.7 12.64 74.9 18.68 

77.3 4.96 77.6 6.16 77.6 8.46 77.5 12.43 76.8 18.35 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

79.5 4.90 79.3 6.05 79.5 8.34 79.4 12.21 79.4 17.89 

81.6 4.83 81.5 5.99 81.6 8.19 81.5 12.02 81.4 17.48 

83.6 4.78 83.5 5.91 83.6 8.07 83.5 11.82 83.3 17.17 

85.5 4.73 85.4 5.84 85.5 7.96 85.6 11.63 85.7 16.80 

87.4 4.68 87.3 5.80 87.5 7.85 87.4 11.44 87.3 16.53 

89.5 4.63 89.4 5.74 89.5 7.76 89.4 11.30 89.5 16.21 

91.5 4.59 91.4 5.67 91.4 7.64 91.2 11.16 91.7 15.95 

93.6 4.55 93.7 5.62 93.3 7.58 93.7 11.00 93.3 15.74 

95.4 4.54 95.6 5.61 95.3 7.54 95.6 10.88 95.4 15.52 

97.2 4.53 97.5 5.55 97.5 7.47 97.1 10.78 97.5 15.32 

99.2 4.48 99.6 5.56 99.5 7.43 99.7 10.71 99.5 15.12 

101.0 4.49 101.6 5.51 101.4 7.38 101.5 10.63 101.4 14.95 

103.5 4.46 103.3 5.46 103.5 7.36 103.6 10.54 103.6 14.83 

105.4 4.44 105.5 5.49 105.4 7.33 105.6 10.47 105.5 14.68 

107.3 4.44 107.5 5.47 107.4 7.29 107.4 10.43 107.5 14.59 

109.5 4.45 109.4 5.47 109.2 7.29 109.2 10.38 109.6 14.45 

111.1 4.46 111.5 5.45 111.4 7.26 111.4 10.33 111.5 14.35 

113.3 4.44 113.2 5.43 113.5 7.25 113.8 10.24 113.5 14.23 

115.3 4.43 115.3 5.40 115.4 7.26 115.5 10.20 115.3 14.14 

117.8 4.43 117.2 5.40 117.4 7.20 117.6 10.16 117.3 14.04 

119.2 4.45 119.5 5.39 119.5 7.19 119.6 10.13 119.4 13.93 

121.6 4.43 121.5 5.39 121.5 7.19 121.4 10.10 121.5 13.83 

123.5 4.44 123.4 5.39 123.6 7.18 123.4 10.04 122.8 13.74 

125.6 4.45 125.5 5.38 125.3 7.16 125.4 10.00 125.6 13.63 

127.1 4.42 127.5 5.36 127.1 7.15 127.7 9.95 127.2 13.57 

129.6 4.43 129.7 5.37 129.3 7.12 129.7 9.93 129.0 13.50 

131.5 4.44 131.4 5.37 131.5 7.12 131.6 9.90 131.5 13.41 

133.6 4.44 133.4 5.37 133.6 7.14 133.6 9.86 133.4 13.35 

135.4 4.46 135.5 5.37 135.5 7.12 135.4 9.83 135.3 13.26 

138.0 4.43 137.4 5.36 137.4 7.11 137.5 9.81 137.2 13.17 

139.6 4.47 139.7 5.35 139.6 7.12 139.3 9.77 139.3 13.12 

141.5 4.46 141.6 5.36 141.4 7.09 141.4 9.76 141.3 13.05 

143.3 4.46 143.5 5.37 143.4 7.09 143.4 9.73 143.5 12.97 

145.1 4.48 145.6 5.36 145.4 7.10 145.3 9.69 145.5 12.92 

147.5 4.46 147.6 5.36 147.6 7.07 147.2 9.68 147.6 12.85 

149.1 4.48 149.6 5.34 149.6 7.07 149.3 9.66 149.2 12.79 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

4) N990 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-80.1 2590.50 -81.6 2846.47 -81.4 3174.53 -80.8 3770.98 -79.9 3973.89 

-79.6 2594.41 -80.2 2854.59 -79.6 3101.33 -79.8 3758.82 -79.4 3934.34 

-78.1 2571.16 -76.9 2814.85 -77.7 3074.09 -77.9 3725.24 -77.1 3924.05 

-75.8 2534.68 -74.5 2781.02 -75.1 3029.43 -75.7 3689.73 -75.0 3888.14 

-72.8 2480.94 -72.6 2749.50 -72.8 2981.27 -73.2 3629.35 -73.2 3840.67 

-70.8 2443.93 -71.4 2722.90 -71.0 2945.12 -71.3 3579.18 -71.2 3812.50 

-69.0 2403.53 -69.3 2677.15 -69.3 2897.43 -69.3 3526.74 -69.2 3764.57 

-67.2 2364.91 -67.1 2645.91 -67.0 2849.02 -67.5 3468.50 -67.1 3707.16 

-65.0 2319.63 -65.2 2605.91 -64.9 2797.76 -65.4 3407.07 -65.2 3663.02 

-63.3 2278.99 -63.3 2563.02 -63.1 2760.25 -63.1 3346.69 -63.1 3607.49 

-61.3 2234.60 -61.4 2519.68 -60.9 2703.04 -60.9 3288.68 -61.1 3550.86 

-59.1 2189.45 -58.8 2473.45 -58.8 2662.00 -58.8 3235.89 -59.0 3490.96 

-57.0 2145.52 -57.1 2434.03 -57.2 2614.48 -57.1 3187.45 -56.9 3445.00 

-54.6 2110.26 -55.4 2387.10 -54.9 2569.96 -55.2 3135.09 -55.3 3389.22 

-52.9 2087.62 -53.3 2348.82 -53.5 2494.30 -53.4 3082.12 -53.1 3328.40 

-51.3 2043.89 -50.9 2310.95 -50.9 2438.13 -51.8 3027.97 -50.9 3269.04 

-49.0 1990.56 -49.2 2281.29 -48.9 2392.86 -49.4 2969.75 -49.0 3213.68 

-46.7 1954.07 -46.7 2239.30 -46.7 2342.03 -47.0 2916.70 -46.7 3147.95 

-44.9 1914.04 -45.3 2206.42 -44.9 2303.94 -45.1 2863.17 -44.8 3092.17 

-42.9 1862.60 -43.2 2162.12 -43.0 2268.24 -43.1 2799.02 -42.7 3031.19 

-40.7 1802.77 -41.2 2109.78 -40.9 2216.61 -41.1 2731.74 -40.8 2960.27 

-38.8 1746.78 -39.1 2031.37 -38.9 2145.00 -39.0 2653.42 -38.7 2881.16 

-36.7 1681.55 -36.8 1925.51 -36.8 2039.50 -37.1 2552.60 -36.7 2772.13 

-34.8 1611.48 -34.4 1786.46 -34.9 1909.55 -34.6 2392.47 -34.7 2615.57 

-32.5 1445.58 -32.6 1629.17 -32.7 1688.30 -32.6 2209.67 -32.8 2397.73 

-30.5 1245.11 -30.9 1425.85 -30.2 1395.12 -31.0 1958.86 -30.6 2009.24 

-28.6 997.53 -28.3 1098.03 -28.9 1218.08 -28.7 1390.16 -28.7 1612.64 

-26.7 718.17 -26.4 734.56 -26.1 790.34 -26.3 906.83 -26.6 1155.92 

-24.7 485.73 -24.9 550.20 -24.7 559.38 -24.5 530.71 -24.7 764.85 

-22.6 270.80 -22.1 283.95 -22.8 324.95 -22.9 381.71 -22.6 463.92 

-20.7 145.21 -21.1 178.91 -20.5 155.68 -20.7 213.51 -20.6 275.52 

-18.6 72.77 -18.5 76.16 -18.6 97.84 -18.7 126.37 -18.6 165.52 

-16.7 42.27 -16.5 48.36 -16.7 57.14 -16.6 72.92 -16.5 102.40 

-14.6 28.14 -14.5 35.62 -14.5 39.65 -14.7 50.29 -14.6 71.80 

-12.6 20.94 -12.7 27.21 -12.6 30.26 -12.6 38.94 -12.7 53.16 

-10.5 16.97 -10.5 20.88 -10.4 23.11 -10.6 31.23 -10.6 41.48 

-8.6 14.23 -8.7 17.53 -8.7 19.26 -8.6 25.38 -8.6 34.13 

-6.6 12.26 -6.7 15.23 -6.7 16.72 -6.6 21.86 -6.6 29.22 

-4.6 10.86 -4.6 13.41 -4.6 15.07 -4.6 19.35 -4.6 25.99 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

-2.5 9.66 -2.6 12.07 -2.6 13.80 -2.6 17.62 -2.6 23.62 

-0.7 9.09 -0.6 10.92 -0.7 12.97 -0.6 16.26 -0.6 21.79 

4.1 8.41 5.5 9.96 5.7 11.83 5.2 15.03 3.9 20.03 

3.9 8.24 5.0 9.61 5.3 11.37 4.8 14.34 3.9 19.38 

5.2 8.00 4.7 9.46 4.9 11.26 4.6 14.21 5.2 18.76 

7.4 7.77 7.3 9.18 7.4 10.87 7.3 13.91 7.4 18.06 

9.5 7.56 9.4 8.92 9.5 10.55 9.5 13.48 9.5 17.50 

11.4 7.40 11.3 8.72 11.3 10.31 11.4 13.14 11.6 17.04 

13.5 7.28 13.3 8.45 13.4 10.01 13.3 12.83 13.5 16.72 

15.4 7.14 15.3 8.25 15.5 9.80 15.3 12.54 15.3 16.44 

17.4 7.05 17.4 8.10 17.3 9.60 17.4 12.29 17.3 16.11 

19.3 6.97 19.4 7.99 19.4 9.41 19.5 12.05 19.4 15.76 

21.4 6.86 21.4 7.82 21.3 9.27 21.5 11.85 21.5 15.44 

23.5 6.77 23.5 7.70 23.3 9.13 23.5 11.67 23.4 15.19 

25.3 6.69 25.8 7.64 25.4 9.00 25.3 11.51 25.4 14.90 

27.3 6.57 26.8 7.60 27.4 8.87 27.9 11.41 27.5 14.67 

29.4 6.49 29.4 7.47 29.3 8.77 28.9 11.34 29.4 14.43 

31.4 6.43 31.4 7.38 31.3 8.66 31.4 11.14 31.2 14.26 

33.5 6.34 33.5 7.26 33.6 8.56 33.3 10.98 33.5 14.03 

35.4 6.26 35.4 7.17 35.5 8.45 35.4 10.83 35.3 13.82 

37.3 6.20 37.3 7.10 37.4 8.34 37.4 10.64 37.2 13.65 

39.5 6.13 39.1 7.01 39.5 8.25 39.3 10.53 39.4 13.47 

41.4 6.06 41.3 6.93 41.4 8.14 41.4 10.37 41.4 13.27 

43.3 6.02 43.5 6.87 43.4 8.05 43.6 10.21 43.6 13.10 

45.3 5.96 45.4 6.81 45.4 7.96 45.5 10.10 45.3 12.91 

47.4 5.89 47.3 6.72 47.4 7.88 47.5 9.99 47.6 12.71 

49.5 5.84 49.0 6.64 49.4 7.79 49.5 9.85 49.5 12.55 

51.4 5.76 51.4 6.60 51.4 7.71 51.5 9.76 51.4 12.38 

53.3 5.72 53.7 6.52 53.5 7.62 53.0 9.64 53.5 12.21 

55.4 5.65 55.1 6.45 55.4 7.54 55.2 9.53 55.5 12.03 

57.6 5.58 57.2 6.39 57.2 7.45 57.3 9.42 57.3 11.93 

59.3 5.54 59.4 6.34 59.3 7.39 59.3 9.29 59.2 11.74 

61.3 5.49 61.7 6.25 61.3 7.30 61.1 9.19 61.2 11.59 

63.4 5.42 63.4 6.18 63.3 7.21 63.4 9.04 63.5 11.42 

65.3 5.35 65.4 6.11 65.5 7.14 65.4 8.95 65.5 11.26 

67.5 5.28 67.4 6.05 67.4 7.04 67.4 8.79 67.5 11.10 

69.3 5.22 69.3 5.94 69.2 6.95 69.6 8.63 69.4 10.93 

71.3 5.17 71.4 5.87 71.6 6.85 71.3 8.50 71.3 10.75 

73.1 5.12 73.6 5.79 73.3 6.75 73.3 8.35 73.6 10.61 

75.3 5.02 75.6 5.71 75.5 6.67 75.4 8.22 75.4 10.45 

77.3 4.96 77.4 5.62 77.5 6.58 77.5 8.08 77.4 10.31 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (a) Storage modulus ( ′) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°)  ′ (MPa) Temp.(C°) 
 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 
Temp.(C°) 

 ′ 

(MPa) 

79.5 4.90 79.7 5.60 79.3 6.51 79.3 8.03 79.4 10.18 

81.6 4.83 81.6 5.50 81.4 6.45 81.5 7.87 81.4 10.05 

83.6 4.78 83.7 5.45 83.6 6.37 83.7 7.78 83.5 9.93 

85.5 4.73 85.6 5.38 85.3 6.29 85.6 7.68 85.2 9.81 

87.4 4.68 87.1 5.34 87.4 6.26 87.4 7.60 87.7 9.69 

89.5 4.63 89.2 5.29 89.1 6.19 89.3 7.52 89.5 9.55 

91.5 4.59 91.4 5.26 91.5 6.14 91.2 7.45 91.4 9.51 

93.6 4.55 93.6 5.21 93.4 6.08 93.5 7.41 93.2 9.42 

95.4 4.54 95.4 5.18 95.5 6.06 95.4 7.33 95.6 9.37 

97.2 4.53 97.6 5.15 97.5 6.02 97.6 7.29 97.5 9.29 

99.2 4.48 99.2 5.12 99.7 6.01 99.7 7.27 99.5 9.24 

101.0 4.49 101.3 5.12 101.4 5.98 101.4 7.23 101.6 9.20 

103.5 4.46 103.4 5.10 103.5 5.94 103.1 7.26 103.5 9.18 

105.4 4.44 105.4 5.08 105.3 5.93 105.6 7.19 105.5 9.15 

107.3 4.44 107.4 5.09 106.8 5.91 107.8 7.17 107.6 9.10 

109.5 4.45 109.9 5.08 109.5 5.94 109.3 7.17 109.7 9.09 

111.1 4.46 111.6 5.06 111.4 5.90 111.0 7.21 111.8 9.04 

113.3 4.44 113.4 5.04 113.9 5.91 113.6 7.13 113.5 9.02 

115.3 4.43 115.3 5.05 115.9 5.88 115.5 7.13 115.5 8.99 

117.8 4.43 117.4 5.06 118.2 5.88 118.0 7.15 117.6 8.98 

119.2 4.45 119.4 5.04 118.7 5.95 119.9 7.10 119.4 8.96 

121.6 4.43 121.4 5.03 122.0 5.88 121.5 7.13 121.2 8.94 

123.5 4.44 123.5 5.03 123.8 5.86 123.6 7.08 123.2 8.90 

125.6 4.45 125.3 5.02 125.4 5.86 124.8 7.12 125.4 8.88 

127.1 4.42 127.2 5.05 127.2 5.87 127.0 7.10 127.4 8.90 

129.6 4.43 129.2 5.05 129.6 5.87 129.6 7.07 129.7 8.87 

131.5 4.44 131.6 5.04 131.4 5.84 131.3 7.08 131.5 8.86 

133.6 4.44 133.6 5.03 133.2 5.82 133.4 7.05 133.3 8.83 

135.4 4.46 135.5 5.02 135.5 5.85 135.8 7.08 135.7 8.82 

138.0 4.43 137.2 5.03 137.3 5.82 136.9 7.12 137.3 8.81 

139.6 4.47 139.3 5.04 139.4 5.85 139.9 7.09 139.5 8.81 

141.5 4.46 141.2 5.04 141.6 5.84 141.4 7.06 141.6 8.81 

143.3 4.46 143.2 5.05 143.5 5.85 143.3 7.11 143.6 8.72 

145.1 4.48 145.6 5.04 145.5 5.81 145.9 7.05 145.6 8.79 

147.5 4.46 147.4 5.03 147.3 5.85 147.8 7.09 147.6 8.76 

149.1 4.48 149.4 5.05 149.1 5.80 149.4 7.08 149.6 8.73 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

1) N326 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-80.1 100.58 -82.1 101.11 -81.1 110.45 -81.0 110.47 -79.8 187.50 

-79.6 101.53 -79.8 102.72 -79.3 129.74 -78.6 108.21 -77.2 174.63 

-78.1 99.39 -77.2 101.14 -77.3 125.10 -76.9 106.02 -74.0 166.94 

-75.8 97.33 -74.7 98.66 -75.2 121.84 -75.3 105.19 -70.9 159.92 

-72.8 94.32 -72.7 97.01 -73.0 118.26 -73.4 103.00 -69.9 162.91 

-70.8 92.15 -70.7 94.72 -71.0 115.54 -71.4 99.33 -67.0 151.02 

-69.0 89.42 -69.1 92.87 -69.2 112.32 -69.1 96.39 -63.9 145.94 

-67.2 86.63 -67.2 89.69 -67.2 110.16 -67.2 93.30 -61.5 141.96 

-65.0 82.96 -65.1 86.57 -65.4 106.32 -65.4 91.03 -58.6 138.07 

-63.3 80.45 -63.3 83.60 -63.2 102.85 -63.2 87.31 -55.4 135.40 

-61.3 77.00 -61.1 79.11 -60.9 99.56 -61.3 84.59 -54.3 139.95 

-59.1 73.75 -58.9 76.26 -59.3 96.16 -59.0 81.15 -53.5 139.44 

-57.0 70.30 -57.1 72.87 -57.0 92.84 -57.1 77.88 -52.5 140.00 

-54.6 68.44 -55.1 69.76 -55.2 90.32 -55.2 74.80 -51.6 138.96 

-52.9 66.99 -52.9 67.08 -53.1 86.91 -52.9 72.51 -50.3 137.73 

-51.3 65.46 -50.8 64.95 -51.0 85.83 -51.0 71.48 -49.3 138.51 

-49.0 63.66 -48.7 64.06 -49.3 83.88 -48.8 70.74 -48.2 137.64 

-46.7 63.08 -46.8 63.11 -47.2 82.62 -46.7 71.05 -46.7 138.23 

-44.9 64.20 -44.9 63.64 -44.7 81.99 -45.0 71.96 -44.8 140.62 

-42.9 66.55 -42.7 65.93 -43.2 83.62 -42.9 73.44 -42.9 144.14 

-40.7 72.16 -40.5 70.12 -41.2 87.65 -41.0 78.98 -40.9 148.33 

-38.8 79.57 -38.6 79.75 -38.8 98.40 -39.0 88.41 -38.8 158.40 

-36.7 90.72 -36.5 93.16 -37.0 115.14 -36.9 106.06 -36.8 177.34 

-34.8 105.53 -34.6 117.91 -34.8 145.07 -35.1 132.92 -34.7 212.15 

-32.5 143.22 -32.7 157.52 -32.8 205.04 -32.8 189.49 -32.7 270.95 

-30.5 193.27 -30.5 221.58 -30.7 284.20 -30.8 278.22 -30.7 356.07 

-28.6 248.80 -28.6 284.12 -28.5 341.81 -28.6 359.76 -28.5 437.03 

-26.7 283.17 -26.6 319.45 -26.4 364.34 -26.6 407.51 -26.6 471.87 

-24.7 273.78 -24.6 302.84 -24.7 341.14 -24.8 397.93 -24.5 454.35 

-22.6 216.43 -22.6 244.82 -22.6 276.95 -22.7 319.11 -22.6 389.04 

-20.7 148.17 -20.5 169.08 -20.4 196.48 -20.7 242.04 -20.6 301.43 

-18.6 86.68 -18.6 111.73 -18.7 142.02 -18.4 171.23 -18.6 220.81 

-16.7 51.26 -16.5 70.84 -16.6 94.16 -16.7 122.51 -16.5 159.89 

-14.6 31.74 -14.7 48.20 -14.5 62.93 -14.6 85.91 -14.5 116.26 

-12.6 20.96 -12.7 31.77 -12.6 42.38 -12.7 60.28 -12.6 87.23 

-10.5 14.89 -10.6 21.31 -10.6 28.72 -10.6 42.66 -10.6 66.16 

-8.6 10.76 -8.6 15.16 -8.7 20.62 -8.6 32.89 -8.6 51.14 

-6.6 7.84 -6.6 11.09 -6.6 14.97 -6.7 25.71 -6.6 40.77 

-4.6 5.80 -4.6 8.35 -4.7 11.22 -4.6 20.14 -4.5 32.52 



Panjaporn Wongwitthayakool                                                                                           Appendices / 244 

Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-2.5 4.18 -2.5 6.34 -2.6 8.71 -2.6 16.17 -2.5 26.61 

-0.7 3.42 -0.7 5.09 -0.7 6.60 -0.6 13.33 -0.6 22.15 

4.1 2.50 4.0 3.82 5.0 4.85 5.3 10.09 3.5 18.34 

3.9 2.25 3.9 3.35 4.6 4.32 5.0 9.06 3.5 16.94 

5.2 1.95 5.3 2.97 4.5 4.16 4.6 8.73 5.3 15.00 

7.4 1.68 7.5 2.57 7.3 3.49 7.3 7.55 7.5 13.48 

9.5 1.49 9.4 2.26 9.4 3.07 9.4 6.70 9.6 12.32 

11.4 1.34 11.4 2.04 11.5 2.76 11.3 6.07 11.5 11.55 

13.5 1.24 13.5 1.89 13.7 2.52 13.6 5.50 13.4 10.95 

15.4 1.16 15.2 1.81 15.4 2.37 15.5 5.13 15.4 10.33 

17.4 1.09 17.4 1.69 17.4 2.25 17.3 4.89 17.4 9.77 

19.3 1.04 19.3 1.61 19.4 2.15 19.4 4.63 19.4 9.26 

21.4 0.98 21.4 1.53 21.3 2.08 21.4 4.43 21.2 8.84 

23.5 0.95 23.3 1.47 23.3 2.02 23.5 4.30 23.4 8.43 

25.3 0.92 25.3 1.42 25.5 1.95 25.4 4.16 25.4 8.13 

27.3 0.89 27.4 1.37 27.7 1.88 27.5 4.03 27.6 7.81 

29.4 0.88 29.4 1.34 29.3 1.82 29.7 3.89 29.4 7.61 

31.4 0.84 31.5 1.30 31.3 1.79 31.2 3.84 31.6 7.35 

33.5 0.81 33.5 1.27 33.5 1.76 33.2 3.73 33.4 7.16 

35.4 0.83 35.3 1.25 35.5 1.72 35.5 3.67 35.3 7.00 

37.3 0.81 37.5 1.23 37.4 1.69 37.4 3.56 37.4 6.83 

39.5 0.81 39.4 1.21 39.3 1.66 39.3 3.51 39.4 6.69 

41.4 0.79 41.5 1.19 41.2 1.65 41.6 3.45 41.6 6.53 

43.3 0.76 43.7 1.17 43.4 1.61 43.7 3.38 43.5 6.38 

45.3 0.75 45.4 1.17 45.0 1.57 45.4 3.32 45.5 6.24 

47.4 0.74 47.7 1.12 47.1 1.57 47.7 3.26 47.6 6.10 

49.5 0.73 49.7 1.12 49.3 1.56 49.6 3.20 49.4 5.96 

51.4 0.74 51.3 1.09 51.3 1.53 51.5 3.16 51.3 5.84 

53.3 0.70 53.0 1.09 53.4 1.51 53.3 3.11 53.3 5.73 

55.4 0.71 55.4 1.06 55.6 1.49 55.5 3.04 55.7 5.62 

57.6 0.69 57.0 1.05 57.4 1.45 57.5 2.98 57.5 5.50 

59.3 0.70 59.4 1.02 59.4 1.43 59.3 2.91 59.6 5.39 

61.3 0.68 61.3 1.01 61.4 1.41 61.4 2.88 61.4 5.28 

63.4 0.65 63.5 0.98 63.5 1.37 63.6 2.80 63.4 5.15 

65.3 0.66 65.0 0.99 65.5 1.35 65.2 2.76 65.3 5.04 

67.5 0.63 67.3 0.95 67.5 1.32 67.3 2.69 67.4 4.94 

69.3 0.63 69.0 0.94 69.5 1.28 69.5 2.62 69.8 4.81 

71.3 0.62 71.8 0.89 71.6 1.25 71.1 2.56 71.5 4.71 

73.1 0.60 73.0 0.90 73.4 1.22 73.4 2.51 73.6 4.60 

75.3 0.60 75.7 0.86 75.4 1.21 75.4 2.45 75.6 4.46 

77.3 0.56 77.4 0.84 77.5 1.17 77.4 2.39 77.4 4.38 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

79.5 0.56 79.3 0.83 79.3 1.16 79.2 2.34 79.4 4.28 

81.6 0.55 81.6 0.82 81.4 1.13 81.4 2.29 81.6 4.18 

83.6 0.51 83.5 0.80 83.7 1.09 83.6 2.22 83.5 4.10 

85.5 0.54 85.0 0.80 85.5 1.05 85.4 2.17 85.5 4.01 

87.4 0.52 87.8 0.76 87.4 1.04 87.5 2.13 87.4 3.92 

89.5 0.50 89.2 0.75 89.3 1.02 89.5 2.08 89.6 3.82 

91.5 0.50 91.0 0.75 91.5 0.99 91.4 2.05 91.5 3.73 

93.6 0.48 93.1 0.72 93.5 0.99 93.5 2.01 93.4 3.65 

95.4 0.47 95.7 0.71 95.2 0.97 95.5 1.97 95.1 3.59 

97.2 0.46 97.1 0.70 97.5 0.95 97.7 1.92 97.4 3.52 

99.2 0.46 99.0 0.69 99.4 0.93 99.5 1.89 99.3 3.45 

101.0 0.46 101.1 0.68 101.7 0.92 101.4 1.86 101.6 3.39 

103.5 0.46 103.5 0.67 103.6 0.93 103.5 1.84 103.6 3.33 

105.4 0.45 105.4 0.65 105.3 0.91 105.5 1.79 105.3 3.28 

107.3 0.43 107.2 0.65 107.7 0.89 107.2 1.79 107.4 3.22 

109.5 0.41 109.4 0.66 109.5 0.86 109.1 1.75 109.3 3.16 

111.1 0.41 111.2 0.64 111.4 0.86 111.2 1.73 111.4 3.12 

113.3 0.40 113.7 0.62 113.4 0.83 113.5 1.69 113.7 3.07 

115.3 0.41 115.2 0.63 115.4 0.83 115.6 1.66 115.6 3.01 

117.8 0.41 117.5 0.61 117.4 0.82 117.5 1.65 117.7 2.95 

119.2 0.39 119.4 0.60 119.6 0.83 119.1 1.61 119.5 2.90 

121.6 0.38 121.3 0.58 121.5 0.81 121.3 1.58 121.5 2.83 

123.5 0.40 123.3 0.58 123.5 0.80 123.4 1.57 123.4 2.78 

125.6 0.38 125.7 0.57 125.5 0.78 125.7 1.53 125.8 2.74 

127.1 0.39 127.2 0.57 127.4 0.77 127.3 1.51 127.8 2.69 

129.6 0.36 129.3 0.57 129.5 0.75 129.7 1.47 129.5 2.65 

131.5 0.37 131.2 0.57 131.6 0.75 131.4 1.49 131.6 2.60 

133.6 0.35 133.0 0.55 133.6 0.74 133.5 1.45 133.4 2.56 

135.4 0.35 135.1 0.53 135.6 0.72 135.5 1.43 135.1 2.52 

138.0 0.34 137.7 0.53 137.8 0.71 137.8 1.40 137.6 2.53 

139.6 0.34 139.9 0.52 139.6 0.71 139.4 1.39 140.4 2.49 

141.5 0.36 141.2 0.51 141.2 0.71 141.5 1.36 141.5 2.46 

143.3 0.34 143.4 0.52 143.2 0.70 143.4 1.35 144.0 2.44 

145.1 0.33 145.3 0.52 145.3 0.68 145.2 1.32 145.2 2.40 

147.5 0.34 147.5 0.49 147.1 0.69 147.4 1.31 146.5 2.39 

149.1 0.34 149.3 0.51 149.4 0.68 149.5 1.29 149.5 2.37 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

2) N550 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-80.1 100.58 -79.3 109.53 -80.2 110.48 -80.3 144.95 -80.0 4467.16 

-79.6 101.53 -79.3 111.04 -79.5 109.67 -77.0 140.39 -77.7 4356.46 

-78.1 99.39 -77.2 108.95 -77.7 109.07 -73.2 135.49 -74.6 4298.48 

-75.8 97.33 -74.9 107.17 -75.6 106.11 -72.2 149.13 -71.5 4226.24 

-72.8 94.32 -73.1 105.20 -73.6 103.57 -71.3 149.53 -68.8 4152.39 

-70.8 92.15 -70.9 102.55 -71.3 100.38 -70.3 147.92 -67.6 4122.69 

-69.0 89.42 -68.9 100.46 -69.2 97.66 -68.8 145.82 -64.9 4051.37 

-67.2 86.63 -67.1 97.51 -67.0 93.99 -66.9 143.43 -62.1 3974.75 

-65.0 82.96 -64.7 94.05 -65.5 92.30 -65.1 140.88 -59.3 3897.65 

-63.3 80.45 -63.0 91.40 -63.2 87.75 -63.0 138.91 -56.3 3819.83 

-61.3 77.00 -61.0 88.17 -61.1 84.76 -61.0 135.65 -55.2 3781.91 

-59.1 73.75 -59.1 85.37 -59.1 81.62 -58.9 132.78 -52.5 3720.20 

-57.0 70.30 -57.1 82.21 -57.4 78.64 -56.9 130.41 -49.6 3640.58 

-54.6 68.44 -55.0 79.26 -55.2 75.39 -55.0 126.35 -48.4 3610.95 

-52.9 66.99 -53.1 76.43 -53.0 74.24 -53.1 125.74 -47.5 3580.17 

-51.3 65.46 -50.9 73.80 -50.9 72.37 -51.0 125.73 -46.3 3550.47 

-49.0 63.66 -48.9 71.70 -48.9 72.10 -48.9 125.41 -45.4 3523.06 

-46.7 63.08 -47.0 70.57 -46.9 71.68 -46.9 123.49 -44.3 3488.55 

-44.9 64.20 -44.9 70.30 -45.1 71.46 -44.9 122.75 -43.3 3450.30 

-42.9 66.55 -42.8 71.41 -43.0 74.90 -42.8 124.31 -42.2 3410.74 

-40.7 72.16 -40.9 73.85 -40.8 78.10 -40.8 127.66 -40.9 3357.60 

-38.8 79.57 -38.9 80.40 -38.9 93.50 -38.7 134.95 -38.8 3266.24 

-36.7 90.72 -36.8 93.33 -36.6 127.15 -36.8 148.56 -36.9 3138.92 

-34.8 105.53 -34.6 117.14 -34.8 163.26 -34.7 175.49 -34.8 206.96 

-32.5 143.22 -32.6 158.86 -32.4 224.47 -32.6 224.98 -32.8 268.87 

-30.5 193.27 -30.6 214.92 -30.5 271.94 -30.4 304.75 -30.6 359.00 

-28.6 248.80 -28.5 278.18 -29.1 323.65 -28.4 379.67 -28.5 449.38 

-26.7 283.17 -26.6 313.90 -26.3 357.40 -26.5 427.79 -26.5 489.27 

-24.7 273.78 -24.5 301.08 -24.7 328.23 -24.5 425.69 -24.6 471.06 

-22.6 216.43 -22.6 246.67 -22.3 251.52 -22.6 369.48 -22.7 399.96 

-20.7 148.17 -20.6 178.49 -20.5 187.44 -20.6 278.91 -20.7 305.99 

-18.6 86.68 -18.7 121.08 -18.8 128.41 -18.6 196.93 -18.6 221.44 

-16.7 51.26 -16.7 76.91 -16.5 84.62 -16.7 136.85 -16.6 161.31 

-14.6 31.74 -14.6 49.48 -14.8 55.78 -14.6 92.46 -14.6 116.12 

-12.6 20.96 -12.5 32.27 -12.8 31.63 -12.7 63.61 -12.6 84.96 

-10.5 14.89 -10.6 22.15 -10.5 21.28 -10.6 44.55 -10.6 63.78 

-8.6 10.76 -8.6 15.86 -8.6 16.02 -8.6 32.14 -8.6 48.63 

-6.6 7.84 -6.5 11.36 -6.6 12.14 -6.6 24.26 -6.6 37.58 

-4.6 5.80 -4.7 8.58 -4.6 9.47 -4.6 18.85 -4.6 30.24 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-2.5 4.18 -2.6 6.55 -2.6 7.80 -2.6 14.51 -2.6 24.05 

-0.7 3.42 -0.6 5.08 -0.7 6.23 -0.6 11.73 -0.7 20.11 

4.1 2.50 3.4 3.99 4.8 4.69 3.7 9.33 3.1 16.61 

3.9 2.25 3.6 3.54 4.5 4.08 3.9 8.47 3.4 15.33 

5.2 1.95 5.3 3.07 4.4 3.91 5.2 7.43 5.3 13.46 

7.4 1.68 7.0 2.67 7.4 3.29 7.5 6.41 7.5 12.09 

9.5 1.49 9.5 2.33 9.4 2.92 9.5 5.69 9.5 11.19 

11.4 1.34 11.7 2.12 11.4 2.61 11.5 5.18 11.4 10.49 

13.5 1.24 13.5 2.00 13.4 2.37 13.5 4.86 13.4 9.88 

15.4 1.16 15.4 1.88 15.4 2.18 15.3 4.64 15.4 9.28 

17.4 1.09 17.3 1.76 17.4 2.07 17.4 4.38 17.3 8.71 

19.3 1.04 19.2 1.64 19.5 1.98 19.3 4.15 19.2 8.24 

21.4 0.98 21.4 1.57 21.6 1.91 21.4 3.94 21.2 7.86 

23.5 0.95 23.5 1.50 23.4 1.85 23.4 3.76 23.5 7.54 

25.3 0.92 25.4 1.44 25.4 1.79 25.4 3.59 25.2 7.29 

27.3 0.89 27.4 1.39 28.1 1.75 27.4 3.48 27.3 7.05 

29.4 0.88 29.4 1.39 29.1 1.73 29.4 3.36 29.4 6.83 

31.4 0.84 31.3 1.35 31.4 1.68 31.6 3.29 31.4 6.68 

33.5 0.81 33.5 1.30 33.4 1.65 33.5 3.21 33.5 6.51 

35.4 0.83 35.4 1.28 35.4 1.61 35.6 3.14 35.5 6.37 

37.3 0.81 37.8 1.26 37.5 1.60 37.4 3.06 37.3 6.24 

39.5 0.81 39.6 1.24 39.4 1.55 39.3 3.01 39.4 6.14 

41.4 0.79 41.4 1.21 41.6 1.53 41.3 2.98 41.6 5.98 

43.3 0.76 43.5 1.19 43.5 1.51 43.5 2.91 43.4 5.87 

45.3 0.75 45.3 1.18 45.2 1.47 45.7 2.86 45.4 5.75 

47.4 0.74 47.6 1.17 47.1 1.49 47.2 2.81 47.6 5.65 

49.5 0.73 49.6 1.12 49.4 1.43 49.2 2.77 49.2 5.54 

51.4 0.74 51.6 1.12 51.5 1.40 50.9 2.73 51.2 5.44 

53.3 0.70 53.4 1.13 53.3 1.39 53.5 2.68 53.0 5.35 

55.4 0.71 55.5 1.09 55.5 1.37 55.6 2.63 55.3 5.23 

57.6 0.69 57.7 1.08 57.4 1.36 57.4 2.59 57.1 5.14 

59.3 0.70 59.2 1.05 59.5 1.33 59.5 2.53 59.7 5.03 

61.3 0.68 61.3 1.03 61.5 1.33 61.1 2.50 61.5 4.94 

63.4 0.65 63.4 1.03 63.4 1.29 63.0 2.43 63.3 4.86 

65.3 0.66 65.6 0.98 65.5 1.27 65.3 2.38 65.4 4.75 

67.5 0.63 67.4 0.97 67.5 1.26 67.1 2.34 67.6 4.65 

69.3 0.63 69.4 0.95 69.5 1.22 69.2 2.30 69.4 4.57 

71.3 0.62 71.4 0.92 71.4 1.18 71.1 2.23 71.7 4.46 

73.1 0.60 73.5 0.92 73.4 1.16 73.2 2.21 73.5 4.37 

75.3 0.60 75.8 0.90 75.6 1.14 75.1 2.14 75.4 4.28 

77.3 0.56 77.6 0.89 77.3 1.10 77.2 2.10 77.5 4.19 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

79.5 0.56 79.6 0.86 79.5 1.08 79.6 2.05 79.5 4.10 

81.6 0.55 81.5 0.84 81.3 1.06 81.6 2.03 81.2 4.00 

83.6 0.51 83.7 0.80 83.6 1.01 83.9 1.97 83.4 3.93 

85.5 0.54 86.0 0.80 85.2 1.03 86.1 1.94 85.5 3.86 

87.4 0.52 87.6 0.79 87.3 0.99 87.0 1.88 87.4 3.77 

89.5 0.50 89.1 0.77 89.4 0.97 89.1 1.87 89.5 3.69 

91.5 0.50 91.8 0.73 91.4 0.94 91.5 1.83 91.7 3.61 

93.6 0.48 93.6 0.76 93.5 0.93 93.7 1.79 93.7 3.53 

95.4 0.47 95.7 0.73 95.5 0.91 95.3 1.75 95.6 3.47 

97.2 0.46 97.0 0.72 97.4 0.89 97.2 1.72 97.7 3.42 

99.2 0.46 99.6 0.70 99.7 0.89 99.1 1.73 99.8 3.35 

101.0 0.46 101.0 0.70 101.5 0.89 101.7 1.68 101.8 3.30 

103.5 0.46 103.6 0.69 103.4 0.87 103.6 1.65 103.5 3.26 

105.4 0.45 105.5 0.65 105.3 0.86 105.2 1.63 105.3 3.19 

107.3 0.43 107.2 0.67 107.5 0.83 107.1 1.62 107.4 3.16 

109.5 4.45 109.8 0.64 109.4 0.81 109.0 1.60 109.3 3.12 

111.1 4.46 111.2 0.64 111.4 0.81 111.3 1.57 111.5 3.07 

113.3 4.44 113.5 0.63 113.4 0.81 112.9 1.56 113.4 3.02 

115.3 4.43 115.5 0.64 115.4 0.79 115.9 1.52 115.8 2.99 

117.8 4.43 117.8 0.63 117.5 0.80 118.2 1.51 117.4 2.93 

119.2 4.45 119.1 0.59 119.3 0.79 119.5 1.49 119.6 2.89 

121.6 4.43 121.0 0.60 121.6 0.78 121.5 1.48 121.6 2.84 

123.5 4.44 123.7 0.58 123.8 0.76 123.4 1.46 123.4 2.81 

125.6 4.45 125.8 0.57 125.6 0.75 125.9 1.46 125.4 2.77 

127.1 4.42 128.3 0.59 127.3 0.74 127.7 1.41 127.2 2.73 

129.6 4.43 129.8 0.58 129.5 0.74 129.8 1.41 129.2 2.69 

131.5 4.44 131.6 0.55 131.5 0.73 131.1 1.38 131.4 2.64 

133.6 4.44 133.1 0.54 133.3 0.72 133.2 1.37 133.4 2.61 

135.4 4.46 135.5 0.55 135.2 0.69 135.3 1.37 135.7 2.57 

138.0 4.43 137.3 0.54 137.2 0.71 137.4 1.35 137.5 2.53 

139.6 4.47 138.7 0.54 139.4 0.70 139.4 1.32 139.4 2.50 

141.5 4.46 141.3 0.54 141.5 0.69 141.3 1.31 141.5 2.46 

143.3 4.46 143.1 0.52 143.6 0.68 143.6 1.31 143.6 2.42 

145.1 4.48 145.2 0.51 145.8 0.66 145.4 1.29 145.7 2.40 

147.5 4.46 147.1 0.51 147.8 0.68 147.4 1.27 147.8 2.35 

149.1 4.48 149.3 0.51 149.3 0.67 149.5 1.25 149.6 2.32 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

3) N774 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-80.1 100.58 -81.6 99.33 -80.2 109.48 -80.6 130.51 -80.4 151.68 

-79.6 101.53 -80.2 99.81 -80.0 109.59 -79.3 130.09 -78.3 147.37 

-78.1 99.39 -76.9 97.56 -77.9 107.66 -78.2 128.07 -74.4 142.96 

-75.8 97.33 -74.5 95.10 -75.7 106.12 -74.5 124.68 -71.5 139.04 

-72.8 94.32 -72.6 92.89 -73.8 103.24 -72.6 121.56 -68.5 134.48 

-70.8 92.15 -71.4 91.06 -71.3 99.87 -70.6 119.22 -65.8 130.44 

-69.0 89.42 -69.3 87.81 -69.1 96.63 -69.4 116.81 -64.5 131.01 

-67.2 86.63 -67.1 85.22 -67.0 93.45 -66.8 114.27 -61.8 123.06 

-65.0 82.96 -65.2 82.30 -64.7 89.37 -65.0 111.04 -60.6 124.00 

-63.3 80.45 -63.3 79.24 -62.9 86.03 -63.0 107.65 -57.7 116.75 

-61.3 77.00 -61.4 75.24 -61.2 82.76 -61.3 103.55 -55.0 112.70 

-59.1 73.75 -58.8 72.02 -59.4 79.08 -59.2 99.97 -52.2 109.01 

-57.0 70.30 -57.1 68.89 -57.2 75.87 -56.2 96.33 -49.2 106.50 

-54.6 68.44 -55.4 66.01 -55.5 72.29 -54.6 94.16 -46.3 105.78 

-52.9 66.99 -53.3 63.95 -53.1 70.30 -53.2 92.19 -43.4 108.98 

-51.3 65.46 -50.9 61.79 -50.8 68.38 -50.5 90.87 -42.3 112.56 

-49.0 63.66 -49.2 61.48 -49.1 65.92 -48.9 91.02 -41.4 115.46 

-46.7 63.08 -46.7 60.68 -47.2 64.35 -46.9 88.48 -40.3 119.39 

-44.9 64.20 -45.3 61.57 -45.4 66.61 -45.1 92.66 -39.1 124.97 

-42.9 66.55 -43.2 63.71 -43.1 68.59 -43.3 96.90 -38.1 133.07 

-40.7 72.16 -41.2 67.64 -41.1 72.60 -40.8 104.12 -36.9 143.00 

-38.8 79.57 -39.1 77.83 -38.8 81.12 -38.6 119.33 -35.9 157.83 

-36.7 90.72 -36.8 97.25 -37.0 93.86 -36.9 137.52 -34.7 178.05 

-34.8 105.53 -34.8 133.60 -34.9 121.45 -34.9 172.20 -33.7 203.29 

-32.5 143.22 -32.6 178.06 -32.9 168.45 -33.1 220.06 -32.6 241.60 

-30.5 193.27 -30.9 220.22 -30.7 239.21 -30.6 303.79 -30.7 321.95 

-28.6 248.80 -28.6 274.20 -28.6 306.12 -28.4 376.10 -28.4 421.16 

-26.7 283.17 -26.8 316.68 -26.2 359.22 -26.6 410.94 -26.5 480.89 

-24.7 273.78 -24.5 297.85 -24.9 359.72 -24.9 413.08 -24.6 481.33 

-22.6 216.43 -22.6 222.50 -22.5 290.45 -22.5 342.99 -22.5 417.97 

-20.7 148.17 -20.5 141.68 -20.6 209.25 -20.5 249.61 -20.8 336.28 

-18.6 86.68 -18.5 80.47 -18.5 136.79 -19.0 182.00 -18.7 241.97 

-16.7 51.26 -16.9 52.16 -16.5 82.52 -16.3 102.99 -16.7 169.61 

-14.6 31.74 -14.6 32.58 -14.7 56.35 -14.6 67.38 -14.6 119.24 

-12.6 20.96 -12.6 21.69 -12.6 38.12 -12.8 47.50 -12.6 82.85 

-10.5 14.89 -10.5 15.70 -10.7 27.01 -10.6 33.71 -10.6 60.27 

-8.6 10.76 -8.7 13.93 -8.6 19.18 -8.5 24.94 -8.6 44.50 

-6.6 7.84 -6.6 10.37 -6.6 13.59 -6.5 19.12 -6.6 33.75 

-4.6 5.80 -4.6 7.65 -4.6 10.35 -4.6 15.31 -4.5 25.79 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-2.5 4.18 -2.6 5.93 -2.7 8.09 -2.6 12.06 -2.7 19.47 

-0.7 3.42 -0.8 4.45 -0.7 6.28 -0.8 9.95 -0.8 15.76 

4.1 2.50 5.2 3.22 5.6 4.33 5.2 7.27 3.9 12.44 

3.9 2.25 4.9 2.74 5.1 3.82 4.8 6.38 3.9 11.29 

5.2 1.95 4.5 2.65 4.7 3.75 4.6 6.14 5.2 9.98 

7.4 1.68 7.0 2.28 7.2 3.24 7.3 5.24 7.6 8.73 

9.5 1.49 9.5 1.95 9.4 2.85 9.5 4.65 9.5 7.87 

11.4 1.34 11.4 1.76 11.5 2.54 11.4 4.23 11.6 7.12 

13.5 1.24 13.5 1.58 13.3 2.35 13.3 3.84 13.4 6.67 

15.4 1.16 15.5 1.45 15.3 2.17 15.3 3.53 15.4 6.29 

17.4 1.09 17.4 1.36 17.4 2.05 17.6 3.31 17.4 5.95 

19.3 1.04 19.4 1.31 19.2 1.96 19.4 3.17 19.4 5.64 

21.4 0.98 21.7 1.23 21.2 1.88 21.5 3.04 21.5 5.36 

23.5 0.95 23.5 1.20 23.4 1.83 23.2 2.96 23.3 5.15 

25.3 0.92 25.3 1.17 25.3 1.78 25.1 2.90 25.2 4.98 

27.3 0.89 27.3 1.17 27.2 1.72 27.5 2.77 27.2 4.80 

29.4 0.88 29.7 1.13 29.1 1.68 29.8 2.70 29.4 4.63 

31.4 0.84 31.5 1.11 31.5 1.62 31.3 2.64 31.3 4.52 

33.5 0.81 33.5 1.08 33.6 1.58 32.8 2.62 33.4 4.39 

35.4 0.83 35.4 1.06 35.5 1.55 35.3 2.53 35.3 4.30 

37.3 0.81 37.2 1.04 37.5 1.52 37.3 2.50 37.3 4.23 

39.5 0.81 39.2 1.03 39.4 1.49 39.4 2.45 39.5 4.13 

41.4 0.79 41.4 1.01 41.3 1.47 41.6 2.40 41.2 4.04 

43.3 0.76 43.6 1.00 43.8 1.45 43.5 2.37 43.1 3.99 

45.3 0.75 45.3 0.97 45.3 1.42 45.5 2.34 45.6 3.89 

47.4 0.74 47.5 0.98 47.3 1.41 47.5 2.31 47.3 3.82 

49.5 0.73 49.5 0.96 49.3 1.42 49.5 2.26 49.5 3.74 

51.4 0.74 51.3 0.96 51.3 1.39 51.3 2.24 51.6 3.66 

53.3 0.70 53.4 0.95 53.3 1.33 53.2 2.20 54.0 3.59 

55.4 0.71 55.5 0.92 55.4 1.34 55.2 2.17 55.5 3.54 

57.6 0.69 57.3 0.92 57.4 1.30 57.4 2.14 58.1 3.45 

59.3 0.70 59.4 0.89 59.6 1.30 59.6 2.08 59.3 3.39 

61.3 0.68 61.2 0.88 61.6 1.27 61.3 2.06 61.1 3.33 

63.4 0.65 63.4 0.86 63.4 1.23 63.4 2.02 63.1 3.27 

65.3 0.66 65.4 0.85 65.3 1.21 65.6 1.97 65.4 3.18 

67.5 0.63 67.6 0.84 67.2 1.20 67.5 1.92 67.2 3.12 

69.3 0.63 69.4 0.80 69.1 1.16 69.2 1.90 69.3 3.03 

71.3 0.62 71.4 0.82 71.5 1.13 71.4 1.85 71.4 2.95 

73.1 0.60 73.6 0.79 73.4 1.10 73.5 1.82 73.2 2.91 

75.3 0.60 75.6 0.77 75.5 1.08 75.7 1.78 74.9 2.86 

77.3 0.56 77.6 0.75 77.6 1.07 77.5 1.74 76.8 2.78 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

79.5 0.56 79.3 0.75 79.5 1.02 79.4 1.70 79.4 2.70 

81.6 0.55 81.5 0.73 81.6 1.00 81.5 1.66 81.4 2.64 

83.6 0.51 83.5 0.69 83.6 0.98 83.5 1.63 83.3 2.58 

85.5 0.54 85.4 0.68 85.5 0.97 85.6 1.60 85.7 2.52 

87.4 0.52 87.3 0.68 87.5 0.94 87.4 1.55 87.3 2.48 

89.5 0.50 89.4 0.67 89.5 0.93 89.4 1.52 89.5 2.41 

91.5 0.50 91.4 0.66 91.4 0.92 91.2 1.52 91.7 2.35 

93.6 0.48 93.7 0.62 93.3 0.89 93.7 1.48 93.3 2.30 

95.4 0.47 95.6 0.61 95.3 0.87 95.6 1.44 95.4 2.27 

97.2 0.46 97.5 0.62 97.5 0.87 97.1 1.43 97.5 2.21 

99.2 0.46 99.6 0.60 99.5 0.85 99.7 1.40 99.5 2.20 

101.0 0.46 101.6 0.61 101.4 0.84 101.5 1.38 101.4 2.17 

103.5 0.46 103.3 0.58 103.5 0.82 103.6 1.35 103.6 2.13 

105.4 0.45 105.5 0.57 105.4 0.82 105.6 1.35 105.5 2.11 

107.3 0.43 107.5 0.58 107.4 0.81 107.4 1.31 107.5 2.07 

109.5 0.41 109.4 0.55 109.2 0.80 109.2 1.31 109.6 2.04 

111.1 0.41 111.5 0.56 111.4 0.78 111.4 1.28 111.5 2.01 

113.3 0.40 113.2 0.55 113.5 0.77 113.8 1.29 113.5 1.97 

115.3 0.41 115.3 0.56 115.4 0.76 115.5 1.26 115.3 1.98 

117.8 0.41 117.2 0.56 117.4 0.74 117.6 1.25 117.3 1.93 

119.2 0.39 119.5 0.53 119.5 0.74 119.6 1.22 119.4 1.89 

121.6 0.38 121.5 0.51 121.5 0.73 121.4 1.21 121.5 1.88 

123.5 0.40 123.4 0.48 123.6 0.72 123.4 1.20 122.8 1.87 

125.6 0.38 125.5 0.52 125.3 0.72 125.4 1.17 125.6 1.83 

127.1 0.39 127.5 0.50 127.1 0.71 127.7 1.17 127.2 1.80 

129.6 0.36 129.7 0.50 129.3 0.70 129.7 1.14 129.0 1.77 

131.5 0.37 131.4 0.50 131.5 0.69 131.6 1.14 131.5 1.75 

133.6 0.35 133.4 0.48 133.6 0.68 133.6 1.12 133.4 1.75 

135.4 0.35 135.5 0.48 135.5 0.67 135.4 1.12 135.3 1.72 

138.0 0.34 137.4 0.46 137.4 0.69 137.5 1.11 137.2 1.69 

139.6 0.34 139.7 0.47 139.6 0.68 139.3 1.10 139.3 1.69 

141.5 0.36 141.6 0.47 141.4 0.67 141.4 1.10 141.3 1.65 

143.3 0.34 143.5 0.46 143.4 0.67 143.4 1.06 143.5 1.63 

145.1 0.33 145.6 0.44 145.4 0.63 145.3 1.03 145.5 1.61 

147.5 0.34 147.6 0.45 147.6 0.67 147.2 1.04 147.6 1.59 

149.1 0.34 149.6 0.45 149.6 0.62 149.3 1.03 149.2 1.58 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

4) N990 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-80.1 100.58 -81.6 99.35 -81.4 110.36 -80.8 135.99 -79.9 126.58 

-79.6 101.53 -80.2 100.55 -79.6 115.08 -79.8 135.11 -79.4 136.45 

-78.1 99.39 -76.9 99.36 -77.7 113.05 -77.9 132.90 -77.1 134.66 

-75.8 97.33 -74.5 96.51 -75.1 110.92 -75.7 130.50 -75.0 132.90 

-72.8 94.32 -72.6 95.28 -72.8 108.29 -73.2 128.16 -73.2 128.52 

-70.8 92.15 -71.4 92.73 -71.0 105.85 -71.3 126.26 -71.2 127.60 

-69.0 89.42 -69.3 90.64 -69.3 103.03 -69.3 122.59 -69.2 124.53 

-67.2 86.63 -67.1 87.93 -67.0 99.38 -67.5 119.90 -67.1 122.11 

-65.0 82.96 -65.2 84.72 -64.9 95.64 -65.4 115.89 -65.2 118.80 

-63.3 80.45 -63.3 81.24 -63.1 93.31 -63.1 111.82 -63.1 115.60 

-61.3 77.00 -61.4 77.31 -60.9 88.77 -60.9 108.08 -61.1 112.08 

-59.1 73.75 -58.8 73.75 -58.8 85.62 -58.8 104.17 -59.0 108.04 

-57.0 70.30 -57.1 70.70 -57.2 82.22 -57.1 102.21 -56.9 105.27 

-54.6 68.44 -55.4 68.27 -54.9 79.28 -55.2 98.40 -55.3 101.69 

-52.9 66.99 -53.3 66.72 -53.5 75.40 -53.4 95.74 -53.1 98.30 

-51.3 65.46 -50.9 64.18 -50.9 73.64 -51.8 92.20 -50.9 95.64 

-49.0 63.66 -49.2 63.42 -48.9 73.08 -49.4 89.57 -49.0 94.66 

-46.7 63.08 -46.7 62.90 -46.7 73.71 -47.0 76.69 -46.7 92.64 

-44.9 64.20 -45.3 63.00 -44.9 72.64 -45.1 90.00 -44.8 93.68 

-42.9 66.55 -43.2 64.85 -43.0 77.27 -43.1 90.14 -42.7 95.64 

-40.7 72.16 -41.2 65.86 -40.9 83.34 -41.1 94.39 -40.8 101.85 

-38.8 79.57 -39.1 69.97 -38.9 91.27 -39.0 102.06 -38.7 112.09 

-36.7 90.72 -36.8 94.47 -36.8 105.49 -37.1 118.41 -36.7 132.58 

-34.8 105.53 -34.4 127.48 -34.9 138.68 -34.6 152.04 -34.7 169.39 

-32.5 143.22 -32.6 166.01 -32.7 191.34 -32.6 195.61 -32.8 227.69 

-30.5 193.27 -30.9 217.12 -30.2 263.17 -31.0 255.30 -30.6 323.46 

-28.6 248.80 -28.3 288.27 -28.9 301.38 -28.7 376.44 -28.7 407.21 

-26.7 283.17 -26.4 321.56 -26.1 342.05 -26.3 414.28 -26.6 460.00 

-24.7 273.78 -24.9 310.63 -24.7 322.72 -24.5 358.14 -24.7 436.13 

-22.6 216.43 -22.1 233.39 -22.8 256.02 -22.9 304.38 -22.6 350.74 

-20.7 148.17 -21.1 175.33 -20.5 158.71 -20.7 209.18 -20.6 252.48 

-18.6 86.68 -18.5 88.90 -18.6 108.42 -18.7 137.48 -18.6 169.01 

-16.7 51.26 -16.5 56.33 -16.7 63.83 -16.6 80.31 -16.5 107.14 

-14.6 31.74 -14.5 39.30 -14.5 41.36 -14.7 51.77 -14.6 71.73 

-12.6 20.96 -12.7 27.43 -12.6 28.41 -12.6 36.48 -12.7 48.28 

-10.5 14.89 -10.5 18.07 -10.4 18.30 -10.6 25.90 -10.6 32.96 

-8.6 10.76 -8.7 13.14 -8.7 12.90 -8.6 17.79 -8.6 23.37 

-6.6 7.84 -6.7 9.78 -6.7 9.38 -6.6 12.98 -6.6 16.97 

-4.6 5.80 -4.6 7.25 -4.6 7.18 -4.6 9.64 -4.6 12.91 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

-2.5 4.18 -2.6 5.48 -2.6 5.54 -2.6 7.43 -2.6 10.03 

-0.7 3.42 -0.6 4.02 -0.7 4.52 -0.6 5.70 -0.6 7.86 

4.1 2.50 5.5 2.86 5.7 3.27 5.2 4.29 3.9 5.91 

3.9 2.25 5.0 2.51 5.3 2.84 4.8 3.76 3.9 5.29 

5.2 1.95 4.7 2.43 4.9 2.74 4.6 3.64 5.2 4.63 

7.4 1.68 7.3 2.04 7.4 2.32 7.3 3.11 7.4 3.99 

9.5 1.49 9.4 1.76 9.5 2.06 9.5 2.71 9.5 3.52 

11.4 1.34 11.3 1.63 11.3 1.86 11.4 2.43 11.6 3.20 

13.5 1.24 13.3 1.43 13.4 1.68 13.3 2.21 13.5 2.98 

15.4 1.16 15.3 1.34 15.5 1.56 15.3 2.03 15.3 2.79 

17.4 1.09 17.4 1.23 17.3 1.46 17.4 1.89 17.3 2.62 

19.3 1.04 19.4 1.18 19.4 1.39 19.5 1.82 19.4 2.47 

21.4 0.98 21.4 1.13 21.3 1.32 21.5 1.72 21.5 2.35 

23.5 0.95 23.5 1.08 23.3 1.30 23.5 1.66 23.4 2.24 

25.3 0.92 25.8 1.05 25.4 1.26 25.3 1.62 25.4 2.16 

27.3 0.89 26.8 1.04 27.4 1.22 27.9 1.60 27.5 2.10 

29.4 0.88 29.4 1.01 29.3 1.20 28.9 1.58 29.4 2.05 

31.4 0.84 31.4 1.01 31.3 1.17 31.4 1.55 31.2 1.99 

33.5 0.81 33.5 0.99 33.6 1.13 33.3 1.49 33.5 1.96 

35.4 0.83 35.4 0.98 35.5 1.12 35.4 1.47 35.3 1.92 

37.3 0.81 37.3 0.96 37.4 1.12 37.4 1.44 37.2 1.90 

39.5 0.81 39.1 0.95 39.5 1.10 39.3 1.41 39.4 1.86 

41.4 0.79 41.3 0.92 41.4 1.09 41.4 1.40 41.4 1.84 

43.3 0.76 43.5 0.89 43.4 1.07 43.6 1.38 43.6 1.78 

45.3 0.75 45.4 0.88 45.4 1.06 45.5 1.35 45.3 1.77 

47.4 0.74 47.3 0.88 47.4 1.03 47.5 1.33 47.6 1.75 

49.5 0.73 49.0 0.88 49.4 1.03 49.5 1.32 49.5 1.72 

51.4 0.74 51.4 0.85 51.4 1.02 51.5 1.28 51.4 1.69 

53.3 0.70 53.7 0.84 53.5 1.00 53.0 1.26 53.5 1.66 

55.4 0.71 55.1 0.85 55.4 0.97 55.2 1.24 55.5 1.63 

57.6 0.69 57.2 0.83 57.2 0.97 57.3 1.22 57.3 1.60 

59.3 0.70 59.4 0.80 59.3 0.96 59.3 1.19 59.2 1.58 

61.3 0.68 61.7 0.78 61.3 0.94 61.1 1.18 61.2 1.55 

63.4 0.65 63.4 0.78 63.3 0.93 63.4 1.17 63.5 1.51 

65.3 0.66 65.4 0.75 65.5 0.91 65.4 1.14 65.5 1.47 

67.5 0.63 67.4 0.74 67.4 0.88 67.4 1.11 67.5 1.45 

69.3 0.63 69.3 0.74 69.2 0.85 69.6 1.10 69.4 1.43 

71.3 0.62 71.4 0.72 71.6 0.87 71.3 1.06 71.3 1.41 

73.1 0.60 73.6 0.71 73.3 0.82 73.3 1.04 73.6 1.36 

75.3 0.60 75.6 0.68 75.5 0.81 75.4 1.01 75.4 1.33 

77.3 0.56 77.4 0.68 77.5 0.79 77.5 0.99 77.4 1.29 
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Table A10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB characteristics and loadings 

(cont.): (b) Loss modulus (G″) 

 

0 phr 10 phr 20 phr 40 phr 60 phr 

Temp.(C°) G″ (MPa) Temp.(C°) 
G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 
Temp.(C°) 

G″ 

(MPa) 

79.5 0.56 79.7 0.64 79.3 0.77 79.3 0.96 79.4 1.27 

81.6 0.55 81.6 0.65 81.4 0.76 81.5 0.93 81.4 1.26 

83.6 0.51 83.7 0.64 83.6 0.75 83.7 0.92 83.5 1.24 

85.5 0.54 85.6 0.63 85.3 0.73 85.6 0.89 85.2 1.20 

87.4 0.52 87.1 0.61 87.4 0.71 87.4 0.88 87.7 1.18 

89.5 0.50 89.2 0.59 89.1 0.71 89.3 0.87 89.5 1.15 

91.5 0.50 91.4 0.59 91.5 0.68 91.2 0.84 91.4 1.12 

93.6 0.48 93.6 0.55 93.4 0.68 93.5 0.85 93.2 1.12 

95.4 0.47 95.4 0.54 95.5 0.65 95.4 0.82 95.6 1.09 

97.2 0.46 97.6 0.56 97.5 0.64 97.6 0.81 97.5 1.06 

99.2 0.46 99.2 0.53 99.7 0.63 99.7 0.80 99.5 1.07 

101.0 0.46 101.3 0.52 101.4 0.63 101.4 0.79 101.6 1.06 

103.5 0.46 103.4 0.53 103.5 0.62 103.1 0.76 103.5 1.02 

105.4 0.45 105.4 0.51 105.3 0.61 105.6 0.78 105.5 1.02 

107.3 0.43 107.4 0.50 106.8 0.59 107.8 0.77 107.6 1.02 

109.5 0.41 109.9 0.51 109.5 0.60 109.3 0.75 109.7 1.00 

111.1 0.41 111.6 0.51 111.4 0.59 111.0 0.74 111.8 0.99 

113.3 0.40 113.4 0.48 113.9 0.60 113.6 0.73 113.5 0.98 

115.3 0.41 115.3 0.47 115.9 0.59 115.5 0.71 115.5 0.95 

117.8 0.41 117.4 0.47 118.2 0.56 118.0 0.70 117.6 0.94 

119.2 0.39 119.4 0.47 118.7 0.57 119.9 0.70 119.4 0.94 

121.6 0.38 121.4 0.48 122.0 0.55 121.5 0.72 121.2 0.93 

123.5 0.40 123.5 0.45 123.8 0.56 123.6 0.68 123.2 0.92 

125.6 0.38 125.3 0.47 125.4 0.54 124.8 0.67 125.4 0.91 

127.1 0.39 127.2 0.44 127.2 0.54 127.0 0.68 127.4 0.89 

129.6 0.36 129.2 0.45 129.6 0.52 129.6 0.67 129.7 0.89 

131.5 0.37 131.6 0.45 131.4 0.51 131.3 0.66 131.5 0.86 

133.6 0.35 133.6 0.42 133.2 0.51 133.4 0.65 133.3 0.88 

135.4 0.35 135.5 0.44 135.5 0.53 135.8 0.63 135.7 0.87 

138.0 0.34 137.2 0.43 137.3 0.50 136.9 0.62 137.3 0.87 

139.6 0.34 139.3 0.41 139.4 0.51 139.9 0.65 139.5 0.83 

141.5 0.36 141.2 0.40 141.6 0.50 141.4 0.63 141.6 0.84 

143.3 0.34 143.2 0.40 143.5 0.49 143.3 0.62 143.6 0.84 

145.1 0.33 145.6 0.39 145.5 0.49 145.9 0.62 145.6 0.83 

147.5 0.34 147.4 0.40 147.3 0.49 147.8 0.60 147.6 0.82 

149.1 0.34 149.4 0.40 149.1 0.48 149.4 0.62 149.6 0.81 
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Table A11 Mechanical properties of HNBR compounds filled with various CB 

characteristics and loadings  

 

M100 (MPa) 

CB loading 

(phr) 

CB type 

N326 N550 N774 N990 

  0 2.16 ± 0.05 

10 3.13 ± 0.23 3.16 ± 0.19 2.73 ± 0.13 2.52 ± 0.18 

20 3.77 ± 0.23 4.21 ± 0.16 4.04 ± 0.28 3.08 ± 0.21 

40 7.00 ± 0.32 7.12 ± 0.06 6.14 ± 0.34 4.23 ± 0.61 

60 10.13 ± 0.11 12.00 ± 0.83 10.08 ± 0.70 5.48 ± 0.28 

Tensile strength (MPa) 

CB loading 

(phr) 

CB type 

N326 N550 N774 N990 

  0 9.48 ± 0.21 

10 13.92 ± 0.79 14.45 ± 0.16 9.62 ± 0.46 10.62 ± 0.25 

20 16.39 ± 0.34 16.15 ± 0.62 15.69 ± 0.16 11.19 ± 0.51 

40 18.96 ± 1.49 17.55 ± 0.36 18.11 ± 0.55 13.44 ± 0.10 

60 19.30 ± 0.34 18.04 ± 0.86 20.92 ± 1.11 17.35 ± 0.31 

Elongation at break (%) 

CB loading 

(phr) 

CB type 

N326 N550 N774 N990 

0 252.98 ± 4.54 

10 259.08 ± 13.08 259.36 ± 6.92 219.18 ± 8.18 244.63 ± 9.66 

20 250.08 ± 8.82 227.55 ± 3.11 232.93 ± 7.97 220.84 ± 10.08 

40 205.10 ± 17.56 165.47 ± 11.79 204.44 ± 9.36 206.25 ± 18.66 

60 168.20 ± 3.01 136.27 ± 2.57 182.79 ± 9.96 218.73 ± 7.94 

Tear strength (N/mm) 

CB loading 

(phr) 

CB type 

N326 N550 N774 N990 

  0 23.89 ± 0.27 

10 30.82 ± 0.96 32.58 ± 0.84 29.87 ± 0.59 29.12 ± 0.36 

20 40.61 ± 0.85 36.75 ± 0.29 37.25 ± 1.03 32.24 ± 0.10 

40 48.43 ± 0.32 44.50 ± 1.10 44.54 ± 0.28 36.59 ± 1.02 

60 54.38 ± 0.56 49.18 ± 1.12 51.01 ± 2.14 41.44 ± 0.01 

Hardness (Shore A) 

CB loading 

(phr) 

CB type 

N326 N550 N774 N990 

  0 59.6 ± 0.200 

10 63.7 ± 0.173 65.2 ± 0.252 63.5 ± 0.321 62.2 ± 0.379 

20 68.5 ± 0.100 69.4 ± 0.300 68.2 ± 0.100 64.4 ± 0.115 

40 76.0 ± 0.231 77.0 ± 0.252 74.4 ± 0.404 68.8 ± 0.153 

60 81.7 ± 0.462 81.9 ± 0.416 78.7 ± 0.458 72.8 ± 0.551 

Abrasion loss (mm
3
) 

CB loading 

(phr) 

CB type 

N326 N550 N774 N990 

  0 54.43 ± 2.966 

10 62.08 ± 1.728 57.33 ± 2.121 67.75 ± 3.515 60.82 ± 1.270 

20 64.96 ± 1.477 58.14 ± 1.739 68.51 ± 4.574 67.53 ± 1.787 

40 67.77 ± 1.580 61.90 ± 1.129 64.11 ± 0.582 72.50 ± 1.438 

60 86.16 ± 1.180 71.66 ± 1.105 70.99 ± 0.751 81.84 ± 0.671 
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APPENDIX B 

INFLUENCES OF PRECIPITATED SILICA LOADING ON 

REINFORCEMENT OF HYDROGENATED NITRILE RUBBER 

 

 

Table B1 Scorch time (ts2), cure time (tc), and torque difference (S′) of HNBR 

filled with various silica loadings 

 

Silica loading (phr) Scorch time (min) Cure time (min) S'max-S'min (dN-m) 

  0 1.26 ± 0.02 74.36 ± 0.54 31.29 ± 0.38 

10 1.19 ± 0.01 74.10 ± 1.22 34.77 ± 0.95 

20 0.86 ± 0.05 73.41 ± 0.53 50.43 ± 1.39 

30 0.80 ± 0.02 70.62 ± 1.14 65.41 ± 1.21 

40 0.68 ± 0.02 64.78 ± 0.81 89.59 ± 2.74 

 

Table B2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various silica loadings 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

0 6.98 68.68 8.38 68.71 8.38 68.11 6.98 68.91 

12.57 67.64 19.55 66.90 19.55 66.26 12.57 67.66 

32.11 65.00 60.04 59.58 60.04 59.46 32.11 64.42 

97.74 53.43 167.55 43.87 167.55 43.85 97.74 52.85 

251.33 36.94 335.10 32.51 335.10 32.41 251.33 37.00 

418.88 29.16 481.71 26.86 481.71 26.97 418.88 28.93 

544.54 25.18 600.39 23.52 600.39 23.66 544.54 24.90 

656.24 22.38 712.09 21.08 712.09 21.13 656.24 22.19 

767.94 20.10 837.76 18.86 837.76 18.85 767.94 19.97 

893.61 18.00 949.46 17.32 949.46 17.19 893.61 17.94 
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Table B2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various silica loadings (cont.) 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

10 6.98 79.83 8.38 77.19 8.38 79.96 6.98 78.05 

12.57 77.91 19.55 73.94 19.55 77.04 12.57 75.84 

32.11 73.37 60.04 63.94 60.04 66.77 32.11 70.63 

97.74 58.14 167.55 46.39 167.55 47.67 97.74 56.12 

251.33 39.72 335.10 34.63 335.10 35.08 251.33 39.45 

418.88 31.31 481.71 28.67 481.71 29.05 418.88 30.98 

544.54 26.97 600.39 25.15 600.39 25.41 544.54 26.70 

656.24 23.93 712.09 22.51 712.09 22.68 656.24 23.74 

767.94 21.48 837.76 20.09 837.76 20.18 767.94 21.35 

893.61 19.23 949.46 18.36 949.46 18.38 893.61 19.17 

20 6.98 92.22 8.38 86.11 8.38 92.00 6.98 88.46 

12.57 89.58 19.55 81.04 19.55 87.00 12.57 84.49 

32.11 82.29 60.04 67.30 60.04 72.55 32.11 76.42 

97.74 62.43 167.55 48.21 167.55 50.39 97.74 58.50 

251.33 42.18 335.10 36.28 335.10 37.03 251.33 41.06 

418.88 33.14 481.71 30.11 481.71 30.67 418.88 32.46 

544.54 28.52 600.39 26.45 600.39 26.84 544.54 28.02 

656.24 25.27 712.09 23.67 712.09 23.95 656.24 24.93 

767.94 22.66 837.76 21.19 837.76 21.34 767.94 22.45 

893.61 20.36 949.46 19.37 949.46 19.48 893.61 20.17 

30 6.98 139.56 8.38 125.82 8.38 138.08 6.98 130.04 

12.57 129.51 19.55 110.65 19.55 122.13 12.57 118.76 

32.11 111.39 60.04 84.71 60.04 93.92 32.11 99.89 

97.74 77.88 167.55 58.35 167.55 62.07 97.74 71.54 

251.33 51.98 335.10 44.05 335.10 45.76 251.33 50.01 

418.88 40.75 481.71 36.57 481.71 37.62 418.88 39.48 

544.54 34.85 600.39 31.98 600.39 32.72 544.54 33.99 

656.24 30.81 712.09 28.58 712.09 29.14 656.24 30.18 

767.94 27.57 837.76 25.48 837.76 25.88 767.94 27.12 

893.61 24.62 949.46 23.19 949.46 23.42 893.61 24.33 

40 6.98 139.56 8.38 125.82 8.38 138.08 6.98 130.04 

12.57 129.51 19.55 110.65 19.55 122.13 12.57 118.76 

32.11 111.39 60.04 84.71 60.04 93.92 32.11 99.89 

97.74 77.88 167.55 58.35 167.55 62.07 97.74 71.54 

251.33 51.98 335.10 44.05 335.10 45.76 251.33 50.01 

418.88 40.75 481.71 36.57 481.71 37.62 418.88 39.48 

544.54 34.85 600.39 31.98 600.39 32.72 544.54 33.99 

656.24 30.81 712.09 28.58 712.09 29.14 656.24 30.18 

767.94 27.57 837.76 25.48 837.76 25.88 767.94 27.12 

893.61 24.62 949.46 23.19 949.46 23.42 893.61 24.33 
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Table B3 Fit parameters of Equation 3.16 of HNBR compounds filled with various 

silica loadings 

 

Silica loading (phr)   
* (kPa) 1/A (%) B 

0 69.86 241.6 1.137 

10 91.14 214.8 0.9434 

20 110.6 211.6 0.6674 

30 271.6 43.5 0.2932 

40 886.5 0.1 0.2201 

 

Table B4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various silica 

loadings 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

0 6.98 0.00 8.38 0.00 8.38 0.53 6.98 0.00 

12.57 0.00 19.55 0.15 19.55 0.79 12.57 0.00 

32.11 0.83 60.04 0.90 60.04 0.97 32.11 0.67 

97.74 2.03 167.55 4.36 167.55 4.45 97.74 2.01 

251.33 7.07 335.10 8.99 335.10 9.03 251.33 6.85 

418.88 10.89 481.71 12.05 481.71 12.00 418.88 10.78 

544.54 13.02 600.39 13.75 600.39 13.70 544.54 13.11 

656.24 14.47 712.09 15.52 712.09 15.29 656.24 14.72 

767.94 15.99 837.76 17.03 837.76 16.70 767.94 16.17 

893.61 17.38 949.46 18.33 949.46 18.13 893.61 17.54 

10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.55 19.55 0.73 12.57 0.59 

32.11 0.55 60.04 0.51 60.04 0.70 32.11 0.38 

97.74 1.75 167.55 4.39 167.55 4.39 97.74 1.68 

251.33 6.60 335.10 9.00 335.10 9.28 251.33 6.73 

418.88 10.65 481.71 11.87 481.71 12.02 418.88 10.76 

544.54 12.66 600.39 13.35 600.39 13.51 544.54 12.88 

656.24 13.90 712.09 14.69 712.09 14.76 656.24 14.01 

767.94 15.26 837.76 16.19 837.76 16.13 767.94 15.46 

893.61 16.79 949.46 17.49 949.46 17.64 893.61 16.96 
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Table B4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various silica 

loadings (cont.) 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

20 6.98 0.00 8.38 0.32 8.38 0.15 6.98 0.00 

12.57 0.91 19.55 0.45 19.55 1.02 12.57 1.11 

32.11 0.71 60.04 0.53 60.04 0.67 32.11 0.49 

97.74 2.21 167.55 5.16 167.55 4.86 97.74 2.20 

251.33 7.74 335.10 9.81 335.10 9.61 251.33 7.85 

418.88 10.92 481.71 12.29 481.71 11.98 418.88 11.56 

544.54 12.96 600.39 13.77 600.39 13.53 544.54 13.42 

656.24 14.32 712.09 15.23 712.09 14.99 656.24 14.63 

767.94 15.62 837.76 16.93 837.76 16.62 767.94 16.06 

893.61 17.20 949.46 18.34 949.46 18.11 893.61 17.65 

30 6.98 0.00 8.38 0.00 8.38 0.80 6.98 0.00 

12.57 1.29 19.55 0.60 19.55 0.81 12.57 0.85 

32.11 0.82 60.04 1.00 60.04 0.76 32.11 0.98 

97.74 2.92 167.55 5.82 167.55 5.45 97.74 2.89 

251.33 8.39 335.10 10.25 335.10 10.12 251.33 8.44 

418.88 11.32 481.71 12.50 481.71 12.27 418.88 11.79 

544.54 13.08 600.39 14.04 600.39 13.70 544.54 13.52 

656.24 14.59 712.09 15.45 712.09 15.26 656.24 14.81 

767.94 15.92 837.76 17.23 837.76 16.80 767.94 16.25 

893.61 17.41 949.46 18.51 949.46 18.12 893.61 17.81 

40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 1.05 19.55 1.16 19.55 2.23 12.57 0.13 

32.11 1.37 60.04 1.57 60.04 1.20 32.11 1.59 

97.74 3.39 167.55 6.09 167.55 5.70 97.74 3.38 

251.33 8.67 335.10 10.49 335.10 10.34 251.33 8.63 

418.88 11.40 481.71 12.62 481.71 12.34 418.88 11.80 

544.54 13.13 600.39 14.03 600.39 13.77 544.54 13.47 

656.24 14.57 712.09 15.44 712.09 15.18 656.24 14.78 

767.94 15.88 837.76 17.15 837.76 16.69 767.94 16.07 

893.61 17.36 949.46 18.39 949.46 17.98 893.61 17.68 
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Table B5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various silica 

loadings 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

0 6.98 0.11 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.01 60.04 0.00 32.11 0.00 

97.74 0.92 167.55 2.96 167.55 2.97 97.74 0.97 

251.33 5.24 335.10 6.88 335.10 6.88 251.33 5.13 

418.88 8.20 481.71 9.04 481.71 8.95 418.88 8.21 

544.54 9.56 600.39 10.12 600.39 9.97 544.54 9.62 

656.24 10.36 712.09 10.94 712.09 10.72 656.24 10.51 

767.94 11.13 837.76 11.72 837.76 11.50 767.94 11.27 

893.61 11.83 949.46 12.34 949.46 12.14 893.61 11.98 

10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.01 60.04 0.31 32.11 0.00 

97.74 1.16 167.55 2.96 167.55 3.58 97.74 1.30 

251.33 5.61 335.10 6.88 335.10 7.62 251.33 5.61 

418.88 8.82 481.71 9.04 481.71 9.61 418.88 8.78 

544.54 10.04 600.39 10.12 600.39 10.42 544.54 10.10 

656.24 10.68 712.09 10.94 712.09 11.03 656.24 10.71 

767.94 11.27 837.76 11.72 837.76 11.63 767.94 11.33 

893.61 11.92 949.46 12.34 949.46 12.20 893.61 11.99 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.00 60.04 0.00 32.11 0.00 

97.74 1.23 167.55 3.91 167.55 3.51 97.74 1.40 

251.33 6.09 335.10 7.71 335.10 7.59 251.33 6.14 

418.88 8.64 481.71 9.58 481.71 9.32 418.88 9.01 

544.54 9.76 600.39 10.41 600.39 10.14 544.54 10.13 

656.24 10.50 712.09 11.02 712.09 10.85 656.24 10.82 

767.94 11.13 837.76 11.78 837.76 11.61 767.94 11.43 

893.61 11.83 949.46 12.43 949.46 12.25 893.61 12.18 

30 6.98 1.93 8.38 0.00 8.38 0.00 6.98 1.01 

12.57 0.62 19.55 0.00 19.55 0.00 12.57 0.16 

32.11 0.24 60.04 1.12 60.04 0.72 32.11 0.43 

97.74 2.57 167.55 5.04 167.55 4.79 97.74 2.71 

251.33 7.07 335.10 8.46 335.10 8.45 251.33 7.08 

418.88 9.27 481.71 9.98 481.71 9.78 418.88 9.45 

544.54 10.14 600.39 10.71 600.39 10.50 544.54 10.38 

656.24 10.82 712.09 11.29 712.09 11.11 656.24 11.02 

767.94 11.46 837.76 12.05 837.76 11.84 767.94 11.62 

893.61 12.14 949.46 12.65 949.46 12.45 893.61 12.39 
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Table B5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various silica 

loadings (cont.) 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

40 6.98 0.00 8.38 0.00 8.38 0.21 6.98 0.00 

12.57 0.00 19.55 0.42 19.55 0.57 12.57 0.00 

32.11 0.38 60.04 1.73 60.04 0.98 32.11 1.22 

97.74 3.21 167.55 5.53 167.55 5.27 97.74 3.43 

251.33 7.44 335.10 8.71 335.10 8.66 251.33 7.43 

418.88 9.39 481.71 9.95 481.71 9.81 418.88 9.47 

544.54 10.15 600.39 10.60 600.39 10.42 544.54 10.29 

656.24 10.73 712.09 11.15 712.09 11.01 656.24 10.86 

767.94 11.33 837.76 11.91 837.76 11.71 767.94 11.47 

893.61 12.03 949.46 12.53 949.46 12.33 893.61 12.23 

 

Table B6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various silica 

loadings 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.01 19.55 0.00 12.57 0.00 

32.11 0.22 60.04 0.26 60.04 0.30 32.11 0.07 

97.74 0.34 167.55 0.46 167.55 0.54 97.74 0.35 

251.33 0.80 335.10 1.15 335.10 1.21 251.33 0.74 

418.88 1.59 481.71 1.93 481.71 1.93 418.88 1.57 

544.54 2.23 600.39 2.46 600.39 2.45 544.54 2.27 

656.24 2.65 712.09 2.89 712.09 2.86 656.24 2.72 

767.94 3.11 837.76 3.36 837.76 3.33 767.94 3.15 

893.61 3.52 949.46 3.70 949.46 3.67 893.61 3.53 
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Table B6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various silica 

loadings (cont.) 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

10 6.98 0.00 8.38 0.00 8.38 0.01 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.03 12.57 0.05 

32.11 0.10 60.04 0.00 60.04 0.01 32.11 0.07 

97.74 0.14 167.55 0.32 167.55 0.37 97.74 0.07 

251.33 0.60 335.10 1.02 335.10 1.02 251.33 0.67 

418.88 1.36 481.71 1.69 481.71 1.70 418.88 1.41 

544.54 1.94 600.39 2.17 600.39 2.20 544.54 1.99 

656.24 2.33 712.09 2.60 712.09 2.62 656.24 2.37 

767.94 2.80 837.76 3.08 837.76 3.08 767.94 2.83 

893.61 3.24 949.46 3.42 949.46 3.43 893.61 3.28 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.43 19.55 0.00 19.55 0.00 12.57 0.23 

32.11 0.28 60.04 0.10 60.04 0.17 32.11 0.09 

97.74 0.43 167.55 0.43 167.55 0.53 97.74 0.30 

251.33 0.74 335.10 1.22 335.10 1.14 251.33 0.85 

418.88 1.45 481.71 1.89 481.71 1.80 418.88 1.65 

544.54 2.09 600.39 2.41 600.39 2.34 544.54 2.21 

656.24 2.57 712.09 2.82 712.09 2.78 656.24 2.60 

767.94 3.00 837.76 3.37 837.76 3.29 767.94 3.07 

893.61 3.41 949.46 3.69 949.46 3.65 893.61 3.55 

30 6.98 0.00 8.38 0.00 8.38 0.65 6.98 0.23 

12.57 0.31 19.55 0.00 19.55 0.08 12.57 0.46 

32.11 0.35 60.04 0.00 60.04 0.07 32.11 0.24 

97.74 0.31 167.55 0.38 167.55 0.43 97.74 0.19 

251.33 0.78 335.10 1.20 335.10 1.08 251.33 0.81 

418.88 1.46 481.71 1.90 481.71 1.80 418.88 1.61 

544.54 2.10 600.39 2.46 600.39 2.37 544.54 2.21 

656.24 2.65 712.09 2.90 712.09 2.87 656.24 2.66 

767.94 3.09 837.76 3.47 837.76 3.35 767.94 3.15 

893.61 3.49 949.46 3.78 949.46 3.69 893.61 3.62 

40 6.98 0.00 8.38 0.51 8.38 0.93 6.98 0.46 

12.57 0.52 19.55 0.00 19.55 0.00 12.57 0.31 

32.11 0.40 60.04 0.00 60.04 0.00 32.11 0.12 

97.74 0.05 167.55 0.31 167.55 0.35 97.74 0.02 

251.33 0.73 335.10 1.17 335.10 1.10 251.33 0.77 

418.88 1.43 481.71 1.90 481.71 1.81 418.88 1.59 

544.54 2.14 600.39 2.46 600.39 2.41 544.54 2.23 

656.24 2.70 712.09 2.92 712.09 2.89 656.24 2.69 

767.94 3.12 837.76 3.46 837.76 3.35 767.94 3.16 

893.61 3.51 949.46 3.77 949.46 3.66 893.61 3.61 
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Table B7 Fit parameters of Equation 3.17 of HNBR compounds filled with various 

silica loadings 

 

Silica loading (phr) TH α C D 

0 6.7 0.0058 0.009 3.7030 

10 8.1 0.0043 0.008 3.1790 

20 7.3 0.0055 0.010 3.3720 

40 7.5 0.0052 0.010 2.4890 

60 7.5 0.0050 0.010 2.2650 

 

Table B8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various silica loadings 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

0 6.98 1.08 8.38 1.06 8.38 1.08 6.98 1.01 

12.57 1.08 19.55 1.08 19.55 1.05 12.57 1.07 

32.11 1.04 60.04 1.05 60.04 1.04 32.11 1.02 

97.74 1.07 167.55 1.03 167.55 1.04 97.74 1.06 

251.33 1.06 335.10 1.07 335.10 1.08 251.33 1.05 

418.88 1.08 481.71 1.09 481.71 1.09 418.88 1.08 

544.54 1.09 600.39 1.10 600.39 1.10 544.54 1.08 

656.24 1.09 712.09 1.11 712.09 1.10 656.24 1.10 

767.94 1.12 837.76 1.12 837.76 1.11 767.94 1.11 

893.61 1.12 949.46 1.12 949.46 1.12 893.61 1.11 

10 6.98 1.11 8.38 1.00 8.38 1.03 6.98 1.04 

12.57 1.08 19.55 1.05 19.55 1.02 12.57 1.03 

32.11 1.03 60.04 1.02 60.04 1.03 32.11 1.02 

97.74 1.02 167.55 1.02 167.55 1.01 97.74 1.01 

251.33 1.04 335.10 1.05 335.10 1.05 251.33 1.05 

418.88 1.06 481.71 1.07 481.71 1.06 418.88 1.05 

544.54 1.06 600.39 1.08 600.39 1.07 544.54 1.06 

656.24 1.06 712.09 1.08 712.09 1.08 656.24 1.07 

767.94 1.07 837.76 1.09 837.76 1.09 767.94 1.09 

893.61 1.09 949.46 1.08 949.46 1.09 893.61 1.10 

 

 

 



Panjaporn Wongwitthayakool                                                                                           Appendices / 264 

Table B8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various silica loadings 

(cont.) 

 

Silica loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

20 6.98 1.12 8.38 1.09 8.38 1.10 6.98 1.11 

12.57 1.02 19.55 1.02 19.55 0.97 12.57 1.01 

32.11 1.01 60.04 1.00 60.04 1.02 32.11 1.01 

97.74 1.05 167.55 1.02 167.55 1.02 97.74 1.02 

251.33 1.02 335.10 1.03 335.10 1.02 251.33 1.03 

418.88 1.03 481.71 1.05 481.71 1.05 418.88 1.05 

544.54 1.05 600.39 1.06 600.39 1.07 544.54 1.06 

656.24 1.06 712.09 1.06 712.09 1.07 656.24 1.06 

767.94 1.07 837.76 1.07 837.76 1.08 767.94 1.07 

893.61 1.08 949.46 1.08 949.46 1.09 893.61 1.08 

30 6.98 1.13 8.38 1.06 8.38 1.07 6.98 1.10 

12.57 1.00 19.55 0.97 19.55 0.94 12.57 0.99 

32.11 0.98 60.04 0.98 60.04 1.02 32.11 0.96 

97.74 1.00 167.55 0.99 167.55 0.97 97.74 0.97 

251.33 0.97 335.10 1.01 335.10 1.00 251.33 1.00 

418.88 1.00 481.71 1.02 481.71 1.02 418.88 1.02 

544.54 1.02 600.39 1.03 600.39 1.04 544.54 1.02 

656.24 1.01 712.09 1.04 712.09 1.05 656.24 1.03 

767.94 1.05 837.76 1.04 837.76 1.05 767.94 1.04 

893.61 1.05 949.46 1.05 949.46 1.06 893.61 1.04 

40 6.98 1.13 8.38 1.02 8.38 1.05 6.98 1.08 

12.57 1.01 19.55 0.92 19.55 0.91 12.57 0.95 

32.11 0.98 60.04 0.94 60.04 0.99 32.11 0.91 

97.74 0.98 167.55 0.95 167.55 0.96 97.74 0.94 

251.33 0.96 335.10 0.97 335.10 0.97 251.33 0.97 

418.88 0.98 481.71 0.99 481.71 0.99 418.88 0.99 

544.54 1.00 600.39 1.01 600.39 1.01 544.54 1.00 

656.24 1.01 712.09 1.01 712.09 1.01 656.24 1.00 

767.94 1.03 837.76 1.03 837.76 1.03 767.94 1.03 

893.61 1.03 949.46 1.04 949.46 1.05 893.61 1.04 
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Table B9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various silica loadings:  

 

(a) Storage modulus ( ′) 

 

Strain amplitude (%) 
 ′ (kPa) 

0 phr 10 phr 20 phr  30 phr 40 phr 

0.56 1136.40 1421.20 2244.50 3700.70 5600.20 

0.70 1141.60 1313.30 2167.60 3523.10 5517.60 

0.98 1127.10 1293.70 2152.40 3388.90 5293.90 

1.95 1097.10 1301.70 2086.90 3171.20 4801.60 

3.07 1083.20 1299.90 2062.70 3097.10 4582.70 

5.02 1069.30 1285.20 1981.00 2900.70 4179.60 

6.98 1057.70 1271.00 1921.60 2748.40 3891.30 

10.04 1053.80 1244.50 1841.00 2570.40 3569.30 

15.07 1042.20 1200.80 1754.10 2374.90 3217.30 

19.95 1027.00 1162.20 1688.40 2213.30 2944.50 

29.99 997.09 1097.50 1567.10 1926.80 2480.30 

40.04 963.21 1039.40 1453.60 1664.50 2141.10 

49.94 931.20 984.71 1355.10 1466.20 1907.20 

59.99 897.29 933.10 1260.50 1323.90 1739.10 

 

(b) Loss modulus (G″)  

Strain amplitude (%) 
G″ (kPa) 

0 phr 10 phr 20 phr  30 phr 40 phr 

0.56 88.63 163.80 218.04 460.99 597.70 

0.70 93.76 129.01 213.01 391.71 573.02 

0.98 95.36 127.51 211.20 410.54 584.03 

1.95 91.43 131.04 218.47 433.62 649.49 

3.07 95.28 132.49 222.39 459.73 705.59 

5.02 94.62 130.21 224.20 469.37 753.22 

6.98 90.69 128.56 225.99 466.47 763.52 

10.04 91.54 127.61 221.28 453.67 743.38 

15.07 92.27 127.82 218.58 446.53 717.52 

19.95 94.71 130.41 220.61 444.68 706.51 

29.99 99.76 137.09 231.31 449.45 688.97 

40.04 105.40 146.44 241.88 462.80 669.25 

49.94 111.57 151.93 253.02 467.84 631.40 

59.99 120.46 156.05 266.03 455.32 593.85 
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Table B10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various silica loadings: (a) Storage modulus 

( ′) 

 

0 phr 10 phr 20 phr 30 phr 40 phr 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-80.1 2590.50 -79.5 2499.78 -80.4 1452.83 -80.4 2684.61 -79.8 3028.86 

-79.6 2594.41 -79.1 2493.13 -78.0 1413.78 -78.7 2692.06 -79.1 3023.09 

-78.1 2571.16 -76.5 2453.59 -75.6 1410.20 -76.3 2674.89 -76.4 2992.21 

-75.8 2534.68 -74.6 2332.77 -73.5 1384.68 -74.6 2658.79 -74.4 2963.70 

-72.8 2480.94 -72.4 2293.67 -71.6 1327.47 -72.6 2633.16 -72.6 2932.76 

-70.8 2443.93 -70.7 2277.70 -69.1 1310.36 -70.2 2601.59 -70.5 2894.46 

-69.0 2403.53 -68.8 2250.55 -67.7 1276.08 -68.5 2569.34 -68.5 2852.27 

-67.2 2364.91 -66.6 2218.22 -65.7 1228.61 -66.2 2523.58 -66.4 2805.84 

-65.0 2319.63 -64.7 2192.87 -63.7 1202.43 -64.5 2489.42 -64.5 2762.74 

-63.3 2278.99 -62.7 2165.36 -61.6 1175.29 -62.5 2444.04 -62.5 2717.76 

-61.3 2234.60 -60.7 2149.46 -59.3 1154.11 -60.6 2407.31 -60.5 2670.92 

-59.1 2189.45 -58.5 2125.88 -57.6 1133.87 -58.4 2369.94 -58.6 2634.29 

-57.0 2145.52 -56.5 2104.27 -56.0 1111.56 -56.3 2339.25 -56.7 2572.22 

-54.6 2110.26 -54.6 2081.42 -53.3 1088.44 -54.5 2308.64 -54.5 2527.39 

-52.9 2087.62 -52.7 2048.64 -51.3 1085.80 -52.5 2281.96 -52.5 2491.12 

-51.3 2043.89 -50.6 2016.30 -49.3 1081.02 -50.6 2259.84 -50.5 2462.61 

-49.0 1990.56 -48.5 1980.04 -47.2 1075.56 -48.6 2234.94 -47.5 2423.62 

-46.7 1954.07 -46.6 1943.34 -45.2 1073.60 -46.7 2211.91 -46.2 2404.47 

-44.9 1914.04 -44.5 1902.93 -43.0 1077.02 -44.6 2190.57 -44.5 2375.51 

-42.9 1862.60 -42.5 1868.68 -41.0 1063.48 -42.5 2160.28 -43.1 2350.83 

-40.7 1802.77 -40.5 1824.88 -38.8 1061.36 -40.5 2124.54 -40.4 2292.68 

-38.8 1746.78 -38.5 1767.53 -36.6 1052.78 -38.5 2078.07 -38.4 2238.05 

-36.7 1681.55 -36.5 1682.13 -34.4 1038.44 -36.5 2011.62 -36.4 2156.13 

-34.8 1611.48 -34.4 1543.52 -32.1 998.45 -34.6 1928.34 -34.5 2028.36 

-32.5 1445.58 -32.3 1340.05 -29.7 944.18 -32.5 1762.45 -32.5 1833.02 

-30.5 1245.11 -30.5 1120.53 -27.8 849.83 -30.4 1495.97 -30.4 1547.04 

-28.6 997.53 -28.6 860.68 -26.1 735.75 -28.5 1226.60 -28.5 1246.75 

-26.7 718.17 -26.7 610.76 -24.5 614.93 -26.5 922.39 -26.6 970.50 

-24.7 485.73 -24.6 382.70 -23.2 484.05 -24.6 646.31 -24.6 691.09 

-22.6 270.80 -22.6 214.59 -21.9 386.94 -22.6 417.26 -22.6 458.34 

-20.7 145.21 -20.5 117.86 -20.5 310.61 -20.6 260.14 -20.7 297.84 

-18.6 72.77 -18.7 69.95 -18.5 224.80 -18.6 168.53 -18.6 197.62 

-16.7 42.27 -16.6 44.05 -16.5 145.19 -16.6 115.02 -16.6 145.33 

-14.6 28.14 -14.6 30.58 -14.5 95.77 -14.6 84.18 -14.6 116.50 

-12.6 20.94 -12.6 23.21 -12.5 64.89 -12.4 64.99 -12.7 96.17 

-10.5 16.97 -10.6 18.65 -10.5 46.85 -10.7 54.84 -10.7 81.49 

-8.6 14.23 -8.6 15.85 -8.5 35.68 -8.6 46.85 -8.6 71.30 

-6.6 12.26 -6.6 13.92 -6.5 28.71 -6.7 41.75 -6.5 64.24 

-4.6 10.86 -4.6 12.61 -4.4 24.51 -4.6 38.03 -4.6 59.13 
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Table B10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various silica loadings (cont.): (a) Storage 

modulus ( ′) 

 

0 phr 10 phr 20 phr 30 phr 40 phr 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-2.5 9.66 -2.3 11.65 -2.4 21.29 -2.6 35.23 -2.6 55.16 

-0.7 9.09 -0.7 11.01 -0.5 19.10 -0.7 33.17 -0.7 52.43 

4.1 8.41 4.2 10.27 2.8 17.69 2.0 31.61 4.6 49.05 

3.9 8.24 4.4 9.94 3.0 17.24 3.2 30.56 4.4 47.88 

5.2 8.00 4.8 9.90 5.4 16.40 5.4 29.50 5.1 47.25 

7.4 7.77 7.3 9.55 7.6 15.73 7.1 28.63 7.4 45.77 

9.5 7.56 9.4 9.36 9.7 15.15 9.7 27.81 9.4 44.62 

11.4 7.40 11.5 9.13 11.5 14.77 11.5 27.35 11.4 43.48 

13.5 7.28 13.4 9.00 13.6 14.41 13.4 26.92 13.4 42.46 

15.4 7.14 15.4 8.84 15.5 14.12 15.4 26.47 15.4 41.58 

17.4 7.05 17.3 8.74 17.3 13.93 17.4 26.04 17.5 40.82 

19.3 6.97 19.4 8.58 19.5 13.74 19.4 25.62 19.5 40.18 

21.4 6.86 21.4 8.44 21.5 13.56 21.3 25.20 21.4 39.61 

23.5 6.77 23.5 8.31 23.8 13.31 23.6 24.74 23.4 39.02 

25.3 6.69 25.4 8.21 25.6 13.18 25.4 24.38 25.4 38.46 

27.3 6.57 27.4 8.09 27.5 13.01 27.3 24.00 27.4 37.93 

29.4 6.49 29.6 8.00 29.6 12.87 29.3 23.69 29.4 37.36 

31.4 6.43 31.0 7.94 31.5 12.71 31.4 23.35 31.4 36.78 

33.5 6.34 33.4 7.84 33.6 12.56 33.4 23.04 33.4 36.25 

35.4 6.26 35.5 7.76 35.5 12.44 35.4 22.76 35.4 35.76 

37.3 6.20 37.5 7.69 37.6 12.35 37.4 22.44 37.4 35.25 

39.5 6.13 39.4 7.61 39.5 12.21 39.3 22.21 39.4 34.84 

41.4 6.06 41.4 7.53 41.5 12.06 41.5 21.91 41.4 34.56 

43.3 6.02 43.4 7.46 43.5 11.96 43.4 21.67 43.3 34.28 

45.3 5.96 45.4 7.38 45.4 11.85 45.4 21.39 45.4 33.90 

47.4 5.89 47.4 7.33 47.5 11.75 47.4 21.12 47.4 33.56 

49.5 5.84 49.4 7.24 49.5 11.63 49.5 20.85 49.4 33.21 

51.4 5.76 51.3 7.19 51.5 11.50 51.5 20.56 51.3 32.89 

53.3 5.72 53.4 7.12 53.4 11.41 53.5 20.32 53.5 32.51 

55.4 5.65 55.2 7.06 55.6 11.29 55.3 20.07 55.3 32.21 

57.6 5.58 57.4 6.98 57.6 11.14 57.5 19.83 57.5 31.89 

59.3 5.54 59.4 6.94 59.5 10.99 59.4 19.60 59.4 31.59 

61.3 5.49 61.3 6.86 61.6 10.91 61.3 19.39 61.3 31.27 

63.4 5.42 63.5 6.81 63.4 10.81 63.5 19.19 63.4 30.97 

65.3 5.35 65.4 6.75 65.5 10.74 65.4 18.98 65.4 30.68 

67.5 5.28 67.4 6.69 67.6 10.55 67.5 18.77 67.4 30.37 

69.3 5.22 69.4 6.63 69.6 10.46 69.4 18.58 69.4 30.04 

71.3 5.17 71.5 6.60 71.6 10.37 71.2 18.41 71.5 29.67 

73.1 5.12 73.4 6.56 73.6 10.27 73.4 18.26 73.5 29.31 

75.3 5.02 75.5 6.51 75.3 10.21 75.6 18.06 75.3 29.02 

77.3 4.96 77.3 6.46 77.5 10.12 77.3 17.92 77.1 28.78 



Panjaporn Wongwitthayakool                                                                                           Appendices / 268 

Table B10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various silica loadings (cont.): (a) Storage 

modulus ( ′) 

 

0 phr 10 phr 20 phr 30 phr 40 phr 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

79.5 4.90 79.5 6.44 79.5 10.06 79.5 17.75 79.5 28.49 

81.6 4.83 81.6 6.37 81.4 9.97 81.1 17.64 81.4 28.24 

83.6 4.78 83.5 6.36 83.6 9.90 83.5 17.48 83.3 28.01 

85.5 4.73 85.3 6.30 85.7 9.84 85.4 17.35 85.4 27.80 

87.4 4.68 87.4 6.28 87.6 9.78 87.3 17.24 87.4 27.62 

89.5 4.63 89.5 6.26 89.5 9.73 89.4 17.12 89.4 27.43 

91.5 4.59 91.5 6.21 91.5 9.67 91.3 17.02 91.5 27.25 

93.6 4.55 93.4 6.22 93.6 9.60 93.2 16.91 93.3 27.10 

95.4 4.54 95.2 6.18 95.6 9.54 95.5 16.83 95.3 26.95 

97.2 4.53 97.4 6.17 97.5 9.52 97.5 16.69 97.4 26.83 

99.2 4.48 99.5 6.14 99.6 9.49 99.1 16.60 99.4 26.67 

101.0 4.49 101.5 6.12 101.7 9.45 101.5 16.52 101.3 26.55 

103.5 4.46 103.3 6.11 103.5 9.39 103.5 16.44 103.6 26.42 

105.4 4.44 105.3 6.09 105.3 9.39 105.5 16.34 105.5 26.30 

107.3 4.44 107.3 6.10 107.3 9.35 107.4 16.26 107.5 26.18 

109.5 4.45 109.4 6.08 109.5 9.33 109.3 16.17 109.4 26.07 

111.1 4.46 111.4 6.05 111.5 9.32 111.6 16.08 111.3 25.97 

113.3 4.44 113.6 6.04 113.5 9.29 113.4 16.03 113.5 25.84 

115.3 4.43 115.4 6.04 115.4 9.31 115.3 15.96 115.5 25.75 

117.8 4.43 117.4 6.06 117.4 9.21 117.4 15.90 117.4 25.65 

119.2 4.45 119.3 6.04 119.6 9.22 119.5 15.85 119.4 25.57 

121.6 4.43 121.4 6.04 121.6 9.18 121.3 15.81 121.3 25.49 

123.5 4.44 123.7 6.03 123.5 9.12 123.4 15.74 123.5 25.42 

125.6 4.45 125.5 6.01 125.4 9.12 125.2 15.68 125.4 25.34 

127.1 4.42 127.4 6.00 127.6 9.12 127.5 15.64 127.4 25.28 

129.6 4.43 129.3 6.00 129.6 9.12 129.5 15.60 129.1 25.22 

131.5 4.44 131.1 6.02 131.6 9.08 131.4 15.56 131.3 25.15 

133.6 4.44 133.2 6.00 133.5 9.08 133.2 15.52 133.4 25.09 

135.4 4.46 135.5 6.01 135.6 9.07 135.4 15.46 135.2 25.06 

138.0 4.43 137.5 5.98 137.5 9.05 137.5 15.43 137.3 25.00 

139.6 4.47 139.4 5.99 139.5 9.07 139.3 15.41 139.4 24.93 

141.5 4.46 141.3 6.01 141.6 9.02 141.6 15.38 141.5 24.88 

143.3 4.46 143.2 6.02 143.6 9.03 143.3 15.34 143.3 24.85 

145.1 4.48 145.3 6.01 145.4 9.02 145.3 15.31 145.6 24.80 

147.5 4.46 147.2 6.00 147.5 9.01 147.7 15.25 147.5 24.76 

149.1 4.48 149.5 6.03 149.7 8.99 149.5 15.23 149.3 24.73 
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Table B10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various silica loadings (cont.): (b) Loss 

modulus (G″) 

 

0 phr 10 phr 20 phr 30 phr 40 phr 

Temp.(°C) G″ (MPa) Temp.(°C) 
G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 

-80.1 101.53 -79.5 75.55 -80.4 81.79 -80.4 114.23 -79.8 115.18 

-79.6 99.39 -79.1 75.26 -78.0 83.23 -78.7 114.35 -79.1 116.24 

-78.1 97.33 -76.5 72.96 -75.6 82.59 -76.3 112.97 -76.4 113.98 

-75.8 94.32 -74.6 70.38 -73.5 81.43 -74.6 111.12 -74.4 112.60 

-72.8 92.15 -72.4 68.05 -71.6 79.57 -72.6 109.96 -72.6 110.80 

-70.8 89.42 -70.7 67.20 -69.1 79.39 -70.2 106.67 -70.5 108.98 

-69.0 86.63 -68.8 65.33 -67.7 77.74 -68.5 104.39 -68.5 106.31 

-67.2 82.96 -66.6 62.48 -65.7 77.29 -66.2 101.96 -66.4 104.51 

-65.0 80.45 -64.7 60.41 -63.7 75.79 -64.5 99.29 -64.5 101.93 

-63.3 77.00 -62.7 58.16 -61.6 73.09 -62.5 96.85 -62.5 99.01 

-61.3 73.75 -60.7 57.42 -59.3 71.96 -60.6 93.90 -60.5 96.20 

-59.1 70.30 -58.5 55.96 -57.6 68.03 -58.4 91.95 -58.6 94.72 

-57.0 68.44 -56.5 54.28 -56.0 64.47 -56.3 90.22 -56.7 94.94 

-54.6 66.99 -54.6 52.96 -53.3 61.23 -54.5 89.04 -54.5 92.98 

-52.9 65.46 -52.7 52.05 -51.3 59.33 -52.5 86.90 -52.5 92.11 

-51.3 63.66 -50.6 50.75 -49.3 57.56 -50.6 85.85 -50.5 91.27 

-49.0 63.08 -48.5 50.77 -47.2 56.22 -48.6 84.28 -47.5 91.41 

-46.7 64.20 -46.6 51.86 -45.2 57.79 -46.7 83.33 -46.2 90.85 

-44.9 66.55 -44.5 54.05 -43.0 58.67 -44.6 83.55 -44.5 91.70 

-42.9 72.16 -42.5 57.13 -41.0 58.96 -42.5 86.15 -43.1 94.43 

-40.7 79.57 -40.5 63.12 -38.8 60.63 -40.5 91.56 -40.4 103.22 

-38.8 90.72 -38.5 73.72 -36.6 65.21 -38.5 99.98 -38.4 114.77 

-36.7 105.53 -36.5 91.75 -34.4 70.79 -36.5 114.01 -36.4 134.16 

-34.8 101.53 -34.4 124.96 -32.1 81.35 -34.6 134.06 -34.5 166.68 

-32.5 143.22 -32.3 177.51 -29.7 102.12 -32.5 177.23 -32.5 219.17 

-30.5 193.27 -30.5 227.85 -27.8 128.80 -30.4 245.27 -30.4 287.63 

-28.6 248.80 -28.6 269.48 -26.1 152.59 -28.5 298.01 -28.5 338.22 

-26.7 283.17 -26.7 283.67 -24.5 168.59 -26.5 330.96 -26.6 359.02 

-24.7 273.78 -24.6 253.03 -23.2 177.51 -24.6 321.30 -24.6 339.19 

-22.6 216.43 -22.6 190.01 -21.9 178.09 -22.6 270.02 -22.6 279.12 

-20.7 148.17 -20.5 126.86 -20.5 173.38 -20.6 200.24 -20.7 205.97 

-18.6 86.68 -18.7 82.12 -18.5 153.77 -18.6 139.81 -18.6 141.08 

-16.7 51.26 -16.6 51.41 -16.5 116.26 -16.6 94.77 -16.6 99.35 

-14.6 31.74 -14.6 32.71 -14.5 82.47 -14.6 64.51 -14.6 73.51 

-12.6 20.96 -12.6 21.82 -12.5 56.01 -12.4 43.99 -12.7 54.19 

-10.5 14.89 -10.6 14.82 -10.5 38.19 -10.7 32.76 -10.7 39.79 

-8.6 10.76 -8.6 10.58 -8.5 26.28 -8.6 23.78 -8.6 29.75 

-6.6 7.84 -6.6 7.80 -6.5 18.36 -6.7 18.10 -6.5 22.87 

-4.6 5.80 -4.6 5.92 -4.4 13.46 -4.6 14.06 -4.6 17.94 
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Table B10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various silica loadings (cont.): (b) Loss 

modulus (G″) 

 

0 phr 10 phr 20 phr 30 phr 40 phr 

Temp.(°C) G″ (MPa) Temp.(°C) 
G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 

-2.5 4.18 -2.3 4.57 -2.4 9.71 -2.6 11.05 -2.6 14.33 

-0.7 3.42 -0.7 3.67 -0.5 7.23 -0.7 8.97 -0.7 11.90 

4.1 2.50 4.2 2.72 2.8 5.67 2.0 7.41 4.6 9.16 

3.9 2.25 4.4 2.46 3.0 5.14 3.2 6.43 4.4 8.31 

5.2 1.95 4.8 2.34 5.4 4.19 5.4 5.49 5.1 7.79 

7.4 1.68 7.3 1.94 7.6 3.46 7.1 4.78 7.4 6.79 

9.5 1.49 9.4 1.70 9.7 2.97 9.7 4.21 9.4 6.10 

11.4 1.34 11.5 1.56 11.5 2.61 11.5 3.92 11.4 5.53 

13.5 1.24 13.4 1.43 13.6 2.36 13.4 3.68 13.4 5.07 

15.4 1.16 15.4 1.36 15.5 2.21 15.4 3.51 15.4 4.72 

17.4 1.09 17.3 1.28 17.3 2.06 17.4 3.28 17.5 4.47 

19.3 1.04 19.4 1.22 19.5 1.93 19.4 3.12 19.5 4.29 

21.4 0.98 21.4 1.16 21.5 1.84 21.3 2.99 21.4 4.14 

23.5 0.95 23.5 1.12 23.8 1.78 23.6 2.88 23.4 4.01 

25.3 0.92 25.4 1.09 25.6 1.74 25.4 2.79 25.4 3.93 

27.3 0.89 27.4 1.07 27.5 1.67 27.3 2.73 27.4 3.83 

29.4 0.88 29.6 1.04 29.6 1.63 29.3 2.68 29.4 3.75 

31.4 0.84 31.0 1.02 31.5 1.56 31.4 2.63 31.4 3.67 

33.5 0.81 33.4 1.05 33.6 1.55 33.4 2.60 33.4 3.62 

35.4 0.83 35.5 1.01 35.5 1.53 35.4 2.54 35.4 3.55 

37.3 0.81 37.5 0.98 37.6 1.49 37.4 2.52 37.4 3.47 

39.5 0.81 39.4 0.99 39.5 1.48 39.3 2.49 39.4 3.43 

41.4 0.79 41.4 0.98 41.5 1.49 41.5 2.47 41.4 3.40 

43.3 0.76 43.4 0.96 43.5 1.46 43.4 2.45 43.3 3.37 

45.3 0.75 45.4 0.97 45.4 1.43 45.4 2.40 45.4 3.33 

47.4 0.74 47.4 0.93 47.5 1.40 47.4 2.39 47.4 3.29 

49.5 0.73 49.4 0.91 49.5 1.38 49.5 2.34 49.4 3.26 

51.4 0.74 51.3 0.93 51.5 1.36 51.5 2.32 51.3 3.24 

53.3 0.70 53.4 0.92 53.4 1.34 53.5 2.31 53.5 3.19 

55.4 0.71 55.2 0.90 55.6 1.33 55.3 2.28 55.3 3.15 

57.6 0.69 57.4 0.89 57.6 1.31 57.5 2.26 57.5 3.10 

59.3 0.70 59.4 0.89 59.5 1.28 59.4 2.22 59.4 3.09 

61.3 0.68 61.3 0.88 61.6 1.27 61.3 2.19 61.3 3.03 

63.4 0.65 63.5 0.85 63.4 1.26 63.5 2.15 63.4 3.00 

65.3 0.66 65.4 0.82 65.5 1.22 65.4 2.15 65.4 2.95 

67.5 0.63 67.4 0.81 67.6 1.21 67.5 2.11 67.4 2.90 

69.3 0.63 69.4 0.82 69.6 1.21 69.4 2.09 69.4 2.86 

71.3 0.62 71.5 0.79 71.6 1.20 71.2 2.06 71.5 2.83 

73.1 0.60 73.4 0.77 73.6 1.15 73.4 2.03 73.5 2.77 

75.3 0.60 75.5 0.76 75.3 1.13 75.6 2.00 75.3 2.74 

77.3 0.56 77.3 0.79 77.5 1.12 77.3 1.98 77.1 2.72 
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Table B10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various silica loadings (cont.): (b) Loss 

modulus (G″) 

 

0 phr 10 phr 20 phr 30 phr 40 phr 

Temp.(°C) G″ (MPa) Temp.(°C) 
G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 

79.5 0.56 79.5 0.76 79.5 1.09 79.5 1.97 79.5 2.67 

81.6 0.55 81.6 0.72 81.4 1.11 81.1 1.94 81.4 2.67 

83.6 0.51 83.5 0.72 83.6 1.08 83.5 1.91 83.3 2.61 

85.5 0.54 85.3 0.73 85.7 1.04 85.4 1.90 85.4 2.58 

87.4 0.52 87.4 0.69 87.6 1.05 87.3 1.87 87.4 2.54 

89.5 0.50 89.5 0.69 89.5 1.03 89.4 1.87 89.4 2.52 

91.5 0.50 91.5 0.68 91.5 0.99 91.3 1.83 91.5 2.50 

93.6 0.48 93.4 0.67 93.6 1.01 93.2 1.82 93.3 2.49 

95.4 0.47 95.2 0.69 95.6 0.99 95.5 1.80 95.3 2.45 

97.2 0.46 97.4 0.66 97.5 0.95 97.5 1.80 97.4 2.40 

99.2 0.46 99.5 0.66 99.6 0.95 99.1 1.77 99.4 2.41 

101.0 0.46 101.5 0.64 101.7 0.94 101.5 1.74 101.3 2.38 

103.5 0.46 103.3 0.63 103.5 0.93 103.5 1.72 103.6 2.33 

105.4 0.45 105.3 0.63 105.3 0.93 105.5 1.74 105.5 2.32 

107.3 0.43 107.3 0.61 107.3 0.92 107.4 1.71 107.5 2.31 

109.5 0.41 109.4 0.61 109.5 0.91 109.3 1.72 109.4 2.29 

111.1 3.00 111.4 0.61 111.5 0.88 111.6 1.68 111.3 2.27 

113.3 2.95 113.6 0.60 113.5 0.89 113.4 1.67 113.5 2.25 

115.3 2.90 115.4 0.61 115.4 0.89 115.3 1.61 115.5 2.22 

117.8 2.86 117.4 0.56 117.4 0.85 117.4 1.61 117.4 2.21 

119.2 2.83 119.3 0.58 119.6 0.87 119.5 1.59 119.4 2.19 

121.6 2.77 121.4 0.58 121.6 0.84 121.3 1.59 121.3 2.13 

123.5 2.74 123.7 0.54 123.5 0.84 123.4 1.55 123.5 2.13 

125.6 2.72 125.5 0.56 125.4 0.83 125.2 1.56 125.4 2.09 

127.1 2.67 127.4 0.54 127.6 0.82 127.5 1.54 127.4 2.09 

129.6 2.67 129.3 0.54 129.6 0.81 129.5 1.52 129.1 2.05 

131.5 2.61 131.1 0.52 131.6 0.79 131.4 1.50 131.3 2.05 

133.6 2.58 133.2 0.56 133.5 0.78 133.2 1.52 133.4 2.01 

135.4 2.54 135.5 0.53 135.6 0.77 135.4 1.49 135.2 2.01 

138.0 2.52 137.5 0.52 137.5 0.78 137.5 1.47 137.3 1.99 

139.6 2.50 139.4 0.52 139.5 0.74 139.3 1.46 139.4 2.00 

141.5 2.49 141.3 0.50 141.6 0.77 141.6 1.45 141.5 1.95 

143.3 2.45 143.2 0.47 143.6 0.73 143.3 1.44 143.3 1.94 

145.1 2.40 145.3 0.49 145.4 0.75 145.3 1.43 145.6 1.94 

147.5 2.41 147.2 0.50 147.5 0.74 147.7 1.42 147.5 1.91 

149.1 2.38 149.5 0.50 149.7 0.76 149.5 1.41 149.3 1.94 
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Table B11 Mechanical properties of HNBR compounds filled with various silica 

loadings  

 

Silica loading M100 Tensile strength 

 

Elongation at break 

(phr) (MPa) (MPa) (%) 

0 2.33 ± 0.08 9.65 ± 0.51 235.48 ± 3.47 

10 3.50 ± 0.17 11.54 ± 0.41 226.34 ± 3.56 

20 5.62 ± 0.27 13.13 ± 0.63 194.39 ± 10.91 

30 6.47 ± 0.51 15.44 ± 0.52 204.17 ± 18.29 

40 9.14 ± 0.21 15.68 ± 0.50 166.77 ± 8.79 

 

Silica loading Tear strength Hardness Abrasion loss 

(phr) (N/mm) (Shore A) (mm
3
) 

0 25.19 ± 1.18 59.5 ± 0.577 66.98 ± 2.968 

10 48.97 ± 2.24 62.9 ± 0.250 69.36 ± 2.426 

20 60.38 ± 0.63 71.0 ± 0.000 65.83 ± 2.778 

30 76.76 ± 2.69 77.5 ± 0.408 79.81 ± 2.302 

40 78.53 ± 4.27 82.8 ± 0.500 90.53 ± 2.778 
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APPENDIX C 

INFLUENCES OF ORGANOCLAY LOADING ON 

REINFORCEMENT OF  

HYDROGENATED NITRILE RUBBER 

 

 

Table C1 Scorch time (ts2), cure time (tc), and torque difference (S′) of HNBR 

filled with various organoclay loadings 

 

Organoclay loading (phr) Scorch time (min) Cure time (min) S'max-S'min (dN-m) 

0 1.26 ± 0.02 74.36 ± 0.54 31.29 ± 0.38 

5 1.06 ± 0.02 73.51 ± 0.64 37.89 ± 0.65 

10 0.95 ± 0.03 72.25 ± 0.32 43.22 ± 0.26 

20 0.73 ± 0.02 65.50 ± 1.20 61.20 ± 1.52 

30 0.62 ± 0.01 53.06 ± 2.03 75.91 ± 4.72 

 

Table C2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various organoclay loadings 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

0 6.98 68.93 8.38 67.44 8.38 69.57 6.98 68.30 

12.57 68.03 19.55 65.31 19.55 67.72 12.57 66.81 

32.11 64.84 60.04 58.03 60.04 60.72 32.11 63.46 

97.74 53.54 167.55 42.98 167.55 44.06 97.74 52.15 

251.33 35.69 335.10 31.93 335.10 31.09 251.33 36.48 

418.88 28.03 481.71 26.43 481.71 26.22 418.88 28.52 

544.54 24.40 600.39 23.16 600.39 22.85 544.54 24.77 

656.24 21.53 712.09 20.68 712.09 20.37 656.24 21.91 

767.94 19.30 837.76 18.45 837.76 18.23 767.94 19.76 

893.61 17.38 949.46 16.87 949.46 16.58 893.61 17.69 
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Table C2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various organoclay loadings 

(cont.) 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

5 6.98 86.79 8.38 81.50 8.38 87.34 6.98 81.92 

12.57 85.08 19.55 78.57 19.55 83.96 12.57 80.51 

32.11 79.24 60.04 67.39 60.04 71.27 32.11 74.92 

97.74 61.23 167.55 48.06 167.55 49.12 97.74 58.82 

251.33 39.87 335.10 35.22 335.10 34.41 251.33 40.32 

418.88 30.72 481.71 28.85 481.71 28.46 418.88 31.19 

544.54 26.56 600.39 24.96 600.39 24.90 544.54 26.72 

656.24 23.52 712.09 22.02 712.09 22.16 656.24 23.35 

767.94 21.02 837.76 19.47 837.76 19.59 767.94 20.84 

893.61 18.66 949.46 17.66 949.46 17.69 893.61 18.50 

10 6.98 99.29 8.38 100.97 8.38 99.12 6.98 101.19 

12.57 96.44 19.55 92.64 19.55 93.15 12.57 96.48 

32.11 87.15 60.04 74.24 60.04 76.41 32.11 85.03 

97.74 64.89 167.55 50.97 167.55 51.21 97.74 63.18 

251.33 41.91 335.10 37.10 335.10 35.32 251.33 42.52 

418.88 32.11 481.71 30.29 481.71 28.95 418.88 32.88 

544.54 27.73 600.39 26.26 600.39 25.35 544.54 28.02 

656.24 24.65 712.09 23.29 712.09 22.49 656.24 24.57 

767.94 22.05 837.76 20.49 837.76 20.54 767.94 21.87 

893.61 19.53 949.46 18.63 949.46 18.55 893.61 19.56 

20 6.98 226.38 8.38 248.57 8.38 214.24 6.98 282.84 

12.57 191.95 19.55 172.67 19.55 166.90 12.57 221.45 

32.11 140.27 60.04 101.99 60.04 107.27 32.11 144.28 

97.74 82.22 167.55 60.74 167.55 60.75 97.74 83.65 

251.33 46.62 335.10 42.17 335.10 38.69 251.33 51.05 

418.88 33.20 481.71 34.07 481.71 30.62 418.88 38.26 

544.54 28.43 600.39 29.30 600.39 27.13 544.54 32.41 

656.24 25.99 712.09 26.13 712.09 25.03 656.24 28.71 

767.94 23.68 837.76 23.36 837.76 22.46 767.94 25.91 

893.61 21.29 949.46 21.55 949.46 20.46 893.61 23.54 

30 6.98 149.21 8.38 182.29 8.38 144.75 6.98 195.13 

12.57 137.60 19.55 139.63 19.55 125.11 12.57 163.64 

32.11 112.28 60.04 91.77 60.04 91.60 32.11 118.65 

97.74 74.34 167.55 57.51 167.55 56.63 97.74 75.36 

251.33 45.22 335.10 40.73 335.10 38.06 251.33 47.96 

418.88 33.23 481.71 33.14 481.71 30.93 418.88 36.43 

544.54 28.59 600.39 28.47 600.39 27.29 544.54 30.87 

656.24 25.91 712.09 25.31 712.09 24.79 656.24 27.24 

767.94 23.37 837.76 22.45 837.76 22.24 767.94 24.34 

893.61 20.99 949.46 20.61 949.46 20.18 893.61 21.89 
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Table C3 Fit parameters of Equation 3.16 of HNBR compounds filled with various 

organoclay loadings 

 

Organoclay loading (phr)   
* (kPa) 1/A (%) B 

0 70.3 218.53 1.229 

5 89.7 175.72 1.112 

10 103.8 145.26 1.029 

20 170.4 66.84 0.833 

30 323.6 21.81 0.7186 

 

Table C4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various 

organoclay loadings 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.13 19.55 0.57 19.55 0.42 12.57 0.45 

32.11 0.49 60.04 0.69 60.04 0.60 32.11 0.68 

97.74 1.67 167.55 3.65 167.55 3.82 97.74 1.65 

251.33 7.08 335.10 8.36 335.10 9.45 251.33 6.26 

418.88 10.46 481.71 11.55 481.71 11.51 418.88 10.18 

544.54 12.23 600.39 13.25 600.39 12.97 544.54 12.52 

656.24 13.65 712.09 14.79 712.09 14.23 656.24 14.07 

767.94 15.08 837.76 16.16 837.76 15.66 767.94 15.61 

893.61 16.43 949.46 17.26 949.46 16.86 893.61 16.96 

5 6.98 0.00 8.38 0.04 8.38 0.00 6.98 0.15 

12.57 0.84 19.55 0.40 19.55 0.87 12.57 0.31 

32.11 0.37 60.04 0.67 60.04 0.66 32.11 0.60 

97.74 1.84 167.55 4.43 167.55 4.52 97.74 2.09 

251.33 7.65 335.10 9.23 335.10 9.81 251.33 7.03 

418.88 11.20 481.71 12.44 481.71 12.45 418.88 11.07 

544.54 13.16 600.39 14.16 600.39 13.99 544.54 13.37 

656.24 14.74 712.09 15.56 712.09 15.45 656.24 14.93 

767.94 16.26 837.76 16.92 837.76 16.81 767.94 16.38 

893.61 17.47 949.46 17.96 949.46 17.84 893.61 17.66 
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Table C4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various 

organoclay loadings (cont.) 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

10 

 

6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.24 19.55 0.00 19.55 0.08 12.57 0.19 

32.11 0.29 60.04 0.32 60.04 0.43 32.11 0.08 

97.74 1.56 167.55 4.93 167.55 4.87 97.74 1.71 

251.33 7.63 335.10 9.85 335.10 9.77 251.33 7.28 

418.88 11.70 481.71 13.17 481.71 12.60 418.88 11.72 

544.54 13.68 600.39 14.90 600.39 14.43 544.54 13.79 

656.24 15.14 712.09 16.25 712.09 15.83 656.24 15.34 

767.94 16.63 837.76 17.67 837.76 17.46 767.94 16.82 

893.61 18.22 949.46 19.03 949.46 18.62 893.61 18.49 

20 6.98 0.00 8.38 0.00 8.38 0.81 6.98 0.00 

12.57 0.00 19.55 2.28 19.55 0.38 12.57 2.06 

32.11 0.89 60.04 3.95 60.04 1.18 32.11 4.39 

97.74 3.58 167.55 8.45 167.55 5.95 97.74 6.00 

251.33 8.76 335.10 13.39 335.10 11.04 251.33 11.29 

418.88 12.62 481.71 15.75 481.71 14.17 418.88 14.76 

544.54 15.56 600.39 17.65 600.39 16.73 544.54 16.93 

656.24 17.82 712.09 18.93 712.09 18.49 656.24 18.74 

767.94 19.03 837.76 20.38 837.76 19.79 767.94 19.84 

893.61 20.48 949.46 21.54 949.46 21.02 893.61 21.32 

30 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.09 19.55 0.00 19.55 0.21 12.57 0.00 

32.11 0.46 60.04 0.94 60.04 0.71 32.11 0.48 

97.74 2.17 167.55 5.63 167.55 4.91 97.74 2.80 

251.33 7.84 335.10 10.57 335.10 9.89 251.33 8.60 

418.88 11.38 481.71 13.32 481.71 12.69 418.88 12.50 

544.54 13.93 600.39 15.18 600.39 14.57 544.54 14.64 

656.24 15.82 712.09 16.78 712.09 16.36 656.24 16.35 

767.94 17.16 837.76 18.28 837.76 18.01 767.94 17.62 

893.61 18.61 949.46 19.64 949.46 19.34 893.61 19.15 
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Table C5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various 

organoclay loadings 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.43 

12.57 0.00 19.55 0.07 19.55 0.00 12.57 0.00 

32.11 0.07 60.04 0.51 60.04 0.40 32.11 0.14 

97.74 1.16 167.55 3.05 167.55 3.20 97.74 1.24 

251.33 6.00 335.10 6.94 335.10 7.98 251.33 5.23 

418.88 8.72 481.71 9.24 481.71 9.28 418.88 8.42 

544.54 9.78 600.39 10.31 600.39 10.07 544.54 9.95 

656.24 10.44 712.09 11.10 712.09 10.75 656.24 10.77 

767.94 11.08 837.76 11.74 837.76 11.43 767.94 11.48 

893.61 11.66 949.46 12.23 949.46 11.95 893.61 12.02 

5 6.98 0.33 8.38 0.14 8.38 0.00 6.98 0.00 

12.57 0.24 19.55 0.04 19.55 0.19 12.57 0.00 

32.11 0.20 60.04 0.66 60.04 0.57 32.11 0.20 

97.74 1.40 167.55 3.63 167.55 3.64 97.74 1.60 

251.33 6.37 335.10 7.54 335.10 8.12 251.33 5.81 

418.88 9.18 481.71 9.77 481.71 9.80 418.88 8.98 

544.54 10.33 600.39 10.76 600.39 10.66 544.54 10.42 

656.24 11.02 712.09 11.47 712.09 11.37 656.24 11.14 

767.94 11.68 837.76 12.09 837.76 12.01 767.94 11.79 

893.61 12.20 949.46 12.53 949.46 12.47 893.61 12.29 

10 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.06 12.57 0.00 

32.11 0.00 60.04 0.27 60.04 0.29 32.11 0.00 

97.74 1.16 167.55 3.79 167.55 3.54 97.74 1.27 

251.33 6.01 335.10 7.70 335.10 7.76 251.33 5.85 

418.88 9.07 481.71 9.86 481.71 9.67 418.88 9.04 

544.54 10.28 600.39 10.88 600.39 10.53 544.54 10.44 

656.24 11.03 712.09 11.57 712.09 11.33 656.24 11.24 

767.94 11.70 837.76 12.24 837.76 12.06 767.94 11.90 

893.61 12.33 949.46 12.76 949.46 12.53 893.61 12.59 

20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 1.61 19.55 0.00 12.57 0.93 

32.11 0.32 60.04 3.08 60.04 0.73 32.11 3.17 

97.74 2.59 167.55 6.62 167.55 4.67 97.74 4.88 

251.33 6.96 335.10 9.75 335.10 8.53 251.33 8.49 

418.88 9.67 481.71 11.25 481.71 10.53 418.88 10.81 

544.54 11.23 600.39 12.13 600.39 11.76 544.54 11.94 

656.24 12.19 712.09 12.77 712.09 12.45 656.24 12.73 

767.94 12.65 837.76 13.33 837.76 12.92 767.94 13.23 

893.61 13.08 949.46 13.74 949.46 13.26 893.61 13.78 
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Table C5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various 

organoclay loadings (cont.) 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1) 

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

30 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.13 60.04 0.72 60.04 0.24 32.11 0.27 

97.74 1.56 167.55 4.48 167.55 3.69 97.74 2.43 

251.33 6.24 335.10 8.31 335.10 7.87 251.33 6.75 

418.88 9.06 481.71 10.23 481.71 9.81 418.88 9.61 

544.54 10.46 600.39 11.21 600.39 10.86 544.54 10.92 

656.24 11.34 712.09 11.90 712.09 11.63 656.24 11.76 

767.94 11.94 837.76 12.53 837.76 12.36 767.94 12.32 

893.61 12.52 949.46 13.02 949.46 12.80 893.61 12.93 

 

Table C6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various 

organoclay loadings 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.08 19.55 0.27 19.55 0.29 12.57 0.06 

32.11 0.07 60.04 0.04 60.04 0.05 32.11 0.07 

97.74 0.23 167.55 0.35 167.55 0.37 97.74 0.18 

251.33 0.68 335.10 0.98 335.10 1.01 251.33 0.63 

418.88 1.33 481.71 1.70 481.71 1.63 418.88 1.37 

544.54 1.90 600.39 2.21 600.39 2.12 544.54 2.01 

656.24 2.35 712.09 2.68 712.09 2.55 656.24 2.47 

767.94 2.79 837.76 3.16 837.76 3.03 767.94 2.93 

893.61 3.20 949.46 3.47 949.46 3.38 893.61 3.33 
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Table C6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various 

organoclay loadings (cont.) 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

Strain 

(%) 

T(5/1) 

(%) 

5 6.98 0.00 8.38 0.00 8.38 0.31 6.98 0.20 

12.57 0.16 19.55 0.30 19.55 0.31 12.57 0.34 

32.11 0.04 60.04 0.06 60.04 0.06 32.11 0.02 

97.74 0.31 167.55 0.52 167.55 0.59 97.74 0.31 

251.33 0.84 335.10 1.16 335.10 1.15 251.33 0.82 

418.88 1.52 481.71 1.90 481.71 1.86 418.88 1.56 

544.54 2.17 600.39 2.43 600.39 2.39 544.54 2.22 

656.24 2.65 712.09 2.89 712.09 2.87 656.24 2.68 

767.94 3.10 837.76 3.35 837.76 3.33 767.94 3.12 

893.61 3.45 949.46 3.65 949.46 3.62 893.61 3.49 

10 6.98 0.24 8.38 0.43 8.38 0.00 6.98 0.04 

12.57 0.34 19.55 0.03 19.55 0.00 12.57 0.19 

32.11 0.44 60.04 0.27 60.04 0.31 32.11 0.35 

97.74 0.53 167.55 0.62 167.55 0.69 97.74 0.48 

251.33 0.97 335.10 1.35 335.10 1.26 251.33 0.93 

418.88 1.61 481.71 2.13 481.71 2.01 418.88 1.74 

544.54 2.30 600.39 2.65 600.39 2.60 544.54 2.39 

656.24 2.79 712.09 3.09 712.09 2.92 656.24 2.87 

767.94 3.27 837.76 3.55 837.76 3.49 767.94 3.32 

893.61 3.67 949.46 3.88 949.46 3.83 893.61 3.77 

20 6.98 0.46 8.38 0.44 8.38 0.00 6.98 0.47 

12.57 0.37 19.55 0.24 19.55 0.03 12.57 0.48 

32.11 0.67 60.04 0.41 60.04 0.29 32.11 0.48 

97.74 0.58 167.55 1.27 167.55 0.82 97.74 0.75 

251.33 1.08 335.10 2.27 335.10 1.42 251.33 1.83 

418.88 1.86 481.71 2.87 481.71 2.32 418.88 2.62 

544.54 2.77 600.39 3.38 600.39 3.13 544.54 3.14 

656.24 3.49 712.09 3.76 712.09 3.70 656.24 3.65 

767.94 3.87 837.76 4.16 837.76 4.07 767.94 3.97 

893.61 4.23 949.46 4.50 949.46 4.43 893.61 4.42 

30 6.98 0.32 8.38 0.30 8.38 0.00 6.98 0.29 

12.57 0.46 19.55 0.00 19.55 0.00 12.57 0.32 

32.11 0.24 60.04 0.16 60.04 0.11 32.11 0.16 

97.74 0.52 167.55 0.63 167.55 0.72 97.74 0.26 

251.33 0.90 335.10 1.47 335.10 1.22 251.33 1.06 

418.88 1.56 481.71 2.17 481.71 1.96 418.88 1.92 

544.54 2.30 600.39 2.70 600.39 2.59 544.54 2.52 

656.24 2.93 712.09 3.16 712.09 3.11 656.24 3.04 

767.94 3.36 837.76 3.66 837.76 3.59 767.94 3.44 

893.61 3.76 949.46 4.02 949.46 3.94 893.61 3.90 
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Table C7 Fit parameters of Equation 3.17 of HNBR compounds filled with various 

organoclay loadings 

 

Organoclay loading (phr) TH α C D 

0 7.307 0.0049 0.0101 4.2900 

5 8.194 0.0045 0.0085 3.1190 

10 7.700 0.0052 0.0090 3.5310 

20 8.076 0.0051 0.0079 2.8820 

30 11.040 0.0026 0.0053 1.7300 

 

Table C8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various organoclay loadings 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

0 6.98 1.11 8.38 1.01 8.38 1.07 6.98 1.06 

12.57 1.02 19.55 1.07 19.55 1.07 12.57 1.05 

32.11 1.04 60.04 1.05 60.04 1.04 32.11 1.04 

97.74 1.04 167.55 1.03 167.55 1.04 97.74 1.04 

251.33 1.05 335.10 1.06 335.10 1.05 251.33 1.06 

418.88 1.06 481.71 1.07 481.71 1.06 418.88 1.06 

544.54 1.05 600.39 1.07 600.39 1.07 544.54 1.07 

656.24 1.06 712.09 1.07 712.09 1.07 656.24 1.07 

767.94 1.08 837.76 1.08 837.76 1.08 767.94 1.10 

893.61 1.09 949.46 1.09 949.46 1.09 893.61 1.10 

5 6.98 1.09 8.38 0.99 8.38 1.02 6.98 1.05 

12.57 1.04 19.55 1.08 19.55 1.09 12.57 1.02 

32.11 1.03 60.04 1.05 60.04 1.05 32.11 1.03 

97.74 1.04 167.55 1.01 167.55 1.01 97.74 1.04 

251.33 1.04 335.10 1.05 335.10 1.04 251.33 1.04 

418.88 1.04 481.71 1.07 481.71 1.06 418.88 1.05 

544.54 1.05 600.39 1.06 600.39 1.06 544.54 1.05 

656.24 1.06 712.09 1.08 712.09 1.07 656.24 1.07 

767.94 1.07 837.76 1.08 837.76 1.07 767.94 1.08 

893.61 1.09 949.46 1.09 949.46 1.08 893.61 1.09 
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Table C8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various organoclay loadings 

(cont.) 

 

Organoclay 

loading 

(phr) 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

10 6.98 1.08 8.38 1.09 8.38 1.06 6.98 1.08 

12.57 1.09 19.55 1.05 19.55 1.02 12.57 1.05 

32.11 1.08 60.04 1.05 60.04 1.04 32.11 1.04 

97.74 1.05 167.55 1.03 167.55 1.00 97.74 1.06 

251.33 1.03 335.10 1.05 335.10 1.02 251.33 1.04 

418.88 1.04 481.71 1.06 481.71 1.04 418.88 1.04 

544.54 1.04 600.39 1.07 600.39 1.03 544.54 1.05 

656.24 1.04 712.09 1.09 712.09 1.05 656.24 1.07 

767.94 1.07 837.76 1.07 837.76 1.08 767.94 1.08 

893.61 1.07 949.46 1.08 949.46 1.08 893.61 1.07 

20 6.98 1.09 8.38 1.01 8.38 1.28 6.98 1.02 

12.57 0.97 19.55 0.93 19.55 1.31 12.57 0.91 

32.11 0.98 60.04 0.91 60.04 1.01 32.11 0.89 

97.74 0.99 167.55 0.92 167.55 0.96 97.74 0.92 

251.33 0.98 335.10 0.92 335.10 0.96 251.33 0.91 

418.88 0.95 481.71 0.94 481.71 0.96 418.88 0.94 

544.54 0.95 600.39 0.95 600.39 0.96 544.54 0.94 

656.24 0.95 712.09 0.95 712.09 0.95 656.24 0.93 

767.94 0.96 837.76 0.95 837.76 0.95 767.94 0.95 

893.61 0.96 949.46 0.94 949.46 0.97 893.61 0.94 

30 6.98 1.10 8.38 1.04 8.38 1.10 6.98 1.09 

12.57 1.02 19.55 0.99 19.55 1.02 12.57 0.94 

32.11 0.97 60.04 0.97 60.04 1.03 32.11 0.97 

97.74 1.02 167.55 0.98 167.55 0.99 97.74 0.97 

251.33 1.00 335.10 0.98 335.10 1.00 251.33 0.97 

418.88 1.01 481.71 0.99 481.71 1.02 418.88 0.98 

544.54 1.01 600.39 1.00 600.39 1.02 544.54 0.99 

656.24 1.00 712.09 0.99 712.09 1.01 656.24 0.99 

767.94 1.01 837.76 1.00 837.76 1.00 767.94 1.00 

893.61 1.01 949.46 1.00 949.46 1.02 893.61 0.99 
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Table C9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various organoclay loadings:  

 

(a) Storage modulus ( ′) 

 

Strain amplitude (%) 
 ′ (kPa) 

0 phr 5phr 10 phr  20 phr 30 phr 

0.56 1136.40 1449.80 1775.30 3242.60 29524.00 

0.70 1141.60 1433.30 1725.20 3113.80 5363.20 

0.98 1127.10 1393.60 1661.90 3035.40 4967.50 

1.95 1097.10 1394.10 1650.50 2886.70 4636.30 

3.07 1083.20 1402.30 1655.50 2816.80 4454.70 

5.02 1069.30 1386.70 1629.80 2679.30 4096.70 

6.98 1057.70 1366.80 1605.50 2575.00 3831.50 

10.04 1053.80 1343.20 1569.00 2455.30 3531.30 

15.07 1042.20 1310.30 1514.60 2297.90 3186.20 

19.95 1027.00 1281.60 1466.40 2172.10 2935.20 

29.99 997.09 1224.50 1368.10 1941.20 2502.30 

40.04 963.21 1162.90 1274.60 1739.60 2135.50 

49.94 931.20 1099.90 1184.80 1559.20 1818.60 

59.99 897.29 1031.60 1097.10 1366.50 1581.10 

70.03 861.83 956.05 1007.90 1186.60 1408.90 

79.93 821.65 884.90 915.40 1075.90 1275.00 

89.98 786.55 833.55 852.39 1003.20 1167.90 

100.02 759.23 794.06 810.85 949.82 1079.20 
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Table C9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various organoclay loadings (cont.):  

 

(b) Loss modulus (G″)  

 

Strain amplitude (%) 
G″ (kPa) 

0 phr 5phr 10 phr  20 phr 30 phr 

0.56 88.63 118.58 173.61 371.74 24868.00 

0.70 93.76 140.26 165.25 328.21 634.68 

0.98 95.36 107.32 151.42 323.80 631.70 

1.95 91.43 121.76 159.48 344.81 663.67 

3.07 95.28 124.15 169.53 355.92 682.46 

5.02 94.62 123.71 162.49 352.90 684.07 

6.98 90.69 121.89 161.14 347.42 674.98 

10.04 91.54 121.40 163.16 350.45 662.99 

15.07 92.27 124.82 165.83 347.29 629.47 

19.95 94.71 129.06 170.15 348.07 597.42 

29.99 99.76 141.63 183.62 345.29 554.90 

40.04 105.40 155.64 194.33 339.58 528.82 

49.94 111.57 174.62 209.80 344.17 531.53 

59.99 120.46 198.63 229.29 365.25 535.67 

70.03 130.02 228.49 254.28 384.56 527.72 

79.93 140.52 253.44 284.53 390.51 512.54 

89.98 147.05 266.64 297.07 387.23 495.52 

100.02 150.59 266.35 297.34 383.77 481.64 
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Table C10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various organoclay loadings: (a) Storage 

modulus ( ′) 

 

0 phr 5 phr 10 phr 20 phr 30 phr 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-80.1 2590.50 -81.2 2483.62 -80.4 2981.04 -78.9 3009.03 -79.9 2991.91 

-79.6 2594.41 -78.2 2455.38 -78.8 3021.55 -79.1 2930.98 -78.9 2992.62 

-78.1 2571.16 -76.3 2419.57 -76.9 3024.99 -76.7 2900.25 -76.6 2985.39 

-75.8 2534.68 -74.6 2377.68 -74.9 3007.06 -74.5 2861.34 -74.5 2968.68 

-72.8 2480.94 -72.6 2320.40 -72.9 2975.68 -72.7 2822.22 -72.1 2927.62 

-70.8 2443.93 -70.5 2275.08 -70.7 2944.42 -70.6 2783.99 -70.4 2891.60 

-69.0 2403.53 -68.6 2227.73 -68.5 2885.97 -68.2 2739.89 -68.4 2848.29 

-67.2 2364.91 -66.4 2187.49 -66.5 2832.98 -66.8 2702.76 -66.0 2802.40 

-65.0 2319.63 -64.3 2141.32 -64.2 2781.03 -64.9 2642.44 -64.4 2775.26 

-63.3 2278.99 -62.6 2098.59 -62.5 2740.16 -62.8 2608.97 -62.9 2723.06 

-61.3 2234.60 -60.4 2060.91 -60.4 2693.14 -60.8 2570.70 -60.0 2690.21 

-59.1 2189.45 -58.4 2040.60 -58.8 2645.17 -58.8 2538.75 -59.0 2659.77 

-57.0 2145.52 -56.5 2021.97 -56.9 2588.76 -56.7 2498.28 -56.6 2633.48 

-54.6 2110.26 -54.5 1994.72 -54.7 2534.77 -54.7 2459.84 -54.3 2574.45 

-52.9 2087.62 -52.5 1982.15 -52.4 2469.18 -52.8 2432.19 -52.4 2552.74 

-51.3 2043.89 -50.5 1958.30 -50.2 2406.91 -50.6 2406.36 -50.4 2537.57 

-49.0 1990.56 -48.6 1948.97 -48.8 2358.02 -48.7 2392.65 -48.0 2506.71 

-46.7 1954.07 -46.6 1934.39 -46.2 2287.72 -46.7 2374.56 -46.8 2497.33 

-44.9 1914.04 -44.5 1904.59 -44.1 2236.41 -44.8 2355.61 -44.2 2467.61 

-42.9 1862.60 -42.6 1887.87 -42.2 2190.42 -42.9 2332.76 -42.5 2453.66 

-40.7 1802.77 -40.7 1863.78 -40.3 2145.84 -40.6 2286.85 -40.3 2418.91 

-38.8 1746.78 -38.5 1829.68 -38.3 2084.66 -38.6 2248.71 -38.5 2376.43 

-36.7 1681.55 -36.5 1755.90 -36.6 1999.29 -36.6 2177.36 -36.8 2321.44 

-34.8 1611.48 -34.3 1611.94 -34.2 1866.02 -34.7 2060.10 -34.6 2211.06 

-32.5 1445.58 -32.3 1393.07 -32.5 1659.37 -32.3 1859.20 -32.3 2033.64 

-30.5 1245.11 -30.3 1095.66 -30.6 1414.53 -30.6 1622.84 -30.2 1735.30 

-28.6 997.53 -28.6 869.08 -28.5 1173.45 -28.3 1364.50 -28.2 1492.13 

-26.7 718.17 -26.4 688.77 -26.5 795.53 -26.7 1138.44 -26.3 1220.79 

-24.7 485.73 -24.6 475.02 -24.6 558.26 -24.6 786.17 -24.6 943.63 

-22.6 270.80 -22.6 281.31 -22.4 414.81 -22.3 509.80 -22.5 689.97 

-20.7 145.21 -20.5 157.57 -20.6 299.90 -20.5 351.91 -20.0 470.97 

-18.6 72.77 -18.7 99.41 -18.5 189.20 -18.4 218.08 -18.4 373.35 

-16.7 42.27 -16.7 68.15 -16.5 114.95 -16.4 153.59 -16.8 298.07 

-14.6 28.14 -14.6 47.91 -14.5 67.50 -14.5 115.26 -14.6 221.09 

-12.6 20.94 -12.4 35.56 -12.6 48.09 -12.7 91.74 -12.4 184.28 

-10.5 16.97 -10.5 28.35 -10.7 36.63 -10.6 77.22 -10.5 161.53 

-8.6 14.23 -8.7 23.60 -8.5 29.04 -8.6 66.46 -8.6 145.46 

-6.6 12.26 -6.6 19.99 -6.6 24.67 -6.6 58.91 -6.5 132.55 

-4.6 10.86 -4.6 17.41 -4.6 21.75 -4.6 53.74 -4.4 123.16 
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Table C10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various organoclay loadings (cont.): (a) 

Storage modulus ( ′) 

 

0 phr 5 phr 10 phr 20 phr 30 phr 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-2.5 9.66 -2.5 15.92 -2.6 19.82 -2.5 50.26 -2.5 115.75 

-0.7 9.09 -0.5 14.87 -0.6 18.33 -0.4 46.73 -0.8 109.19 

4.1 8.41 4.7 13.70 3.7 17.11 4.6 43.93 3.7 102.64 

3.9 8.24 4.6 13.34 3.7 16.78 4.5 42.95 3.5 101.06 

5.2 8.00 4.5 13.14 5.3 16.08 4.5 42.65 5.4 98.30 

7.4 7.77 7.3 12.53 7.3 15.61 7.3 40.90 7.4 95.70 

9.5 7.56 9.4 12.14 9.4 15.12 9.5 39.77 9.5 93.17 

11.4 7.40 11.4 11.88 11.5 14.61 11.4 38.84 11.5 90.89 

13.5 7.28 13.4 11.58 13.3 14.31 13.4 38.01 13.4 88.80 

15.4 7.14 15.4 11.41 15.5 14.08 15.5 37.26 15.5 87.00 

17.4 7.05 17.5 11.19 17.5 13.81 17.4 36.68 17.5 85.61 

19.3 6.97 19.4 11.03 19.4 13.62 19.5 36.15 19.5 84.27 

21.4 6.86 21.4 10.91 21.5 13.41 21.4 35.64 21.4 83.36 

23.5 6.77 23.4 10.77 23.5 13.27 23.5 35.18 23.6 82.18 

25.3 6.69 25.4 10.65 25.4 13.13 25.4 34.72 25.3 81.61 

27.3 6.57 27.4 10.50 27.3 12.98 27.3 34.30 27.5 80.57 

29.4 6.49 29.4 10.40 29.3 12.87 29.4 33.76 29.5 79.70 

31.4 6.43 31.4 10.30 31.3 12.76 31.1 33.37 31.5 78.81 

33.5 6.34 33.4 10.18 33.4 12.58 33.4 32.91 33.5 77.77 

35.4 6.26 35.5 10.06 35.4 12.45 36.0 32.57 35.4 76.86 

37.3 6.20 37.9 9.95 37.5 12.32 36.8 32.47 37.5 75.89 

39.5 6.13 38.9 9.84 39.4 12.21 39.4 32.02 39.5 74.99 

41.4 6.06 41.3 9.81 41.4 12.07 41.4 31.70 41.4 74.08 

43.3 6.02 43.6 9.69 43.4 11.94 43.4 31.35 43.4 73.13 

45.3 5.96 45.5 9.63 45.3 11.84 45.3 31.01 45.4 72.18 

47.4 5.89 47.4 9.57 47.4 11.71 47.3 30.68 47.5 71.30 

49.5 5.84 49.4 9.51 49.4 11.57 49.4 30.34 49.5 70.49 

51.4 5.76 51.4 9.41 51.4 11.48 51.4 30.00 51.4 69.67 

53.3 5.72 53.4 9.33 53.5 11.35 53.4 29.65 53.5 68.85 

55.4 5.65 55.5 9.24 55.3 11.25 55.5 29.35 55.5 68.14 

57.6 5.58 57.5 9.16 57.4 11.17 57.3 29.04 57.5 67.38 

59.3 5.54 59.4 9.09 59.3 11.07 59.5 28.74 59.5 66.65 

61.3 5.49 61.4 9.02 61.6 10.94 61.4 28.49 61.4 65.93 

63.4 5.42 63.4 8.99 63.4 10.85 63.3 28.22 63.4 65.23 

65.3 5.35 65.4 8.90 65.2 10.81 65.5 27.95 65.5 64.68 

67.5 5.28 67.4 8.84 67.3 10.71 67.5 27.64 67.5 64.07 

69.3 5.22 69.5 8.75 69.3 10.65 69.3 27.40 69.5 63.37 

71.3 5.17 71.2 8.69 71.3 10.54 71.6 27.11 71.4 62.66 

73.1 5.12 73.4 8.61 73.5 10.44 73.4 26.87 73.5 61.99 

75.3 5.02 75.4 8.56 75.4 10.35 75.4 26.62 75.5 61.43 

77.3 4.96 77.4 8.51 77.5 10.29 77.4 26.44 77.5 60.80 
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Table C10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various organoclay loadings (cont.): (a) 

Storage modulus ( ′) 

 

0 phr 5 phr 10 phr 20 phr 30 phr 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

79.5 4.90 79.5 8.43 79.4 10.19 79.3 26.25 79.5 60.21 

81.6 4.83 81.4 8.42 81.4 10.13 81.5 26.00 81.5 59.60 

83.6 4.78 83.5 8.35 83.6 10.07 83.4 25.77 83.5 59.09 

85.5 4.73 85.3 8.31 85.6 10.06 85.4 25.60 85.5 58.53 

87.4 4.68 87.4 8.28 87.4 9.99 87.5 25.41 87.4 58.11 

89.5 4.63 89.4 8.24 89.5 9.94 89.4 25.23 89.5 57.56 

91.5 4.59 91.4 8.21 91.5 9.92 91.3 25.08 91.3 57.21 

93.6 4.55 93.4 8.18 93.3 9.90 93.2 24.95 93.5 56.76 

95.4 4.54 95.3 8.14 95.4 9.84 95.5 24.80 95.4 56.36 

97.2 4.53 97.5 8.14 97.5 9.80 97.4 24.69 97.5 55.97 

99.2 4.48 99.5 8.11 99.3 9.79 99.5 24.57 99.6 55.59 

101.0 4.49 101.5 8.10 101.5 9.75 101.5 24.46 101.4 55.28 

103.5 4.46 103.3 8.08 103.4 9.75 103.4 24.36 103.4 54.95 

105.4 4.44 105.6 8.07 105.4 9.68 105.5 24.21 105.3 54.59 

107.3 4.44 107.4 8.05 107.4 9.68 107.5 24.12 107.4 54.31 

109.5 4.45 109.3 8.06 109.3 9.65 109.3 24.03 109.4 53.95 

111.1 4.46 111.4 8.02 111.4 9.65 111.7 23.90 111.7 53.60 

113.3 4.44 113.4 8.02 113.5 9.61 113.3 23.83 113.4 53.36 

115.3 4.43 115.3 8.00 115.5 9.62 115.3 23.75 115.3 53.05 

117.8 4.43 117.4 7.99 117.4 9.58 117.5 23.68 117.4 52.78 

119.2 4.45 119.4 7.97 119.3 9.54 119.2 23.62 119.5 52.49 

121.6 4.43 121.3 7.98 121.5 9.51 121.4 23.45 121.5 52.25 

123.5 4.44 123.4 8.05 123.6 9.56 123.5 23.40 123.5 52.00 

125.6 4.45 125.4 7.99 125.5 9.46 125.5 23.30 125.3 51.80 

127.1 4.42 127.5 7.95 127.4 9.47 127.5 23.30 127.4 51.58 

129.6 4.43 129.2 7.97 129.3 9.50 129.3 23.21 129.6 51.35 

131.5 4.44 131.4 7.99 131.3 9.49 131.2 23.18 131.5 51.19 

133.6 4.44 133.4 7.96 133.5 9.47 133.6 23.11 133.3 50.97 

135.4 4.46 135.5 7.96 135.4 9.49 135.4 23.04 135.5 50.75 

138.0 4.43 137.4 7.95 137.5 9.45 137.2 23.01 137.3 50.59 

139.6 4.47 139.4 7.96 139.5 9.48 139.4 22.92 139.4 50.38 

141.5 4.46 141.5 7.96 141.6 9.46 141.4 22.88 141.4 50.20 

143.3 4.46 143.3 7.95 143.5 9.48 143.4 22.83 143.5 50.02 

145.1 4.48 145.4 7.94 145.6 9.49 145.3 22.80 145.4 49.77 

147.5 4.46 147.4 7.92 147.6 9.45 147.3 22.72 147.5 49.58 

149.1 4.48 149.5 7.99 149.4 9.41 149.5 22.66 149.4 49.38 
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Table C10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various organoclay loadings (cont.): (b) 

Loss modulus (G″) 

 

0 phr 5 phr 10 phr 20 phr 30 phr 

Temp.(°C) G″ (MPa) Temp.(°C) 
G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 

-80.1 100.58 -81.2 145.66 -80.4 94.10 -78.9 154.59 -79.9 184.00 

-79.6 101.53 -78.2 143.11 -78.8 96.40 -79.1 168.49 -78.9 184.09 

-78.1 99.39 -76.3 142.28 -76.9 96.05 -76.7 164.81 -76.6 181.71 

-75.8 97.33 -74.6 141.65 -74.9 94.72 -74.5 160.68 -74.5 178.90 

-72.8 94.32 -72.6 141.51 -72.9 94.24 -72.7 155.58 -72.1 176.24 

-70.8 92.15 -70.5 139.14 -70.7 90.90 -70.6 153.01 -70.4 173.54 

-69.0 89.42 -68.6 136.34 -68.5 86.34 -68.2 148.66 -68.4 170.66 

-67.2 86.63 -66.4 133.08 -66.5 82.96 -66.8 144.97 -66.0 166.81 

-65.0 82.96 -64.3 131.04 -64.2 80.14 -64.9 142.01 -64.4 165.63 

-63.3 80.45 -62.6 128.17 -62.5 76.64 -62.8 138.91 -62.9 162.84 

-61.3 77.00 -60.4 123.28 -60.4 73.92 -60.8 135.83 -60.0 160.76 

-59.1 73.75 -58.4 120.97 -58.8 72.68 -58.8 132.29 -59.0 157.68 

-57.0 70.30 -56.5 117.41 -56.9 70.49 -56.7 130.92 -56.6 154.54 

-54.6 68.44 -54.5 114.68 -54.7 69.09 -54.7 128.72 -54.3 149.11 

-52.9 66.99 -52.5 113.41 -52.4 68.82 -52.8 127.80 -52.4 145.32 

-51.3 65.46 -50.5 112.19 -50.2 70.64 -50.6 126.87 -50.4 142.89 

-49.0 63.66 -48.6 111.71 -48.8 72.01 -48.7 125.00 -48.0 141.32 

-46.7 63.08 -46.6 111.53 -46.2 73.29 -46.7 125.10 -46.8 141.36 

-44.9 64.20 -44.5 114.76 -44.1 75.71 -44.8 126.08 -44.2 142.23 

-42.9 66.55 -42.6 116.53 -42.2 78.06 -42.9 128.19 -42.5 143.20 

-40.7 72.16 -40.7 119.90 -40.3 79.77 -40.6 132.01 -40.3 148.02 

-38.8 79.57 -38.5 123.66 -38.3 87.07 -38.6 136.64 -38.5 154.74 

-36.7 90.72 -36.5 135.57 -36.6 99.07 -36.6 147.04 -36.8 166.86 

-34.8 105.53 -34.3 165.30 -34.2 126.73 -34.7 171.57 -34.6 193.91 

-32.5 143.22 -32.3 216.75 -32.5 177.59 -32.3 220.27 -32.3 238.27 

-30.5 193.27 -30.3 275.43 -30.6 236.44 -30.6 279.54 -30.2 315.63 

-28.6 248.80 -28.6 308.12 -28.5 284.84 -28.3 331.97 -28.2 363.23 

-26.7 283.17 -26.4 319.66 -26.5 328.45 -26.7 362.36 -26.3 393.87 

-24.7 273.78 -24.6 295.82 -24.6 319.21 -24.6 366.27 -24.6 390.59 

-22.6 216.43 -22.6 231.31 -22.4 285.98 -22.3 313.70 -22.5 347.54 

-20.7 148.17 -20.5 157.74 -20.6 241.63 -20.5 250.22 -20.0 268.99 

-18.6 86.68 -18.7 108.48 -18.5 179.00 -18.4 169.28 -18.4 218.08 

-16.7 51.26 -16.7 75.78 -16.5 120.20 -16.4 117.81 -16.8 171.40 

-14.6 31.74 -14.6 51.26 -14.5 70.81 -14.5 82.11 -14.6 114.83 

-12.6 20.96 -12.4 34.64 -12.6 46.76 -12.7 58.41 -12.4 84.68 

-10.5 14.89 -10.5 24.44 -10.7 31.40 -10.6 43.11 -10.5 65.33 

-8.6 10.76 -8.7 17.63 -8.5 20.87 -8.6 31.60 -8.6 51.65 

-6.6 7.84 -6.6 12.52 -6.6 14.90 -6.6 23.69 -6.5 40.64 

-4.6 5.80 -4.6 8.95 -4.6 11.02 -4.6 18.40 -4.4 32.91 
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Table C10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various organoclay loadings (cont.): (b) 

Loss modulus (G″) 

 

0 phr 5 phr 10 phr 20 phr 30 phr 

Temp.(°C) G″ (MPa) Temp.(°C) 
G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 

-2.5 4.18 -2.5 6.94 -2.6 8.43 -2.5 14.88 -2.5 27.01 

-0.7 3.42 -0.5 5.52 -0.6 6.59 -0.4 11.49 -0.8 21.96 

4.1 2.50 4.7 4.11 3.7 5.02 4.6 9.03 3.7 17.44 

3.9 2.25 4.6 3.65 3.7 4.69 4.5 8.23 3.5 16.17 

5.2 1.95 4.5 3.39 5.3 3.98 4.5 7.89 5.4 14.46 

7.4 1.68 7.3 2.82 7.3 3.45 7.3 6.59 7.4 12.94 

9.5 1.49 9.4 2.35 9.4 2.88 9.5 5.79 9.5 11.61 

11.4 1.34 11.4 2.10 11.5 2.52 11.4 5.26 11.5 10.54 

13.5 1.24 13.4 1.92 13.3 2.22 13.4 4.82 13.4 9.72 

15.4 1.16 15.4 1.79 15.5 2.04 15.5 4.52 15.5 9.08 

17.4 1.09 17.5 1.66 17.5 2.00 17.4 4.28 17.5 8.67 

19.3 1.04 19.4 1.55 19.4 1.86 19.5 4.09 19.5 8.33 

21.4 0.98 21.4 1.50 21.5 1.83 21.4 3.94 21.4 8.10 

23.5 0.95 23.4 1.43 23.5 1.76 23.5 3.80 23.6 7.85 

25.3 0.92 25.4 1.39 25.4 1.73 25.4 3.70 25.3 7.75 

27.3 0.89 27.4 1.39 27.3 1.67 27.3 3.64 27.5 7.60 

29.4 0.88 29.4 1.34 29.3 1.65 29.4 3.55 29.5 7.47 

31.4 0.84 31.4 1.33 31.3 1.63 31.1 3.49 31.5 7.35 

33.5 0.81 33.4 1.32 33.4 1.61 33.4 3.41 33.5 7.21 

35.4 0.83 35.5 1.27 35.4 1.59 36.0 3.38 35.4 7.10 

37.3 0.81 37.9 1.26 37.5 1.55 36.8 3.36 37.5 7.02 

39.5 0.81 38.9 1.24 39.4 1.49 39.4 3.33 39.5 6.94 

41.4 0.79 41.3 1.24 41.4 1.49 41.4 3.29 41.4 6.87 

43.3 0.76 43.6 1.22 43.4 1.48 43.4 3.27 43.4 6.81 

45.3 0.75 45.5 1.22 45.3 1.48 45.3 3.22 45.4 6.78 

47.4 0.74 47.4 1.18 47.4 1.46 47.3 3.20 47.5 6.70 

49.5 0.73 49.4 1.19 49.4 1.45 49.4 3.14 49.5 6.65 

51.4 0.74 51.4 1.18 51.4 1.44 51.4 3.13 51.4 6.62 

53.3 0.70 53.4 1.15 53.5 1.38 53.4 3.11 53.5 6.55 

55.4 0.71 55.5 1.14 55.3 1.40 55.5 3.04 55.5 6.50 

57.6 0.69 57.5 1.15 57.4 1.38 57.3 3.05 57.5 6.48 

59.3 0.70 59.4 1.12 59.3 1.39 59.5 3.01 59.5 6.41 

61.3 0.68 61.4 1.10 61.6 1.35 61.4 2.97 61.4 6.42 

63.4 0.65 63.4 1.08 63.4 1.34 63.3 2.97 63.4 6.39 

65.3 0.66 65.4 1.07 65.2 1.30 65.5 2.94 65.5 6.33 

67.5 0.63 67.4 1.06 67.3 1.27 67.5 2.89 67.5 6.31 

69.3 0.63 69.5 1.06 69.3 1.27 69.3 2.86 69.5 6.22 

71.3 0.62 71.2 1.03 71.3 1.28 71.6 2.82 71.4 6.22 

73.1 0.60 73.4 1.02 73.5 1.22 73.4 2.80 73.5 6.14 

75.3 0.60 75.4 0.98 75.4 1.23 75.4 2.76 75.5 6.11 

77.3 0.56 77.4 0.95 77.5 1.17 77.4 2.71 77.5 6.08 
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Table C10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various organoclay loadings (cont.): (b) 

Loss modulus (G″) 

 

0 phr 5 phr 10 phr 20 phr 30 phr 

Temp.(°C) G″ (MPa) Temp.(°C) 
G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 
Temp.(°C) 

G″ 

(MPa) 

79.5 0.56 79.5 0.97 79.4 1.17 79.3 2.68 79.5 5.99 

81.6 0.55 81.4 0.92 81.4 1.12 81.5 2.66 81.5 5.96 

83.6 0.51 83.5 0.90 83.6 1.12 83.4 2.62 83.5 5.90 

85.5 0.54 85.3 0.92 85.6 1.13 85.4 2.58 85.5 5.81 

87.4 0.52 87.4 0.92 87.4 1.10 87.5 2.54 87.4 5.78 

89.5 0.50 89.4 0.86 89.5 1.08 89.4 2.53 89.5 5.75 

91.5 0.50 91.4 0.85 91.5 1.06 91.3 2.49 91.3 5.67 

93.6 0.48 93.4 0.86 93.3 1.04 93.2 2.48 93.5 5.63 

95.4 0.47 95.3 0.83 95.4 1.02 95.5 2.44 95.4 5.58 

97.2 0.46 97.5 0.81 97.5 1.04 97.4 2.43 97.5 5.54 

99.2 0.46 99.5 0.81 99.3 1.01 99.5 2.40 99.6 5.46 

101.0 0.46 101.5 0.80 101.5 1.01 101.5 2.38 101.4 5.44 

103.5 0.46 103.3 0.79 103.4 0.99 103.4 2.35 103.4 5.40 

105.4 0.45 105.6 0.76 105.4 0.97 105.5 2.34 105.3 5.39 

107.3 0.43 107.4 0.78 107.4 0.97 107.5 2.32 107.4 5.31 

109.5 0.41 109.3 0.77 109.3 0.96 109.3 2.27 109.4 5.30 

111.1 0.41 111.4 0.76 111.4 0.95 111.7 2.26 111.7 5.25 

113.3 0.40 113.4 0.74 113.5 0.92 113.3 2.24 113.4 5.24 

115.3 0.41 115.3 0.72 115.5 0.91 115.3 2.18 115.3 5.17 

117.8 0.41 117.4 0.71 117.4 0.89 117.5 2.19 117.4 5.09 

119.2 0.39 119.4 0.73 119.3 0.91 119.2 2.15 119.5 5.04 

121.6 0.38 121.3 0.71 121.5 0.85 121.4 2.14 121.5 4.97 

123.5 0.40 123.4 0.67 123.6 0.91 123.5 2.11 123.5 4.91 

125.6 0.38 125.4 0.70 125.5 0.87 125.5 2.10 125.3 4.93 

127.1 0.39 127.5 0.69 127.4 0.83 127.5 2.04 127.4 4.86 

129.6 0.36 129.2 0.67 129.3 0.85 129.3 2.07 129.6 4.82 

131.5 0.37 131.4 0.66 131.3 0.84 131.2 2.00 131.5 4.72 

133.6 0.35 133.4 0.64 133.5 0.84 133.6 1.99 133.3 4.72 

135.4 0.35 135.5 0.64 135.4 0.82 135.4 1.98 135.5 4.69 

138.0 0.34 137.4 0.62 137.5 0.82 137.2 1.95 137.3 4.63 

139.6 0.34 139.4 0.67 139.5 0.78 139.4 1.97 139.4 4.61 

141.5 0.36 141.5 0.63 141.6 0.79 141.4 1.96 141.4 4.57 

143.3 0.34 143.3 0.63 143.5 0.79 143.4 1.94 143.5 4.55 

145.1 0.33 145.4 0.60 145.6 0.77 145.3 1.89 145.4 4.52 

147.5 0.34 147.4 0.62 147.6 0.76 147.3 1.91 147.5 4.52 

149.1 0.34 149.5 0.60 149.4 0.77 149.5 1.89 149.4 4.44 
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Table C11 Mechanical properties of HNBR compounds filled with various 

organoclay loadings  

 

Organoclay loading M100 Tensile strength 

 

Elongation at break 

(phr) (MPa) (MPa) (%) 

0 2.33 ± 0.08 9.65 ± 0.51 235.48 ± 3.47 

5 4.27 ± 0.15 8.64 ± 0.33 182.92 ± 6.98 

10 4.94 ± 0.23 9.28 ± 0.21 180.07 ± 1.35 

20 6.96 ± 0.49 13.04 ± 0.60 222.30 ± 17.52 

30 8.79 ± 0.15 13.52 ± 0.22 211.73 ± 9.27 

 

Organoclay loading Tear strength Hardness Abrasion loss 

(phr) (N/mm) (Shore A) (mm
3
) 

0 25.19 ± 1.18 59.5 ± 0.577 66.98 ± 2.968 

5 32.65 ± 4.87 65.3 ± 0.289 62.51 ± 2.204 

10 44.74 ± 1.24 68.8 ± 0.645 73.54 ± 1.325 

20 56.84 ± 1.48 77.8 ± 0.957 120.02 ± 5.415 

30 68.71 ± 2.11 83.9 ± 1.031 152.19 ± 6.475 
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APPENDIX D 

INFLUENCES OF CARBON BLACK HYBRID SYSTEM ON 

REINFORCEMENT OF HYDROGENATED NITRILE RUBBER 

 

 

Table D1 Scorch time (ts2), cure time (tc), and torque difference (S′) of HNBR 

filled with various CB hybrid systems and hybrid ratios 

 

CB 

hybrid system 

CB 

hybrid ratio 

Scorch time 

(min) 

Cure time 

(min) 

S'max-S'min 

(dN-m) 
N326/N990 0/100 1.09 ± 0.09 70.84 ± 1.13 53.40 ± 2.58 

20/80 1.06 ± 0.04 70.53 ± 0.78 54.12 ± 2.35 

40/60 1.02 ± 0.04 68.96 ± 1.35 53.74 ± 2.74 

60/40 1.02 ± 0.00 66.28 ± 1.81 56.48 ± 3.61 

80/20 1.00 ± 0.01 66.22 ± 1.49 59.32 ± 1.14 

100/0 1.01 ± 0.04 62.61 ± 2.50 60.19 ± 0.04 

N326/N774 0/100 0.95 ± 0.08 67.02 ± 2.86 60.67 ± 1.53 

20/80 0.92 ± 0.08 67.38 ± 0.34 61.94 ± 1.49 

40/60 0.89 ± 0.02 65.82 ± 1.76 63.36 ± 0.85 

60/40 0.89 ± 0.08 66.75 ± 0.32 61.17 ± 1.85 

80/20 0.93 ± 0.05 64.10 ± 1.03 66.03 ± 2.13 

100/0 0.99 ± 0.05 64.07 ± 1.33 61.83 ± 1.94 

N550/N990 0/100 1.09 ± 0.09 70.84 ± 1.13 53.40 ± 2.58 

20/80 1.10 ± 0.04 72.72 ± 0.55 53.04 ± 0.63 

40/60 1.09 ± 0.04 71.89 ± 0.62 54.95 ± 0.99 

60/40 1.01 ± 0.04 70.78 ± 0.74 59.92 ± 1.70 

80/20 0.95 ± 0.02 69.02 ± 0.83 62.73 ± 2.17 

100/0 0.88 ± 0.02 65.71 ± 1.52 66.64 ± 1.27 
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Table D2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB hybrid systems and 

hybrid ratios 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N326/N990 0/100 6.98 131.53 8.38 119.73 8.38 129.39 6.98 121.57 

12.57 126.26 19.55 111.67 19.55 120.16 12.57 117.09 

32.11 110.97 60.04 87.10 60.04 93.32 32.11 103.25 

97.74 77.64 167.55 59.74 167.55 61.78 97.74 74.23 

251.33 51.39 335.10 44.24 335.10 44.79 251.33 50.70 

418.88 40.07 481.71 37.00 481.71 37.18 418.88 40.07 

544.54 34.62 600.39 32.76 600.39 32.68 544.54 34.99 

656.24 30.84 712.09 29.64 712.09 29.28 656.24 31.45 

767.94 27.83 837.76 26.77 837.76 26.23 767.94 28.57 

893.61 25.04 949.46 24.61 949.46 23.92 893.61 25.94 

20/80 6.98 135.54 8.38 124.02 8.38 133.96 6.98 126.75 

12.57 129.41 19.55 114.58 19.55 123.33 12.57 120.64 

32.11 113.21 60.04 88.47 60.04 95.13 32.11 104.99 

97.74 78.90 167.55 60.48 167.55 62.99 97.74 74.70 

251.33 52.48 335.10 44.87 335.10 45.87 251.33 51.14 

418.88 40.87 481.71 37.31 481.71 37.90 418.88 40.24 

544.54 35.15 600.39 32.76 600.39 33.16 544.54 34.76 

656.24 31.22 712.09 29.38 712.09 29.61 656.24 30.98 

767.94 28.07 837.76 26.31 837.76 26.46 767.94 27.89 

893.61 25.22 949.46 24.02 949.46 24.03 893.61 25.12 

40/60 6.98 146.00 8.38 135.50 8.38 144.42 6.98 137.96 

12.57 138.00 19.55 122.32 19.55 130.88 12.57 129.61 

32.11 119.35 60.04 92.82 60.04 100.07 32.11 110.78 

97.74 82.69 167.55 63.20 167.55 66.04 97.74 78.16 

251.33 55.09 335.10 46.98 335.10 48.16 251.33 53.41 

418.88 42.91 481.71 38.96 481.71 39.63 418.88 41.96 

544.54 36.78 600.39 34.13 600.39 34.56 544.54 36.17 

656.24 32.62 712.09 30.55 712.09 30.81 656.24 32.24 

767.94 29.23 837.76 27.39 837.76 27.43 767.94 29.10 

893.61 26.15 949.46 25.05 949.46 24.86 893.61 26.26 

60/40 6.98 10.05 8.38 150.03 8.38 160.68 6.98 153.35 

12.57 152.79 19.55 131.96 19.55 142.42 12.57 141.05 

32.11 128.76 60.04 98.17 60.04 106.49 32.11 117.42 

97.74 87.67 167.55 66.29 167.55 69.49 97.74 81.58 

251.33 58.25 335.10 49.46 335.10 50.64 251.33 55.83 

418.88 45.22 481.71 40.99 481.71 41.51 418.88 43.94 

544.54 38.65 600.39 36.01 600.39 36.09 544.54 37.90 

656.24 34.19 712.09 32.45 712.09 32.12 656.24 33.79 

767.94 30.64 837.76 29.18 837.76 28.51 767.94 30.52 

893.61 27.41 949.46 26.87 949.46 25.89 893.61 27.56 



Fac. of Grad. Studies, Mahidol Univ.                               Ph.D. (Polymer Science and Technology) / 293 

Table D2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB hybrid systems and 

hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N326/N990 80/20 6.98 180.39 8.38 156.98 8.38 175.33 6.98 165.69 

12.57 162.56 19.55 136.71 19.55 152.50 12.57 143.91 

32.11 135.21 60.04 101.04 60.04 112.25 32.11 117.88 

97.74 90.88 167.55 66.18 167.55 72.74 97.74 81.27 

251.33 60.17 335.10 50.27 335.10 53.15 251.33 56.03 

418.88 46.52 481.71 40.45 481.71 43.41 418.88 44.09 

544.54 39.38 600.39 35.45 600.39 37.60 544.54 37.90 

656.24 34.79 712.09 31.51 712.09 33.32 656.24 33.98 

767.94 31.07 837.76 28.51 837.76 29.50 767.94 30.76 

893.61 27.95 949.46 25.65 949.46 26.58 893.61 27.76 

100/0 6.98 202.23 8.38 177.99 8.38 195.01 6.98 185.72 

12.57 180.51 19.55 148.70 19.55 164.74 12.57 164.04 

32.11 146.60 60.04 107.05 60.04 119.43 32.11 130.77 

97.74 97.30 167.55 72.04 167.55 77.01 97.74 89.00 

251.33 64.71 335.10 54.26 335.10 56.37 251.33 61.45 

418.88 50.04 481.71 44.77 481.71 45.88 418.88 48.35 

544.54 42.43 600.39 39.25 600.39 39.64 544.54 41.57 

656.24 37.29 712.09 35.28 712.09 35.06 656.24 37.04 

767.94 33.15 837.76 31.78 837.76 30.91 767.94 33.46 

893.61 29.37 949.46 29.31 949.46 27.83 893.61 30.14 

N326/N774 0/100 6.98 9.99 8.38 152.25 8.38 171.93 6.98 155.34 

12.57 160.49 19.55 137.60 19.55 154.03 12.57 146.58 

32.11 136.17 60.04 102.30 60.04 113.59 32.11 124.63 

97.74 91.15 167.55 68.11 167.55 72.59 97.74 85.53 

251.33 60.37 335.10 51.53 335.10 53.15 251.33 58.54 

418.88 47.44 481.71 43.13 481.71 43.82 418.88 46.96 

544.54 40.68 600.39 38.13 600.39 38.30 544.54 41.04 

656.24 36.13 712.09 34.50 712.09 34.17 656.24 37.00 

767.94 32.41 837.76 31.15 837.76 30.45 767.94 33.77 

893.61 28.99 949.46 28.72 949.46 27.59 893.61 30.93 

20/80 6.98 187.85 8.38 163.94 8.38 180.95 6.98 168.64 

12.57 173.70 19.55 145.15 19.55 160.56 12.57 156.15 

32.11 145.36 60.04 106.63 60.04 117.91 32.11 130.46 

97.74 96.13 167.55 71.16 167.55 75.53 97.74 88.99 

251.33 63.38 335.10 54.08 335.10 55.45 251.33 61.30 

418.88 49.48 481.71 45.42 481.71 45.67 418.88 49.09 

544.54 42.43 600.39 40.36 600.39 39.89 544.54 42.91 

656.24 37.64 712.09 36.68 712.09 35.61 656.24 38.74 

767.94 33.72 837.76 33.42 837.76 31.62 767.94 35.59 

893.61 30.04 949.46 31.75 949.46 28.72 893.61 32.92 
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Table D2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB hybrid systems and 

hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N326/N774 40/60 6.98 187.85 8.38 164.68 8.38 183.62 6.98 169.58 

12.57 172.22 19.55 143.94 19.55 160.56 12.57 155.06 

32.11 143.55 60.04 105.23 60.04 117.14 32.11 128.22 

97.74 95.21 167.55 70.32 167.55 74.94 97.74 87.46 

251.33 62.73 335.10 53.30 335.10 54.86 251.33 60.17 

418.88 48.92 481.71 44.67 481.71 45.08 418.88 48.03 

544.54 41.84 600.39 39.60 600.39 39.27 544.54 41.88 

656.24 37.02 712.09 35.91 712.09 34.95 656.24 37.72 

767.94 33.11 837.76 32.63 837.76 30.97 767.94 34.51 

893.61 29.42 949.46 30.80 949.46 28.17 893.61 31.57 

60/40 6.98 189.45 8.38 167.34 8.38 185.84 6.98 173.17 

12.57 172.03 19.55 143.18 19.55 159.48 12.57 156.34 

32.11 141.77 60.04 104.03 60.04 115.84 32.11 127.10 

97.74 94.27 167.55 69.78 167.55 74.42 97.74 86.64 

251.33 62.34 335.10 52.82 335.10 54.56 251.33 59.73 

418.88 48.56 481.71 44.05 481.71 44.75 418.88 47.41 

544.54 41.45 600.39 38.92 600.39 38.90 544.54 41.11 

656.24 36.62 712.09 35.14 712.09 34.55 656.24 36.83 

767.94 32.70 837.76 31.72 837.76 30.52 767.94 33.48 

893.61 28.99 949.46 29.77 949.46 27.85 893.61 30.31 

80/20 6.98 211.64 8.38 189.09 8.38 208.62 6.98 197.97 

12.57 190.57 19.55 159.35 19.55 176.92 12.57 175.97 

32.11 154.93 60.04 113.98 60.04 127.34 32.11 140.50 

97.74 102.57 167.55 76.05 167.55 81.90 97.74 95.05 

251.33 67.81 335.10 56.52 335.10 59.33 251.33 64.86 

418.88 52.23 481.71 46.45 481.71 47.89 418.88 50.54 

544.54 44.18 600.39 40.51 600.39 41.25 544.54 43.32 

656.24 38.78 712.09 36.26 712.09 36.28 656.24 38.40 

767.94 34.28 837.76 32.60 837.76 31.86 767.94 34.57 

893.61 30.47 949.46 29.84 949.46 28.64 893.61 31.24 

100/0 6.98 206.31 8.38 183.91 8.38 200.19 6.98 192.82 

12.57 184.26 19.55 153.45 19.55 168.93 12.57 170.35 

32.11 149.84 60.04 109.98 60.04 122.24 32.11 135.63 

97.74 99.40 167.55 73.94 167.55 78.79 97.74 92.12 

251.33 65.74 335.10 55.34 335.10 57.37 251.33 63.28 

418.88 50.51 481.71 45.47 481.71 46.52 418.88 49.45 

544.54 42.66 600.39 39.56 600.39 40.18 544.54 42.32 

656.24 37.32 712.09 35.41 712.09 35.37 656.24 37.55 

767.94 33.12 837.76 31.65 837.76 31.18 767.94 34.06 

893.61 29.38 949.46 29.17 949.46 28.19 893.61 30.79 
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Table D2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB hybrid systems and 

hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N550/N990 0/100 6.98 131.53 8.38 119.73 8.38 129.39 6.98 121.57 

12.57 126.26 19.55 111.67 19.55 120.16 12.57 117.09 

32.11 110.97 60.04 87.10 60.04 93.32 32.11 103.25 

97.74 77.64 167.55 59.74 167.55 61.78 97.74 74.23 

251.33 51.39 335.10 44.24 335.10 44.79 251.33 50.70 

418.88 40.07 481.71 37.00 481.71 37.18 418.88 40.07 

544.54 34.62 600.39 32.76 600.39 32.68 544.54 34.99 

656.24 30.84 712.09 29.64 712.09 29.28 656.24 31.45 

767.94 27.83 837.76 26.77 837.76 26.23 767.94 28.57 

893.61 25.04 949.46 24.61 949.46 23.92 893.61 25.94 

20/80 6.98 150.00 8.38 135.07 8.38 147.41 6.98 136.48 

12.57 143.52 19.55 125.11 19.55 135.76 12.57 130.60 

32.11 124.40 60.04 95.94 60.04 103.12 32.11 113.90 

97.74 85.43 167.55 65.31 167.55 67.79 97.74 80.63 

251.33 56.47 335.10 48.57 335.10 49.34 251.33 55.19 

418.88 43.83 481.71 40.48 481.71 40.71 418.88 43.62 

544.54 37.70 600.39 35.78 600.39 35.68 544.54 37.90 

656.24 33.55 712.09 32.26 712.09 31.92 656.24 34.04 

767.94 30.23 837.76 28.97 837.76 28.56 767.94 30.85 

893.61 27.22 949.46 26.59 949.46 26.01 893.61 27.96 

40/60 6.98 153.48 8.38 137.71 8.38 151.95 6.98 139.43 

12.57 146.38 19.55 126.89 19.55 139.00 12.57 133.06 

32.11 126.45 60.04 96.15 60.04 104.78 32.11 115.14 

97.74 86.19 167.55 65.42 167.55 68.43 97.74 80.73 

251.33 57.31 335.10 49.16 335.10 50.16 251.33 55.53 

418.88 44.83 481.71 40.97 481.71 41.43 418.88 44.06 

544.54 38.56 600.39 36.09 600.39 36.29 544.54 38.29 

656.24 34.28 712.09 32.52 712.09 32.45 656.24 34.36 

767.94 30.78 837.76 29.25 837.76 28.90 767.94 31.14 

893.61 27.62 949.46 26.85 949.46 26.21 893.61 28.19 

60/40 6.98 169.22 8.38 150.92 8.38 168.23 6.98 153.71 

12.57 160.19 19.55 137.79 19.55 151.87 12.57 145.30 

32.11 137.25 60.04 103.06 60.04 112.93 32.11 124.29 

97.74 92.45 167.55 70.02 167.55 73.48 97.74 86.28 

251.33 61.65 335.10 53.08 335.10 54.08 251.33 59.78 

418.88 48.29 481.71 44.41 481.71 44.67 418.88 47.55 

544.54 41.45 600.39 39.31 600.39 39.04 544.54 41.34 

656.24 36.78 712.09 35.53 712.09 34.80 656.24 37.06 

767.94 32.94 837.76 32.02 837.76 30.88 767.94 33.65 

893.61 29.31 949.46 29.78 949.46 28.16 893.61 30.42 
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Table D2 Complex modulus (G
*
) result at 3.14 rad/s and 100°C as measured by the 

RPA-FT of HNBR compounds filled with various CB hybrid systems and 

hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

Strain 

(%) 

G
*
 

(kPa) 

N550/N990 80/20 6.98 189.80 8.38 168.97 8.38 187.61 6.98 173.04 

12.57 178.14 19.55 152.12 19.55 168.23 12.57 162.56 

32.11 150.11 60.04 112.39 60.04 123.23 32.11 137.06 

97.74 99.99 167.55 76.20 167.55 79.75 97.74 94.22 

251.33 67.03 335.10 58.26 335.10 59.07 251.33 65.79 

418.88 52.35 481.71 48.84 481.71 48.58 418.88 52.64 

544.54 44.84 600.39 43.46 600.39 42.30 544.54 46.03 

656.24 39.70 712.09 39.51 712.09 37.58 656.24 41.59 

767.94 35.49 837.76 36.15 837.76 33.28 767.94 38.22 

893.61 31.67 949.46 34.23 949.46 30.03 893.61 35.45 

100/0 6.98 207.73 8.38 184.36 8.38 202.70 6.98 198.86 

12.57 192.35 19.55 164.30 19.55 178.69 12.57 184.75 

32.11 160.26 60.04 120.53 60.04 130.25 32.11 153.89 

97.74 106.82 167.55 82.12 167.55 85.08 97.74 105.02 

251.33 71.96 335.10 62.85 335.10 62.66 251.33 73.24 

418.88 55.72 481.71 52.72 481.71 51.23 418.88 58.38 

544.54 47.37 600.39 47.36 600.39 44.37 544.54 51.51 

656.24 41.63 712.09 43.87 712.09 39.22 656.24 47.71 

767.94 37.04 837.76 41.49 837.76 34.62 767.94 46.45 

893.61 32.82 949.46 42.80 949.46 31.97 893.61 47.15 
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Table D3 Fit parameters of Equation 3.16 of HNBR compounds filled with various 

CB hybrid systems and hybrid ratios 

 

CB hybrid system CB hybrid ratio   
* 

(kPa) 

1/A 

(%) 

B 

N326/N990 0/100 141.6 111.6 0.918 

 20/80 147.9 109.0 0.875 

 40/60 162.9 101.3 0.814 

 60/40 162.8 55.2 1.804 

 80/20 223.7 64.9 0.650 

 100/0 281.5 46.4 0.571 

N326/N774 0/100 170.5 57.3 1.978 

 20/80 216.9 72.1 0.774 

 40/60 223.4 67.4 0.732 

 60/40 237.2 58.5 0.664 

 80/20 280.4 51.2 0.606 

 100/0 281.5 46.4 0.571 

N550/N990 0/100 141.6 111.6 0.918 

 20/80 163.8 100.9 0.890 

 40/60 169.5 96.5 0.871 

 60/40 190.5 88.5 0.834 

 80/20 218.3 79.6 0.791 

 100/0 248.8 71.7 0.706 

 

 

 

 

 

 

 

 

 

 

 

 



Panjaporn Wongwitthayakool                                                                                           Appendices / 298 

Table D4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N326/N990 0/100 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.41 60.04 1.50 32.11 0.61 

97.74 3.94 167.55 6.45 167.55 6.94 97.74 3.60 

251.33 9.88 335.10 11.69 335.10 11.91 251.33 9.70 

418.88 13.59 481.71 14.74 481.71 14.64 418.88 13.65 

544.54 15.54 600.39 16.73 600.39 16.44 544.54 15.81 

656.24 17.16 712.09 18.40 712.09 18.02 656.24 17.58 

767.94 18.76 837.76 20.00 837.76 19.64 767.94 19.11 

893.61 20.17 949.46 21.39 949.46 20.94 893.61 20.62 

20/80 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.21 12.57 0.04 

32.11 0.46 60.04 1.60 60.04 1.66 32.11 0.73 

97.74 3.82 167.55 6.58 167.55 6.99 97.74 3.67 

251.33 10.09 335.10 11.87 335.10 11.99 251.33 9.74 

418.88 13.69 481.71 14.75 481.71 14.70 418.88 13.71 

544.54 15.60 600.39 16.69 600.39 16.44 544.54 15.74 

656.24 17.18 712.09 18.25 712.09 17.97 656.24 17.39 

767.94 18.81 837.76 19.75 837.76 19.54 767.94 18.99 

893.61 20.15 949.46 21.07 949.46 20.88 893.61 20.42 

40/60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.13 60.04 1.13 32.11 0.00 

97.74 3.36 167.55 6.07 167.55 6.52 97.74 3.05 

251.33 9.72 335.10 11.61 335.10 11.75 251.33 9.44 

418.88 13.52 481.71 14.49 481.71 14.44 418.88 13.45 

544.54 15.30 600.39 16.31 600.39 16.12 544.54 15.49 

656.24 16.95 712.09 17.88 712.09 17.61 656.24 17.16 

767.94 18.33 837.76 19.49 837.76 19.16 767.94 18.69 

893.61 19.75 949.46 20.91 949.46 20.65 893.61 20.19 

60/40 6.98 0.00 8.38 1.77 8.38 1.95 6.98 1.58 

12.57 1.95 19.55 1.60 19.55 1.58 12.57 1.37 

32.11 2.08 60.04 2.69 60.04 2.95 32.11 1.66 

97.74 4.74 167.55 7.18 167.55 7.90 97.74 4.56 

251.33 10.86 335.10 12.47 335.10 12.82 251.33 10.61 

418.88 14.45 481.71 15.14 481.71 15.30 418.88 14.32 

544.54 16.06 600.39 16.75 600.39 16.74 544.54 16.16 

656.24 17.44 712.09 18.40 712.09 18.13 656.24 17.61 

767.94 18.82 837.76 20.02 837.76 19.67 767.94 19.18 

893.61 20.16 949.46 21.44 949.46 20.98 893.61 20.61 
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Table D4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N326/N990 80/20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.21 60.04 1.36 32.11 0.00 

97.74 3.69 167.55 6.41 167.55 7.06 97.74 3.36 

251.33 10.45 335.10 11.85 335.10 12.34 251.33 9.99 

418.88 13.94 481.71 14.45 481.71 14.64 418.88 13.70 

544.54 15.52 600.39 16.33 600.39 16.18 544.54 15.51 

656.24 16.97 712.09 17.77 712.09 17.70 656.24 17.09 

767.94 18.46 837.76 19.17 837.76 19.26 767.94 18.68 

893.61 19.88 949.46 21.39 949.46 20.83 893.61 20.20 

100/0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.09 60.04 1.38 32.11 0.00 

97.74 3.65 167.55 6.29 167.55 7.07 97.74 3.20 

251.33 10.31 335.10 11.70 335.10 12.31 251.33 9.72 

418.88 13.72 481.71 14.25 481.71 14.48 418.88 13.33 

544.54 15.18 600.39 16.00 600.39 15.75 544.54 15.17 

656.24 16.55 712.09 17.58 712.09 17.26 656.24 16.85 

767.94 18.08 837.76 19.27 837.76 18.88 767.94 18.45 

893.61 19.56 949.46 21.01 949.46 20.51 893.61 19.97 

N326/N774 0/100 6.98 0.00 8.38 0.86 8.38 1.53 6.98 1.26 

12.57 1.27 19.55 1.87 19.55 1.57 12.57 2.04 

32.11 2.45 60.04 2.94 60.04 3.09 32.11 2.34 

97.74 5.57 167.55 8.15 167.55 8.70 97.74 4.91 

251.33 11.81 335.10 13.13 335.10 13.49 251.33 11.43 

418.88 15.02 481.71 15.43 481.71 15.59 418.88 14.99 

544.54 16.42 600.39 17.15 600.39 16.98 544.54 16.69 

656.24 17.66 712.09 18.59 712.09 18.30 656.24 18.04 

767.94 18.97 837.76 20.02 837.76 19.76 767.94 19.50 

893.61 20.18 949.46 21.39 949.46 20.96 893.61 20.91 

20/80 6.98 0.00 8.38 0.00 8.38 0.56 6.98 0.00 

12.57 0.68 19.55 0.00 19.55 0.60 12.57 0.14 

32.11 0.76 60.04 1.86 60.04 1.95 32.11 0.54 

97.74 4.43 167.55 7.49 167.55 7.96 97.74 4.18 

251.33 11.21 335.10 12.88 335.10 13.01 251.33 10.82 

418.88 14.49 481.71 15.25 481.71 15.23 418.88 14.52 

544.54 15.93 600.39 16.95 600.39 16.53 544.54 16.28 

656.24 17.17 712.09 18.39 712.09 17.88 656.24 17.79 

767.94 18.57 837.76 19.86 837.76 19.21 767.94 19.25 

893.61 19.84 949.46 21.51 949.46 20.69 893.61 20.75 
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Table D4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB 

hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N326/774 40/60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.67 60.04 1.71 60.04 1.70 32.11 0.36 

97.74 4.13 167.55 7.22 167.55 7.79 97.74 3.77 

251.33 11.15 335.10 12.67 335.10 13.08 251.33 10.79 

418.88 14.60 481.71 15.28 481.71 15.36 418.88 14.44 

544.54 15.87 600.39 16.74 600.39 16.65 544.54 16.20 

656.24 17.29 712.09 18.27 712.09 17.84 656.24 17.81 

767.94 18.61 837.76 19.79 837.76 19.14 767.94 19.09 

893.61 19.86 949.46 21.44 949.46 20.74 893.61 20.53 

60/40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.51 60.04 1.42 60.04 1.49 32.11 0.10 

97.74 4.24 167.55 6.90 167.55 7.48 97.74 3.99 

251.33 10.95 335.10 12.45 335.10 12.91 251.33 10.49 

418.88 14.27 481.71 15.12 481.71 15.20 418.88 13.97 

544.54 15.73 600.39 16.70 600.39 16.29 544.54 15.82 

656.24 17.15 712.09 18.15 712.09 17.67 656.24 17.36 

767.94 17.99 837.76 19.58 837.76 18.73 767.94 18.76 

893.61 19.66 949.46 21.17 949.46 20.25 893.61 20.17 

80/20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.06 60.04 0.85 60.04 1.04 32.11 0.06 

97.74 3.91 167.55 6.69 167.55 7.06 97.74 3.25 

251.33 10.82 335.10 12.30 335.10 12.57 251.33 9.93 

418.88 14.12 481.71 14.92 481.71 14.82 418.88 13.57 

544.54 15.75 600.39 16.46 600.39 16.23 544.54 15.45 

656.24 17.25 712.09 18.02 712.09 17.49 656.24 16.92 

767.94 18.42 837.76 19.52 837.76 18.99 767.94 18.57 

893.61 19.99 949.46 21.43 949.46 20.78 893.61 20.42 

100/0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.84 60.04 1.08 32.11 0.38 

97.74 3.50 167.55 6.17 167.55 6.83 97.74 3.12 

251.33 10.08 335.10 11.43 335.10 12.14 251.33 9.56 

418.88 13.37 481.71 14.01 481.71 14.47 418.88 13.23 

544.54 14.94 600.39 15.94 600.39 15.83 544.54 15.13 

656.24 16.59 712.09 17.59 712.09 17.29 656.24 16.97 

767.94 18.04 837.76 19.25 837.76 18.97 767.94 18.60 

893.61 19.65 949.46 20.87 949.46 20.72 893.61 20.19 
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Table D4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N550/N990 0/100 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.41 60.04 1.50 32.11 0.61 

97.74 3.94 167.55 6.45 167.55 6.94 97.74 3.60 

251.33 9.88 335.10 11.69 335.10 11.91 251.33 9.70 

418.88 13.59 481.71 14.74 481.71 14.64 418.88 13.65 

544.54 15.54 600.39 16.73 600.39 16.44 544.54 15.81 

656.24 17.16 712.09 18.40 712.09 18.02 656.24 17.58 

767.94 18.76 837.76 20.00 837.76 19.64 767.94 19.11 

893.61 20.17 949.46 21.39 949.46 20.94 893.61 20.62 

20/80 6.98 0.00 8.38 0.00 8.38 0.15 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.19 12.57 0.00 

32.11 0.66 60.04 1.57 60.04 1.38 32.11 1.28 

97.74 3.99 167.55 6.78 167.55 7.28 97.74 3.83 

251.33 10.11 335.10 12.06 335.10 12.14 251.33 10.03 

418.88 13.52 481.71 14.95 481.71 14.84 418.88 13.81 

544.54 15.53 600.39 16.83 600.39 16.55 544.54 15.97 

656.24 17.30 712.09 18.51 712.09 18.09 656.24 17.86 

767.94 18.84 837.76 20.01 837.76 19.58 767.94 19.39 

893.61 20.24 949.46 21.50 949.46 21.05 893.61 20.75 

40/60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.04 60.04 1.58 60.04 1.68 32.11 0.00 

97.74 4.26 167.55 6.78 167.55 7.16 97.74 3.90 

251.33 10.49 335.10 12.16 335.10 12.26 251.33 10.08 

418.88 13.95 481.71 14.80 481.71 14.73 418.88 13.97 

544.54 15.69 600.39 16.70 600.39 16.40 544.54 15.94 

656.24 17.12 712.09 18.27 712.09 18.00 656.24 17.59 

767.94 18.72 837.76 19.86 837.76 19.56 767.94 19.12 

893.61 20.11 949.46 21.31 949.46 20.92 893.61 20.54 

60/40 6.98 0.00 8.38 0.00 8.38 0.10 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.08 12.57 0.00 

32.11 0.73 60.04 1.41 60.04 1.43 32.11 0.57 

97.74 4.42 167.55 7.14 167.55 7.69 97.74 4.18 

251.33 10.73 335.10 12.38 335.10 12.56 251.33 10.32 

418.88 13.93 481.71 14.98 481.71 14.97 418.88 13.81 

544.54 15.62 600.39 16.81 600.39 16.53 544.54 15.94 

656.24 17.29 712.09 18.50 712.09 18.03 656.24 17.69 

767.94 18.82 837.76 20.05 837.76 19.51 767.94 19.27 

893.61 20.30 949.46 21.67 949.46 21.00 893.61 20.75 
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Table D4 Total torque harmonic content (TTHC) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

Strain 

(%) 

TTHC 

(%) 

N550/N990 80/20 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.70 60.04 1.32 60.04 1.54 32.11 0.47 

97.74 4.71 167.55 7.57 167.55 7.86 97.74 4.21 

251.33 10.98 335.10 12.77 335.10 12.67 251.33 10.93 

418.88 13.93 481.71 15.17 481.71 14.99 418.88 14.17 

544.54 15.55 600.39 16.96 600.39 16.44 544.54 16.17 

656.24 17.27 712.09 18.54 712.09 17.91 656.24 17.79 

767.94 18.72 837.76 20.23 837.76 19.48 767.94 19.46 

893.61 20.13 949.46 21.93 949.46 21.00 893.61 21.17 

100/0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.06 60.04 1.49 60.04 1.63 32.11 0.59 

97.74 4.76 167.55 7.67 167.55 7.95 97.74 4.40 

251.33 10.94 335.10 12.79 335.10 12.55 251.33 11.20 

418.88 13.94 481.71 15.27 481.71 14.76 418.88 14.45 

544.54 15.69 600.39 17.25 600.39 16.44 544.54 16.42 

656.24 17.24 712.09 19.08 712.09 17.90 656.24 18.45 

767.94 18.72 837.76 21.18 837.76 19.49 767.94 20.66 

893.61 20.35 949.46 24.15 949.46 21.49 893.61 23.97 
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Table D5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N326/N990 0/100 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.55 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.03 

32.11 0.00 60.04 0.87 60.04 0.96 32.11 0.07 

97.74 2.83 167.55 4.89 167.55 5.26 97.74 2.81 

251.33 7.36 335.10 8.59 335.10 8.78 251.33 7.21 

418.88 9.78 481.71 10.35 481.71 10.35 418.88 9.83 

544.54 10.81 600.39 11.42 600.39 11.27 544.54 11.02 

656.24 11.61 712.09 12.25 712.09 12.01 656.24 11.90 

767.94 12.36 837.76 13.02 837.76 12.74 767.94 12.63 

893.61 13.00 949.46 13.57 949.46 13.27 893.61 13.30 

20/80 6.98 0.46 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.75 60.04 0.81 32.11 0.00 

97.74 2.67 167.55 4.89 167.55 5.13 97.74 2.47 

251.33 7.44 335.10 8.80 335.10 8.84 251.33 7.29 

418.88 9.90 481.71 10.46 481.71 10.39 418.88 9.89 

544.54 10.89 600.39 11.41 600.39 11.29 544.54 10.99 

656.24 11.62 712.09 12.15 712.09 11.95 656.24 11.78 

767.94 12.33 837.76 12.87 837.76 12.68 767.94 12.48 

893.61 12.94 949.46 13.41 949.46 13.21 893.61 13.17 

40/60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.86 60.04 0.85 32.11 0.00 

97.74 2.51 167.55 4.88 167.55 5.16 97.74 2.38 

251.33 7.51 335.10 8.94 335.10 9.02 251.33 7.32 

418.88 10.04 481.71 10.53 481.71 10.51 418.88 10.03 

544.54 10.97 600.39 11.44 600.39 11.33 544.54 11.06 

656.24 11.68 712.09 12.13 712.09 11.96 656.24 11.85 

767.94 12.30 837.76 12.84 837.76 12.63 767.94 12.50 

893.61 12.89 949.46 13.41 949.46 13.11 893.61 13.19 

60/40 6.98 0.00 8.38 1.54 8.38 2.15 6.98 1.70 

12.57 1.51 19.55 0.74 19.55 0.85 12.57 1.40 

32.11 1.00 60.04 1.75 60.04 1.92 32.11 0.80 

97.74 3.37 167.55 5.55 167.55 6.07 97.74 3.19 

251.33 8.30 335.10 9.53 335.10 9.78 251.33 8.07 

418.88 10.71 481.71 11.03 481.71 11.14 418.88 10.63 

544.54 11.47 600.39 11.81 600.39 11.78 544.54 11.52 

656.24 12.02 712.09 12.48 712.09 12.33 656.24 12.18 

767.94 12.61 837.76 13.15 837.76 12.92 767.94 12.80 

893.61 13.21 949.46 13.74 949.46 13.45 893.61 13.43 
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Table D5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N326/N990 80/20 6.98 0.67 8.38 0.00 8.38 0.00 6.98 0.27 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.98 60.04 1.04 32.11 0.00 

97.74 2.97 167.55 5.39 167.55 5.94 97.74 2.70 

251.33 8.42 335.10 9.51 335.10 9.87 251.33 8.04 

418.88 10.74 481.71 10.84 481.71 11.04 418.88 10.51 

544.54 11.41 600.39 11.67 600.39 11.66 544.54 11.39 

656.24 11.95 712.09 12.31 712.09 12.23 656.24 12.07 

767.94 12.53 837.76 12.85 837.76 12.85 767.94 12.71 

893.61 13.18 949.46 13.95 949.46 13.36 893.61 13.37 

100/0 6.98 0.91 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.18 60.04 1.23 32.11 0.00 

97.74 3.18 167.55 5.63 167.55 6.28 97.74 2.78 

251.33 8.69 335.10 9.60 335.10 10.04 251.33 8.14 

418.88 10.78 481.71 10.92 481.71 11.06 418.88 10.50 

544.54 11.35 600.39 11.68 600.39 11.60 544.54 11.35 

656.24 11.88 712.09 12.38 712.09 12.18 656.24 12.06 

767.94 12.50 837.76 13.13 837.76 12.84 767.94 12.73 

893.61 13.14 949.46 13.80 949.46 13.42 893.61 13.43 

N326/N774 0/100 6.98 0.00 8.38 1.34 8.38 1.59 6.98 1.87 

12.57 1.37 19.55 0.88 19.55 0.94 12.57 1.36 

32.11 1.15 60.04 1.83 60.04 1.89 32.11 0.95 

97.74 3.61 167.55 6.03 167.55 6.54 97.74 3.52 

251.33 8.67 335.10 9.81 335.10 10.03 251.33 8.45 

418.88 10.82 481.71 11.11 481.71 11.18 418.88 10.86 

544.54 11.40 600.39 11.72 600.39 11.68 544.54 11.62 

656.24 11.87 712.09 12.25 712.09 12.14 656.24 12.14 

767.94 12.34 837.76 12.82 837.76 12.66 767.94 12.66 

893.61 12.89 949.46 13.37 949.46 13.15 893.61 13.28 

20/80 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.45 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.14 60.04 1.21 32.11 0.00 

97.74 3.16 167.55 5.76 167.55 6.16 97.74 3.00 

251.33 8.57 335.10 9.78 335.10 9.92 251.33 8.32 

418.88 10.78 481.71 11.12 481.71 11.06 418.88 10.75 

544.54 11.35 600.39 11.76 600.39 11.53 544.54 11.50 

656.24 11.76 712.09 12.27 712.09 11.97 656.24 12.04 

767.94 12.24 837.76 12.87 837.76 12.52 767.94 12.56 

893.61 12.78 949.46 13.51 949.46 13.02 893.61 13.20 
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Table D5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB 

hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N326/774 40/60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 1.04 60.04 1.08 32.11 0.00 

97.74 3.07 167.55 5.65 167.55 6.13 97.74 2.98 

251.33 8.66 335.10 9.83 335.10 10.05 251.33 8.33 

418.88 10.92 481.71 11.19 481.71 11.25 418.88 10.85 

544.54 11.47 600.39 11.77 600.39 11.69 544.54 11.62 

656.24 11.90 712.09 12.28 712.09 12.07 656.24 12.17 

767.94 12.34 837.76 12.86 837.76 12.58 767.94 12.64 

893.61 12.79 949.46 13.47 949.46 13.02 893.61 13.17 

60/40 6.98 0.68 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.85 60.04 0.84 32.11 0.00 

97.74 3.17 167.55 5.59 167.55 6.03 97.74 2.85 

251.33 8.60 335.10 9.71 335.10 9.93 251.33 8.25 

418.88 10.88 481.71 11.09 481.71 11.18 418.88 10.74 

544.54 11.44 600.39 11.77 600.39 11.63 544.54 11.51 

656.24 11.87 712.09 12.31 712.09 12.08 656.24 12.07 

767.94 12.10 837.76 12.91 837.76 12.44 767.94 12.57 

893.61 12.73 949.46 13.49 949.46 13.00 893.61 13.11 

80/20 6.98 0.80 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.69 60.04 0.82 32.11 0.00 

97.74 3.20 167.55 5.64 167.55 6.19 97.74 2.85 

251.33 8.69 335.10 9.71 335.10 10.04 251.33 8.27 

418.88 10.83 481.71 11.03 481.71 11.10 418.88 10.64 

544.54 11.42 600.39 11.75 600.39 11.65 544.54 11.45 

656.24 11.96 712.09 12.37 712.09 12.11 656.24 11.98 

767.94 12.40 837.76 13.01 837.76 12.72 767.94 12.56 

893.61 12.91 949.46 13.56 949.46 13.22 893.61 13.29 

100/0 6.98 0.77 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.83 60.04 0.91 32.11 0.00 

97.74 3.13 167.55 5.52 167.55 6.21 97.74 2.82 

251.33 8.55 335.10 9.55 335.10 9.95 251.33 8.16 

418.88 10.69 481.71 10.81 481.71 11.01 418.88 10.52 

544.54 11.33 600.39 11.69 600.39 11.65 544.54 11.40 

656.24 11.90 712.09 12.42 712.09 12.19 656.24 12.13 

767.94 12.48 837.76 13.19 837.76 12.92 767.94 12.86 

893.61 13.01 949.46 13.80 949.46 13.55 893.61 13.62 



Panjaporn Wongwitthayakool                                                                                           Appendices / 306 

Table D5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N550/N990 0/100 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.55 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.03 

32.11 0.00 60.04 0.87 60.04 0.96 32.11 0.07 

97.74 2.83 167.55 4.89 167.55 5.26 97.74 2.81 

251.33 7.36 335.10 8.59 335.10 8.78 251.33 7.21 

418.88 9.78 481.71 10.35 481.71 10.35 418.88 9.83 

544.54 10.81 600.39 11.42 600.39 11.27 544.54 11.02 

656.24 11.61 712.09 12.25 712.09 12.01 656.24 11.90 

767.94 12.36 837.76 13.02 837.76 12.74 767.94 12.63 

893.61 13.00 949.46 13.57 949.46 13.27 893.61 13.30 

20/80 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.01 60.04 0.71 60.04 0.72 32.11 0.04 

97.74 2.70 167.55 5.10 167.55 5.44 97.74 2.71 

251.33 7.57 335.10 8.89 335.10 8.94 251.33 7.35 

418.88 9.93 481.71 10.51 481.71 10.41 418.88 9.98 

544.54 10.91 600.39 11.55 600.39 11.32 544.54 11.14 

656.24 11.69 712.09 12.31 712.09 12.04 656.24 12.01 

767.94 12.38 837.76 13.05 837.76 12.77 767.94 12.70 

893.61 13.05 949.46 13.61 949.46 13.32 893.61 13.37 

40/60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.79 60.04 0.87 32.11 0.00 

97.74 2.92 167.55 5.24 167.55 5.53 97.74 2.71 

251.33 7.78 335.10 9.05 335.10 9.08 251.33 7.54 

418.88 10.05 481.71 10.58 481.71 10.50 418.88 10.08 

544.54 10.95 600.39 11.48 600.39 11.30 544.54 11.12 

656.24 11.63 712.09 12.18 712.09 11.96 656.24 11.91 

767.94 12.26 837.76 12.91 837.76 12.62 767.94 12.56 

893.61 12.94 949.46 13.48 949.46 13.16 893.61 13.27 

60/40 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.77 60.04 0.78 32.11 0.00 

97.74 3.02 167.55 5.49 167.55 5.94 97.74 2.91 

251.33 8.08 335.10 9.34 335.10 9.40 251.33 7.87 

418.88 10.21 481.71 10.69 481.71 10.63 418.88 10.23 

544.54 11.02 600.39 11.57 600.39 11.41 544.54 11.21 

656.24 11.71 712.09 12.26 712.09 12.02 656.24 11.93 

767.94 12.33 837.76 12.98 837.76 12.70 767.94 12.61 

893.61 12.91 949.46 13.66 949.46 13.28 893.61 13.30 
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Table D5 3
rd

 relative torque harmonic (T(3/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

Strain 

(%) 

T(3/1)  

(%) 

N550/N990 80/20 6.98 0.70 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.93 60.04 0.95 32.11 0.00 

97.74 3.33 167.55 5.99 167.55 6.32 97.74 3.20 

251.33 8.46 335.10 9.72 335.10 9.59 251.33 8.38 

418.88 10.34 481.71 10.92 481.71 10.70 418.88 10.50 

544.54 11.09 600.39 11.70 600.39 11.37 544.54 11.35 

656.24 11.71 712.09 12.39 712.09 12.03 656.24 12.05 

767.94 12.36 837.76 13.19 837.76 12.76 767.94 12.75 

893.61 13.04 949.46 13.88 949.46 13.32 893.61 13.54 

100/0 6.98 0.79 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.00 19.55 0.00 12.57 0.00 

32.11 0.00 60.04 0.98 60.04 1.00 32.11 0.00 

97.74 3.58 167.55 6.12 167.55 6.39 97.74 3.54 

251.33 8.56 335.10 9.71 335.10 9.50 251.33 8.70 

418.88 10.31 481.71 10.92 481.71 10.62 418.88 10.65 

544.54 11.06 600.39 11.80 600.39 11.36 544.54 11.47 

656.24 11.77 712.09 12.66 712.09 12.06 656.24 12.35 

767.94 12.49 837.76 13.69 837.76 12.89 767.94 13.45 

893.61 13.20 949.46 14.94 949.46 13.62 893.61 14.98 
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Table D6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

N326/N990 0/100 6.98 0.00 8.38 0.63 8.38 0.09 6.98 0.39 

12.57 0.25 19.55 0.37 19.55 0.49 12.57 0.01 

32.11 0.45 60.04 0.80 60.04 0.70 32.11 0.40 

97.74 1.06 167.55 1.06 167.55 1.13 97.74 0.98 

251.33 1.56 335.10 1.93 335.10 1.95 251.33 1.55 

418.88 2.40 481.71 2.69 481.71 2.70 418.88 2.39 

544.54 2.97 600.39 3.19 600.39 3.15 544.54 2.99 

656.24 3.38 712.09 3.64 712.09 3.56 656.24 3.45 

767.94 3.78 837.76 4.08 837.76 3.99 767.94 3.87 

893.61 4.14 949.46 4.44 949.46 4.34 893.61 4.26 

20/80 6.98 0.01 8.38 0.20 8.38 0.00 6.98 0.00 

12.57 0.15 19.55 0.12 19.55 0.23 12.57 0.00 

32.11 0.14 60.04 0.57 60.04 0.55 32.11 0.21 

97.74 0.95 167.55 0.96 167.55 1.07 97.74 0.88 

251.33 1.51 335.10 1.91 335.10 1.94 251.33 1.43 

418.88 2.33 481.71 2.64 481.71 2.65 418.88 2.31 

544.54 2.92 600.39 3.15 600.39 3.11 544.54 2.93 

656.24 3.33 712.09 3.59 712.09 3.52 656.24 3.40 

767.94 3.76 837.76 4.02 837.76 3.96 767.94 3.83 

893.61 4.15 949.46 4.36 949.46 4.32 893.61 4.22 

40/60 6.98 0.00 8.38 0.17 8.38 0.20 6.98 0.30 

12.57 0.06 19.55 0.34 19.55 0.36 12.57 0.24 

32.11 0.61 60.04 0.73 60.04 0.81 32.11 0.41 

97.74 1.30 167.55 1.11 167.55 1.23 97.74 1.19 

251.33 1.60 335.10 1.99 335.10 2.02 251.33 1.53 

418.88 2.41 481.71 2.71 481.71 2.72 418.88 2.35 

544.54 2.97 600.39 3.18 600.39 3.17 544.54 2.98 

656.24 3.38 712.09 3.63 712.09 3.57 656.24 3.44 

767.94 3.81 837.76 4.08 837.76 3.99 767.94 3.89 

893.61 4.19 949.46 4.44 949.46 4.38 893.61 4.28 

60/40 6.98 0.30 8.38 0.39 8.38 0.00 6.98 0.00 

12.57 0.11 19.55 0.18 19.55 0.15 12.57 0.00 

32.11 0.26 60.04 0.46 60.04 0.45 32.11 0.30 

97.74 0.92 167.55 0.86 167.55 0.96 97.74 0.86 

251.33 1.45 335.10 1.90 335.10 1.95 251.33 1.44 

418.88 2.32 481.71 2.62 481.71 2.65 418.88 2.29 

544.54 2.90 600.39 3.14 600.39 3.13 544.54 2.91 

656.24 3.33 712.09 3.61 712.09 3.54 656.24 3.37 

767.94 3.77 837.76 4.06 837.76 3.95 767.94 3.83 

893.61 4.16 949.46 4.44 949.46 4.31 893.61 4.26 
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Table D6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

N326/N990 80/20 6.98 0.00 8.38 0.46 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.25 19.55 0.17 12.57 0.00 

32.11 0.29 60.04 0.17 60.04 0.41 32.11 0.08 

97.74 0.75 167.55 0.79 167.55 0.77 97.74 0.61 

251.33 1.34 335.10 1.81 335.10 1.85 251.33 1.38 

418.88 2.25 481.71 2.58 481.71 2.57 418.88 2.22 

544.54 2.82 600.39 3.15 600.39 3.07 544.54 2.84 

656.24 3.29 712.09 3.50 712.09 3.52 656.24 3.31 

767.94 3.76 837.76 4.01 837.76 3.93 767.94 3.77 

893.61 4.16 949.46 4.37 949.46 4.30 893.61 4.18 

100/0 6.98 0.00 8.38 0.00 8.38 0.10 6.98 0.00 

12.57 0.20 19.55 0.00 19.55 0.08 12.57 0.00 

32.11 0.13 60.04 0.20 60.04 0.28 32.11 0.18 

97.74 0.55 167.55 0.60 167.55 0.67 97.74 0.52 

251.33 1.25 335.10 1.69 335.10 1.76 251.33 1.22 

418.88 2.16 481.71 2.43 481.71 2.49 418.88 2.09 

544.54 2.78 600.39 3.01 600.39 3.00 544.54 2.76 

656.24 3.23 712.09 3.50 712.09 3.45 656.24 3.30 

767.94 3.67 837.76 3.96 837.76 3.83 767.94 3.75 

893.61 4.02 949.46 4.36 949.46 4.20 893.61 4.15 

N326/N774 0/100 6.98 0.00 8.38 0.14 8.38 0.10 6.98 0.00 

12.57 0.00 19.55 0.36 19.55 0.18 12.57 0.24 

32.11 0.62 60.04 0.68 60.04 0.65 32.11 0.46 

97.74 1.21 167.55 1.06 167.55 1.15 97.74 0.97 

251.33 1.68 335.10 2.12 335.10 2.14 251.33 1.62 

418.88 2.54 481.71 2.73 481.71 2.78 418.88 2.52 

544.54 3.04 600.39 3.25 600.39 3.23 544.54 3.10 

656.24 3.45 712.09 3.71 712.09 3.65 656.24 3.57 

767.94 3.88 837.76 4.11 837.76 4.03 767.94 4.02 

893.61 4.22 949.46 4.46 949.46 4.35 893.61 4.39 

20/80 6.98 0.00 8.38 0.01 8.38 0.00 6.98 0.00 

12.57 0.24 19.55 0.19 19.55 0.18 12.57 0.00 

32.11 0.36 60.04 0.45 60.04 0.46 32.11 0.24 

97.74 0.97 167.55 0.94 167.55 1.05 97.74 0.85 

251.33 1.56 335.10 2.06 335.10 2.06 251.33 1.54 

418.88 2.40 481.71 2.72 481.71 2.69 418.88 2.39 

544.54 2.95 600.39 3.26 600.39 3.17 544.54 3.03 

656.24 3.40 712.09 3.72 712.09 3.60 656.24 3.53 

767.94 3.84 837.76 4.17 837.76 4.01 767.94 4.02 

893.61 4.20 949.46 4.55 949.46 4.37 893.61 4.43 
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Table D6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB 

hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

N326/774 40/60 6.98 0.00 8.38 0.57 8.38 0.71 6.98 0.56 

12.57 0.00 19.55 0.25 19.55 0.24 12.57 0.39 

32.11 0.37 60.04 0.60 60.04 0.58 32.11 0.36 

97.74 0.96 167.55 0.98 167.55 1.05 97.74 0.78 

251.33 1.59 335.10 2.01 335.10 2.05 251.33 1.56 

418.88 2.42 481.71 2.67 481.71 2.67 418.88 2.40 

544.54 2.97 600.39 3.19 600.39 3.16 544.54 3.00 

656.24 3.42 712.09 3.70 712.09 3.60 656.24 3.53 

767.94 3.86 837.76 4.19 837.76 4.04 767.94 4.00 

893.61 4.21 949.46 4.61 949.46 4.40 893.61 4.38 

60/40 6.98 0.00 8.38 0.08 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.12 19.55 0.24 12.57 0.00 

32.11 0.28 60.04 0.44 60.04 0.46 32.11 0.21 

97.74 0.59 167.55 0.77 167.55 0.81 97.74 0.63 

251.33 1.45 335.10 1.83 335.10 1.83 251.33 1.42 

418.88 2.26 481.71 2.52 481.71 2.52 418.88 2.24 

544.54 2.83 600.39 3.11 600.39 3.04 544.54 2.85 

656.24 3.33 712.09 3.64 712.09 3.52 656.24 3.36 

767.94 3.61 837.76 4.11 837.76 3.85 767.94 3.82 

893.61 4.08 949.46 4.49 949.46 4.25 893.61 4.21 

80/20 6.98 0.00 8.38 0.64 8.38 0.56 6.98 0.91 

12.57 0.00 19.55 0.24 19.55 0.16 12.57 0.10 

32.11 0.55 60.04 0.67 60.04 0.63 32.11 0.27 

97.74 0.89 167.55 0.98 167.55 0.92 97.74 0.68 

251.33 1.57 335.10 1.95 335.10 1.95 251.33 1.44 

418.88 2.37 481.71 2.66 481.71 2.66 418.88 2.29 

544.54 3.00 600.39 3.25 600.39 3.23 544.54 2.99 

656.24 3.49 712.09 3.73 712.09 3.67 656.24 3.50 

767.94 3.85 837.76 4.18 837.76 4.09 767.94 3.94 

893.61 4.19 949.46 4.58 949.46 4.43 893.61 4.37 

100/0 6.98 0.00 8.38 0.23 8.38 0.00 6.98 0.21 

12.57 0.00 19.55 0.10 19.55 0.00 12.57 0.15 

32.11 0.19 60.04 0.49 60.04 0.56 32.11 0.35 

97.74 0.62 167.55 0.71 167.55 0.68 97.74 0.54 

251.33 1.27 335.10 1.73 335.10 1.78 251.33 1.27 

418.88 2.17 481.71 2.42 481.71 2.50 418.88 2.13 

544.54 2.82 600.39 3.09 600.39 3.08 544.54 2.84 

656.24 3.31 712.09 3.57 712.09 3.52 656.24 3.38 

767.94 3.72 837.76 4.02 837.76 3.95 767.94 3.83 

893.61 4.00 949.46 4.40 949.46 4.33 893.61 4.24 
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Table D6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

N550/N990 0/100 6.98 0.00 8.38 0.63 8.38 0.09 6.98 0.39 

12.57 0.25 19.55 0.37 19.55 0.49 12.57 0.01 

32.11 0.45 60.04 0.80 60.04 0.70 32.11 0.40 

97.74 1.06 167.55 1.06 167.55 1.13 97.74 0.98 

251.33 1.56 335.10 1.93 335.10 1.95 251.33 1.55 

418.88 2.40 481.71 2.69 481.71 2.70 418.88 2.39 

544.54 2.97 600.39 3.19 600.39 3.15 544.54 2.99 

656.24 3.38 712.09 3.64 712.09 3.56 656.24 3.45 

767.94 3.78 837.76 4.08 837.76 3.99 767.94 3.87 

893.61 4.14 949.46 4.44 949.46 4.34 893.61 4.26 

20/80 6.98 0.00 8.38 0.08 8.38 0.00 6.98 0.00 

12.57 0.07 19.55 0.34 19.55 0.34 12.57 0.00 

32.11 0.56 60.04 0.83 60.04 0.76 32.11 0.44 

97.74 1.00 167.55 1.02 167.55 1.13 97.74 0.95 

251.33 1.55 335.10 2.00 335.10 2.02 251.33 1.56 

418.88 2.40 481.71 2.70 481.71 2.69 418.88 2.40 

544.54 2.97 600.39 3.24 600.39 3.17 544.54 3.03 

656.24 3.39 712.09 3.67 712.09 3.58 656.24 3.50 

767.94 3.78 837.76 4.11 837.76 4.00 767.94 3.90 

893.61 4.16 949.46 4.44 949.46 4.34 893.61 4.27 

40/60 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.10 19.55 0.17 12.57 0.00 

32.11 0.35 60.04 0.56 60.04 0.56 32.11 0.14 

97.74 0.98 167.55 0.97 167.55 1.06 97.74 0.83 

251.33 1.54 335.10 2.02 335.10 2.03 251.33 1.49 

418.88 2.40 481.71 2.70 481.71 2.71 418.88 2.41 

544.54 2.95 600.39 3.21 600.39 3.18 544.54 3.02 

656.24 3.38 712.09 3.65 712.09 3.58 656.24 3.49 

767.94 3.78 837.76 4.06 837.76 3.98 767.94 3.90 

893.61 4.17 949.46 4.40 949.46 4.31 893.61 4.27 

60/40 6.98 0.00 8.38 0.52 8.38 0.07 6.98 0.00 

12.57 0.00 19.55 0.25 19.55 0.42 12.57 0.00 

32.11 0.57 60.04 0.86 60.04 0.86 32.11 0.49 

97.74 1.05 167.55 1.11 167.55 1.19 97.74 0.97 

251.33 1.71 335.10 2.10 335.10 2.13 251.33 1.65 

418.88 2.47 481.71 2.73 481.71 2.76 418.88 2.44 

544.54 3.03 600.39 3.30 600.39 3.25 544.54 3.05 

656.24 3.48 712.09 3.75 712.09 3.65 656.24 3.54 

767.94 3.84 837.76 4.18 837.76 4.05 767.94 3.96 

893.61 4.18 949.46 4.53 949.46 4.38 893.61 4.34 
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Table D6 5
th

 relative torque harmonic (T(5/1)) result at 3.14 rad/s and 100°C as 

measured by the RPA-FT of HNBR compounds filled with various CB 

hybrid systems and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

Strain 

(%) 

T(5/1)  

(%) 

N550/N990 80/20 6.98 0.00 8.38 0.72 8.38 0.17 6.98 0.55 

12.57 0.00 19.55 0.41 19.55 0.53 12.57 0.07 

32.11 0.82 60.04 0.81 60.04 0.89 32.11 0.68 

97.74 1.22 167.55 1.21 167.55 1.22 97.74 1.12 

251.33 1.79 335.10 2.22 335.10 2.19 251.33 1.80 

418.88 2.54 481.71 2.85 481.71 2.82 418.88 2.57 

544.54 3.11 600.39 3.41 600.39 3.31 544.54 3.19 

656.24 3.54 712.09 3.85 712.09 3.72 656.24 3.69 

767.94 3.90 837.76 4.26 837.76 4.08 767.94 4.09 

893.61 4.20 949.46 4.57 949.46 4.39 893.61 4.44 

100/0 6.98 0.00 8.38 0.00 8.38 0.00 6.98 0.00 

12.57 0.00 19.55 0.07 19.55 0.09 12.57 0.00 

32.11 0.22 60.04 0.35 60.04 0.38 32.11 0.24 

97.74 0.55 167.55 0.82 167.55 0.83 97.74 0.44 

251.33 1.47 335.10 1.94 335.10 1.93 251.33 1.55 

418.88 2.36 481.71 2.72 481.71 2.65 418.88 2.45 

544.54 2.96 600.39 3.34 600.39 3.14 544.54 3.16 

656.24 3.40 712.09 3.85 712.09 3.51 656.24 3.72 

767.94 3.73 837.76 4.34 837.76 3.87 767.94 4.24 

893.61 4.02 949.46 4.94 949.46 4.25 893.61 4.91 
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Table D7 Fit parameters of Equation 3.17 of HNBR compounds filled with various 

CB hybrid systems and hybrid ratios 

 

CB hybrid system CB hybrid ratio TH α C D 

N326/N990 0/100 7.6 0.0061 0.010 2.5180 

 20/80 7.9 0.0057 0.010 2.7090 

 40/60 8.3 0.0052 0.010 2.7960 

 60/40 10.1 0.0034 0.008 2.4920 

 80/20 9.0 0.0046 0.011 3.0080 

 100/0 8.8 0.0048 0.013 3.1710 

N326/N990 0/100 10.2 0.0029 0.009 2.7970 

 20/80 9.3 0.0039 0.011 2.9400 

 40/60 9.7 0.0035 0.011 3.0320 

 60/40 9.6 0.0035 0.011 3.0970 

 80/20 9.1 0.0043 0.013 3.4150 

 100/0 8.6 0.0050 0.013 3.4790 

N326/N990 0/100 7.6 0.0061 0.010 2.5180 

 20/80 7.6 0.0062 0.012 3.1090 

 40/60 7.9 0.0056 0.012 2.9430 

 60/40 8.0 0.0056 0.013 3.5020 

 80/20 8.0 0.0057 0.015 3.7810 

 100/0 7.6 0.0064 0.016 4.0480 
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Table D8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB hybrid systems 

and hybrid ratios 

 
CB  

hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N326/N990 0/100 6.98 1.07 8.38 1.08 8.38 1.08 6.98 1.02 

12.57 1.11 19.55 1.09 19.55 1.10 12.57 1.13 

32.11 1.09 60.04 1.04 60.04 1.01 32.11 1.06 

97.74 1.05 167.55 1.06 167.55 1.05 97.74 1.03 

251.33 1.04 335.10 1.04 335.10 1.05 251.33 1.04 

418.88 1.07 481.71 1.07 481.71 1.06 418.88 1.07 

544.54 1.08 600.39 1.08 600.39 1.08 544.54 1.07 

656.24 1.07 712.09 1.08 712.09 1.08 656.24 1.07 

767.94 1.08 837.76 1.09 837.76 1.08 767.94 1.08 

893.61 1.09 949.46 1.09 949.46 1.09 893.61 1.08 

20/80 6.98 1.05 8.38 1.13 8.38 1.07 6.98 1.07 

12.57 1.06 19.55 1.07 19.55 1.06 12.57 1.09 

32.11 1.08 60.04 1.03 60.04 1.05 32.11 1.06 

97.74 1.05 167.55 1.04 167.55 1.03 97.74 1.05 

251.33 1.03 335.10 1.04 335.10 1.03 251.33 1.04 

418.88 1.05 481.71 1.05 481.71 1.04 418.88 1.05 

544.54 1.06 600.39 1.07 600.39 1.06 544.54 1.07 

656.24 1.05 712.09 1.07 712.09 1.07 656.24 1.06 

767.94 1.07 837.76 1.08 837.76 1.08 767.94 1.07 

893.61 1.10 949.46 1.10 949.46 1.09 893.61 1.07 

40/60 6.98 1.11 8.38 1.08 8.38 1.15 6.98 1.05 

12.57 1.08 19.55 1.08 19.55 1.09 12.57 1.10 

32.11 1.08 60.04 1.03 60.04 1.02 32.11 1.06 

97.74 1.06 167.55 1.03 167.55 1.01 97.74 1.05 

251.33 1.02 335.10 1.03 335.10 1.01 251.33 1.02 

418.88 1.02 481.71 1.05 481.71 1.03 418.88 1.04 

544.54 1.05 600.39 1.05 600.39 1.04 544.54 1.05 

656.24 1.04 712.09 1.07 712.09 1.07 656.24 1.05 

767.94 1.06 837.76 1.08 837.76 1.08 767.94 1.07 

893.61 1.07 949.46 1.08 949.46 1.08 893.61 1.06 

60/40 6.98 1.03 8.38 1.04 8.38 1.13 6.98 1.07 

12.57 1.11 19.55 1.09 19.55 1.08 12.57 1.10 

32.11 1.06 60.04 0.99 60.04 0.99 32.11 1.03 

97.74 1.05 167.55 1.01 167.55 0.99 97.74 1.05 

251.33 0.99 335.10 1.01 335.10 0.99 251.33 1.02 

418.88 1.01 481.71 1.03 481.71 1.01 418.88 1.03 

544.54 1.03 600.39 1.05 600.39 1.04 544.54 1.04 

656.24 1.04 712.09 1.05 712.09 1.06 656.24 1.05 

767.94 1.05 837.76 1.07 837.76 1.08 767.94 1.06 

893.61 1.06 949.46 1.07 949.46 1.08 893.61 1.06 
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Table D8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB hybrid systems 

and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N326/N990 80/20 6.98 1.05 8.38 1.01 8.38 1.13 6.98 1.11 

12.57 1.09 19.55 1.10 19.55 1.06 12.57 0.93 

32.11 1.04 60.04 0.98 60.04 0.98 32.11 1.03 

97.74 1.01 167.55 0.97 167.55 0.98 97.74 1.05 

251.33 0.98 335.10 1.00 335.10 0.97 251.33 0.99 

418.88 1.00 481.71 1.00 481.71 1.01 418.88 1.02 

544.54 1.01 600.39 1.03 600.39 1.03 544.54 1.04 

656.24 1.03 712.09 1.04 712.09 1.05 656.24 1.03 

767.94 1.05 837.76 1.06 837.76 1.07 767.94 1.05 

893.61 1.05 949.46 1.06 949.46 1.09 893.61 1.06 

100/0 6.98 1.04 8.38 1.04 8.38 1.08 6.98 0.98 

12.57 1.10 19.55 1.06 19.55 1.07 12.57 1.08 

32.11 1.03 60.04 0.97 60.04 0.98 32.11 1.01 

97.74 1.00 167.55 0.98 167.55 0.95 97.74 1.00 

251.33 0.96 335.10 0.99 335.10 0.95 251.33 0.98 

418.88 0.98 481.71 1.01 481.71 0.99 418.88 1.01 

544.54 1.02 600.39 1.03 600.39 1.02 544.54 1.03 

656.24 1.02 712.09 1.05 712.09 1.04 656.24 1.02 

767.94 1.04 837.76 1.06 837.76 1.05 767.94 1.05 

893.61 1.06 949.46 1.06 949.46 1.07 893.61 1.05 

N326/N774 0/100 6.98 1.03 8.38 1.05 8.38 1.09 6.98 1.07 

12.57 1.08 19.55 1.08 19.55 1.09 12.57 1.13 

32.11 1.08 60.04 1.01 60.04 0.99 32.11 1.08 

97.74 1.05 167.55 1.02 167.55 0.99 97.74 1.06 

251.33 0.99 335.10 1.01 335.10 0.99 251.33 1.00 

418.88 1.01 481.71 1.03 481.71 1.00 418.88 1.02 

544.54 1.02 600.39 1.03 600.39 1.03 544.54 1.03 

656.24 1.03 712.09 1.04 712.09 1.04 656.24 1.03 

767.94 1.04 837.76 1.06 837.76 1.06 767.94 1.05 

893.61 1.05 949.46 1.06 949.46 1.06 893.61 1.05 

20/80 6.98 1.09 8.38 1.01 8.38 1.09 6.98 1.05 

12.57 1.09 19.55 1.06 19.55 1.10 12.57 1.09 

32.11 1.06 60.04 1.02 60.04 1.02 32.11 1.07 

97.74 1.03 167.55 1.02 167.55 0.98 97.74 1.03 

251.33 0.98 335.10 1.00 335.10 0.98 251.33 1.01 

418.88 0.99 481.71 1.02 481.71 1.00 418.88 1.02 

544.54 1.01 600.39 1.02 600.39 1.02 544.54 1.03 

656.24 1.01 712.09 1.04 712.09 1.03 656.24 1.02 

767.94 1.03 837.76 1.05 837.76 1.04 767.94 1.04 

893.61 1.04 949.46 1.05 949.46 1.06 893.61 1.03 
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Table D8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB hybrid systems 

and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N326/N774 40/60 6.98 1.09 8.38 1.04 8.38 1.10 6.98 1.01 

12.57 1.08 19.55 1.09 19.55 1.10 12.57 1.06 

32.11 1.07 60.04 1.01 60.04 1.01 32.11 1.03 

97.74 1.02 167.55 1.01 167.55 0.96 97.74 1.02 

251.33 0.97 335.10 1.00 335.10 0.97 251.33 0.99 

418.88 0.98 481.71 1.01 481.71 1.00 418.88 1.01 

544.54 1.01 600.39 1.03 600.39 1.01 544.54 1.02 

656.24 1.00 712.09 1.02 712.09 1.02 656.24 1.01 

767.94 1.03 837.76 1.04 837.76 1.04 767.94 1.03 

893.61 1.04 949.46 1.04 949.46 1.06 893.61 1.04 

60/40 6.98 1.00 8.38 1.03 8.38 1.07 6.98 1.01 

12.57 1.11 19.55 1.09 19.55 1.10 12.57 1.04 

32.11 1.02 60.04 1.00 60.04 1.00 32.11 1.03 

97.74 0.99 167.55 1.00 167.55 0.97 97.74 1.00 

251.33 0.96 335.10 0.99 335.10 0.96 251.33 0.98 

418.88 0.99 481.71 1.01 481.71 1.00 418.88 1.01 

544.54 1.01 600.39 1.02 600.39 1.02 544.54 1.02 

656.24 1.01 712.09 1.03 712.09 1.02 656.24 1.02 

767.94 1.03 837.76 1.04 837.76 1.05 767.94 1.04 

893.61 1.04 949.46 1.05 949.46 1.07 893.61 1.05 

80/20 6.98 1.07 8.38 1.02 8.38 1.10 6.98 1.05 

12.57 1.05 19.55 1.12 19.55 1.10 12.57 1.08 

32.11 1.03 60.04 1.01 60.04 1.01 32.11 1.00 

97.74 0.99 167.55 1.02 167.55 0.98 97.74 0.99 

251.33 0.96 335.10 0.99 335.10 0.96 251.33 0.99 

418.88 0.99 481.71 1.02 481.71 1.00 418.88 1.01 

544.54 1.01 600.39 1.04 600.39 1.04 544.54 1.03 

656.24 1.02 712.09 1.05 712.09 1.03 656.24 1.04 

767.94 1.05 837.76 1.06 837.76 1.06 767.94 1.06 

893.61 1.07 949.46 1.08 949.46 1.08 893.61 1.07 

100/0 6.98 1.05 8.38 1.00 8.38 1.08 6.98 1.05 

12.57 1.13 19.55 1.01 19.55 1.03 12.57 1.04 

32.11 1.03 60.04 1.00 60.04 0.99 32.11 1.01 

97.74 0.98 167.55 1.00 167.55 0.97 97.74 1.01 

251.33 0.96 335.10 1.01 335.10 0.98 251.33 0.99 

418.88 0.99 481.71 1.03 481.71 1.01 418.88 1.01 

544.54 1.03 600.39 1.04 600.39 1.03 544.54 1.03 

656.24 1.03 712.09 1.05 712.09 1.04 656.24 1.03 

767.94 1.05 837.76 1.07 837.76 1.06 767.94 1.05 

893.61 1.08 949.46 1.07 949.46 1.08 893.61 1.06 
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Table D8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB hybrid systems 

and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N550/N990 0/100 6.98 1.07 8.38 1.08 8.38 1.08 6.98 1.02 

12.57 1.11 19.55 1.09 19.55 1.10 12.57 1.13 

32.11 1.09 60.04 1.04 60.04 1.01 32.11 1.06 

97.74 1.05 167.55 1.06 167.55 1.05 97.74 1.03 

251.33 1.04 335.10 1.04 335.10 1.05 251.33 1.04 

418.88 1.07 481.71 1.07 481.71 1.06 418.88 1.07 

544.54 1.08 600.39 1.08 600.39 1.08 544.54 1.07 

656.24 1.07 712.09 1.08 712.09 1.08 656.24 1.07 

767.94 1.08 837.76 1.09 837.76 1.08 767.94 1.08 

893.61 1.09 949.46 1.09 949.46 1.09 893.61 1.08 

20/80 6.98 1.09 8.38 1.09 8.38 1.10 6.98 1.08 

12.57 1.12 19.55 1.07 19.55 1.06 12.57 1.13 

32.11 1.05 60.04 1.05 60.04 1.05 32.11 1.05 

97.74 1.05 167.55 1.05 167.55 1.02 97.74 1.06 

251.33 1.02 335.10 1.05 335.10 1.04 251.33 1.05 

418.88 1.04 481.71 1.06 481.71 1.06 418.88 1.05 

544.54 1.06 600.39 1.07 600.39 1.07 544.54 1.07 

656.24 1.06 712.09 1.07 712.09 1.07 656.24 1.07 

767.94 1.08 837.76 1.08 837.76 1.08 767.94 1.08 

893.61 1.08 949.46 1.09 949.46 1.10 893.61 1.08 

40/60 6.98 1.04 8.38 1.09 8.38 1.11 6.98 1.03 

12.57 1.08 19.55 1.10 19.55 1.10 12.57 1.09 

32.11 1.07 60.04 1.04 60.04 1.03 32.11 1.05 

97.74 1.06 167.55 1.03 167.55 1.02 97.74 1.05 

251.33 1.02 335.10 1.03 335.10 1.02 251.33 1.03 

418.88 1.03 481.71 1.05 481.71 1.03 418.88 1.05 

544.54 1.06 600.39 1.06 600.39 1.05 544.54 1.06 

656.24 1.05 712.09 1.06 712.09 1.07 656.24 1.06 

767.94 1.07 837.76 1.08 837.76 1.08 767.94 1.07 

893.61 1.07 949.46 1.08 949.46 1.09 893.61 1.07 

60/40 6.98 1.06 8.38 1.12 8.38 1.13 6.98 1.07 

12.57 1.12 19.55 1.09 19.55 1.08 12.57 1.09 

32.11 1.06 60.04 1.04 60.04 1.02 32.11 1.04 

97.74 1.05 167.55 1.02 167.55 1.01 97.74 1.06 

251.33 1.02 335.10 1.03 335.10 1.01 251.33 1.03 

418.88 1.03 481.71 1.06 481.71 1.03 418.88 1.04 

544.54 1.05 600.39 1.05 600.39 1.05 544.54 1.05 

656.24 1.04 712.09 1.06 712.09 1.06 656.24 1.05 

767.94 1.06 837.76 1.07 837.76 1.07 767.94 1.06 

893.61 1.08 949.46 1.06 949.46 1.08 893.61 1.07 
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Table D8 Integrating torque signals result at 3.14 rad/s and 100°C as measured by 

the RPA-FT of HNBR compounds filled with various CB hybrid systems 

and hybrid ratios (cont.) 

 
CB hybrid 

system 

CB 

hybrid 

ratio 

Test a Test b 

run 1 run 2 run 1 run 2 

Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 Strain 

(%) 

Q1/Q2 

N550/N990 80/20 6.98 1.08 8.38 1.08 8.38 1.09 6.98 1.05 

12.57 1.12 19.55 1.07 19.55 1.13 12.57 1.10 

32.11 1.02 60.04 1.04 60.04 1.03 32.11 1.05 

97.74 1.02 167.55 1.02 167.55 1.00 97.74 1.04 

251.33 1.00 335.10 1.02 335.10 1.00 251.33 1.01 

418.88 1.01 481.71 1.04 481.71 1.02 418.88 1.04 

544.54 1.03 600.39 1.05 600.39 1.04 544.54 1.04 

656.24 1.03 712.09 1.06 712.09 1.05 656.24 1.04 

767.94 1.06 837.76 1.07 837.76 1.07 767.94 1.05 

893.61 1.07 949.46 1.08 949.46 1.09 893.61 1.06 

100/0 6.98 1.05 8.38 1.06 8.38 1.05 6.98 1.04 

12.57 1.08 19.55 1.08 19.55 1.07 12.57 1.11 

32.11 1.03 60.04 1.01 60.04 1.00 32.11 1.03 

97.74 1.01 167.55 1.02 167.55 1.00 97.74 1.03 

251.33 0.98 335.10 1.01 335.10 1.00 251.33 1.00 

418.88 1.03 481.71 1.03 481.71 1.03 418.88 1.03 

544.54 1.04 600.39 1.05 600.39 1.06 544.54 1.04 

656.24 1.04 712.09 1.06 712.09 1.07 656.24 1.04 

767.94 1.07 837.76 1.07 837.76 1.07 767.94 1.05 

893.61 1.08 949.46 1.07 949.46 1.09 893.61 1.05 
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Table D9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB hybrid systems and hybrid 

ratios: (a) Storage modulus ( ′) 

 

1) N326/N990 

Strain amplitude (%) 
 ′ (kPa) 

0/100 20/80 40/60 60/40 80/20 100/0 

0.28 209580.00 210320.00 241680.00 210570.00 195980.00 280370.00 

0.42 38372.00 74224.00 37320.00 39341.00 78491.00 79350.00 

0.56 2374.70 2672.50 2846.80 3491.30 27777.00 29401.00 

0.70 2304.50 2488.00 2709.70 3099.20 3697.80 4572.40 

0.98 2205.70 2375.40 2572.60 2936.30 3406.10 4082.30 

1.95 2152.70 2316.00 2464.40 2765.80 3160.40 3703.50 

3.07 2103.40 2242.60 2397.30 2645.80 3006.80 3486.60 

5.02 2050.60 2175.50 2292.00 2500.80 2816.30 3248.50 

6.98 1988.90 2107.10 2206.80 2378.30 2657.30 3056.40 

10.04 1928.20 2035.10 2110.90 2261.00 2505.50 2870.70 

15.07 1863.50 1955.70 2018.10 2140.80 2360.20 2690.90 

19.95 1814.80 1896.80 1949.30 2062.90 2268.00 2572.00 

29.99 1724.60 1786.90 1828.90 1924.80 2110.40 2371.00 

40.04 1638.60 1693.70 1726.60 1813.80 1974.50 2204.70 

49.94 1544.10 1594.50 1622.20 1708.60 1834.70 2049.20 

 

2) N326/N774 

Strain amplitude (%) 
 ′ (kPa) 

0/100 20/80 40/60 60/40 80/20 100/0 

0.28 142460.00 87682.00 168240.00 229530.00 69267.00 143050.00 

0.42 72006.00 74995.00 78517.00 111210.00 35957.00 75835.00 

0.56 3461.90 28557.00 28573.00 28299.00 4097.00 4506.60 

0.70 3333.40 3792.80 3786.20 4207.80 3924.70 4285.90 

0.98 3067.60 3337.70 3412.70 3831.20 3769.20 3915.20 

1.95 2851.10 3055.40 3056.30 3428.50 3468.90 3517.10 

3.07 2781.30 2999.20 3016.20 3330.90 3358.70 3421.90 

5.02 2607.60 2828.60 2843.20 3087.80 3119.30 3154.80 

6.98 2492.70 2706.70 2707.80 2920.90 2965.30 2977.20 

10.04 2373.30 2571.30 2573.10 2740.70 2793.30 2804.20 

15.07 2246.50 2424.40 2431.60 2575.60 2632.80 2611.10 

19.95 2154.70 2320.80 2333.40 2461.20 2514.20 2485.40 

29.99 1994.10 2135.20 2153.60 2259.30 2304.60 2277.70 

40.04 1852.10 1974.30 1987.50 2093.00 2123.00 2110.10 

49.94 1715.30 1837.60 1820.20 1934.10 1955.50 1959.20 



Panjaporn Wongwitthayakool                                                                                           Appendices / 320 

Table D9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB hybrid systems and hybrid 

ratios (cont.): (a) Storage modulus ( ′)  

 

3) N550/N990 

Strain amplitude (%) 
 ′ (kPa) 

0/100 20/80 40/60 60/40 80/20 100/0 

0.28 209580.00 62910.00 63336.00 142030.00 64014.00 70565.00 

0.42 38372.00 2791.00 2963.90 39105.00 3921.60 5223.00 

0.56 2374.70 2569.00 2587.40 3248.40 3550.40 4502.40 

0.70 2304.50 2439.60 2559.10 3048.30 3413.90 4262.00 

0.98 2205.70 2330.20 2461.10 2844.70 3178.70 3837.10 

1.95 2152.70 2257.40 2382.70 2707.10 2978.60 3529.50 

3.07 2103.40 2229.40 2348.80 2653.90 2845.20 3344.00 

5.02 2050.60 2163.90 2266.00 2568.30 2702.70 3135.70 

6.98 1988.90 2105.60 2189.50 2479.20 2588.20 2988.50 

10.04 1928.20 2029.40 2093.90 2355.00 2474.20 2831.20 

15.07 1863.50 1949.90 1994.30 2231.00 2370.60 2695.40 

19.95 1814.80 1881.00 1924.10 2132.30 2287.00 2589.30 

29.99 1724.60 1762.70 1800.50 1981.20 2125.00 2396.90 

40.04 1638.60 1650.00 1683.80 1852.50 1984.80 2188.50 

49.94 1544.10 1536.40 1568.00 1720.50 1850.40 1965.90 
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Table D9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB hybrid systems and hybrid 

ratios (cont.): (b) Loss modulus (G″)  

 

1) N326/N990 

Strain amplitude (%) 
G″ (kPa) 

0/100 20/80 40/60 60/40 80/20 100/0 

0.28 206930.00 206780.00 239100.00 207230.00 192590.00 275880.00 

0.42 36384.00 71968.00 34829.00 36374.00 75166.00 75362.00 

0.56 275.82 289.48 324.14 486.95 24686.00 25589.00 

0.70 227.95 284.94 329.44 413.75 530.76 686.11 

0.98 243.52 282.85 318.41 420.24 507.52 614.20 

1.95 241.18 288.66 333.15 407.04 497.55 623.01 

3.07 233.82 280.00 331.47 405.96 489.36 608.27 

5.02 237.61 285.24 327.54 401.60 478.32 592.65 

6.98 232.73 279.50 318.67 386.13 458.03 561.52 

10.04 229.52 274.47 309.10 367.70 438.84 527.14 

15.07 224.66 267.66 299.31 342.96 408.41 482.75 

19.95 222.23 261.85 291.61 328.01 392.89 454.53 

29.99 221.23 257.35 282.97 310.02 375.90 425.81 

40.04 223.20 254.04 277.76 299.79 366.23 410.39 

49.94 240.07 265.98 287.54 296.57 370.91 403.01 

 

2) N326/N774 

Strain amplitude (%) 
G″ (kPa) 

0/100 20/80 40/60 60/40 80/20 100/0 

0.28 138260.00 82650.00 163520.00 224920.00 64857.00 138620.00 

0.42 69374.00 72192.00 75278.00 107880.00 32567.00 72247.00 

0.56 491.24 25398.00 25459.00 24846.00 561.04 649.26 

0.70 452.79 526.39 553.44 624.00 573.79 601.68 

0.98 438.31 467.11 469.41 599.11 525.84 566.79 

1.95 446.28 476.03 480.52 595.95 575.14 567.19 

3.07 453.64 478.68 492.44 609.09 565.41 576.40 

5.02 434.52 457.65 479.17 581.25 543.63 549.14 

6.98 418.25 441.71 463.85 557.31 518.44 524.37 

10.04 396.87 421.95 442.85 527.05 495.11 497.39 

15.07 378.53 402.24 422.73 493.53 467.32 468.87 

19.95 372.98 387.13 411.35 473.16 449.68 452.67 

29.99 368.08 378.29 403.68 452.60 438.79 438.51 

40.04 371.00 387.76 408.36 444.10 445.22 429.72 

49.94 390.53 401.56 439.79 452.07 468.14 432.13 
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Table D9 Strain sweep test results at 60°C and 1 rad/s as measured by the RPA2000 

of HNBR compounds filled with various CB hybrid systems and hybrid 

ratios (cont.): (b) Loss modulus (G″) 

 

3) N550/N990 

Strain amplitude (%) 
G″ (kPa) 

0/100 20/80 40/60 60/40 80/20 100/0 

0.28 206930.00 60031.00 59934.00 138720.00 60299.00 64652.00 

0.42 36384.00 325.86 344.27 36262.00 532.70 812.13 

0.56 275.82 286.89 316.81 442.49 476.14 635.82 

0.70 227.95 278.70 319.03 381.73 429.37 569.01 

0.98 243.52 260.23 294.17 364.21 441.79 545.77 

1.95 241.18 274.50 299.29 353.90 440.98 567.59 

3.07 233.82 276.94 306.71 356.16 438.53 555.70 

5.02 237.61 273.61 301.77 351.39 428.22 539.04 

6.98 232.73 271.37 294.47 341.67 410.74 515.68 

10.04 229.52 265.75 292.58 331.10 389.49 485.10 

15.07 224.66 260.88 285.19 316.74 362.58 454.34 

19.95 222.23 261.13 283.99 313.81 353.33 447.27 

29.99 221.23 270.04 294.95 318.36 341.55 443.26 

40.04 223.20 281.79 305.78 324.47 343.25 469.98 

49.94 240.07 299.00 325.80 347.07 361.17 520.77 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid 

ratios: (a) Storage modulus ( ′) 

 

1) N326/N990 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-79.2 4353.21 -80.6 4046.18 -80.0 4462.96 -80.1 3749.73 -80.7 4732.37 -80.3 4078.37 

-77.2 4325.24 -78.2 3800.55 -78.7 4424.23 -77.8 3735.46 -78.4 4696.06 -77.7 4028.29 

-74.2 4254.48 -74.8 3772.76 -74.2 4315.03 -74.7 3671.53 -74.9 4617.98 -75.1 3963.73 

-71.1 4169.75 -71.5 3719.49 -71.2 4237.04 -71.4 3597.57 -71.6 4525.91 -72.0 3884.65 

-67.6 4059.24 -68.5 3642.46 -68.6 4152.29 -70.3 3555.22 -68.7 4423.72 -70.8 3847.31 

-65.3 3967.40 -67.5 3612.06 -65.5 4058.77 -67.4 3479.08 -67.6 4381.88 -67.8 3758.63 

-62.8 3881.46 -64.3 3534.08 -62.6 3963.89 -64.6 3400.71 -64.8 4285.58 -66.4 3714.04 

-59.8 3796.27 -61.7 3455.49 -59.9 3886.40 -61.6 3322.48 -62.0 4189.66 -63.9 3634.70 

-56.5 3699.25 -58.7 3381.31 -57.0 3795.63 -58.6 3237.58 -59.2 4094.05 -60.8 3547.39 

-53.3 3617.60 -57.4 3333.99 -54.0 3706.02 -55.6 3168.70 -57.7 4050.81 -57.8 3461.37 

-50.1 3537.66 -54.7 3281.55 -51.1 3611.64 -52.6 3089.13 -56.8 4014.03 -55.1 3387.48 

-48.3 3474.93 -51.7 3222.92 -48.3 3535.58 -50.9 3046.88 -54.1 3933.25 -52.0 3323.34 

-46.7 3438.49 -48.6 3167.52 -45.3 3432.29 -49.8 3024.28 -53.1 3894.42 -50.7 3287.13 

-45.7 3413.82 -45.8 3116.96 -42.8 3312.90 -48.7 2998.24 -50.0 3803.98 -48.0 3223.86 

-44.9 3384.61 -42.8 3053.44 -39.7 3145.20 -47.6 2966.32 -47.3 3699.33 -45.0 3138.28 

-44.1 3355.41 -41.6 3022.14 -36.5 2991.34 -46.4 2953.70 -44.2 3597.88 -43.9 3108.77 

-43.2 3328.21 -39.9 2982.81 -35.5 2937.74 -45.1 2926.96 -41.5 3474.44 -41.0 3035.81 

-41.9 3287.30 -38.7 2944.20 -34.5 2873.25 -44.0 2889.53 -40.5 3426.46 -38.0 2956.45 

-40.7 3242.18 -37.8 2914.06 -33.2 2734.85 -43.0 2878.82 -39.3 3365.44 -35.0 2815.53 

-39.6 3194.98 -36.5 2869.09 -31.6 2562.93 -41.9 2856.69 -36.3 3171.64 -33.8 2734.58 

-38.3 3128.56 -35.4 2815.54 -30.5 2351.18 -40.6 2822.19 -34.7 3028.37 -32.6 2608.00 

-36.9 3048.80 -34.4 2755.50 -29.2 2039.51 -38.7 2778.56 -33.5 2918.40 -31.4 2428.39 

-35.6 2957.57 -33.0 2653.46 -28.0 1769.87 -36.9 2717.93 -32.6 2792.98 -30.4 2229.17 

-34.7 2857.88 -32.0 2539.91 -27.1 1536.58 -34.9 2616.60 -31.3 2620.51 -29.3 2013.70 

-32.9 2634.17 -30.9 2378.68 -26.2 1276.72 -32.6 2426.00 -30.3 2382.11 -28.1 1788.44 

-30.7 2230.32 -29.7 2178.17 -25.2 1050.18 -31.0 2199.05 -29.1 2093.22 -26.6 1492.92 

-28.7 1747.31 -28.4 1940.60 -24.2 762.96 -28.7 1836.90 -27.8 1774.73 -25.2 1186.25 

-26.6 1288.06 -26.6 1564.88 -22.6 560.62 -26.6 1462.66 -26.5 1452.65 -23.9 961.63 

-24.7 852.40 -24.7 1147.99 -21.1 380.50 -24.5 1111.23 -24.6 1059.38 -22.6 733.35 

-22.7 547.80 -22.7 748.25 -19.9 288.58 -22.9 802.50 -22.6 753.25 -21.4 583.76 

-20.7 329.03 -20.6 471.81 -18.7 242.70 -20.8 520.46 -20.7 510.16 -20.0 464.33 

-18.6 197.98 -18.8 305.41 -17.3 190.12 -18.6 334.67 -18.6 349.30 -18.6 371.97 

-16.8 126.72 -16.7 198.74 -16.1 145.21 -16.6 233.71 -16.7 255.50 -16.6 279.18 

-14.5 83.37 -14.6 131.24 -14.6 112.46 -14.7 170.76 -14.6 187.76 -14.6 219.27 

-12.7 63.06 -12.6 91.06 -12.5 89.06 -12.8 129.74 -12.6 145.14 -12.7 176.66 

-10.6 50.61 -10.7 69.43 -10.6 71.96 -10.7 102.34 -10.7 118.07 -10.6 149.67 

-8.7 41.56 -8.7 56.07 -8.7 58.78 -8.8 85.54 -8.6 98.42 -8.6 127.24 

-6.7 34.69 -6.5 46.39 -6.6 49.47 -6.7 72.74 -6.5 85.12 -6.6 113.18 

-4.6 30.02 -4.6 40.62 -4.5 43.15 -4.5 63.41 -4.6 76.20 -4.6 101.53 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

0/100 20/80 40/60 60/40 80/20 100/0 0/100 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-2.6 26.85 -2.5 35.91 -2.5 38.92 -2.6 57.04 -2.6 69.08 -2.6 92.79 

-0.6 24.68 -0.6 32.66 -0.7 36.06 -0.5 51.53 -0.8 64.97 -0.5 84.65 

4.7 23.00 3.6 29.98 5.8 33.06 4.9 46.58 3.9 59.02 4.3 78.00 

4.8 22.03 3.9 29.10 5.5 31.46 5.1 44.30 4.2 56.49 4.7 74.88 

4.7 21.67 5.1 27.97 5.1 31.04 5.0 43.51 5.1 54.59 4.8 73.14 

7.3 20.94 7.5 26.69 7.1 30.10 7.3 42.04 7.3 52.07 7.3 69.12 

9.4 20.21 9.4 25.76 9.6 28.99 9.4 40.37 9.4 49.70 9.6 65.97 

11.4 19.63 11.6 24.96 11.4 28.13 11.5 38.56 11.5 47.73 11.4 64.16 

13.4 19.12 13.2 24.43 15.4 26.41 13.4 37.15 13.6 46.18 13.4 61.11 

15.3 18.65 15.1 23.95 17.4 25.68 15.5 35.69 15.6 45.03 15.4 58.31 

17.4 18.19 17.3 23.44 19.4 25.00 17.5 34.48 17.1 44.24 17.4 55.79 

19.4 17.84 19.6 22.93 21.4 24.37 19.3 33.37 19.3 43.00 19.4 53.62 

21.4 17.48 21.3 22.54 23.5 23.82 21.4 32.35 21.4 41.83 21.4 51.68 

23.8 17.16 23.4 22.08 25.5 23.34 23.5 31.41 23.5 40.65 23.6 49.97 

25.4 16.95 25.3 21.59 27.3 22.93 25.3 30.63 25.2 39.71 25.5 48.62 

27.4 16.74 27.4 21.13 29.5 22.52 27.7 29.97 27.3 38.56 28.0 47.57 

29.3 16.57 29.3 20.73 31.6 22.25 29.3 29.49 29.4 37.52 29.4 46.91 

31.1 16.44 31.4 20.34 32.9 22.08 31.3 29.07 31.2 36.66 30.6 46.49 

33.4 16.23 33.4 20.03 35.1 21.83 33.3 28.66 33.3 35.83 33.5 45.33 

35.4 16.03 35.3 19.71 37.4 21.43 35.4 28.16 35.6 34.92 35.4 44.63 

37.3 15.85 37.2 19.42 39.5 21.02 37.3 27.68 37.6 34.11 37.5 43.70 

39.4 15.61 39.4 19.13 41.4 20.64 39.4 27.17 39.5 33.38 39.4 42.58 

41.4 15.38 41.4 18.80 43.3 20.27 41.4 26.56 41.3 32.74 41.4 41.44 

43.4 15.15 43.4 18.56 45.3 19.90 43.5 25.97 43.1 32.12 43.4 40.42 

45.4 14.98 45.4 18.28 47.3 19.58 45.5 25.40 45.3 31.33 45.4 39.47 

47.2 14.80 47.4 18.02 49.1 19.29 47.4 24.85 47.1 30.71 47.4 38.62 

49.2 14.61 49.4 17.75 51.4 19.00 49.5 24.40 48.9 30.03 49.4 37.75 

51.4 14.45 51.3 17.47 53.2 18.73 51.2 24.00 51.3 29.27 51.4 36.89 

53.1 14.28 53.1 17.21 55.1 18.49 53.2 23.59 53.3 28.60 53.5 36.11 

55.2 14.12 55.3 16.94 57.4 18.23 55.4 23.17 55.1 27.99 55.5 35.36 

57.4 13.99 57.3 16.69 59.4 17.99 57.3 22.81 57.2 27.34 57.4 34.70 

59.0 13.87 59.5 16.42 15.4 26.41 59.2 22.48 59.4 26.66 59.5 34.00 

61.3 13.68 61.3 16.19 61.3 17.73 61.3 22.13 61.2 26.10 61.4 33.21 

63.0 13.57 63.3 15.96 63.5 17.45 63.5 21.80 63.5 25.58 63.4 32.60 

65.7 13.40 65.3 15.76 65.5 17.21 65.4 21.42 65.4 25.05 65.5 31.89 

67.4 13.26 67.5 15.51 67.5 16.98 67.3 21.15 67.1 24.64 67.4 31.25 

69.1 13.16 69.6 15.32 69.5 16.67 69.4 20.88 69.7 24.07 69.4 30.60 

71.6 13.01 71.5 15.14 71.4 16.45 71.4 20.66 71.1 23.75 71.4 29.93 

74.1 12.87 73.3 14.94 73.5 16.21 73.4 20.38 74.3 23.15 73.3 29.34 

74.6 12.82 75.3 14.77 75.7 16.00 75.4 20.09 75.0 22.87 75.3 28.70 

78.0 12.63 77.3 14.62 77.3 15.84 77.3 19.82 77.4 22.49 77.4 28.09 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

79.3 12.54 79.5 14.46 79.6 15.54 79.5 19.53 79.3 22.12 79.3 27.48 

81.7 12.44 81.4 14.30 81.4 15.36 81.4 19.27 81.5 21.78 81.3 26.93 

84.2 12.30 83.3 14.16 83.8 15.19 83.4 18.98 83.6 21.42 83.4 26.37 

85.3 12.22 85.3 14.03 85.7 15.04 85.5 18.61 85.4 21.10 85.4 25.97 

87.6 12.02 87.3 13.90 87.6 14.94 87.5 18.31 87.1 20.83 87.7 25.24 

89.3 11.92 89.4 13.78 89.6 14.81 89.6 17.94 89.2 20.58 89.4 24.52 

92.4 11.78 91.3 13.70 91.6 14.67 91.4 17.55 91.1 20.34 91.6 24.01 

93.6 11.72 93.4 13.58 93.4 14.57 93.3 17.20 93.9 20.04 93.4 23.63 

95.1 11.66 95.5 13.49 95.7 14.47 95.3 16.94 95.5 19.81 95.6 23.20 

97.4 11.60 97.3 13.39 97.7 14.35 97.4 16.76 97.2 19.67 97.4 22.91 

100.0 11.53 99.5 13.29 99.5 14.25 99.4 16.58 99.5 19.40 99.3 22.61 

101.2 11.50 101.7 13.21 101.6 14.16 101.4 16.41 101.6 19.21 101.6 22.29 

103.1 11.46 103.3 13.15 103.9 14.06 103.6 16.23 103.4 19.03 103.7 21.99 

105.9 11.41 105.4 13.08 105.5 13.99 105.5 16.11 105.2 18.87 105.2 21.77 

107.1 11.38 107.4 13.00 107.1 13.94 107.6 15.96 106.9 18.69 107.4 21.49 

109.3 11.34 109.6 12.91 109.3 13.82 109.5 15.83 109.4 18.49 109.4 21.23 

111.2 11.30 111.6 12.85 111.2 13.76 111.5 15.69 111.5 18.35 111.3 20.99 

113.0 11.27 113.3 12.79 113.5 13.67 113.3 15.59 113.9 18.16 113.7 20.79 

115.9 11.24 115.4 12.73 115.2 13.61 115.4 15.44 114.9 18.05 115.3 20.52 

117.8 11.20 117.4 12.69 117.6 13.50 117.1 15.34 117.5 17.91 117.3 20.34 

119.8 11.17 119.3 12.62 119.3 13.44 119.3 15.24 119.3 17.80 119.4 20.19 

121.7 11.16 121.1 12.58 121.4 13.38 121.3 15.15 120.9 17.69 121.2 19.99 

123.4 11.14 123.8 12.52 123.5 13.32 123.4 15.07 123.6 17.58 123.1 19.84 

125.5 11.11 125.3 12.48 125.4 13.27 125.8 14.94 125.1 17.45 125.4 19.66 

127.6 11.09 127.8 12.45 127.5 13.23 127.4 14.89 127.4 17.33 127.5 19.52 

129.5 11.08 129.7 12.39 129.4 13.17 129.4 14.80 129.3 17.26 129.5 19.36 

131.6 11.06 131.3 12.36 131.7 13.13 131.5 14.75 131.2 17.17 131.4 19.23 

133.0 11.03 133.3 12.34 133.2 13.05 133.3 14.69 133.8 17.05 133.6 19.08 

135.4 11.03 135.5 12.30 135.6 13.01 135.3 14.58 135.4 16.98 135.5 18.96 

137.2 11.02 137.2 12.26 137.6 12.98 137.6 14.53 137.7 16.88 137.3 18.85 

138.9 10.99 139.3 12.24 139.5 12.94 139.6 14.45 139.2 16.79 139.4 18.70 

141.2 11.00 141.1 12.22 141.6 12.90 141.3 14.40 141.0 16.70 141.3 18.62 

143.7 10.99 143.4 12.17 143.4 12.87 143.5 14.32 143.8 16.62 143.3 18.48 

145.8 10.97 145.5 12.15 145.2 12.82 146.0 14.28 145.4 16.55 145.6 18.35 

147.7 10.98 147.4 12.12 147.6 12.79 147.7 14.22 147.2 16.48 147.4 18.25 

149.2 10.96 149.3 12.11 149.6 12.76 149.3 14.16 149.6 16.39 149.0 18.18 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

2) N326/N774 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-80.5 2970.24 -80.7 2696.51 -78.7 3329.21 -80.4 3130.20 -78.2 2641.19 -80.3 4078.37 

-78.8 3005.25 -78.7 2689.84 -78.1 3346.54 -78.4 3097.30 -77.5 2617.79 -77.7 4028.29 

-76.4 2991.34 -76.8 2670.92 -76.8 3358.76 -76.7 3111.20 -76.2 2620.28 -75.1 3963.73 

-74.4 2976.36 -74.5 2644.55 -74.7 3356.03 -74.4 3092.75 -74.5 2613.40 -72.0 3884.65 

-72.4 2953.70 -72.6 2607.16 -72 3332.98 -72.5 3067.72 -72.5 2593.82 -70.8 3847.31 

-70.6 2931.03 -70.6 2563.52 -69.7 3298.86 -70.5 3042.97 -70.4 2568.22 -67.8 3758.63 

-68.8 2897.36 -68.6 2522.82 -68.7 3282.72 -68.5 3000.44 -68.3 2532.74 -66.4 3714.04 

-66.6 2867.79 -66.4 2490.08 -66.4 3245.46 -66.8 2974.37 -66.6 2491.32 -63.9 3634.70 

-64.2 2833.66 -64.2 2461.72 -64.6 3204.51 -64.8 2920.95 -64.0 2442.17 -60.8 3547.39 

-62.8 2805.93 -62.8 2431.94 -62.1 3166.88 -62.6 2884.64 -62.8 2402.30 -57.8 3461.37 

-60.6 2763.79 -60.6 2400.66 -60.7 3133.87 -60.9 2847.24 -60.5 2341.77 -55.1 3387.48 

-58.6 2733.92 -58.5 2362.73 -58.5 3089.45 -58.8 2806.75 -58.5 2293.58 -52.0 3323.34 

-56.3 2711.47 -56.5 2328.08 -56.3 3054.18 -56.6 2773.65 -56.6 2248.55 -50.7 3287.13 

-54.6 2676.75 -54.7 2307.98 -54.6 3020.83 -54.8 2738.96 -54.4 2205.28 -48.0 3223.86 

-52.5 2628.78 -52.6 2281.52 -52.6 2970.70 -52.8 2697.86 -52.5 2164.99 -45.0 3138.28 

-50.5 2580.03 -50.8 2262.89 -50.7 2927.70 -51 2666.50 -50.5 2133.89 -43.9 3108.77 

-48.5 2544.26 -48.7 2247.65 -48.7 2895.64 -48.7 2639.50 -48.4 2109.84 -41.0 3035.81 

-46.5 2511.72 -46.1 2220.21 -46.7 2854.09 -46.6 2613.08 -46.5 2096.16 -38.0 2956.45 

-44.5 2477.48 -44.4 2199.26 -44.8 2813.51 -44.9 2597.29 -44.5 2085.63 -35.0 2815.53 

-42.4 2427.49 -42.8 2179.69 -42.6 2756.36 -42.6 2568.67 -42.4 2075.36 -33.8 2734.58 

-40.5 2376.81 -40.3 2162.08 -40.7 2701.10 -41 2541.77 -40.0 2067.20 -32.6 2608.00 

-38.4 2320.12 -39.1 2147.62 -38.7 2624.45 -39 2497.09 -38.7 2044.26 -31.4 2428.39 

-36.4 2256.81 -36.4 2084.76 -36.7 2510.79 -36.7 2427.59 -36.5 2005.00 -30.4 2229.17 

-34.5 2168.76 -34.3 1997.51 -34.5 2367.90 -34.7 2332.01 -34.3 1959.34 -29.3 2013.70 

-32.4 2043.29 -32.4 1835.58 -32.6 2168.98 -32.6 2155.58 -32.3 1854.01 -28.1 1788.44 

-30.1 1783.59 -30.3 1542.26 -30.5 1862.90 -30.8 1900.60 -30.4 1697.29 -26.6 1492.92 

-28.2 1519.99 -28.2 1280.95 -28.4 1586.54 -28.7 1563.25 -28.2 1466.92 -25.2 1186.25 

-26.3 1227.73 -26.5 1096.53 -26.5 1244.03 -26.5 1224.92 -26.5 1220.82 -23.9 961.63 

-24.7 910.29 -24.5 813.53 -24.5 916.67 -24.6 911.04 -24.4 945.86 -22.6 733.35 

-22.6 598.43 -22.6 584.00 -22.6 674.65 -22.5 636.95 -22.5 711.35 -21.4 583.76 

-20.5 389.30 -20.5 391.97 -20.6 465.70 -20.6 444.81 -20.5 530.64 -20.0 464.33 

-18.5 253.32 -18.5 271.97 -18.6 321.98 -18.6 314.26 -18.6 388.32 -18.6 371.97 

-16.6 173.34 -16.6 202.07 -16.7 233.38 -16.7 227.64 -16.4 285.28 -16.6 279.18 

-14.5 127.31 -14.6 156.76 -14.5 171.89 -14.5 170.25 -14.6 217.90 -14.6 219.27 

-12.5 100.21 -12.7 127.73 -12.6 136.64 -12.7 136.25 -12.5 172.08 -12.7 176.66 

-10.6 80.76 -10.6 102.61 -10.6 111.24 -10.6 111.93 -10.6 140.52 -10.6 149.67 

-8.6 67.93 -8.6 83.98 -8.6 94.47 -8.5 95.76 -8.6 117.43 -8.6 127.24 

-6.6 59.13 -6.6 72.04 -6.6 82.74 -6.6 83.29 -6.5 100.10 -6.6 113.18 

-4.5 53.57 -4.6 63.84 -4.5 74.08 -4.5 74.07 -4.6 89.36 -4.6 101.53 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

0/100 20/80 40/60 60/40 80/20 100/0 0/100 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-2.6 49.16 -2.6 57.43 -2.6 67.87 -2.5 67.43 -2.6 80.71 -2.6 92.79 

-0.7 44.72 -0.5 51.28 -0.5 62.25 -0.9 63.01 -0.8 71.82 -0.5 84.65 

3.1 41.10 4.9 47.56 2.3 58.16 2.9 57.61 2.8 66.47 4.3 78.00 

3.2 40.24 4.5 45.89 2.9 56.90 3 56.05 3.0 64.85 4.7 74.88 

5.3 38.04 4.4 44.97 5.4 53.33 5.4 52.84 5.3 61.09 4.8 73.14 

7.3 36.08 7.4 42.59 7.5 50.41 7.1 50.40 7.4 57.46 7.3 69.12 

9.5 34.52 9.4 40.69 9.5 48.39 9.6 47.91 9.6 54.55 9.6 65.97 

11.5 33.23 11.5 39.04 11.6 46.89 11.6 46.20 11.5 52.48 11.4 64.16 

13.5 32.17 13.4 37.67 13.4 45.69 13.6 44.69 13.5 50.70 13.4 61.11 

15.5 31.30 15.5 36.45 15.5 44.49 15.4 43.53 15.3 49.28 15.4 58.31 

17.3 30.62 17.4 35.35 17.4 43.38 17.4 42.35 17.4 48.07 17.4 55.79 

19.6 29.87 19.4 34.42 19.4 42.29 19.4 41.24 19.4 46.77 19.4 53.62 

21.4 29.25 21.4 33.56 21.4 41.18 21.4 40.15 21.4 45.61 21.4 51.68 

23.6 28.64 23.4 32.84 23.5 40.16 23.6 39.15 23.5 44.52 23.6 49.97 

25.4 28.09 25.4 32.21 25.4 39.14 25.3 38.31 25.5 43.50 25.5 48.62 

27.4 27.54 27.6 31.54 27.5 38.02 27.4 37.29 27.3 42.47 28.0 47.57 

29.6 26.94 29.5 31.02 29.4 37.05 29.3 36.36 29.4 41.49 29.4 46.91 

31.3 26.43 31.3 30.51 31.3 36.19 31.4 35.41 31.4 40.45 30.6 46.49 

33.4 25.89 33.5 29.95 33.4 35.26 33.4 34.58 33.4 39.46 33.5 45.33 

35.4 25.35 35.4 29.36 35.4 34.49 35.5 33.74 35.5 38.51 35.4 44.63 

37.4 24.86 37.6 28.78 37.5 33.70 37.4 32.98 37.5 37.64 37.5 43.70 

39.4 24.34 39.3 28.27 39.4 33.00 39.4 32.26 39.4 36.79 39.4 42.58 

41.4 23.87 41.5 27.72 41.4 32.30 41.4 31.61 41.4 36.05 41.4 41.44 

43.5 23.41 43.4 27.22 43.4 31.67 43.4 30.94 43.5 35.29 43.4 40.42 

45.4 23.01 45.4 26.71 45.5 30.98 45.5 30.31 45.4 34.58 45.4 39.47 

47.5 22.57 47.4 26.20 47.4 30.42 47.4 29.75 47.4 33.89 47.4 38.62 

49.4 22.20 49.4 25.71 49.5 29.82 49.4 29.13 49.4 33.23 49.4 37.75 

51.5 21.78 51.4 25.20 51.3 29.26 51.4 28.59 51.4 32.53 51.4 36.89 

53.3 21.41 53.5 24.77 53.4 28.68 53.3 28.10 53.4 31.83 53.5 36.11 

55.4 21.05 55.4 24.32 55.4 28.00 55.4 27.54 55.5 31.10 55.5 35.36 

57.3 20.68 57.4 23.91 57.3 27.46 57.4 26.87 57.3 30.41 57.4 34.70 

59.2 20.25 59.4 23.52 59.5 26.82 59.5 26.33 59.5 29.67 59.5 34.00 

61.5 19.86 63.4 22.71 63.4 25.78 63.4 25.21 63.4 28.37 63.4 32.60 

63.5 19.47 65.4 22.44 65.4 25.24 65.3 24.69 65.4 27.74 65.5 31.89 

65.4 19.15 67.4 22.09 67.5 24.78 67.5 24.21 67.5 27.09 67.4 31.25 

67.4 18.82 69.4 21.67 69.3 24.39 69.3 23.73 69.5 26.55 69.4 30.60 

69.4 18.51 71.5 21.26 71.4 23.89 71.5 23.20 71.3 26.03 71.4 29.93 

71.3 18.20 73.3 20.88 73.5 23.50 73.4 22.76 73.5 25.47 73.3 29.34 

73.4 17.96 75.5 20.54 75.4 23.12 75.3 22.37 75.3 25.01 75.3 28.70 

75.4 17.66 77.4 20.22 77.4 22.77 77.4 21.94 77.4 24.51 77.4 28.09 

77.6 17.42 79.3 19.92 79.4 22.41 79.4 21.58 79.4 24.07 79.3 27.48 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

79.5 17.18 81.4 19.61 81.3 22.07 81.4 21.24 81.4 23.67 81.3 26.93 

81.4 17.00 83.6 19.28 83.6 21.73 83.5 20.92 83.5 23.29 83.4 26.37 

83.5 16.76 85.4 18.99 85.3 21.47 85.4 20.63 85.4 23.01 85.4 25.97 

85.4 16.57 87.3 18.71 87.4 21.18 87.5 20.35 87.3 22.66 87.7 25.24 

87.5 16.41 89.4 18.46 89.5 20.89 89.5 20.09 89.3 22.39 89.4 24.52 

89.4 16.24 91.4 18.23 91.4 20.67 91.3 19.86 91.4 22.08 91.6 24.01 

91.6 16.04 93.4 18.06 93.3 20.46 93.4 19.65 93.4 21.80 93.4 23.63 

93.3 15.91 95.4 17.86 95.4 20.22 95.3 19.39 95.4 21.52 95.6 23.20 

95.4 15.79 97.4 17.69 97.3 20.02 97.3 19.20 97.4 21.28 97.4 22.91 

97.4 15.62 99.5 17.52 99.3 19.83 99.5 18.98 99.5 21.05 99.3 22.61 

99.4 15.48 101.6 17.35 101.4 19.62 101.5 18.77 101.3 20.83 101.6 22.29 

101.4 15.36 103.4 17.21 103.6 19.44 103.6 18.58 103.4 20.65 103.7 21.99 

103.5 15.25 105.5 17.07 105.5 19.29 105.3 18.44 105.5 20.42 105.2 21.77 

105.4 15.15 107.5 16.93 107.2 19.17 107.6 18.25 107.3 20.24 107.4 21.49 

107.6 15.02 63.4 22.71 63.4 25.78 63.4 25.21 63.4 28.37 63.4 32.60 

109.5 14.93 109.4 16.78 109.2 19.04 109.4 18.06 109.5 20.04 109.4 21.23 

111.4 14.82 111.6 16.67 111.4 18.87 111.4 17.91 111.4 19.84 111.3 20.99 

113.3 14.72 113.5 16.54 113.3 18.70 113.4 17.78 113.5 19.71 113.7 20.79 

115.5 14.67 115.4 16.43 115.3 18.60 115.1 17.65 115.4 19.56 115.3 20.52 

117.4 14.54 117.5 16.32 117.4 18.44 117.5 17.52 117.7 19.41 117.3 20.34 

119.2 14.47 119.5 16.22 119.7 18.30 119.3 17.39 119.6 19.22 119.4 20.19 

121.3 14.35 121.4 16.16 121.5 18.17 121.6 17.26 121.3 19.18 121.2 19.99 

123.4 14.31 123.4 16.00 123.5 18.06 123.5 17.15 123.4 19.01 123.1 19.84 

125.4 14.22 125.5 15.94 125.2 18.00 125.2 17.02 125.6 18.91 125.4 19.66 

127.6 14.12 127.5 15.87 127.3 17.92 127.4 16.92 127.3 18.77 127.5 19.52 

129.4 14.05 129.4 15.79 129.3 17.76 129.5 16.82 129.6 18.69 129.5 19.36 

131.3 13.98 131.3 15.71 131.4 17.68 131.3 16.73 131.4 18.59 131.4 19.23 

133.3 13.92 133.5 15.60 133.5 17.57 133.4 16.61 133.2 18.50 133.6 19.08 

135.4 13.86 135.4 15.57 135.3 17.53 135.2 16.56 135.5 18.40 135.5 18.96 

137.4 13.80 137.4 15.51 137.4 17.42 137.3 16.44 137.4 18.32 137.3 18.85 

139.4 13.73 139.4 15.46 139.4 17.36 139.3 16.36 139.5 18.21 139.4 18.70 

141.5 13.67 141.4 15.38 141.4 17.25 141.6 16.25 141.3 18.15 141.3 18.62 

143.4 13.61 143.4 15.31 143.6 17.19 143.3 16.19 143.6 18.08 143.3 18.48 

145.4 13.58 145.5 15.23 145.3 17.11 145.2 16.12 145.3 18.00 145.6 18.35 

147.6 13.52 147.6 15.18 147.6 17.01 147.5 16.06 147.2 17.89 147.4 18.25 

149.5 13.44 149.5 15.16 149.1 16.97 149.3 15.99 149.3 17.83 149.0 18.18 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

3) N550/N990 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-79.2 4353.21 -80.9 4204.14 -80.7 4460.65 -81.2 4424.77 -79.7 4064.99 -79.2 4287.06 

-77.2 4325.24 -78.3 4151.21 -78.3 4449.41 -78.3 4367.90 -77.5 4053.15 -77.4 4291.65 

-74.2 4254.48 -76.7 4101.65 -77.0 4410.09 -75.1 4275.53 -74.5 3987.36 -76.2 4262.61 

-71.1 4169.75 -75.1 4053.37 -73.0 4310.70 -73.1 4221.19 -70.8 3879.81 -72.8 4199.79 

-67.6 4059.24 -73.7 3992.85 -69.7 4224.17 -71.9 4184.53 -69.0 3808.24 -71.6 4156.01 

-65.3 3967.40 -71.1 3913.83 -67.9 4163.17 -70.4 4145.05 -67.8 3769.86 -68.6 4081.40 

-62.8 3881.46 -68.9 3847.73 -66.7 4122.40 -68.9 4097.51 -66.9 3730.68 -65.9 3986.32 

-59.8 3796.27 -67.4 3785.71 -65.8 4081.41 -67.6 4031.60 -66.2 3698.91 -62.6 3879.31 

-56.5 3699.25 -65.5 3710.74 -64.4 4039.26 -65.7 3945.42 -64.5 3640.89 -61.1 3823.88 

-53.3 3617.60 -63.0 3633.46 -62.4 3991.81 -63.4 3871.90 -63.0 3586.92 -59.9 3790.83 

-50.1 3537.66 -60.8 3575.14 -61.1 3946.67 -60.8 3799.92 -60.8 3532.83 -59.0 3758.79 

-48.3 3474.93 -58.8 3514.84 -59.2 3886.77 -59.1 3746.95 -59.4 3483.62 -58.0 3722.80 

-46.7 3438.49 -56.9 3463.48 -57.6 3831.52 -56.9 3678.55 -56.8 3422.52 -56.5 3686.31 

-45.7 3413.82 -55.1 3409.13 -55.3 3755.97 -54.7 3621.23 -55.2 3371.45 -55.0 3633.58 

-44.9 3384.61 -53.2 3343.84 -53.1 3680.68 -52.9 3573.53 -53.1 3320.46 -53.0 3582.19 

-44.1 3355.41 -50.9 3276.11 -50.2 3606.94 -51.2 3512.65 -51.0 3276.05 -51.1 3531.32 

-43.2 3328.21 -49.0 3222.35 -48.5 3562.04 -48.8 3449.50 -48.8 3234.45 -49.0 3479.57 

-41.9 3287.30 -47.0 3173.12 -46.8 3516.84 -46.9 3391.59 -47.0 3189.83 -47.2 3432.94 

-40.7 3242.18 -44.8 3113.53 -45.7 3460.49 -44.8 3338.29 -45.0 3147.36 -44.9 3379.96 

-39.6 3194.98 -43.1 3059.62 -43.3 3370.97 -42.8 3278.62 -43.0 3104.75 -42.8 3324.91 

-38.3 3128.56 -40.8 2981.15 -41.2 3285.81 -40.9 3216.33 -40.8 3060.74 -40.9 3280.61 

-36.9 3048.80 -39.1 2907.13 -39.1 3197.11 -38.7 3136.13 -38.8 2990.88 -38.8 3207.28 

-35.6 2957.57 -36.9 2808.84 -37.1 3074.62 -36.9 3020.59 -37.1 2919.61 -36.8 3121.41 

-34.7 2857.88 -34.8 2656.33 -35.3 2937.90 -34.5 2834.20 -34.7 2780.18 -34.8 3012.97 

-32.9 2634.17 -32.8 2427.07 -32.9 2705.08 -32.8 2620.13 -32.8 2594.39 -32.0 2731.13 

-30.7 2230.32 -30.5 2065.52 -30.7 2350.13 -30.9 2251.23 -30.4 2204.53 -30.7 2436.59 

-28.7 1747.31 -28.6 1687.47 -29.1 1854.25 -28.7 1806.92 -28.5 1821.26 -27.9 1926.97 

-26.6 1288.06 -26.8 1292.50 -26.1 1243.49 -26.4 1353.69 -26.6 1425.21 -26.8 1600.87 

-24.7 852.40 -24.6 862.46 -24.6 835.66 -24.6 957.14 -24.6 1038.24 -24.4 1146.62 

-22.7 547.80 -22.6 536.58 -22.1 420.77 -22.7 604.65 -22.6 690.47 -22.5 815.09 

-20.7 329.03 -20.7 334.64 -20.2 276.33 -20.6 314.21 -20.7 446.70 -20.6 555.09 

-18.6 197.98 -18.6 194.92 -18.9 194.16 -18.6 196.59 -18.7 286.52 -18.6 375.85 

-16.8 126.72 -16.7 124.10 -16.4 126.10 -16.6 144.83 -16.7 194.88 -16.7 266.27 

-14.5 83.37 -14.6 82.98 -14.7 97.50 -14.6 111.21 -14.7 138.61 -14.7 196.96 

-12.7 63.06 -12.6 61.35 -12.7 76.41 -12.6 84.88 -12.5 104.33 -12.6 150.71 

-10.6 50.61 -10.7 48.50 -10.6 60.62 -10.7 67.07 -10.7 83.78 -10.6 117.39 

-8.7 41.56 -8.6 40.05 -8.5 50.14 -8.5 54.63 -8.6 67.48 -8.5 96.48 

-6.7 34.69 -6.7 34.67 -6.6 42.59 -6.5 46.19 -6.7 58.18 -6.7 83.09 

-4.6 30.02 -4.7 30.10 -4.5 38.62 -4.7 41.39 -4.6 51.59 -4.6 72.98 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

0/100 20/80 40/60 60/40 80/20 100/0 0/100 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

-2.6 26.85 -2.8 26.98 -2.7 35.39 -2.6 37.48 -2.6 46.83 -2.7 66.22 

-0.6 24.68 -0.6 24.51 -0.9 32.97 -0.6 34.68 -0.5 42.74 -1.0 60.65 

4.7 23.00 5.3 22.30 5.1 29.92 5.6 31.86 4.0 39.77 3.5 55.19 

4.8 22.03 5.0 21.56 4.8 28.66 5.4 30.57 4.2 38.52 3.9 53.47 

4.7 21.67 4.8 21.43 4.6 28.30 5.0 30.27 5.1 37.61 5.3 51.34 

7.3 20.94 7.3 20.62 7.3 27.21 7.3 29.34 7.3 36.25 7.3 49.28 

9.4 20.21 9.4 20.00 9.5 26.24 9.5 28.34 9.5 34.78 9.5 47.11 

11.4 19.63 11.4 19.42 11.4 25.49 11.4 27.44 11.5 33.54 11.5 45.31 

13.4 19.12 13.4 18.86 13.3 24.80 13.4 26.47 13.3 32.48 13.5 43.88 

15.3 18.65 15.5 18.34 15.3 24.07 15.4 25.66 15.5 31.31 15.3 42.90 

17.4 18.19 17.4 17.90 17.4 23.41 17.3 25.01 17.5 30.40 17.4 41.83 

19.4 17.84 19.4 17.50 19.4 22.85 19.4 24.38 19.4 29.53 19.6 40.78 

21.4 17.48 21.5 17.12 21.5 22.35 21.4 23.78 21.6 28.76 21.2 39.95 

23.8 17.16 23.6 16.82 23.5 21.93 23.6 23.21 23.7 28.16 23.5 38.84 

25.4 16.95 25.7 16.55 25.4 21.51 25.5 22.79 25.4 27.70 25.4 37.87 

27.4 16.74 27.3 16.34 27.4 21.15 27.3 22.40 27.4 27.26 27.4 36.96 

29.3 16.57 29.4 16.18 29.4 20.85 29.7 21.99 29.7 26.83 29.3 36.13 

31.1 16.44 31.2 16.05 31.6 20.59 31.3 21.82 30.9 26.54 31.4 35.36 

33.4 16.23 33.3 15.85 33.3 20.38 33.6 21.58 33.5 26.03 33.2 34.63 

35.4 16.03 35.5 15.59 35.4 20.08 35.4 21.31 35.5 25.57 35.3 33.91 

37.3 15.85 37.5 15.31 37.4 19.76 37.4 20.97 37.5 25.10 37.3 33.24 

39.4 15.61 39.5 15.10 39.4 19.42 39.5 20.62 39.4 24.59 39.4 32.57 

41.4 15.38 41.4 14.90 41.4 19.11 41.5 20.24 41.5 24.10 41.4 32.01 

43.4 15.15 43.6 14.71 43.5 18.79 43.5 19.90 43.4 23.62 43.5 31.49 

45.4 14.98 45.5 14.52 45.4 18.50 45.4 19.59 45.3 23.19 45.4 30.94 

47.2 14.80 47.4 14.33 47.3 18.24 47.2 19.31 47.4 22.79 47.4 30.43 

49.2 14.61 49.4 14.16 49.5 17.95 49.3 18.97 49.4 22.41 49.4 29.91 

51.4 14.45 51.4 13.95 51.4 17.69 51.5 18.70 51.5 21.99 51.3 29.39 

53.1 14.28 53.3 13.78 53.6 17.40 53.5 18.42 53.6 21.63 53.5 28.87 

55.2 14.12 55.3 13.61 55.4 17.12 55.6 18.15 55.4 21.35 55.4 28.39 

57.4 13.99 57.5 13.44 57.3 16.89 57.3 17.90 57.5 20.99 57.3 27.88 

59.0 13.87 59.4 13.28 59.1 16.66 59.3 17.67 59.4 20.68 59.3 27.41 

61.3 13.68 61.2 13.14 61.3 16.45 61.3 17.40 61.1 20.42 61.4 26.90 

63.0 13.57 63.4 12.96 63.8 16.18 63.1 17.15 63.2 20.18 63.3 26.47 

65.7 13.40 65.4 12.78 65.3 15.98 65.3 16.92 65.2 19.93 65.2 26.04 

67.4 13.26 67.2 12.65 67.2 15.77 67.5 16.71 67.6 19.60 67.1 25.58 

69.1 13.16 69.2 12.51 69.6 15.53 69.3 16.45 69.4 19.29 69.3 25.06 

71.6 13.01 71.5 12.35 71.0 15.30 71.5 16.23 71.3 19.07 71.6 24.52 

74.1 12.87 73.5 12.22 73.5 15.16 73.6 15.99 73.4 18.75 73.5 24.02 

74.6 12.82 75.5 12.08 75.4 14.96 75.3 15.81 75.3 18.51 75.3 23.62 

78.0 12.63 77.5 11.94 77.3 14.81 77.4 15.65 77.2 18.26 77.2 23.25 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (a) Storage modulus ( ′) 

 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) Temp.(°C) G′ (MPa) 

79.3 12.54 79.6 11.83 79.0 14.66 79.6 15.43 79.4 17.99 79.4 22.89 

81.7 12.44 81.4 11.74 80.9 14.53 81.6 15.27 81.6 17.70 81.3 22.55 

84.2 12.30 83.3 11.65 83.7 14.35 83.5 15.08 83.6 17.43 83.3 22.28 

85.3 12.22 85.3 11.54 84.9 14.23 85.5 14.95 85.2 17.22 85.2 22.01 

87.6 12.02 87.1 11.44 87.3 14.10 87.7 14.78 87.2 17.04 87.4 21.72 

89.3 11.92 89.4 11.34 89.5 14.01 89.4 14.64 89.4 16.83 89.5 21.46 

92.4 11.78 91.7 11.28 91.6 13.89 91.6 14.52 91.6 16.66 91.3 21.24 

93.6 11.72 93.4 11.22 93.6 13.82 93.6 14.39 93.6 16.53 93.2 21.06 

95.1 11.66 95.2 11.16 95.4 13.71 95.6 14.32 95.4 16.37 95.1 20.83 

97.4 11.60 97.4 11.11 97.4 13.65 97.6 14.22 97.3 16.27 97.3 20.64 

100.0 11.53 99.2 11.09 99.0 13.59 99.9 14.13 99.4 16.13 99.2 20.46 

101.2 11.50 101.1 11.02 101.4 13.50 101.3 14.05 101.4 16.03 101.4 20.28 

103.1 11.46 103.1 10.98 103.1 13.42 103.6 13.95 103.4 15.93 103.4 20.08 

105.9 11.41 105.4 10.96 105.3 13.38 105.2 13.90 105.1 15.84 105.2 19.94 

107.1 11.38 107.3 10.91 107.5 13.31 107.1 13.86 107.4 15.70 107.2 19.77 

109.3 11.34 109.6 10.89 109.2 13.23 109.6 13.77 109.6 15.62 109.3 19.62 

111.2 11.30 111.4 10.84 111.3 13.17 111.2 13.73 111.5 15.52 111.6 19.46 

113.0 11.27 113.3 10.82 113.2 13.13 113.4 13.68 113.5 15.45 113.4 19.32 

115.9 11.24 115.4 10.79 115.4 13.05 115.2 13.63 115.3 15.37 115.5 19.17 

117.8 11.20 117.3 10.74 117.6 13.03 117.2 13.57 117.2 15.29 117.2 19.04 

119.8 11.17 119.7 10.70 119.2 12.98 119.1 13.51 119.2 15.20 119.1 18.91 

121.7 11.16 121.0 10.71 121.3 12.90 121.1 13.47 121.5 15.15 121.3 18.79 

123.4 11.14 123.0 10.66 123.6 12.87 123.8 13.40 123.3 15.05 123.4 18.68 

125.5 11.11 124.9 10.63 125.6 12.84 124.9 13.36 125.0 15.01 125.8 18.60 

127.6 11.09 127.4 10.64 127.7 12.81 127.6 13.33 127.4 14.94 127.6 18.45 

129.5 11.08 129.6 10.59 129.8 12.73 129.7 13.30 129.5 14.87 129.2 18.37 

131.6 11.06 131.1 10.59 131.9 12.71 131.4 13.24 131.3 14.81 131.2 18.28 

133.0 11.03 133.5 10.55 133.4 12.69 133.3 13.20 133.2 14.77 133.3 18.20 

135.4 11.03 135.3 10.55 135.4 12.66 135.2 13.13 135.5 14.72 135.5 18.06 

137.2 11.02 137.4 10.50 137.2 12.63 137.5 13.13 137.8 14.65 137.2 18.01 

138.9 10.99 139.5 10.52 139.3 12.60 139.1 13.09 139.4 14.60 139.4 17.90 

141.2 11.00 141.5 10.50 141.1 12.57 140.9 13.05 141.4 14.55 141.1 17.82 

143.7 10.99 143.4 10.48 143.9 12.53 143.1 13.02 143.6 14.49 143.1 17.75 

145.8 10.97 145.4 10.44 145.4 12.49 145.0 13.00 145.6 14.45 145.3 17.68 

147.7 10.98 147.2 10.43 147.5 12.49 147.6 12.96 147.3 14.40 147.1 17.59 

149.2 10.96 149.6 10.42 149.3 12.42 149.1 12.93 148.9 14.36 149.0 17.53 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

1) N326/N990 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

-79.2 177.06 -80.6 145.62 -80.0 122.73 -80.1 172.75 -80.7 131.15 -80.3 177.38 

-77.2 173.02 -78.2 170.99 -78.7 120.40 -77.8 165.79 -78.4 128.03 -77.7 167.04 

-74.2 167.33 -74.8 166.62 -74.2 114.93 -74.7 160.83 -74.9 124.87 -75.1 160.47 

-71.1 161.60 -71.5 162.33 -71.2 112.30 -71.4 158.10 -71.6 119.39 -72.0 155.15 

-67.6 157.99 -68.5 158.03 -68.6 108.59 -70.3 162.60 -68.7 117.73 -70.8 161.51 

-65.3 154.67 -67.5 160.94 -65.5 103.15 -67.4 155.61 -67.6 116.12 -67.8 152.08 

-62.8 150.21 -64.3 153.56 -62.6 98.61 -64.6 153.17 -64.8 108.78 -66.4 158.44 

-59.8 145.53 -61.7 151.54 -59.9 94.72 -61.6 148.68 -62.0 106.38 -63.9 146.17 

-56.5 138.83 -58.7 148.93 -57.0 90.32 -58.6 144.78 -59.2 102.31 -60.8 141.28 

-53.3 132.30 -57.4 153.04 -54.0 87.97 -55.6 142.52 -57.7 101.05 -57.8 138.38 

-50.1 127.16 -54.7 144.99 -51.1 84.60 -52.6 139.79 -56.8 101.24 -55.1 134.80 

-48.3 129.42 -51.7 142.79 -48.3 83.46 -50.9 140.79 -54.1 93.65 -52.0 131.46 

-46.7 122.90 -48.6 139.30 -45.3 83.64 -49.8 143.73 -53.1 95.87 -50.7 138.40 

-45.7 124.36 -45.8 136.40 -42.8 78.34 -48.7 145.17 -50.0 90.64 -48.0 128.40 

-44.9 125.25 -42.8 136.13 -39.7 96.79 -47.6 145.48 -47.3 90.29 -45.0 128.90 

-44.1 125.47 -41.6 143.47 -36.5 123.90 -46.4 144.73 -44.2 91.99 -43.9 138.07 

-43.2 126.43 -39.9 141.68 -35.5 142.77 -45.1 145.49 -41.5 98.54 -41.0 138.39 

-41.9 129.10 -38.7 147.06 -34.5 163.76 -44.0 146.54 -40.5 105.50 -38.0 152.66 

-40.7 133.19 -37.8 152.95 -33.2 200.80 -43.0 146.67 -39.3 111.63 -35.0 189.30 

-39.6 137.77 -36.5 158.96 -31.6 255.45 -41.9 148.43 -36.3 141.86 -33.8 219.40 

-38.3 147.12 -35.4 168.93 -30.5 324.80 -40.6 151.62 -34.7 178.78 -32.6 257.16 

-36.9 161.00 -34.4 180.85 -29.2 394.60 -38.7 159.04 -33.5 212.59 -31.4 306.67 

-35.6 180.12 -33.0 203.86 -28.0 442.43 -36.9 170.94 -32.6 247.54 -30.4 357.23 

-34.7 203.54 -32.0 232.50 -27.1 468.80 -34.9 197.01 -31.3 297.61 -29.3 404.14 

-32.9 258.38 -30.9 272.74 -26.2 483.05 -32.6 244.14 -30.3 361.08 -28.1 441.00 

-30.7 353.04 -29.7 322.27 -25.2 476.51 -31.0 309.07 -29.1 421.39 -26.6 454.73 

-28.7 449.66 -28.4 372.02 -24.2 436.49 -28.7 393.43 -27.8 469.79 -25.2 461.88 

-26.6 501.03 -26.6 436.10 -22.6 374.07 -26.6 448.60 -26.5 491.79 -23.9 423.96 

-24.7 474.63 -24.7 471.20 -21.1 293.11 -24.5 461.77 -24.6 478.38 -22.6 362.53 

-22.7 393.20 -22.7 432.80 -19.9 237.60 -22.9 424.50 -22.6 417.49 -21.4 319.26 

-20.7 288.19 -20.6 344.26 -18.7 205.07 -20.8 337.65 -20.7 326.85 -20.0 270.92 

-18.6 195.42 -18.8 255.94 -17.3 164.17 -18.6 243.83 -18.6 239.94 -18.6 224.70 

-16.8 129.90 -16.7 178.98 -16.1 124.61 -16.6 175.86 -16.7 176.76 -16.6 168.56 

-14.5 82.27 -14.6 118.77 -14.6 92.74 -14.7 125.89 -14.6 124.70 -14.6 127.02 

-12.7 57.56 -12.6 77.34 -12.5 68.51 -12.8 89.84 -12.6 88.93 -12.7 95.00 

-10.6 41.74 -10.7 53.30 -10.6 50.01 -10.7 64.23 -10.7 65.31 -10.6 73.56 

-8.7 30.00 -8.7 37.95 -8.7 35.56 -8.8 48.19 -8.6 47.84 -8.6 55.55 

-6.7 21.15 -6.5 26.86 -6.6 25.42 -6.7 35.87 -6.5 36.23 -6.6 44.38 

-4.6 15.26 -4.6 20.34 -4.5 18.69 -4.5 27.07 -4.6 28.66 -4.6 35.42 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

0/100 20/80 40/60 60/40 80/20 100/0 0/100 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

-2.6 11.42 -2.5 15.23 -2.5 14.42 -2.6 21.34 -2.6 22.89 -2.6 29.01 

-0.6 8.88 -0.6 11.78 -0.7 11.67 -0.5 16.52 -0.8 19.69 -0.5 23.47 

4.7 7.01 3.6 9.14 5.8 8.93 4.9 12.53 3.9 15.38 4.3 19.29 

4.8 6.01 3.9 8.38 5.5 7.69 5.1 11.13 4.2 13.86 4.7 17.70 

4.7 5.66 5.1 7.23 5.1 7.36 5.0 10.64 5.1 12.54 4.8 16.67 

7.3 4.91 7.5 6.14 7.1 6.58 7.3 9.47 7.3 11.08 7.3 14.50 

9.4 4.26 9.4 5.46 9.6 5.83 9.4 8.48 9.4 9.82 9.6 12.97 

11.4 3.78 11.6 4.90 11.4 5.29 11.5 7.50 11.5 8.91 11.4 12.20 

13.4 3.40 13.2 4.56 15.4 4.80 13.4 6.82 13.6 8.25 13.4 10.96 

15.3 3.10 15.1 4.30 17.4 4.43 15.5 6.22 15.6 7.80 15.4 9.99 

17.4 2.88 17.3 4.00 19.4 4.11 17.5 5.75 17.1 7.53 17.4 9.21 

19.4 2.69 19.6 3.78 21.4 3.89 19.3 5.40 19.3 7.11 19.4 8.62 

21.4 2.56 21.3 3.59 23.5 3.69 21.4 5.11 21.4 6.77 21.4 8.16 

23.8 2.46 23.4 3.41 25.5 3.54 23.5 4.87 23.5 6.44 23.6 7.79 

25.4 2.40 25.3 3.25 27.3 3.44 25.3 4.73 25.2 6.25 25.5 7.53 

27.4 2.33 27.4 3.12 29.5 3.35 27.7 4.58 27.3 6.01 28.0 7.33 

29.3 2.29 29.3 3.04 31.6 3.27 29.3 4.49 29.4 5.82 29.4 7.23 

31.1 2.27 31.4 2.96 32.9 3.20 31.3 4.42 31.2 5.66 30.6 7.14 

33.4 2.24 33.4 2.87 35.1 3.15 33.3 4.34 33.3 5.53 33.5 6.99 

35.4 2.20 35.3 2.82 37.4 3.13 35.4 4.28 35.6 5.37 35.4 6.85 

37.3 2.14 37.2 2.77 39.5 3.11 37.3 4.21 37.6 5.27 37.5 6.74 

39.4 2.11 39.4 2.71 41.4 3.04 39.4 4.12 39.5 5.17 39.4 6.58 

41.4 2.08 41.4 2.67 43.3 3.00 41.4 4.07 41.3 5.07 41.4 6.45 

43.4 2.05 43.4 2.63 45.3 2.93 43.5 3.98 43.1 4.99 43.4 6.30 

45.4 2.01 45.4 2.59 47.3 2.89 45.5 3.89 45.3 4.92 45.4 6.19 

47.2 2.00 47.4 2.54 49.1 2.84 47.4 3.83 47.1 4.82 47.4 6.08 

49.2 1.98 49.4 2.52 51.4 2.81 49.5 3.77 48.9 4.73 49.4 5.98 

51.4 1.95 51.3 2.49 53.2 2.78 51.2 3.71 51.3 4.63 51.4 5.90 

53.1 1.91 53.1 2.44 55.1 2.74 53.2 3.67 53.3 4.56 53.5 5.79 

55.2 1.90 55.3 2.39 57.4 2.69 55.4 3.61 55.1 4.47 55.5 5.71 

57.4 1.87 57.3 2.37 59.4 2.66 57.3 3.58 57.2 4.40 57.4 5.61 

59.0 1.84 59.5 2.32 15.4 2.63 59.2 3.51 59.4 4.30 59.5 5.52 

61.3 1.81 61.3 2.27 61.3 2.59 61.3 3.46 61.2 4.23 61.4 5.44 

63.0 1.80 63.3 2.25 63.5 2.55 63.5 3.42 63.5 4.13 63.4 5.36 

65.7 1.78 65.3 2.22 65.5 2.51 65.4 3.37 65.4 4.05 65.5 5.27 

67.4 1.75 67.5 2.17 67.5 2.46 67.3 3.33 67.1 4.00 67.4 5.19 

69.1 1.72 69.6 2.13 69.5 2.42 69.4 3.27 69.7 3.91 69.4 5.10 

71.6 1.69 71.5 2.09 71.4 2.39 71.4 3.24 71.1 3.85 71.4 5.00 

74.1 1.67 73.3 2.07 73.5 2.34 73.4 3.19 74.3 3.76 73.3 4.90 

74.6 1.64 75.3 2.03 75.7 2.31 75.4 3.15 75.0 3.73 75.3 4.80 

78.0 1.59 77.3 2.00 77.3 2.26 77.3 3.11 77.4 3.62 77.4 4.71 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

79.3 1.59 79.5 1.96 79.6 2.20 79.5 3.06 79.3 3.57 79.3 4.59 

81.7 1.56 81.4 1.94 81.4 2.16 81.4 3.01 81.5 3.49 81.3 4.50 

84.2 1.53 83.3 1.90 83.8 2.13 83.4 2.94 83.6 3.44 83.4 4.40 

85.3 1.51 85.3 1.88 85.7 2.10 85.5 2.91 85.4 3.38 85.4 4.34 

87.6 1.47 87.3 1.84 87.6 2.06 87.5 2.83 87.1 3.32 87.7 4.21 

89.3 1.43 89.4 1.80 89.6 2.05 89.6 2.77 89.2 3.25 89.4 4.06 

92.4 1.41 91.3 1.77 91.6 2.01 91.4 2.69 91.1 3.20 91.6 3.97 

93.6 1.36 93.4 1.76 93.4 1.99 93.3 2.59 93.9 3.13 93.4 3.87 

95.1 1.36 95.5 1.72 95.7 1.96 95.3 2.56 95.5 3.06 95.6 3.77 

97.4 1.34 97.3 1.69 97.7 1.93 97.4 2.50 97.2 3.03 97.4 3.72 

100.0 1.31 99.5 1.68 99.5 1.90 99.4 2.44 99.5 2.98 99.3 3.63 

101.2 1.31 101.7 1.65 101.6 1.88 101.4 2.39 101.6 2.94 101.6 3.57 

103.1 1.30 103.3 1.62 103.9 1.86 103.6 2.37 103.4 2.90 103.7 3.50 

105.9 1.26 105.4 1.60 105.5 1.84 105.5 2.32 105.2 2.85 105.2 3.44 

107.1 1.23 107.4 1.58 107.1 1.80 107.6 2.28 106.9 2.82 107.4 3.39 

109.3 1.24 109.6 1.57 109.3 1.78 109.5 2.26 109.4 2.76 109.4 3.32 

111.2 1.22 111.6 1.55 111.2 1.78 111.5 2.22 111.5 2.72 111.3 3.25 

113.0 1.21 113.3 1.54 113.5 1.74 113.3 2.20 113.9 2.67 113.7 3.16 

115.9 1.18 115.4 1.50 115.2 1.71 115.4 2.16 114.9 2.63 115.3 3.12 

117.8 1.18 117.4 1.48 117.6 1.68 117.1 2.11 117.5 2.58 117.3 3.06 

119.8 1.17 119.3 1.48 119.3 1.66 119.3 2.08 119.3 2.54 119.4 3.00 

121.7 1.14 121.1 1.46 121.4 1.63 121.3 2.05 120.9 2.52 121.2 2.94 

123.4 1.13 123.8 1.42 123.5 1.61 123.4 2.02 123.6 2.47 123.1 2.88 

125.5 1.13 125.3 1.42 125.4 1.60 125.8 1.99 125.1 2.44 125.4 2.86 

127.6 1.10 127.8 1.39 127.5 1.57 127.4 1.95 127.4 2.40 127.5 2.82 

129.5 1.10 129.7 1.37 129.4 1.55 129.4 1.93 129.3 2.35 129.5 2.77 

131.6 1.09 131.3 1.37 131.7 1.53 131.5 1.90 131.2 2.32 131.4 2.71 

133.0 1.07 133.3 1.35 133.2 1.51 133.3 1.88 133.8 2.27 133.6 2.69 

135.4 1.06 135.5 1.34 135.6 1.49 135.3 1.83 135.4 2.24 135.5 2.64 

137.2 1.04 137.2 1.32 137.6 1.48 137.6 1.82 137.7 2.22 137.3 2.60 

138.9 1.05 139.3 1.30 139.5 1.46 139.6 1.79 139.2 2.19 139.4 2.55 

141.2 1.04 141.1 1.28 141.6 1.45 141.3 1.76 141.0 2.14 141.3 2.50 

143.7 1.02 143.4 1.28 143.4 1.44 143.5 1.74 143.8 2.12 143.3 2.47 

145.8 1.02 145.5 1.27 145.2 1.42 146.0 1.72 145.4 2.09 145.6 2.43 

147.7 1.00 147.4 1.26 147.6 1.41 147.7 1.70 147.2 2.04 147.4 2.39 

149.2 1.01 149.3 1.25 149.6 1.38 149.3 1.69 149.6 2.04 149.0 2.36 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

2) N326/N774 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

-80.5 78.08 -80.7 165.96 -78.7 79.90 -80.4 152.80 -78.2 126.81 -80.3 177.38 

-78.8 82.05 -78.7 164.70 -78.1 81.92 -78.4 152.49 -77.5 131.31 -77.7 167.04 

-76.4 81.03 -76.8 161.55 -76.8 82.15 -76.7 150.24 -76.2 131.53 -75.1 160.47 

-74.4 79.77 -74.5 160.02 -74.7 81.75 -74.4 146.84 -74.5 131.35 -72.0 155.15 

-72.4 78.55 -72.6 157.35 -72 79.46 -72.5 144.66 -72.5 130.73 -70.8 161.51 

-70.6 77.12 -70.6 154.48 -69.7 76.48 -70.5 140.99 -70.4 130.07 -67.8 152.08 

-68.8 74.81 -68.6 152.24 -68.7 76.01 -68.5 137.06 -68.3 129.25 -66.4 158.44 

-66.6 71.62 -66.4 151.09 -66.4 72.94 -66.8 133.95 -66.6 127.06 -63.9 146.17 

-64.2 68.92 -64.2 148.96 -64.6 70.22 -64.8 129.55 -64.0 125.96 -60.8 141.28 

-62.8 67.07 -62.8 146.96 -62.1 68.02 -62.6 125.97 -62.8 125.26 -57.8 138.38 

-60.6 64.64 -60.6 145.03 -60.7 67.11 -60.9 124.86 -60.5 122.52 -55.1 134.80 

-58.6 63.84 -58.5 141.87 -58.5 64.14 -58.8 120.78 -58.5 122.05 -52.0 131.46 

-56.3 62.67 -56.5 138.69 -56.3 63.14 -56.6 119.21 -56.6 120.68 -50.7 138.40 

-54.6 60.44 -54.7 136.15 -54.6 62.31 -54.8 117.24 -54.4 118.28 -48.0 128.40 

-52.5 60.10 -52.6 133.28 -52.6 61.52 -52.8 114.25 -52.5 116.46 -45.0 128.90 

-50.5 59.69 -50.8 130.63 -50.7 61.48 -51 112.49 -50.5 114.99 -43.9 138.07 

-48.5 60.75 -48.7 128.68 -48.7 61.67 -48.7 111.16 -48.4 113.21 -41.0 138.39 

-46.5 60.94 -46.1 125.13 -46.7 63.24 -46.6 112.76 -46.5 111.65 -38.0 152.66 

-44.5 63.27 -44.4 126.35 -44.8 65.81 -44.9 113.13 -44.5 112.04 -35.0 189.30 

-42.4 67.13 -42.8 129.67 -42.6 69.72 -42.6 114.99 -42.4 113.17 -33.8 219.40 

-40.5 72.22 -40.3 134.14 -40.7 76.86 -41 118.53 -40.0 117.59 -32.6 257.16 

-38.4 82.92 -39.1 141.09 -38.7 88.67 -39 126.95 -38.7 121.48 -31.4 306.67 

-36.4 97.07 -36.4 157.69 -36.7 110.36 -36.7 142.18 -36.5 135.77 -30.4 357.23 

-34.5 120.50 -34.3 187.22 -34.5 146.57 -34.7 168.44 -34.3 152.27 -29.3 404.14 

-32.4 161.37 -32.4 237.68 -32.6 206.36 -32.6 215.14 -32.3 186.53 -28.1 441.00 

-30.1 238.86 -30.3 300.98 -30.5 292.61 -30.8 286.36 -30.4 239.23 -26.6 454.73 

-28.2 299.13 -28.2 349.50 -28.4 345.55 -28.7 353.93 -28.2 287.34 -25.2 461.88 

-26.3 345.05 -26.5 367.03 -26.5 387.40 -26.5 393.27 -26.5 319.39 -23.9 423.96 

-24.7 359.89 -24.5 358.04 -24.5 385.96 -24.6 389.69 -24.4 333.65 -22.6 362.53 

-22.6 324.15 -22.6 329.99 -22.6 350.32 -22.5 342.32 -22.5 316.69 -21.4 319.26 

-20.5 259.95 -20.5 260.74 -20.6 285.26 -20.6 275.68 -20.5 276.52 -20.0 270.92 

-18.5 189.54 -18.5 196.89 -18.6 215.18 -18.6 209.40 -18.6 223.33 -18.6 224.70 

-16.6 133.73 -16.6 148.91 -16.7 158.84 -16.7 153.46 -16.4 171.82 -16.6 168.56 

-14.5 95.18 -14.6 112.93 -14.5 112.15 -14.5 110.11 -14.6 130.70 -14.6 127.02 

-12.5 69.97 -12.7 87.68 -12.6 82.67 -12.7 81.92 -12.5 98.96 -12.7 95.00 

-10.6 50.76 -10.6 64.39 -10.6 60.28 -10.6 60.75 -10.6 75.20 -10.6 73.56 

-8.6 37.70 -8.6 46.49 -8.6 45.26 -8.5 46.47 -8.6 56.95 -8.6 55.55 

-6.6 28.91 -6.6 34.82 -6.6 34.79 -6.6 35.66 -6.5 43.14 -6.6 44.38 

-4.5 23.32 -4.6 27.08 -4.5 27.42 -4.5 27.78 -4.6 34.51 -4.6 35.42 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

0/100 20/80 40/60 60/40 80/20 100/0 0/100 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

-2.6 19.08 -2.6 21.11 -2.6 22.36 -2.5 22.41 -2.6 27.72 -2.6 29.01 

-0.7 14.95 -0.5 15.81 -0.5 17.95 -0.9 18.96 -0.8 21.11 -0.5 23.47 

3.1 11.81 4.9 12.83 2.3 15.03 2.9 15.08 2.8 17.43 4.3 19.29 

3.2 11.23 4.5 11.67 2.9 14.16 3 14.24 3.0 16.57 4.7 17.70 

5.3 9.38 4.4 11.03 5.4 11.82 5.4 12.00 5.3 13.99 4.8 16.67 

7.3 7.96 7.4 9.21 7.5 10.15 7.1 10.55 7.4 11.96 7.3 14.50 

9.5 7.00 9.4 8.12 9.5 9.10 9.6 9.29 9.6 10.52 9.6 12.97 

11.5 6.26 11.5 7.23 11.6 8.44 11.6 8.53 11.5 9.57 11.4 12.20 

13.5 5.79 13.4 6.59 13.4 7.90 13.6 7.98 13.5 8.86 13.4 10.96 

15.5 5.40 15.5 6.12 15.5 7.49 15.4 7.53 15.3 8.35 15.4 9.99 

17.3 5.10 17.4 5.73 17.4 7.10 17.4 7.11 17.4 7.92 17.4 9.21 

19.6 4.86 19.4 5.46 19.4 6.71 19.4 6.76 19.4 7.57 19.4 8.62 

21.4 4.64 21.4 5.23 21.4 6.45 21.4 6.48 21.4 7.20 21.4 8.16 

23.6 4.53 23.4 5.04 23.5 6.18 23.6 6.24 23.5 6.91 23.6 7.79 

25.4 4.36 25.4 4.90 25.4 5.92 25.3 6.04 25.5 6.70 25.5 7.53 

27.4 4.22 27.6 4.77 27.5 5.73 27.4 5.83 27.3 6.50 28.0 7.33 

29.6 4.13 29.5 4.66 29.4 5.52 29.3 5.66 29.4 6.30 29.4 7.23 

31.3 4.04 31.3 4.57 31.3 5.38 31.4 5.51 31.4 6.07 30.6 7.14 

33.4 3.94 33.5 4.48 33.4 5.24 33.4 5.39 33.4 5.90 33.5 6.99 

35.4 3.85 35.4 4.39 35.4 5.15 35.5 5.24 35.5 5.76 35.4 6.85 

37.4 3.81 37.6 4.35 37.5 5.03 37.4 5.13 37.5 5.64 37.5 6.74 

39.4 3.75 39.3 4.27 39.4 4.94 39.4 5.02 39.4 5.55 39.4 6.58 

41.4 3.68 41.5 4.21 41.4 4.84 41.4 4.96 41.4 5.47 41.4 6.45 

43.5 3.63 43.4 4.14 43.4 4.76 43.4 4.87 43.5 5.34 43.4 6.30 

45.4 3.58 45.4 4.06 45.5 4.68 45.5 4.77 45.4 5.27 45.4 6.19 

47.5 3.52 47.4 4.02 47.4 4.63 47.4 4.72 47.4 5.17 47.4 6.08 

49.4 3.45 49.4 3.93 49.5 4.56 49.4 4.64 49.4 5.04 49.4 5.98 

51.5 3.42 51.4 3.90 51.3 4.47 51.4 4.57 51.4 4.97 51.4 5.90 

53.3 3.34 53.5 3.82 53.4 4.39 53.3 4.50 53.4 4.89 53.5 5.79 

55.4 3.31 55.4 3.78 55.4 4.30 55.4 4.42 55.5 4.80 55.5 5.71 

57.3 3.25 57.4 3.70 57.3 4.23 57.4 4.34 57.3 4.67 57.4 5.61 

59.2 3.21 59.4 3.69 59.5 4.15 59.5 4.24 59.5 4.59 59.5 5.52 

61.5 3.14 63.4 3.61 63.4 4.08 63.4 4.17 63.4 4.50 63.4 5.44 

63.5 3.07 65.4 3.56 65.4 3.99 65.3 4.11 65.4 4.42 65.5 5.36 

65.4 3.01 67.4 3.50 67.5 3.91 67.5 4.04 67.5 4.32 67.4 5.27 

67.4 2.95 69.4 3.44 69.3 3.86 69.3 3.97 69.5 4.26 69.4 5.19 

69.4 2.90 71.5 3.38 71.4 3.75 71.5 3.87 71.3 4.14 71.4 5.10 

71.3 2.87 73.3 3.34 73.5 3.69 73.4 3.80 73.5 4.08 73.3 5.00 

73.4 2.76 75.5 3.26 75.4 3.61 75.3 3.70 75.3 3.97 75.3 4.90 

75.4 2.77 77.4 3.21 77.4 3.56 77.4 3.66 77.4 3.91 77.4 4.80 

77.6 2.68 79.3 3.13 79.4 3.50 79.4 3.58 79.4 3.83 79.3 4.71 



Fac. of Grad. Studies, Mahidol Univ.                               Ph.D. (Polymer Science and Technology) / 337 

Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

79.5 2.64 81.4 3.09 81.3 3.43 81.4 3.52 81.4 3.75 81.3 4.59 

81.4 2.61 83.6 3.03 83.6 3.36 83.5 3.44 83.5 3.67 83.4 4.50 

83.5 2.57 85.4 2.96 85.3 3.31 85.4 3.38 85.4 3.62 85.4 4.40 

85.4 2.53 87.3 2.91 87.4 3.24 87.5 3.32 87.3 3.53 87.7 4.34 

87.5 2.45 89.4 2.84 89.5 3.18 89.5 3.27 89.3 3.50 89.4 4.21 

89.4 2.45 91.4 2.81 91.4 3.14 91.3 3.22 91.4 3.40 91.6 4.06 

91.6 2.44 93.4 2.77 93.3 3.09 93.4 3.18 93.4 3.34 93.4 3.97 

93.3 2.40 95.4 2.71 95.4 3.05 95.3 3.09 95.4 3.30 95.6 3.87 

95.4 2.35 97.4 2.66 97.3 2.98 97.3 3.05 97.4 3.25 97.4 3.77 

97.4 2.31 99.5 2.60 99.3 2.97 99.5 3.03 99.5 3.19 99.3 3.72 

99.4 2.30 101.6 2.58 101.4 2.90 101.5 2.96 101.3 3.08 101.6 3.63 

101.4 2.25 103.4 2.54 103.6 2.87 103.6 2.90 103.4 3.09 103.7 3.57 

103.5 2.24 105.5 2.50 105.5 2.84 105.3 2.85 105.5 3.01 105.2 3.50 

105.4 2.22 107.5 2.46 107.2 2.78 107.6 2.82 107.3 3.00 107.4 3.44 

107.6 2.18 63.4 2.43 63.4 2.73 63.4 2.79 63.4 2.95 63.4 3.39 

109.5 2.15 109.4 2.41 109.2 2.72 109.4 2.75 109.5 2.89 109.4 3.32 

111.4 2.14 111.6 2.37 111.4 2.68 111.4 2.69 111.4 2.85 111.3 3.25 

113.3 2.09 113.5 2.35 113.3 2.66 113.4 2.67 113.5 2.82 113.7 3.16 

115.5 2.07 115.4 2.31 115.3 2.62 115.1 2.64 115.4 2.76 115.3 3.12 

117.4 2.04 117.5 2.30 117.4 2.57 117.5 2.60 117.7 2.73 117.3 3.06 

119.2 2.03 119.5 2.28 119.7 2.52 119.3 2.53 119.6 2.67 119.4 3.00 

121.3 2.00 121.4 2.22 121.5 2.49 121.6 2.50 121.3 2.66 121.2 2.94 

123.4 1.96 123.4 2.19 123.5 2.43 123.5 2.44 123.4 2.58 123.1 2.88 

125.4 1.93 125.5 2.16 125.2 2.42 125.2 2.42 125.6 2.51 125.4 2.86 

127.6 1.91 127.5 2.14 127.3 2.39 127.4 2.39 127.3 2.50 127.5 2.82 

129.4 1.89 129.4 2.10 129.3 2.34 129.5 2.34 129.6 2.43 129.5 2.77 

131.3 1.86 131.3 2.07 131.4 2.31 131.3 2.32 131.4 2.43 131.4 2.71 

133.3 1.82 133.5 2.07 133.5 2.26 133.4 2.28 133.2 2.37 133.6 2.69 

135.4 1.82 135.4 2.02 135.3 2.24 135.2 2.25 135.5 2.32 135.5 2.64 

137.4 1.78 137.4 2.00 137.4 2.21 137.3 2.21 137.4 2.30 137.3 2.60 

139.4 1.76 139.4 2.00 139.4 2.18 139.3 2.19 139.5 2.29 139.4 2.55 

141.5 1.75 141.4 1.95 141.4 2.16 141.6 2.16 141.3 2.23 141.3 2.50 

143.4 1.73 143.4 1.96 143.6 2.13 143.3 2.13 143.6 2.20 143.3 2.47 

145.4 1.70 145.5 1.91 145.3 2.12 145.2 2.11 145.3 2.17 145.6 2.43 

147.6 1.69 147.6 1.88 147.6 2.09 147.5 2.06 147.2 2.16 147.4 2.39 

149.5 1.68 149.5 1.85 149.1 2.04 149.3 2.05 149.3 2.14 149.0 2.36 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

3) N550/N990 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

-79.2 177.06 -80.9 138.57 -80.7 130.05 -81.2 156.50 -79.7 184.42 -79.2 186.31 

-77.2 173.02 -78.3 137.52 -78.3 129.38 -78.3 157.21 -77.5 175.72 -77.4 181.59 

-74.2 167.33 -76.7 138.55 -77.0 128.59 -75.1 152.25 -74.5 172.52 -76.2 184.45 

-71.1 161.60 -75.1 135.46 -73.0 123.20 -73.1 152.69 -70.8 165.24 -72.8 176.29 

-67.6 157.99 -73.7 136.46 -69.7 120.22 -71.9 151.83 -69.0 165.28 -71.6 177.13 

-65.3 154.67 -71.1 133.54 -67.9 116.90 -70.4 149.94 -67.8 167.45 -68.6 171.57 

-62.8 150.21 -68.9 129.75 -66.7 114.70 -68.9 148.16 -66.9 166.46 -65.9 166.21 

-59.8 145.53 -67.4 127.84 -65.8 112.51 -67.6 148.06 -66.2 166.31 -62.6 162.11 

-56.5 138.83 -65.5 125.17 -64.4 111.62 -65.7 145.88 -64.5 163.89 -61.1 163.04 

-53.3 132.30 -63.0 120.26 -62.4 109.18 -63.4 143.42 -63.0 165.32 -59.9 162.66 

-50.1 127.16 -60.8 118.21 -61.1 107.84 -60.8 139.62 -60.8 164.65 -59.0 163.32 

-48.3 129.42 -58.8 113.99 -59.2 104.29 -59.1 137.80 -59.4 163.29 -58.0 161.19 

-46.7 122.90 -56.9 111.02 -57.6 102.66 -56.9 136.94 -56.8 162.09 -56.5 162.43 

-45.7 124.36 -55.1 108.01 -55.3 98.75 -54.7 135.73 -55.2 162.25 -55.0 161.43 

-44.9 125.25 -53.2 105.63 -53.1 95.12 -52.9 133.64 -53.1 160.90 -53.0 160.28 

-44.1 125.47 -50.9 104.38 -50.2 93.68 -51.2 132.18 -51.0 158.76 -51.1 158.97 

-43.2 126.43 -49.0 102.70 -48.5 92.44 -48.8 130.29 -48.8 157.04 -49.0 157.57 

-41.9 129.10 -47.0 102.76 -46.8 92.58 -46.9 130.21 -47.0 155.08 -47.2 158.02 

-40.7 133.19 -44.8 104.20 -45.7 93.60 -44.8 131.34 -45.0 155.48 -44.9 158.09 

-39.6 137.77 -43.1 108.58 -43.3 96.15 -42.8 134.44 -43.0 157.45 -42.8 160.05 

-38.3 147.12 -40.8 116.21 -41.2 102.38 -40.9 139.83 -40.8 161.54 -40.9 163.04 

-36.9 161.00 -39.1 128.97 -39.1 114.21 -38.7 151.83 -38.8 172.48 -38.8 169.45 

-35.6 180.12 -36.9 150.12 -37.1 129.62 -36.9 171.73 -37.1 187.54 -36.8 182.12 

-34.7 203.54 -34.8 188.43 -35.3 165.76 -34.5 213.36 -34.7 217.85 -34.8 202.78 

-32.9 258.38 -32.8 247.95 -32.9 229.16 -32.8 267.10 -32.8 267.61 -32.0 267.85 

-30.7 353.04 -30.5 337.42 -30.7 324.28 -30.9 354.53 -30.4 364.83 -30.7 342.50 

-28.7 449.66 -28.6 414.53 -29.1 418.32 -28.7 446.42 -28.5 438.12 -27.9 444.93 

-26.6 501.03 -26.8 463.02 -26.1 469.64 -26.4 497.55 -26.6 483.43 -26.8 489.36 

-24.7 474.63 -24.6 453.29 -24.6 435.45 -24.6 482.91 -24.6 481.07 -24.4 497.41 

-22.7 393.20 -22.6 378.10 -22.1 319.18 -22.7 401.82 -22.6 418.08 -22.5 443.13 

-20.7 288.19 -20.7 286.79 -20.2 238.20 -20.6 263.78 -20.7 324.57 -20.6 355.85 

-18.6 195.42 -18.6 191.31 -18.9 175.10 -18.6 177.55 -18.7 231.52 -18.6 264.87 

-16.8 129.90 -16.7 126.86 -16.4 112.64 -16.6 131.00 -16.7 162.29 -16.7 193.41 

-14.5 82.27 -14.6 82.03 -14.7 83.41 -14.6 97.19 -14.7 112.05 -14.7 140.28 

-12.7 57.56 -12.6 55.73 -12.7 60.35 -12.6 68.43 -12.5 78.11 -12.6 101.03 

-10.6 41.74 -10.7 39.26 -10.6 42.20 -10.7 48.20 -10.7 56.55 -10.6 71.14 

-8.7 30.00 -8.6 28.25 -8.5 30.05 -8.5 33.71 -8.6 38.98 -8.5 51.76 

-6.7 21.15 -6.7 21.29 -6.6 21.49 -6.5 24.08 -6.7 29.13 -6.7 39.37 

-4.6 15.26 -4.7 15.49 -4.5 17.18 -4.7 18.60 -4.6 22.29 -4.6 30.12 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

0/100 20/80 40/60 60/40 80/20 100/0 0/100 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

-2.6 11.42 -2.8 11.69 -2.7 13.72 -2.6 14.30 -2.6 17.47 -2.7 24.14 

-0.6 8.88 -0.6 8.76 -0.9 11.20 -0.6 11.44 -0.5 13.54 -1.0 19.46 

4.7 7.01 5.3 6.36 5.1 8.23 5.6 8.77 4.0 10.97 3.5 15.06 

4.8 6.01 5.0 5.72 4.8 7.18 5.4 7.71 4.2 10.01 3.9 13.90 

4.7 5.66 4.8 5.54 4.6 6.89 5.0 7.46 5.1 9.16 5.3 12.25 

7.3 4.91 7.3 4.69 7.3 5.86 7.3 6.60 7.3 8.14 7.3 10.93 

9.4 4.26 9.4 4.14 9.5 5.17 9.5 5.83 9.5 7.13 9.5 9.61 

11.4 3.78 11.4 3.70 11.4 4.68 11.4 5.25 11.5 6.38 11.5 8.62 

13.4 3.40 13.4 3.32 13.3 4.27 13.4 4.68 13.3 5.81 13.5 7.92 

15.3 3.10 15.5 3.02 15.3 3.91 15.4 4.28 15.5 5.25 15.3 7.50 

17.4 2.88 17.4 2.83 17.4 3.65 17.3 3.99 17.5 4.94 17.4 7.01 

19.4 2.69 19.4 2.64 19.4 3.44 19.4 3.75 19.4 4.64 19.6 6.65 

21.4 2.56 21.5 2.52 21.5 3.31 21.4 3.59 21.6 4.40 21.2 6.40 

23.8 2.46 23.6 2.45 23.5 3.21 23.6 3.45 23.7 4.24 23.5 6.08 

25.4 2.40 25.7 2.39 25.4 3.10 25.5 3.33 25.4 4.15 25.4 5.80 

27.4 2.33 27.3 2.34 27.4 3.03 27.3 3.25 27.4 4.07 27.4 5.61 

29.3 2.29 29.4 2.29 29.4 2.97 29.7 3.16 29.7 3.97 29.3 5.44 

31.1 2.27 31.2 2.26 31.6 2.93 31.3 3.15 30.9 3.90 31.4 5.29 

33.4 2.24 33.3 2.24 33.3 2.91 33.6 3.09 33.5 3.81 33.2 5.16 

35.4 2.20 35.5 2.18 35.4 2.87 35.4 3.06 35.5 3.78 35.3 5.03 

37.3 2.14 37.5 2.18 37.4 2.84 37.4 3.03 37.5 3.68 37.3 4.92 

39.4 2.11 39.5 2.12 39.4 2.79 39.5 2.98 39.4 3.63 39.4 4.83 

41.4 2.08 41.4 2.09 41.4 2.72 41.5 2.92 41.5 3.56 41.4 4.76 

43.4 2.05 43.6 2.06 43.5 2.69 43.5 2.87 43.4 3.50 43.5 4.69 

45.4 2.01 45.5 2.05 45.4 2.67 45.4 2.84 45.3 3.44 45.4 4.60 

47.2 2.00 47.4 2.02 47.3 2.63 47.2 2.78 47.4 3.40 47.4 4.55 

49.2 1.98 49.4 2.00 49.5 2.60 49.3 2.76 49.4 3.34 49.4 4.46 

51.4 1.95 51.4 1.98 51.4 2.54 51.5 2.71 51.5 3.30 51.3 4.41 

53.1 1.91 53.3 1.97 53.6 2.52 53.5 2.69 53.6 3.24 53.5 4.36 

55.2 1.90 55.3 1.94 55.4 2.49 55.6 2.65 55.4 3.19 55.4 4.25 

57.4 1.87 57.5 1.91 57.3 2.44 57.3 2.60 57.5 3.15 57.3 4.19 

59.0 1.84 59.4 1.87 59.1 2.42 59.3 2.59 59.4 3.12 59.3 4.13 

61.3 1.81 61.2 1.86 61.3 2.38 61.3 2.53 61.1 3.08 61.4 4.08 

63.0 1.80 63.4 1.84 63.8 2.35 63.1 2.51 63.2 3.04 63.3 4.00 

65.7 1.78 65.4 1.80 65.3 2.31 65.3 2.45 65.2 2.99 65.2 3.93 

67.4 1.75 67.2 1.79 67.2 2.27 67.5 2.42 67.6 2.95 67.1 3.87 

69.1 1.72 69.2 1.75 69.6 2.22 69.3 2.38 69.4 2.91 69.3 3.78 

71.6 1.69 71.5 1.73 71.0 2.18 71.5 2.34 71.3 2.86 71.6 3.69 

74.1 1.67 73.5 1.69 73.5 2.17 73.6 2.31 73.4 2.80 73.5 3.62 

74.6 1.64 75.5 1.67 75.4 2.13 75.3 2.26 75.3 2.76 75.3 3.54 

78.0 1.59 77.5 1.64 77.3 2.06 77.4 2.23 77.2 2.70 77.2 3.48 
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Table D10 Temperature sweep test results at 62.8 rad/s as measured by the DMA of 

HNBR compounds filled with various CB hybrid systems and hybrid ratios 

(cont.): (b) Loss modulus (G″) 

 

0/100 20/80 40/60 60/40 80/20 100/0 

Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) Temp.(°C) G″ (MPa) 

79.3 1.59 79.6 1.59 79.0 2.04 79.6 2.19 79.4 2.65 79.4 3.42 

81.7 1.56 81.4 1.59 80.9 2.02 81.6 2.13 81.6 2.60 81.3 3.34 

84.2 1.53 83.3 1.54 83.7 1.96 83.5 2.13 83.6 2.54 83.3 3.32 

85.3 1.51 85.3 1.52 84.9 1.94 85.5 2.08 85.2 2.49 85.2 3.24 

87.6 1.47 87.1 1.52 87.3 1.92 87.7 2.04 87.2 2.45 87.4 3.19 

89.3 1.43 89.4 1.46 89.5 1.87 89.4 2.02 89.4 2.40 89.5 3.15 

92.4 1.41 91.7 1.46 91.6 1.84 91.6 1.97 91.6 2.37 91.3 3.08 

93.6 1.36 93.4 1.42 93.6 1.82 93.6 1.96 93.6 2.34 93.2 3.05 

95.1 1.36 95.2 1.41 95.4 1.80 95.6 1.90 95.4 2.31 95.1 3.01 

97.4 1.34 97.4 1.39 97.4 1.78 97.6 1.89 97.3 2.29 97.3 2.96 

100.0 1.31 99.2 1.38 99.0 1.79 99.9 1.85 99.4 2.25 99.2 2.93 

101.2 1.31 101.1 1.34 101.4 1.72 101.3 1.83 101.4 2.22 101.4 2.86 

103.1 1.30 103.1 1.36 103.1 1.74 103.6 1.82 103.4 2.18 103.4 2.83 

105.9 1.26 105.4 1.31 105.3 1.70 105.2 1.80 105.1 2.16 105.2 2.80 

107.1 1.23 107.3 1.33 107.5 1.68 107.1 1.76 107.4 2.14 107.2 2.77 

109.3 11.34 109.6 10.89 109.2 13.23 109.6 13.77 109.6 15.62 109.3 19.62 

111.2 11.30 111.4 10.84 111.3 13.17 111.2 13.73 111.5 15.52 111.6 19.46 

113.0 11.27 113.3 10.82 113.2 13.13 113.4 13.68 113.5 15.45 113.4 19.32 

115.9 11.24 115.4 10.79 115.4 13.05 115.2 13.63 115.3 15.37 115.5 19.17 

117.8 11.20 117.3 10.74 117.6 13.03 117.2 13.57 117.2 15.29 117.2 19.04 

119.8 11.17 119.7 10.70 119.2 12.98 119.1 13.51 119.2 15.20 119.1 18.91 

121.7 11.16 121.0 10.71 121.3 12.90 121.1 13.47 121.5 15.15 121.3 18.79 

123.4 11.14 123.0 10.66 123.6 12.87 123.8 13.40 123.3 15.05 123.4 18.68 

125.5 11.11 124.9 10.63 125.6 12.84 124.9 13.36 125.0 15.01 125.8 18.60 

127.6 11.09 127.4 10.64 127.7 12.81 127.6 13.33 127.4 14.94 127.6 18.45 

129.5 11.08 129.6 10.59 129.8 12.73 129.7 13.30 129.5 14.87 129.2 18.37 

131.6 11.06 131.1 10.59 131.9 12.71 131.4 13.24 131.3 14.81 131.2 18.28 

133.0 11.03 133.5 10.55 133.4 12.69 133.3 13.20 133.2 14.77 133.3 18.20 

135.4 11.03 135.3 10.55 135.4 12.66 135.2 13.13 135.5 14.72 135.5 18.06 

137.2 11.02 137.4 10.50 137.2 12.63 137.5 13.13 137.8 14.65 137.2 18.01 

138.9 10.99 139.5 10.52 139.3 12.60 139.1 13.09 139.4 14.60 139.4 17.90 

141.2 11.00 141.5 10.50 141.1 12.57 140.9 13.05 141.4 14.55 141.1 17.82 

143.7 10.99 143.4 10.48 143.9 12.53 143.1 13.02 143.6 14.49 143.1 17.75 

145.8 10.97 145.4 10.44 145.4 12.49 145.0 13.00 145.6 14.45 145.3 17.68 

147.7 10.98 147.2 10.43 147.5 12.49 147.6 12.96 147.3 14.40 147.1 17.59 

149.2 10.96 149.6 10.42 149.3 12.42 149.1 12.93 148.9 14.36 149.0 17.53 
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Table D11 Mechanical properties of HNBR compounds filled with various CB hybrid 

systems and hybrid ratios 

 

CB hybrid system CB hybrid ratio M100 Tensile strength 

 

Elongation at break 

 (MPa) (MPa) (%) 

N326/N990 

0/100 9.33 ± 0.19 16.54 ± 0.56 177.01 ± 11.25 

20/80 

40/60 

 

9.54 ± 0.35 19.10 ± 0.16 181.57 ± 1.98 

40/60 9.36 ± 0.03 20.43 ± 0.66 179.21 ± 8.86 

60/40 

 

9.54 ± 0.15 23.10 ± 0.46 207.46 ± 5.34 

80/20 10.11 ± 0.31 23.68 ± 0.19 195.33 ± 3.54 

100/0 11.81 ± 0.45 23.54 ± 0.52 195.42 ± 5.42 

N326/N990 

0/100 13.72 ± 0.81 17.79 ± 1.27 125.82 ± 1.77 

20/80 

40/60 

 

13.77 ± 0.61 20.58 ± 0.45 135.38 ± 5.91 

40/60 12.57 ± 0.64 20.73 ± 0.14 136.85 ± 8.92 

60/40 

 

12.62 ± 1.17 20.57 ± 0.62 127.05 ± 7.60 

80/20 12.72 ± 0.03 22.91 ± 0.10 122.53 ± 4.32 

100/0 11.81 ± 0.45 23.54 ± 0.52 153.85 ± 14.07 

N326/N990 

0/100 9.33 ± 0.19 16.54 ± 0.56 177.01 ± 11.25 

20/80 

40/60 

 

10.64 ± 0.28 19.70 ± 0.27 183.18 ± 5.21 

40/60 11.18 ± 0.40 19.22 ± 0.90 161.99 ± 6.21 

60/40 

 

12.48 ± 0.33 20.87 ± 0.27 159.84 ± 7.03 

80/20 13.35 ± 0.09 19.40 ± 1.32 135.66 ± 8.00 

100/0 13.94 ± 0.72 19.74 ± 0.52 132.66 ± 7.15 
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Table D11 Mechanical properties of HNBR compounds filled with various CB 

characteristics and loadings (cont.) 

 

CB hybrid system CB hybrid ratio Tear strength Hardness Abrasion loss 

 (N/mm) (Shore A) (mm
3
) 

N326/N990 

0/100 43.82 ± 1.27 75.8 ± 0.408 78.27 ± 1.889 

20/80 

40/60 

 

48.31 ± 0.98 77.0 ± 0.000 78.19 ± 0.530 

40/60 51.44 ± 2.26 78.4 ± 0.289 75.83 ± 1.334 

60/40 

 

54.91 ± 0.53 80.6 ± 0.500 76.10 ± 1.968 

80/20 55.89 ± 1.31 81.4 ± 0.000 78.55 ± 0.731 

100/0 59.82 ± 1.77 83.1 ± 0.656 81.00 ± 2.172 

N326/N990 

0/100 49.62 ± 0.80 80.0 ± 0.408 86.77 ± 2.547 

20/80 

40/60 

 

50.60 ± 0.91 80.5 ± 0.000 83.18 ± 4.481 

40/60 45.65 ± 0.89 81.8 ± 0.289 87.02 ± 3.439 

60/40 

 

50.56 ± 0.78 81.8 ± 0.500 87.97 ± 2.844 

80/20 51.40 ± 1.96 83.5 ± 0.000 96.01 ± 4.212 

100/0 59.82 ± 1.77 83.1 ± 0.656 81.00 ± 2.172 

N326/N990 

0/100 43.82 ± 1.27 75.8 ± 0.100 78.27 ± 1.889 

20/80 

40/60 

 

46.68 ± 4.11 74.8 ± 0.551 65.84 ± 0.921 

40/60 49.72 ± 1.14 77.6 ± 0.115 63.04 ± 1.342 

60/40 

 

50.28 ± 0.71 79.9 ± 0.115 60.03 ± 0.624 

80/20 45.66 ± 2.01 81.6 ± 0.153 62.60 ± 0.771 

100/0 52.04 ± 4.61 83.2 ± 0.503 59.62 ± 1.633 
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APPENDIX E 

CORRELATION BETWEEN VISCOELASTIC BEHAVIOUR AND 

HEAT BUILD-UP OF CARBON BLACK FILLED 

HYDROGENATED NITRILE RUBBER VULCANISATES 

 

 

Table E1 Loss modulus (G
″
) and damping factor (tanδ) results at test strain, 

temperature and frequency of 2%, 100°C and 1 rad/s, respectively as 

measured by the RPA2000 of HNBR compounds filled with various CB 

characteristics and loadings 

 

CB type CB loading (phr) G″ (kPa) tanδ 

N326 20 94.14 0.071 

 40 156.54 0.092 

 60 279.54 0.116 

N550 20 102.90 0.074 

 40 179.95 0.092 

 60 311.72 0.117 

N774 20 99.40 0.071 

 40 143.38 0.085 

 60 197.42 0.100 

N990 20 72.98 0.059 

 40 88.17 0.060 

 60 128.05 0.077 

 

Table E2 Heat build-up (HBU) results as measured by the Gabometer4000 and the 

RPA2000 of HNBR compounds filled with various CB characteristics and 

loadings 

 

CB type CB loading (phr) Gabometer 4000 HBU RPA2000 HBU 

N326 20 29.2 7.2 

 40 39.0 11.2 

 60 44.4 16.5 

N550 20 27.8 5.8 

 40 45.0 11.3 

 60 48.1 18.4 
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Table E2 Heat build-up (HBU) results as measured by the Gabometer4000 and the 

RPA2000 of HNBR compounds filled with various CB characteristics and 

loadings (cont.) 

 

CB type CB loading (phr) Gabometer 4000 HBU RPA2000 HBU 

N774 20 27.4 7.1 

 40 35.4 8.6 

 60 44.5 15.5 

N990 20 22.9 6.4 

 40 27.2 6.0 

 60 31.7 15.2 
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APPENDIX F 

PUBLICATION 

CURE AND VISCOELASTIC PROPERTIES OF HNBR 
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APPENDIX G 

PUBLICATION 

PREDICTION OF HEAT BUILD-UP BEHAVIOUR  

UNDER HIGH LOAD BY USE OF CONVENTIONAL 

VISCOELASTIC RESULTS IN CARBON BLACK FILLED 

HYDROGENATED NITRILE RUBBER 
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