Chapter 18
Manufacturing of New Elastomeric Composites:
Mechanical Properties, Chemical and Physical Analysis

D. Zaimova, E. Bayraktar, I. Miskioglu, D. Katundi, and N. Dishovsky

Abstract Filler-reinforced vulcanized rubber and its blends are frequently used for engineering applications for over a
century. Traditional applications include tires, seals, bushings, and engine mounts. The rubbers for tire manufacturing must
have high elasticity and frictional properties as well as the high load bearing capacity. Conforming to these needs, rubbers
are vulcanized by various materials such as sulphur, carbon black, accelerators, and retardants in different conditions. The
reactivity of sulphur vulcanization and physical properties of the final product are affected by the chemical structure,
molecular weight, and conformation of the base elastomers. The aim of this study is to investigate the influence of
accelerator-vulcanizing agent system and the vulcanization temperature on the mechanical and aging properties of
vulcanizates based on Natural rubber/Polybutadiene rubber (NR/BR) compounds. This preliminary study will allow
optimizing the composition for improving the mechanical properties and understanding the damage behavior.

NR/BR based composites with different vulcanization temperatures and curing systems were characterized. The
mechanical properties investigated were tensile strength, elongation at break, tensile modulus at 100 % (M) and at
300 % (M3q0) deformation. Hardness (Shore A) and molecular mass of the samples were also determined. Scanning electron
microscopy was used to study the microstructure of the fracture surfaces.

Keywords Elastomer composites * Mechanical properties « Chemical-physical analysis « SEM study

18.1 Introduction

Filler-reinforced vulcanized rubber and its blends are frequently-used for engineering applications for over a century [1].
Traditional applications include tires, seals, bushings, and engine mounts. The rubbers for tire manufacturing must have high
elasticity and frictional properties as well as high load bearing capacity. Conforming to these needs, rubbers are vulcanized
by various materials such as sulphur, carbon black, accelerators, and retardants in different conditions. The reactivity of
sulphur vulcanization and physical properties of the final product are affected by the chemical structure, molecular weight,
and conformation of the base elastomers [2].

The sulphur vulcanization with unsaturated rubbers occurs through complicated radical substitution in the form of mono-,
di-, or polysulphide bridges and sulphur containing intracyclization of the polymer molecules. The cross-link density and
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distribution affect the physical properties and stability of rubber on aging. They depend not only on type and ratio of
accelerator to sulphur, but also on the reaction temperature and time [3]. The vulcanization rate of rubber is closely related to
the productivity of tire manufacture, and it is desirable to increase the rate by raising temperature. However, at higher
temperature, the sulphur cross-links are less effective and the physical properties are sacrificed due to dissociation of sulphur
bonds and rubber chains [4]. The vulcanization reactivity may be controlled by additional amounts of sulphur and
accelerator instead of increasing temperature. Although the addition of sulphur increases cross-link density and ratio of
polysulphide linkage, it may decrease the stability, especially on aging [5].

By increasing the accelerators, the effectiveness of sulphur vulcanization with mono- and disulphide linkage is improved
to give stability on aging, but dynamic properties may degrade [6]. The optimum conditions must be chosen to obtain the
best properties for products and productivity. For this reason the aim of this study is to investigate the influence of
accelerator-vulcanizing agent system and the vulcanization temperature on the mechanical and aging properties of
vulcanizates based on Natural rubber/Polybutadiene rubber (NR/BR) compounds.

The present study will allow optimizing the composition for improving the mechanical properties and understanding the
damage behavior. NR/BR based composites with different vulcanization temperatures and curing systems were
characterized with respect to their curing characteristics (for 140 and 160 °C) and mechanical properties. The cure
characteristics of the rubber compounds were studied by using the Monsanto MDR 2000 rheometer. The mechanical
properties investigated were tensile strength, elongation at break, tensile modulus at 100 % (M) and at 300 % (M3q0)
deformation. The hardness (Shore A) and molecular mass of the samples were also determined. Scanning electron
microscopy was used to study the microstructure of the fracture surfaces. In this paper partial results of the applied project
supported by French-Bulgarian research cooperation are presented. The exact composition of the blends used in this study is
proprietary, hence will not be discussed in this paper.

18.2 Experimental Conditions

The two compounds were mixed in laboratory using two rolling mixer. The moulding conditions were determined from
torque data using moving die rheometer MDR 2000 (Alpha Technologies) for temperatures 140 and 160 °C. At the end, four
compounds (A, B, C, D) based on sulphur vulcanized.

Natural rubber/Polybutadiene rubber blends were prepared containing certain fillers and/or reinforcements in order to
investigate their deformation behaviour. Two ratios of accelerator to sulphur were used for preparation of the compounds
also known as conventional vulcanization system (CV), where the quantity of sulphur is more and efficient vulcanization
system (EV), where the quantity of accelerator is more. Compounds A and B are vulcanized using conventional vulcaniza-
tion system (CV) and vulcanization temperatures 140 °C and 160 °C respectively. Compounds C and D are vulcanized using
efficient vulcanization system (EV) respectively at 140 °C and 160 °C.

Cured sheets were prepared by compression moulding. The moulding took place at 140 and 160 °C and pressure
100 kg/cm?. The behaviour of these compounds in detrimental environmental conditions was tested by means of swelling
experiments that all of the swelling tests were carried out with the molded samples soaking them in toluene at room
temperature. After these tests, the crosslink densities for each compound were calculated according to the molecular mass
between two crosslinks. All of the crosslink densities were calculated according to Fory—Rehner relation [7]:
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where M. is the molecular mass between crosslinks; p is the Density of the rubber; V is the molar volume of the solvent; V,
is the volume fraction of the swollen rubber; p is the interaction parameter between the rubber sample and the solvent; v is
the Crosslink density.

The nominal thickness of the sheets was set at 2 mm. The measurements of mechanical properties before and after aging
were carried out in accordance with ASTM D 412a°% (2010). The aging test was performed in air flow oven at 70 °C for 21
days. Second type of aging was performed in ultraviolet box for 21 days. The samples were cut from the moulded sheets in
dumbbell shape. The sample length and thickness were measured. Tensile tests were performed on an Instron (model 4507).
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A minimum of three specimens was tested for each compound. Testing was done at room temperature with a cross head
speed of 500 mm/min™".

Hardness values (Shore A) were measured according to the standard ASTM D 2240-05 (2010). Dynamic Mechanical
Thermal Analysis (DMTA) was carried out on the Dynamic Mechanical Analyzer MK III system (Rheometric Scientific).
As a mode of deformation, single cantilever bending was used at a heating rate of 2 °C/min, a frequency of 5 Hz and
deformation 64 pm in temperature range from —80 to 80 °C.

CSM Micro Indentation Tester with a Vickers diamond indenter was used. Nine tests were performed for each
composition and then averaged. The samples’ thickness was approximately 2 mm. The maximum indentation load (F,,.x)
was 250 mN, the rate for loading—unloading was 500 mN/min. The load was held at maximum for 50 s. The indentation
hardness (Hyt) was determined by using the Oliver and Pharr method.

18.3 Results and Discussion

18.3.1 Vulcanization Characteristics

The rheometer, a convenient instrument to evaluate the effects of carbon black—rubber interactions on rate of cure and
cross-linking, was employed for the purpose of characterizing critical parameters related to the vulcanization process.
Table 18.1 shows the vulcanization characteristics of the four compounds used in this study.

The minimum torque (M) in a rheograph measures the viscosity of the vulcanizates, and the maximum torque (My) is
generally correlated with the stiffness and crosslink density. It is well known that the difference between maximum (My) and
minimum (Mp ) torque is a rough measure of the crosslink density of the samples and usually known as AM. From the table it
is noticed that the highest value of AM is for compound A. Hence the crosslink density is larger for compound “A” compared
with the other three compounds. This is also confirmed by the results for the crosslink density obtained by the equilibrium
swelling (Fig. 18.1). The highest crosslink density is registered for compound “A”. But the carbon black particles whose
surfaces are covered by entangled rubber chains can be considered as physical crosslinks. The physical crosslinking hinders
the mobility of rubber chains and restrains the deformation of rubber therefore increases the torque. However, swelling
cannot detect the type of the crosslinks although the high maximum torque for compound “A” can be considered also as a
sign for higher number of physical crosslinks.

Table 18.1 Vulcanization

. Blend No.
characteristics of four compounds S
studied in this research Characteristic A B C D
ML, dNm 2.98 2.71 2.73 2.53
MH, dNm 36.46 33.97 32.27 31.67
AM = (MH - ML) 33.48 31.26 29.54 29.14
Ty, min:s 17:22 4:47 17:24 5:43
Ts,, min:s 6:18 1:23 9:34 2:41
V, %min 9 31 13 33
> I
C
B
A
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Fig. 18.1 Crosslink density
determined by swelling Crosslink density (v) x10°
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Fig. 18.2 Stress—strain curve for (a) compound A, (b) compound B, (¢) compound C, and (d) compound D

The scorch time (Ts,) is the time required for the minimum torque value to increase by two units and measures the
premature vulcanization of the material. What makes an impression is that the CV system exhibited shorter Ts, values than
the EV therefore more crosslinks are formed in shorter time.

These results are expected because the greater quantity of the accelerator (in compounds “C” and “D”) should provide
higher values for Ts,. It is possible this anomaly to be due to the nature of sulphenamide class accelerators (delayed action in
the beginning of vulcanization) and on the other hand the higher content of sulfur in compound “A” and “B”. But the overall
rate (V) of vulcanization is slightly in favour of the compound cured with EV.

18.3.2 Mechanical Properties Before Aging

Tensile properties are commonly used to measure the degradation behavior of elastomers. Fig. 18.2 illustrates the typical
stress—strain curves of compounds A, B, C and D.

As shown in Fig. 18.3a, b all compounds show similar values of modulus at 100 % (M) and modulus at 300 % (M3q0)
deformation. Although the compounds vulcanized with CV (A and B) give slightly better results than those vulcanized with
EV (D and C). These results are showing that compounds D and C poses better stiffness in low deformation than the other
two. This is probably due to the different nature of the network structure obtained during vulcanization. The higher number
of mono-sulphidic and C—C bonds, typical for EV, are characterized with higher strength especially under low deformation
explains this phenomenon. Obviously the temperature of vulcanization does not affect significantly on M;o and M3qo.

On the other hand the tendency is not the same for tensile strength (Fig. 18.3c) and the elongation at break (Fig. 18.3d).
The higher values are for the compound vulcanized with CV. All compounds have the ability to exhibit crystallization under
stress thanks to NR but according to literature the superior number of di- and poly- sulphidic linkages (result from CV)
improves the elasticity of the compound which explains the higher values of elongation at break. In addition CV gives more
homogeneous structure which plays positive role for the strength of vulcanizates. Once more the temperature of vulcaniza-
tion does not play significant role for the tensile strength and elongation at break.
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Fig. 18.3 Comparison of (a) Mo, (b) M3¢, (¢) tensile strength, (d) elongation at break for compounds A, B, C, D in normal and aging conditions

18.3.3 Mechanical Properties After Aging

The mechanical properties of the compounds after aging are also investigated. In Fig. 18.2 the stress—strain curves before
and after 21 days aging (in air oven and under UV light) are compared. It can be seen that UV light does not affect
significantly the mechanical properties of the studied compounds. The same relation is observed for M;q9, M3q0, tensile
strength and elongation at break.

These results can be explained with the ability of rubber compound to form additional crosslinks under the influence of
temperature and UV light. Although the overcrosslinking makes the vulcanizate brittle and reduces its elasticity apparently
the period of exposure was not sufficient to create overcrosslinked vulcanizates. Probably the number of crosslinks created
during UV aging compensates the number of the chains destroyed by aging. The thermal aging however (21days in air oven
at 70 °C) causes more severe damage on the studied compounds. Under low level of deformation (100 %) thermal aging has
positive effect.

At this stage, crosslink scissions and the formation of new crosslinks into the networks affected these properties. But
under high stress and deformation the process of destruction of the crosslinks is much more significant and leads to failure of
the specimen.

Concerning the type of vulcanization system the values of all mechanical properties shown in Fig. 18.3 of the four studied
compounds (A, B, C, and D) presenting the resistance to UV aging are similar. The CV system vulcanizates (C and D) has a
high content of polysulphide linkages with low bond strength. By contrast, monosulphide linkages have relatively strong
bond strength and are dominant in the EV system vulcanizates [8]. As a result, the CV system exhibits a weaker thermal
aging resistance than polysulphide crosslinks. For all compounds the extended period of heating, the excessive main chain
scission and/or modification resulted in a reduced tendency to crystallize at high elongation. It is observed that the effect of
the temperature of vulcanization is not significant for aging resistance.
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The hardness (Shore A) is presented in Fig. 18.4. The hardness is relatively high for NR compound but this is probably due to
the presence of BR in the mixture. The results do not show any dependence on the vulcanization system or vulcanization
temperature. For most of the compounds UV and thermal aging leads to reduction in the hardness values. However there is
almost no difference between the effect of UV aging and thermal aging although it was observed one for the mechanical
properties.

18.3.4 Hardness-Shore “A” Test Evaluation

18.3.5 Dynamic Mechanical Thermal Analysis (DMTA)

The dependences of storage modulus (E') and dynamic mechanical loss angle tangent (Tan Delta) on the temperature of
vulcanization and vulcanization system were studied in the temperature interval from —80 to +80 °C.

As shown in Fig. 18.5, in the range of —80 to —40 °C there are no considerable changes that occurred in the storage
modulus (E'). There is a slight difference of the maximum values among compounds B, C and D. What makes an impression
is that the maximum of storage modulus for compound A is considerably lower compared to the other three compounds. The
decrease of storage modulus (E’) with the increasing temperature, in other words, the transition from the glassy to the high
elastic state occurs at about —49 °C. In the interval from —40 to 80 °C, when the vulcanizates are in high elastic state, the
increase in storage modulus (E’) can be related to the limited mobility of rubber molecules, being immobilized by the carbon
black surface. According to [9], this effect may be used as a measure of the filler reinforcing activity, because the greater
reinforcing activity of the filler, the lesser the mobility and the higher storage modulus (E’) values are. All the curves
presented for (E’) in Fig. 18.5 are similar meaning the reinforcing effect of the filler is the same for all four compounds.

The loss factor of rubber materials is related to the energy lost due to energy dissipation as heat under an oscillating force.

The mechanical loss angle tangent is the ratio between the dynamic loss modulus (E”) and the dynamic storage modulus
(E') (Tan Delta = E"/E’). It represents naturally the macromolecules mobility of the chains and polymers phase transitions
[10-15].

It is accepted that the higher the Tan Delta is the greater the mechanical losses; these losses are related to high energy
input required for the motion of the molecular chains of the polymer as the transition is being approached [16-22]. The
position of the tan delta peak in the loss factor versus temperature curve can be used to identify the T, of the rubber materials.

It is observed that T, of the studied compounds does not change considerably (within the limits of 2-3 °C). The intensity
of the peak is also similar. Obviously the vulcanization system and vulcanization temperature does not play role in this
particular case. This is not in accordance with our previous results, where only the temperature does not play a role for tan
delta and storage modulus. The results for tan delta suggest that despite the difference in crosslink density and the different
vulcanization mechanism the interactions rubber—rubber and rubber—filler are similar for all the compounds.
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Fig. 18.5 Storage modulus and Tan Delta as a function of the temperature (a) compound A, (b) compound B, (¢) compound C, (d) compound D

18.3.6 Microindentation Analysis

The micro indentation test has become a popular technique due to its simplicity and to the fact that it provides valuable
information about the morphology and mechanical properties of polymeric materials. Additionally, the indentation method
has been successfully employed to investigate the glass transition temperature of polymers [23]. In a special study, micro
indentation has emerged as a promising tool for micromechanical and microstructural investigation of polymer blends
[24, 25]. First of all, micro indentation differs from classical measurement of hardness, where the impressions are generated
and then imaged with a microscope. In a micro indentation test load and associated penetration depths are recorded
simultaneously during both loading and unloading, producing a force—displacement diagram as shown schematically in
Fig. 18.6a.

The viscoelastic properties of polymers are markedly dependent on the type of crosslinks and the degree of crosslinking.
Crosslinking can raise the glass-transition temperature (T,) of a polymer by introducing constraints on the molecular
motions of the chain.

Low degrees of crosslinking in normal vulcanized rubbers act in a similar way to entanglements and raise the T, only
slightly above that of the crosslinked polymer. The effect of crosslinking is the most important and best understood in
elastomers. Sulphur crosslinking of NR produces a variety of crosslinking types and crosslink lengths [25-32].

It is well known that polysulfide linkages predominate with conventional sulphur vulcanization system whereas
mono-sulfide and disulfide crosslinks are formed with an efficient vulcanization system, which has a higher accelerator/
sulphur ratio. Sulphur also introduces main chain modifications either in the form of pendant groups or as cyclic sulfide
linkages that have a large influence on the viscoelastic properties [26—34].

Networks containing high proportions of polysulfide crosslinks display different mechanical properties from those
containing mono-sulfides crosslinks. It is shown in the literature that the increase in the accelerator level only resulted in
small changes of the T, and that the rubbery tensile modulus was dependent on the crosslink density but almost independent
of the crosslink type [25-31].
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Fig. 18.7 Comparison of microindentation depth at maximum load as a function of time (a) compound A, (b) compound B, (¢) compound C and

(d) compound D

Normal and aged (air flowing and UV) specimens of the elastomer based composites manufactured were tested by micro
indentation device and their hardness and viscoelastic responses were compared Fig. 18.6b shows the comparison of
indentation hardness for compounds A, B, C, D in normal and aging conditions (air flowing and UV).

Figure 18.7 shows microindentation depth at maximum load as a function of time for the compounds “A”, “B”, “C” and
“D” respectively under normal and aging conditions. It is revealed that samples with compound “C” have a higher
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Compound “D”

Compound “C”

Fig. 18.8 Typical Scanning Electron Microscopy (SEM) fracture surface images, at low and high magnifications (a—c): (a) compound “A”,
compound “B, compound “C” and compound “D”, (b) compound “C”, cartography (left column) and tongue formation at the fracture surface
(right column), (¢) compound “B” after thermal-airflow aging (left column) and compound “D” after thermal-airflow aging (right)

viscoelastic deformation in normal conditions than the corresponding samples with compounds “A”, “B” and “D” due to
improved chain mobility (moderately due to subdivision) and allow more relaxation after loading.

In the same way, air flowing (thermal) aging condition influences very strongly the structure of the compounds “A” and
“B” and interesting results were observed in case of aging effect by UV on the compounds of “C” and “D” as indicated in
Fig. 18.7c, d. All of these results will be used for modelling the viscoelastic behaviour of the elastomeric composites that will
be presented in an upcoming paper.

18.3.7 Damage and Fracture Surface Analysis by Means of Scanning Electron Microscopy

As well indicated in the former sections, fracture surfaces analysis of tensile specimens observed by means of the Scanning
Electron Microscopy (SEM) should give more realistic information to understand the damage behaviour of these four
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Compound “C", cartography

Compound “B" after thermal-airflow aging Compound “D” after thermal-airflow aging

Fig. 18.8 (continued)

compounds. Because these observations show that the fracture energy and stability are exceedingly reliant on the composi-
tion and morphology of these new elastomeric composites.

Fracture surfaces are shown in Fig. 18.8a—c as low and high magnification. In reality, elastomeric composites do not
exhibit the same fracture type as metallic materials. At high magnifications, it is always possible to see tearing deformation
lines in films and deformed fibrils, occasionally one may see on each specimen. Elliptical cap, steps and striped patterns
can also be observed. These microstructures that are located in narrow stressed layers of the fracture surface give
obvious information about the initiation peak and propagation and fracture directions. Typically, these entire compounds
show similar crack initiation zone called “cavitations” very similar to the “fish eye formation”. It means that the failure
initiates from a particle (“EDS” analysis gives basically a small metallic and/or metallic oxide such as Zn) and propagates
around these particles by forming a circle shape after that, at the final stage, a catastrophic failure occurs very rapidly
by showing regular tearing lines at the fracture surface (very similar to the failure bands due to the tearing crossing over
heterogeneities).

Typical tongue formation at the fracture surfaces were observed in entire compounds (an example is given here Fig. 18.8b
with cartography of the compound “C”. This phenomenon is due to the behaviour of the natural rubber during the
deformation. This behaviour can be observed very often in entire compounds from elastomeric composites. Similar results
carried out on the four compounds designed here can be found in the literature [6, 7, 13].
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18.4 Conclusion

In the frame of the common research project going on, the processing, mechanical and viscoelastic parameters of new
elastomeric composites containing basically the mixture of NR-BR vulcanizates with different addition-reinforcements have
been studied and basic results were discussed in comparison of the compounds each other. Essentially, swelling test is a very
interesting evaluation way for these compounds, giving detailed information about crosslinking density. The physical
crosslinking hinders the mobility of rubber chains and restrains the deformation of rubber therefore increases the torque.

Fracture surfaces carried out by SEM analysis show similar crack initiation zone called “cavitations” very similar to the
“fish eye formation”. It means that the failure initiates from a particle and propagates around these particles by forming a
circle shape after that, at the final stage, a catastrophic failure occurs and regular tearing lines are observed at the fracture
surface. Typical tongue formation at the fracture surfaces were observed in entire compounds due to the natural rubber
behaviour. All of this comprehensive study gives the same tendency among the two basic mixtures. Based on the processing,
mechanical characteristics and viscoelastic behaviour, optimum composition between four compounds studied here,
optimistic choice can be classified different properties for different industrial applications that will be useful to make a
detail suggestion after final results of the research project that is going on.
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