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Abstract. Mechanical property improvement of rubber is widely carried out by adding carbon black or silica as a filler in
rubber. In general, this improvement aims on the increase of stiffness and abrasion resistance. By means of the static
straight blade indentation technique, this paper studies the mechanical properties of Unfilled Styrene Butadiene Rubber
(SBR-0) and Filled Styrene Butadiene Rubber that is compounded with carbon black (SBR-25). The numerical method
applied was Finite Element Analysis (FEA) in which the rubber was modeled as a hyper-elastic material and indented by
a blade indenter with various wedge angles i.e. 30, 45 and 60 degrees. At the same depth of indentation, the results
showed that there was an increase in both rubber stiffness and maximum stress if the rubber was compounded. However,
it is found that the rubber stiffness showed a regular slight increase, while the maximum stress experienced an irregularly
significant increase. Especially for the 30 degree wedge angle, the maximum stress extremely increased at a certain depth
of indentation.

INTRODUCTION
Filler in rubber improves the mechanical properties of rubber in various degrees and strongly depend on quantity
and quality of the fillers. Carbon black and silica are two common fillers used to reinforce a rubber. The
incorporation of reinforcing fillers, such as carbon black, improves the stiffness and the strength of the rubber [1].
Hence, the abrasion resistance of the rubber is also improved to suppress the tearing of the rubber under sliding
contact [2].
Common methods to evaluate the mechanical properties of the rubber are carried out by a tensile test,
compressive test and the indentation technique [3]. However, in some cases, the indentation test is more practical
than the tensile test. To describe the mechanical properties of the rubber theoretically is difficult due to the nonlinear
behavior as a result of the rubber manufacturing. Therefore, a numerical method by using the Finite Element
Analysis (FEA) is commonly applied.
An indentation analysis by spherical and conical indenters was performed experimentally, analytically, and
numerically [4,5]. Results showed that an analysis by using the linear or second order elasticity theory can be validly
applied at a small depth of indentation for a blunt conical or large spherical radius indenter. However, for large
indentation depths, a numerical method with a Strain Energy Function (SEF) is required. It has been widely known
that the SEF data required is constructed from tensile tests of rubber specimen up to a certain strain level.
The mechanical properties of Unfilled Styrene Butadiene Rubber (SBR-0) were numerically investigated by
means of the static blade indentation technique [6,7]. They were conducted to obtain an elastic modulus and
mechanical responses due to the indentation as a function of the blade indenter characteristics. The rubber
researched is used worldwide for passenger car tires particularly as tread compounds for superior traction and tread
wear resistance. Indentation analysis on the filled SBR is suitable to represent the contact between tire and road
asperities.
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This paper analyzes the mechanical property improvement of the SBR which is compounded by carbon black
type High Abrasion Furnace (HAF N330) from unfilled SBR (SBR-0) to filled SBR (SBR-25). The analysis is
conducted by comparing the mechanical properties between SBR-0 and SBR-25 by means of the blade indentation
technique. The numerical method applied was the Finite Element Analysis (FEA) by modeling the rubber as a
hyper-elastic material that is indented by a blade indenter with various wedge angles. The main mechanical
properties analyzed here are the indentation stiffness and stresses that occurred in the indented rubber.

METHODS
The finite element analysis of the present work was performed by using a commercial finite element software
package, ABAQUS 6.11 [8] with some built-in strain energy function (SEF) models for a hyper-elastic material. The
Mooney-Rivlin strain energy function was used to analyze the SBR-0, and the Yeoh strain energy function was used
for the filled rubber, SBR-25 [9]. The SEF data of both rubbers were adopted from Liang’s experiment [10] which
was obtained from a uniaxial tensile test up to 300% strain.
A straight rigid blade indenter was pressed on the rubber surface. Fig. 1(a) shows a schematic illustration of the
ULJLGEODGHLQGHQWDWLRQRIWKHUXEEHUVXUIDFHLQWZRGLPHQVLRQVZKHUH)LVWKHLQGHQWHUORDGșLVWKHEODGHZHGJH
DQJOHDQGįis the depth of indentation, while the thickness of the rubber material is perpendicular to this figure. The
boundary conditions of the contact system are depicted in this figure as well. The rubber material is modeled as a
plane strain condition with a 10 mm height, 20 mm width and 10 mm thickness. The finite element mesh of the
indentation is presented in Fig. 1(b), mesh refinement is applied at the center of the material. By performing the
previous procedure, the deformation and stress around the indenter tip can be calculated accurately.

(a)

(b)

Figure 1 (a) Schematic illustration of the indentation: a rigid blade in contact with rubber surface
(b) The generated FEA mesh for the indentation model.

The results were presented in the form of indenter load (or total reaction force) and maximum von Mises stress
as a function of depth of indentation. Indentation analysis was performed with some blade wedge angles, i.e. 30, 45
and 60 degrees for the SBR-0 as well as SBR-25.

RESULTS AND DISCUSSIONS
By implementing an explicit execution of the ABAQUS software, Fig. 2 shows a FEA output example of the von
Mises stress field and the deformed contour of SBR-0 and SBR-25 respectively. The FEA output with 45 degree
wedge angle of the blade indenter and 0.8 mm depth of the indentation is depicted here. It is shown that the highest
contact stress and surface deformation are located at the indenter’s blade tip.
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(a) SBR-0 material.
(b) SBR-25 material.
Figure 2 An example of FEA output; stress field of indented rubber with a 45 degree wedge angle blade indenter.
(Depth of indentation įis about 0.8 mm).

The stress field, indenter load and depth of indentation are taken from the FEA output. In order to obtain the
rubber stiffness by blade indentation, it requires the relationship between indenter force and depth of indentation. At
a specified depth of indentation, a higher indenter load is required for the filled rubber (SBR-25) than for the
unfilled rubber (SBR-0) as shown in Fig. 3. It is shown that a regular increase of the indenter load from SBR-0 to
SBR-25 is found. These results reflect that the rubber compounding from SBR-0 to SBR-25 increase the indentation
stiffness about 6 to 10 percent. This indentation stiffness increase is smaller than the tensile stiffness that increases
around 20 to 25 percent [10]. In general, this figure reflects that the indenter’s loads are approximately quadratic
increase with respect to the depth of indentation. These trend lines agree with the numerical and experimental results
that were reported by Charty et al. [11] on polyurethane rubber blade indentation.

FIGURE 3 The relationship between indenter force and depth of indentation for some wedge angles of the blade indenter for
SBR-0 and SBR-25.

As was mentioned before tensile test for SBR-0 and SBR-25 were performed by Liang [10]. It resulted in the
relationship between engineering stress V and stretch ratio O (ratio of the final length to the initial length of
specimen). From this result the relationship between the true stress t and stretch ratio O can be obtained  = ݐOV by
considering the incompressibility of rubber material, as depicted in Fig. 4. It shows that for the same stretch ratio,
the stress occuring in SBR-25 is higher than for SBR-0. For high stretch ratios, the difference between the true stress
and the engineering stress tends to increase.
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FIGURE 4 The true stress for tensile tests with SBR-0 and SBR-25 specimen as a function of the stretch ratio.

Stress experienced by blade indentation in the indented rubber is plotted in Fig. 5 for 60, 45 and 30 degree wedge
angles of blade indenter respectively. In general, the maximum stress occuring in SBR-25 is higher than for SBR-0
at the same depth of the indentation. It means that by incorporating carbon black as the filler, increase of the
maximum stress is found. A regular increase of the maximum stress occurs for the 60 degree wedge angle, however,
this phenomenon is not found for the small wedge angles (especially for the 30 degree wedge angle). At small
depths of indentation with the 30 degree wedge angle gives a small increase in maximum stress but, a large increase
in maximum stress is found for the larger depths of indentation. Moreover, it can be shown that based on the
increasing of the depth of indentation, the SBR-25 stress above 4 MPa will be highly increase if compared to SBR-0
as in tensile test results, and the wedge angle of blade indenter gives an effect on the smoothness of the SBR-25
stress trendline.
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FIGURE 5 Maximum stress occuring for indented SBR as a function of indentation depth.

From the above figures and results, some analysis can be made. The stress field on the rubber material by blade
indentation shows that the stress that occurs around the blade tip is tensile stress, not compressive stress. It is
different to compressive test on the rubber that the compressive stiffness of the rubber compound has a large
increase if compared to unfilled rubber [2]. Besides, indentation by sharp blade indenter is the initial process for
rubber cutting that requires a small contact area in order to get a small force for cutting. Therefore, the indentation
stiffness of the filled rubber has no large increase if compared to the unfilled rubber.
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On one hand, material behavior of the filled rubber (SBR-25) is hard and rigid, on the other hand, SBR-0 is soft
and compliant. Consequently, the filled rubber has a high resistance degree of the indentation response, therefore,
the small increase of indentation depth causes a large increase of maximum stress, especially for indentation by
sharp indenter with the maximum stress above 4 MPa as shown in Fig. 5. Indentation by sharp indenter gives a high
stress intensity and stress concentration on the rubber surface around indenter tip. It is different to the unfilled rubber
that is easily deformed due to its compliant behavior, so there is not very large of the maximum stress increase. It
can be concluded that by using indentation technique as well as the tensile test method, the maximum stress above 4
MPa of the SBR-25 has a large increase if compared to SBR-0 as shown in Fig. 4 and Fig. 5.

FIGURE 6.The relationship between the depth of indentation for some various wedge angles and stretch ratio that gives the same
maximum stress for SBR-25.

Later, describing the SBR-25 stress will be more practical if it is depicted from the relationship between tensile
test method and indentation method as shown in Fig 6. The figure shows the relationship between the depth of
indentation and stretch ratio that gives the same maximum stress for SBR-25. It reflects that in a small depth of
indentation and stretch ratio, there are no significantly different results among three wedge angles, however
significantly different results among them in high depth of the indentation and stretch ratio are found. As predicted,
that in the same stretch ratio, the small wedge angle requires a small depth of indentation for obtaining the same
maximum stress.

CONCLUSION
This paper analyzes the mechanical property improvement of the unfilled SBR which is compounded or filled by
carbon black i.e. SBR-25. The analysis is conducted by comparing the mechanical properties between unfilled and
filled SBR by means of the blade indentation technique. Numerical method is applied by using Finite Element
Analysis (FEA) by modeling the rubber as a hyper-elastic material that is indented by some various wedge angles of
a single blade indenter. The main mechanical properties analyzed are the indentation stiffness and stresses occuring
on indented rubber.
At the same depth of the indentation, results showed that there is an increase in both rubber stiffness and
maximum stress that occurred if the rubber is compounded. However, a difference is shown where rubber stiffness
presented a regularly slight increase, while the maximum stress experienced an irregularly significant increase. An
interesting thing is found that in the small wedge angle, i.e. 30 degree, the maximum stress extremely increases in a
certain depth of the indentation. Based on the increase of the depth of indentation or extension ratio, the SBR-25
stress above 4 MPa will highly increase if compared to SBR-0, and the wedge angle of the blade indenter gives an
effect on the smoothness of the SBR-25 stress trend line.
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