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Abstract

The main characteristic of rubber is a viscoelasticity. So it is important to research the characteristic of
the viscoelasticity of the high frequency band for the friction between a rubber material and the hard one
with roughness, for instance, the tire and the road. As for the measurement of the viscoelasticity of
rubber, DMA (Dynamic Mechanical Analysis) is general. However, some problems are pointed out to
the measurement of the high frequency band by DMA. Then, we evaluated the viscoelasticity
characteristic by the supersonic wave measurement. However, attenuation of rubber is large, and when
the viscoelasticity is measured by the supersonic wave therefore, it is inconvenient and limited in a past
method by means of bottom reflection. In this report, we tried the viscoelasticity evaluation by the
method of using complex surface reflection coefficient and we compared with the friction coefficient
under wide range friction velocity. As a result, some relationships had been found for two properties.

We report the result that character of viscoelasticity of rubber was comparable to friction coefficient.
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1. Introduction

It is understood that there is a deep relationship between the friction of the tire and the viscoelasticity,
especially loss tangent tan 0 being researched for years.[1-3] Moreover, it is said that the friction
frequency are the high frequency band(10°~10° Hz). However, a general viscoelasticity evaluation
method DMA (Dynamic Mechanical Analysis) is limited in the low frequency(10'~10” Hz)measurement.
For the viscoelasticity evaluation at the high frequency band, it was necessary to do the
time-temperature conversion that had the problems like a conversion error margin or a temperature
increasing time. Therefore, it is not possible to measure in the state of actual use, so that the
measurement was limited in the laboratory. For the supersonic, a vibration of the high frequency band,
viscoelasticity measurement of the solid polymer, a basic theory and measurement result used the rubber
sample in the water tank were reported[4,5]. However, the measuring method for the real shape and
actual use rubber commodity had not established. Moreover, the relationship between the supersonic
wave viscoelasticity and the friction coefficient was not examined.

Authors compared the friction coefficient of rubber and paper at a wide-rang sliding velocity with tan

0 by DMA and the supersonic wave, and qualitative correlation was reported.[6,7] In these reports, tan

0 was calculated from the attenuation coefficient and the acoustic phase velocity of rubber by the
bottom reflection method using the bottom reflection wave propagation through the inside of the rubber
sample. However, because of rubber was the well known high attenuation material, there were the
problems that the reflection wave signal from the bottom of sample can't obtain enough strength, an
enough flatness and reflectivity were necessary for the sample bottom in a actual use.

To solve such problems, we are able to remember the method that complex modulus is calculated by
complex reflection coefficient measured by the reflection wave on the surface of the sample. As the
viscoelasticity measuring method using surface reflection coefficient, the oblique angle incidence SH
wave method using quartz buffer has been researched since 1940's [8-11]. However measuring object
was mostly a liquid and there were few reports about a solid material such as cured rubber.

The SH wave must be chosen in this oblique angle incidence method for reduction the mode
transformation error margin. However, in the propagation of the shear wave such as SH wave, it was
difficult to request enough reproducibility in the surface reflection method by the phase difference of the
reflection wave from the boundary of sample and buffer, because the bonding accuracy of the solid
sample and solid buffer have a big influence on the measurement accuracy.

To solve the problem of the surface reflection wave viscoelasticity measurement method, we have
evaluated the surface reflection method by a longitudinal wave vertical incidence. We think the mode
transformation may be little by means of the vertical incidence, and a longitudinal wave also makes the
bonding easier. We hope this method will be able to be applied to the viscoelasticity measurement for
actual use shape of rubber product like a tire.

In this paper, we report our study about relationship between viscoelasticity and friction by comparing



the supersonic viscoelasticity measurement method using longitudinal vertical incidence surface
reflection wave from boundary of buffer and sample with the frequency property of friction coefficient

of rubber.

2. Theory and experimental apparatus
2.1 Examination material

The measuring samples that were mixed the silica particle with three varieties of matrix rubbers of
butadiene rubber (BR), styrene butadiene rubber (SBR), and polynorbornene rubber (PNR) were
prepared. BR and SBR are popular materials for the tire. PNR was popular material for the paper
feeding roller. As you can see in Table 1, one of the viscoelastic parameter the glass transition
temperature 7, measured by DSC(Differential Scanning Calorimetry) for each rubber samples shows a

big different value.

2.2 Surface reflection supersonic wave viscoelasticity measuring method

The schematic of the supersonic viscoelasticity measuring method composition using the surface
reflection wave is shown in Fig.l. Supersonic transducers were the one for
NDT(non-destructive-testing), total band of 0.5~100MHz. The pulsar receiver was also the one for NDT,
generate pulse wave form. Wave form U, of surface reflection wave that was obtained through the
oscilloscope was analyzed by Fast Fourier Transform with the personal computer. The absolute value of
reflection coefficient from the power spectrum and the phase delay 8 from the phase spectrum were

calculated standardized based on the reflection with air Uy,.
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Complex reflection coefficient R was calculated by equations (1), (2), (3),

Storage modulus L', Loss modulus L” and Loss tangent tan ¢ was calculated by equations (4), (5), (6).
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Where Zg,s.; is a acoustic impedance of buffer material, and o is a density of sample

2.3 Viscoelasticity measuring method with rheometer

The schematic of the measuring apparatus for viscoelasticity evaluation (rheometer made by the
ANTON PAAR company) to give the dynamic twist strain and to detect the torque is shown in Fig.2.
(Above-mentioned DMA is measuring method under a tensile strain)

Sine rotatory vibration u of 0.01~10 Hz was given to an end of the specimen, and phase difference ¢
between the detected shear stress 7 and strain were measured within the range from -100 to 25°C.
Then Storage modulus G', Loss modulus G” and Loss tangent tan J were obtained by equations (7)to
(12). In this experiment, shear strain y, was 0.02%, and specimen thickness # was 1mm, and specimen
length / was 30mm.

U=uysinw t (7)
r=rysin(wtt+ 6) (0<I<n/2) (8)

where w=2 7 f.

v =,/ 0 9)
G =(o,/ vycos o (10)
G”=(o,/ y)sind (11)
tan 6=G” /G’ (12)

The master curve of the frequency dependency dynamic property at optional temperature 7 is obtained
by moving a measured curve on the time axis. It is called time-temperature conversion shown as
following WLF equation here log ar that is expressed by the amount of the movement along logarithm
axes of the frequency. [12]

WLF equation
log,, @, =— 8.86(T-T,) (13)
101.6+7-T,
T=T,+50 K (14)
At first the measurement result had been converted into the frequency according to the WLF equation

based on glass transition temperature T}, next it was shifted to 23°C.

2.4 Friction coefficient measuring method

The rubber roller friction examination apparatus that authors developed for the evaluation of the bank
note handling is shown in fig.3. With this apparatus, wide range velocity(0.01~3.0m/s) friction
coefficient measurmente was realized, (a) was set up for ultra low velocity and (b) was for high velocity.
The friction coefficient was calculated by equation (15). Friction force F was measured by load-cell.

u=F/N (15)



The pressing load N was 3.6N. The friction vibration frequency f was calculated from the friction
velocity and the surface roughness of paper.
f=V/AX10° Hz (16)
where V is relative velocity of paper and rubber roller (m/s), and A is average wave length of surface
roughness of paper (A=5um).
From equation (16), the sliding vibration frequency by surface roughness of paper is 2x10°~5.6x10°Hz

at measuring friction velocity V=0.01~2.8m/s.

3. Experimental result and consideration

The frequency property of a viscoelasticity tan ¢ with the supersonic surface reflection method and
the rheometer and friction coefficient x of three kinds of the tire and roller material are shown in Fig.4.

The friction coefficient u is 10° Hz shifted as the peak align to tan Jin (b)[3].

In BR that glass transition temperature is low, tan ¢ increases by an increase of the frequency. And in
PNR that glass transition temperature is high, tan J decreases by an increase of the frequency. And in
SBR that glass transition temperature is middle of other two material, tan & shows the peak in 10’ Hz.
That is to say, tan J with the supersonic surface reflection method and the rheometer shows a similar
tendency in three kinds of materials. However, It is difficult to compare rheometer with supersonic tan

0 absolutely. Because restricting condition, stress type and magnitude of vibration were different in
each method. Furthermore the measurement with rheometer which is necessary for time-temperature
conversion is thought involving the big error margin of the frequency according to how to take the glass
transition temperature or coefficients.

On the other hand, as for frequency property of friction coefficient, friction coefficient «~ of BR
increases by an increase of the frequency. SBR shows the peak, then, BR and SBR show similarity in
viscoelasticity property in the inclination, the amplitude or the peak frequency. As for PNR friction
coefficient 4 behavior was different from the tendency to tan J, because the friction coefficient did not
show a definite change to frequency increase and it was very small.

As for the measurement in 100MHz, now it became to be able to be detected by the new surface
reflection method, it had been impossible to be detected in a past bottom reflection method by great
attenuation of rubber. The profile of the frequency property of tan 0 became clear so that the
comparison of tendencies became easier.

Fig.5 shows a relationship between friction coefficient «~ andtan J.

In the area that value of tan ¢ is 0, it is assumed that the main factor of the friction force is the
adhesive friction. It is said that this value will be decided depending on different shear strength
according to the material and a contact area [13]. If we thought in this way, the adhesive friction
coefficient of each material are 1.4 in BR , 2.5 in SBR and 0.7 in PNR. Not only shear strength of rubber,
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the adhesive force of paper and rubber but also the energy loss of wear-out by shear strength of paper is
included in this adhesive friction coefficient. It is considered to make up to pretty big weight in the
friction of rubber. We suspect it’s complication

Moreover, as for BR and SBR, the value that subtracts the above-mentioned adhesion friction from
total coefficient of friction was in proportion to tan ¢, however, PNR is almost unrelated. Therefore,
the influence level to friction coefficient u to tan ¢ is different in each material.

From these discussions, the viscoelasticity property by the supersonic measurement using the surface
reflection has good correlations for the viscoelasticity with the rheometer. Moreover, since it correlates
to the friction coefficient well of materials, it can be said that there is a possibility of evaluation for
change like a deterioration or a presumption for a friction coefficient by means of supersonic

measurement.

4, Conclusion

We introduced the theory and the measurement result of a practical viscoelasticity measurement using
the surface reflection wave about the material for the tire and rubber roller that was the high attenuation
rubber material. At the result of comparison friction coefficient in wide-range velocity with the
supersonic viscoelasticity tan ¢, these showed good correlation in the material used for the tire.

We think that the supersonic viscoelasticity evaluation method applicated to the friction evaluation had
reached to a practical level. Because the supersonic viscoelasticity measuring method in an actual
friction frequency on the surface for a real friction face was established, so that the viscoelasticity
characteristic on the surface that influences friction directly can be understood.

It is convinced that the enormous progress can be given to the safety of the car for an application of
this research, because it is possible to realize more safety tire by developing the good friction material or
to improve the vehicle inspection quality in the actual use scene by to be able to detect the

viscoelasticity deterioration.
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Table 1 Examination material

Group }%?Ir(siflzis Filler* 7, C
BR 40 Si -105
SBR 40 Si -50
PNR 40 CB 4

: Silica, CB : Carbon Black




Fig. 1  Schematic of measurement apparatus for supersonic viscoelasticity evaluation by surface

reflection

Fig.2  Schematic of measurement apparatus for viscoelasticity evaluation by rheometer

Fig. 3 Schematic of measurement apparatus for friction coefficient of rubber roller and paper

Fig.4 Frequency relationship between supersonic tan & and rheometer tan 0 and friction

coefficient u

Fig. 5  Relationship between supersonic tan J and friction coefficient u



Fig.1, NOBUAKI OMATA, MoPpm4-01

Pulser y  Digital
receiver Signal Osciloscope
14/ Transducer Data
«
Buffer ,l/ couplant Persvonal
Sample Computer

(a)

Ulo

(b)

10




Fig.2, NOBUAKI OMATA, MoPpm4-01
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Fig.3, NOBUAKI OMATA, MoPpm4-01
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Fig.4-b, NOBUAKI OMATA, MoPpm4-01
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Fig.4-c, NOBUAKI OMATA, MoPpm4-01
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