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Abstract: Abrasion tests of model tire tread compounds (NR and NR/BR blend compounds) were performed at different

slip angles (1o and 7o) using a laboratory abrasion tester. The abrasion behavior was investigated by analyzing the worn sur-

face and wear particles. The abrasion spacing formed on the specimen worn at the large slip angle of 7o was significantly

narrower than that at the small slip angle of 1o, while the abrasion depth for the specimen worn at 7o was lower than that

at 1o. The abrasion spacing and depth tended to be narrower and lower, respectively, as the BR content increased. The abra-

sion patterns were clearly visible on the outside of the specimen for the slip angle of 1o but not for 7o. The wear particles

had a rough surface and there were numerous micro-bumps. It was found that the crosslink density affected the abrasion

patterns and morphologies of the wear particles.
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Introduction

When a vehicle corners, the tire generates lateral force to

support the vehicle.1,2 Lateral force is the force transmitted

by a tire to the ground in the vertical direction to the plane

of symmetry of the tire. Slip angle (or sideslip angle) is the

angle between the center plane of the wheel subjected to lat-

eral force.1,3-5 General relationship between slip angle and

lateral force is described in Figure 1, which its curve can be

divided into three regions; elastic or linear, transitional, and

frictional parts.1,2,6-11 In the elastic region where the slip angle

is small, the lateral force linearly increases with the slip angle

and the slope is called the cornering stiffness. In the tran-

sitional region, the portion of the tire contact patch reduces

and the lateral force increases less as the slip angle increases.

The peak point between the transitional and frictional regions

usually appears around 5o, and it increases with increase in

the load. Frictional curves have specific characteristics

depending on the rubber compound and tread pattern of a

tire.11

When a rubber vulcanizate is worn, periodic parallel ridge

patterns are formed on the surface.12-18 The first step in ridge

generation is the formation of small particles by micro-

tears.12 The size and shape of the wear particles depend on

the frictional force. When the load is high, the abrasion spac-

ing tends to widen, and at a low load, stripes with narrow

intervals are observed.19 Abrasion depth can be used to esti-

mate the amount of material removed as the wear parti-

cles.14,20 Since partial wear occurs on the tire surface due to

the slip angle, the abrasion depth in the slip direction is

greater than that in the other direction.20 A laboratory abra-

sion tester has been used for abrasion test of tire tread com-

pounds by applying various driving conditions.21-23

Abrasion of tire treads acts as a source of contamination

from the non-exhaust of vehicles. Tire wear particles (TWPs)

are one of the main components of microplastics.24,25 TWPs

can flow into rivers, lakes, and seas to be deposited in the

sediment.26 When TWP breaks into fine particles, it becomes

a source of air pollution as fine dust in the air.27,28

Natural rubber (NR) and butadiene rubber (BR) are gen-

erally used for manufacturing tire tread compounds.29-32 In

this study, model tire tread compounds (NR and NR/BR

blends) were prepared and abrasion test was performed using

a laboratory abrasion tester. Two slip angles of 1o and 7o were

employed, which correspond to the elastic and frictional

regions as shown in Figure 1. The abrasion behavior was

investigated by analysis of the worn surface of abrasion spec-

imen and the wear particles.
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Experimental

Three model rubber compounds were prepared using NR

(TSR20) and BR (BR01 of Korea Kumho Petroleum Co.,

Republic of Korea). Formulations of the three rubber com-

pounds were same except for the rubber composition. The

sample codes were N10B0, N8B2, and N6B4 for the NR =

100, NR/BR = 80/20, and NR/BR = 60/40 compounds,

respectively. Mixing was performed in a Banbury type mixer,

and the initial temperatures of the mixer were 110 and 80oC

for master batch (MB) and final mixing (FM) stages, respec-

tively. The abrasion specimens were prepared by curing the

rubber compound at 160oC for the maximum cure time (tmax)

in a compression mold (83 mm diameter and 19 mm thick-

ness).

Abrasion test was performed using LAT100 tire tread com-

pound tester of VMI group (the Netherlands). Electro Corun-

dum Disc Grain 60 of VMI group (the Netherlands) was used

as the abrasive disk. The load force was 75 N and the veloc-

ity was 25 km/h. Two slip angles 1o and 7o were applied. The

abrasion tests were performed for 3 and 0.5 h for the slip

angles of 1o and 7o, respectively. Surface morphologies of the

abrasion specimens were observed using an image analyzer

Figure 1. General relationship between slip angle and lateral

force of a tire.

Figure 2. Magnified images of the worn surfaces of the N10B0 abrasion specimen after the abrasion test.
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(EGVM 35B, EG Tech. Co., Republic of Korea). Morphol-

ogies of the wear particles were observed using a scanning

electron microscope (CUBE-II tabletop SEM, Emcrafts Co.,

Republic of Korea).

Crosslink densities of the samples were measured by the

swelling method.33-35 Organic additives in the sample were

removed by extracting with THF and n-hexane for 3 and 2

days, respectively, and the sample was dried for 2 days at

room temperature. The weight of the organic materials-

extracted sample was measured. The organic materials-

extracted sample was soaked in toluene for 2 days at room

temperature and the weights of the swollen samples were

measured. The crosslink densities (X
c
s) were calculated using

the Flory–Rehner equation.35

Results and Discussion

Worn surfaces of the abrasion specimens after the abrasion

tests were observed by dividing into three parts of the left,

center, and right. Figure 2 shows magnified images of the

worn surfaces of the N10B0 sample after the abrasion test.

The images clearly show the abrasion patterns of spacing and

depth. In the 300 time-magnified image at the slip angle of

1o, a large hole was observed. The worn surface looks like

sticky or wet. The abrasion spacing notably became narrower

as the slip angle increased. The narrower spacing denotes that

smaller wear particles were produced. In general, size dis-

tribution of the wear particles produced at higher slip angle

shifts to smaller size than that of the wear particles produced

at lower one.22

Figure 3 shows magnified images of the worn surfaces of

the N8B2 sample after the abrasion test. The worn surface

looks like dry unlike the N10B0 sample. Some small particle

on the worn surface were observed. They should be wear par-

ticles generated from the abrasive. The abrasion spacing

notably became narrower as the slip angle increased and the

abrasion depth became lower. The narrower spacing and

lower depth implies that smaller wear particles were pro-

Figure 3. Magnified images of the worn surfaces of the N8B2 abrasion specimen after the abrasion test.
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duced. Figure 4 shows magnified images of the worn sur-

faces of the N6B4 sample after the abrasion test. The worn

specimen has dry surface like the N8B2 sample. Some

deeply-dug holes could be observed in the 300 time-mag-

nified images. The abrasion spacing notably became nar-

rower as the slip angle increased and the abrasion depth

became lower. The narrower spacing and lower depth implies

that smaller wear particles were produced.

The abrasion spacing tended to be narrower and the abra-

sion depth tended to be lower as the BR content increased.

Hence, it can be concluded that size distribution of the wear

particles produced from NR/BR blend compounds will shift

to smaller size as the BR portion in the compound increases.

The experimental results can be explained by the crosslink

density. Crosslink densities of the N10B0, N8B2, and N6B4

samples were 1.8×10-4, 2.1×10-4, and 2.4×10-4 mol/cm3,

respectively. By increasing the BR content, the crosslink den-

sity increased.

Side-views of the abrasion specimens after the abrasion

Figure 4. Magnified images of the worn surfaces of the N6B4 abrasion specimen after the abrasion test.

Figure 5. Magnified side-view images of the worn abrasion

specimens. The slip angle is 1o.
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test were observed to examine the abrasion patterns formed

on the outside part. Figures 5 and 6 show the magnified side-

views of the abrasion specimens after the abrasion tests at the

slip angles of 1o and 7o, respectively. For the samples tested

at the slip angle of 1o, bumps were clearly observed and the

abrasion patterns could be examined from the images. Size

of the bumps reduced as the BR content increased. Heights

of the bumps were less than 200 m and they tended to

decrease as the BR content increased. For the samples tested

at the slip angle of 7o, the abrasion patterns could not be

observed and the surface was squashed. By increasing the

BR content, the worn surface became less rough.

Figures 7, 8, and 9 show SEM images of the wear particles

of 106-212 μm produced from the N10B0, N8B2, and N6B4

samples. From the SEM images, morphologies of the wear

particles could be observed in detail. The surfaces are very

rough and have a lot of micro-bumps. Sizes of the micro-

bumps about 10 m or less. The micro-bump size can be

changed depending on the wear particle size. Formation of

the micro-bumps may be due to the various micro-regions in

the sample. A sulfur-cured rubber sample reinforced with

Figure 6. Magnified side-view images of the worn abrasion

specimens. The slip angle is 7o.

Figure 7. SEM images (×1000) of the wear particles of 106-212 μm produced from the N10B0 abrasion specimen. The slip angles are

marked.
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carbon black has various microstructures influenced by car-

bon black and sulfur crosslinks. Micro-regions including car-

bon black can have different properties from those without

carbon black, which should lead to different abrasion behav-

ior. Properties of micro-regions with high and low crosslink

densities are different from each other, and the properties are

also dependent on crosslink types. Sulfur vulcanization

makes varying crosslink types like mono-, di-, and polysul-

fides.36-38 Crosslink type and density of a rubber vulcanizate

determine the physical properties such as modulus, hardness,

resilience, elongation at break, heat build-up, and so forth.38-41

By increasing crosslink density, modulus and abrasion resis-

tance increase, while tensile strength increase in proportion

to the di- and polysulfide content. Physical properties of rub-

ber vulcanizates affect the abrasion behavior.42-45 High mod-

ulus at high strain, elongation at break, and tensile strength

can reduce abrasion rate of a rubber vulcanizate.

Surface of the wear particle tended to be rougher and

shapes of the micro-bumps tended to be more clear as the

BR content increased. There were some micro-potholes in

the were particles, and level of the micro-potholes tended to

increase as the BR content increased. Difference in the mor-

phologies depending on the BR content can be explained by

increasing heterogeneity of the micro-regions due to differ-

ences in the crosslinks and rubber compositions. Crosslink

types and densities between NR and BR compounds should

be different if the compound formulations are same except

for the rubber composition. This difference may lead to dif-

ferent micro-regions. It was reported that rubber composi-

tions of the wear particles produced from an NR/BR blend

sample was different from each other.45

Conclusions

Worn surface of the N10B0 sample was sticky, whereas

those of the N8B2 and N6B4 samples were dry. The abrasion

spacing notably became narrower and the abrasion depth

became lower as the slip angle increased. The narrower spac-

ing and lower depth implies that smaller wear particles were

more produced. Size of the bumps formed on the worn sur-

face at the slip angle of 1o reduced as the BR content

increased. Heights of the bumps were less than 200 m and

Figure 8. SEM images (×1000) of the wear particles of 106-212 μm produced from the N8B2 abrasion specimen. The slip angles are

marked.
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they tended to decrease as the BR content increased. How-

ever, for the samples tested at the slip angle of 7o, the abra-

sion patterns could not be observed in the side-view images.

A lot of micro-bumps were observed on the wear particle

surface. On the whole, wear particles produced from the

abrasion test at the slip angle of 7o show rougher surfaces

than those generated at the slip angle of 1o. Various and

rough shapes of the wear particles mean that abrasion pro-

cesses are very complex. The abrasion patterns were related

to the morphologies and size distributions of the wear par-

ticles. Crosslink density affected the abrasion patterns and

morphologies of the wear particles.
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