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Abstract

Smear wear behaviour has often been observed during rubber abrasion especially under mild
test severities. It generates degraded sticky rubber debris, which often produces erratic
measurements of abrasion weight loss. Various practical methods to avoid or remove the
debris from the abrasion test surface have been reported, such as applying a drying powder
lubricant. However, the detailed mechanism of smear wear behaviour is still not clear. In this
paper, various characterisation techniques are applied to investigate the smear wear of both
an unfilled NR model compound and a commercial carbon black filled SBR tyre tread
compound obtained during blade abrasion testing. The debris showed lower molecular
weight and higher oxygen content than the virgin materials. In addition, 75% of the smear
wear was found to be de-crosslinked during smear wear, as detected by the DQ-NMR
technique. For the first time, it is demonstrated that both the polymer itself and crosslinking
points are broken down during smear wear. The effect of the smear layer on friction and
abrasion is also discussed.
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Introduction

Abrasion resistance plays an important role for rubber products such as tyres, belts and
dynamic seals. Unlike most other engineering materials, rubber materials show very different
abrasion mechanisms under different circumstances due to their relative low modulus and
unique viscoelastic and frictional properties. Over the past century, a wide range of
experimental abraders have been developed to predict abrasion performance and to
investigate abrasion mechanisms, such as: needle abrader?!, blade abrader?:3:4.5.6,7,8,9,
Lambourn abrader'®1112 DN abrader3#1>, Akron abrader!®17, LAT 100 abrader!®1920.21 3nd
ball on plane abrader??. The generally accepted possible mechanisms of rubber abrasion
include abrasive wear, fatigue wear and smear wear.

Abrasive wear is the dominant abrasion mechanism when rubber slides against surfaces
containing sharp asperities. Stress concentrations generated by the sharp points of contact
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cut into the rubber which can then reach the limiting strength of the material and micro-
cutting or scratching is observed on the rubber surface 123, Abrasive wear is caused by tensile
failure, which normally produces large weight loss. In this case, rubber abrasion is very similar
to the abrasion of hard materials such as plastics and metals. When rubber materials slide
against smooth rigid abrasives?? the stress concentrations are much lower, generating a
fatigue failure rather than tensile failure to remove wear particles. Therefore, the abrasion of
rubber caused by this failure mode is called fatigue wear or adhesion wear. One characteristic
of fatigue wear is the formation of a series of periodic parallel ridges perpendicular to the
sliding direction, which is known as ‘abrasion pattern’ or sometimes as ‘Schallamach
pattern’?*,

Smear Wear

When a rubber compound, and especially a tyre tread compound is abraded under mild
conditions, a sticky smear layer is often generated on the rubber surface. This type of abrasion
failure is a degradation process which is referred as either smearing or smear wear in the
literature. This smear wear, as a distinct class of abrasion mechanism has been reported
widely in the literature!'?>26.27.2829 However, only a very limited number of these studies
provide a detailed characterisation and discussion of the sticky debris generated by smear
wear3?, It is believed that abrasion failure due to smear wear results from some form of rubber
degradation. However, there is no consensus yet on the detailed mechanism responsible for
the degradation process®!. Three potential degradation mechanisms were proposed by Gent
and Pulford?®: 1. thermal decomposition due to local heating; 2. oxidative degradation
possibly accelerated by local heating and 3. mechanical rupture of macromolecules to form
reactive radical species. Some authors claimed the most plausible mechanism of smear wear
formation results from oxidative chain scissions produced by frictional force, in much the
same way as occurs during cold mastication of NR32,

Smear wear can sometimes accelerate?>33, or for most cases 112434.35,36 decrease the
measured wear rate. Such uncertainty brings difficulties in judging the wear rate under
laboratory testing conditions. Thus, a lot of effort has been made to avoid the formation of
the smear layer or simply to remove it from the wear surface3®. The most common ways
encountered in standard tests include feeding a drying powder into the nip between the
rubber and the counterpart surface, testing using an inert atmosphere, or by lowering the
ambient test temperature. The effect of various drying powders such as magnesium oxide,
Fuller’s earth and French chalk on abrasion have all been investigated?’. The use of magnesia
appears to be the most effective way to prevent the generation of smear wear. However,
there may be two competing effects of feeding powder. The first effect results in the abrasion
rate being increased as the powder helps removal of the lubricating low molecular weight
impurities from the rubber surface. In contrast, the abrasion loss could also be reduced
because the powder acts as a lubricant between the rubber and the track.

To understand oxidative deterioration mechanisms, many wear tests were performed under
different atmospheric conditions. Schallamach?* investigated the abrasion of NR in an inert
atmosphere. Following a first abrasion step in nitrogen, switching the atmosphere to air
resulted in a drop of the abrasion rate due to an instantaneous formation of a smear layer.
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The abrasion rate then increased with time and was finally greater than the steady state rate
of abrasion in nitrogen. When the abrasion rate of a rubber was low in air due to smear wear,
the subsequent abrasion in nitrogen was often greater than in air. If smear debris was
obviated by the use of a suitable powder, the abrasion was greater in air than in nitrogen.
However, other researchers demonstrated that some rubbers like NR and SBR only degraded
in the presence of oxygen. The rate was much less when they were abrasion tested in an inert
atmosphere such as nitrogen. BR produced only dry debris during abrasion?. It was proposed
that any free radicals produced by main chain scission in a BR compound could rapidly react

with the polymer itself, resulting in an increase in crosslinking density rather than degradation.

Temperature also has significant influence on rubber abrasion. Not only does it affect the
viscoelastic properties of rubber itself, but it can also determine the actual abrasion
mechanism. Different abrasion mechanisms dominate within different temperature ranges.
At lower temperatures, abrasive wear dominates, while moderate temperatures produce
fatigue wear, and higher temperatures produce smear wear. As a result, the wear mechanism
can be switched from one mechanism to another, or the contributions between different
mechanisms will be completely redistributed. Muhr and Roberts®> demonstrated that the
smear wear mechanism plays a more important role at higher temperatures. They used an
Akron type abrader running on a smooth glass slide. The results showed that both smeared
and rubber particles were deposited on the glass. In the temperature range from -30 to 60 °C,
the higher ambient temperature resulted in a greater production of smear wear, and at lower
temperature there was a greater number of debris particles. In the case of temperatures
below -20 °C no smear debris was present.

Although smear wear has been investigated using various techniques, there has been only a
very limited number of systematic studies undertaken on the characterisation of the smear
wear. Therefore, some fundamental questions remain open, such as: What is the smear layer
comprised of? How does it affect the abrasion and friction behaviour? This paper attempts to
address these questions. Various techniques were used to characterise the smear wear with
respect of their glass transition temperature, chemical composition, molecular weight, and
crosslinking density.

Experimental Section

Materials

Both an unfilled model compound and a commercial passenger tyre tread compound were
used in this study. The model compound was a sulphur crosslinked, unfilled natural rubber
(NRO) which was mixed on an open two-roll mill. The tread compound was a styrene-
butadiene rubber filled by 50 phr N234 (SBR50) supplied by Cabot Corporation, MA, USA. The
tread compound, SBR50 was mixed in a Banbury-type internal mixer with a chamber volume
of 1 L. The optimal curing conditions were determined using an Alpha 2000 rheometer. The
detailed formulations and curing conditions are given in Table 1.
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Blade Abrasion

The abrasion tests were conducted using a blade abrader, which was originally designed and
developed by Champ et al®. The apparatus for blade abrasion testing is shown in Figure 1. The
blade had an initial wedge shape when manufactured but as it was used extensively it also
experienced significant wear. Therefore, the blade tip reached an equilibrium state which was
used throughout experiments with an approximately constant sharpness of 0.3 mm radius. It
was fixed at one end of a freely pivoted arm. The whole arm was mounted on a spring
cantilever, whose horizontal displacement was measured by a non-contact displacement
sensor. The displacement sensor was calibrated to obtain the relationship between the
horizontal force applied on the blade and the output voltage measured by Agilent 34401
multimeter. The other side of the arm was attached to a simple dashpot damper to reduce
the vibration, resulting from the sliding of the blade over the sample, to a typical value of
about 0.5mm.

Rubber wheel test specimens with an internal diameter of 12.5 mm, an external diameter of
68 mm and having a thickness of 12.5 mm were compression moulded using a hot press to
the optimal curing conditions as shown in Table 1. The cured rubber wheel was fixed on a
shaft, which was driven by an induction motor through a gearbox. It was rotated against a
stationary blade at 21 rpm, which corresponded to an average sliding velocity of 70 mm/s. A
dead weight positioned on the top of the blade was used to apply the designated normal
force. The sample weight was measured, and the wear debris was collected for the further
analysis after a certain testing period. The material weight loss rate here is defined as: m =
dm/dn, where m is the material weight and n is the number of sample rotation cycles, or
wear cycles.

Differential Scanning Calorimetry (DSC)

DSC was conducted to measure the glass transition temperature for both the smear wear and
unabraded bulk materials. Calorimetry measurements were made using a TA Q2000. Samples
of 5 to 10 mg were placed in aluminium crucibles for testing. Samples were cooled to -80 °C
and heated up to 20 °C at a rate of 2 °C/min under a flushing nitrogen atmosphere.

TGA

TGA performed on TA Q500 was used to characterise the chemical content, thermal stability
and amount of degraded rubber of the smear wear. Both air and nitrogen atmospheres were
used. The samples were first heated up from room temperature to 700 °C at 20 °C/min in a
nitrogen atmosphere. Following this, the atmosphere was changed to air and the
temperature was further increased from 700 °C to 1000 °C at 50 °C/min. An alternative test
was also used on a different sample using an air atmosphere throughout from room
temperature to 1000 °C at 20 °C/min.
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Energy-dispersive X-ray Spectroscopy (EDX)

The SEM-EDX analyses were performed on an FEI Inspect Scanning Electron Microscope (SEM)
equipped with an EDX-detector. For NRO, the specimen was coated with carbon to make it
conductive. As SBR50 is above the filler network percolation threshold, the samples were
conductive and no conductive coating was required. The analyses were performed at a 10 kV
accelerating voltage and a beam current in the range of 1 to 3 nA for up to 60 seconds.

Gel Permeation Chromatography (GPC)
The molecular weights of the smear wear and rubber melts before vulcanisation were
determined using GPC. The smear wear and rubber melt were dissolved in Tetrahydrofuran

(THF) with 2% Triethylamine (TEA). A filter with 0.1 um pore size was used to filter the solution.

After filtration the solutions were used to conduct the GPC on an Agilent 1260 infinity system
equipped with Refractive Index Detector (RID) and variable wavelength detector, 2 PLgel 5 um
mixed-C columns (300x7.5mm), a PLgel 5 mm guard column (50x7.5mm) and an autosampler.
The columns and the RID were operated at 40 °C. The instrument was calibrated with linear
narrow poly(methyl methacrylate) standards in range of 550 to 2136000 g/mol.

Bound Rubber Measurement

Bound rubber testing was performed on the aged smear wear of the tread compound to
measure how much rubber remained insoluble in the smear wear. Test samples of around 20
mg were immersed in 20 ml toluene for 120 hours. The solvent was renewed after 48 hours.
After extraction the samples were dried for 24 hours in air at room temperature and then for
24 hours in an oven at 100 °C. The percentage of the bound rubber, R, , was then calculated

according to the following equation:

m, —m, x f,
R%=—— (Equation 1)
m, x f,

where m, is the dry mass after extraction, m, is the mass of the original specimen, f, and fp are

the filler and polymer fractions according to the compound’s original formulation.

DQ-NMR

Time-domain proton NMR spectroscopy is based on the measurement of the residual
tensorial interactions, which originate from incomplete motional averaging of chain segments
fluctuating rapidly between topological constraints, such as crosslinks or chain
entanglements3’38, The local anisotropy of reorientational motions is described by a nonzero
dynamical orientation of the polymer backbone (P>(cos 6)) defined as the time average of the
second-order Legendre polynomial®*:

(P,(cos 8)) = %fot (%) dt’ (Equation 2)

in which 6 is the time-dependent angle between the local chain direction (segmental
orientation) and a reference direction. At high enough temperature (with respect to Tg),
reorientational motions are fast and the above time average stabilizes rapidly at short times
t. For a network chain, topological constraints such as entanglements and cross-links lead to
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a nonzero permanent time average, which gives a dynamic average orientation of the
polymer backbone, related to the length R and orientation a of the end-to-end vector. In a
freely jointed rigid rod chain model, the average segment orientation is

3 R? 3cosza—1~S 3cos?a—1
5N2b2 2 Teb

(P,(cos 0)) = (Equation 3)

where Nis the number of statistical segments (freely jointed rigid rods) between constraints
and bthe statistical segment length.

The overall NMR signal is then the sum of contributions from all chains. From this, an average
value of the local backbone orientation with respect to the end-to-end vector arises, which
corresponds to Sy (see eq 4). Using the usual result for ideal chains R? ~ Nb?, it may be
written

SyREZ——rx—=xV (Equation 4)

Since the proton dipolar coupling, which is NMR observable, depends on molecular
orientation, the nonzero dynamic orientation of the polymer backbone S is detected in NMR
because it gives a nonzero residual dipolar coupling. S is calculated from the experimentally
measured average residual dipolar coupling constant Dres, by comparison with its static
counterpart, Dsatic, as (kis a correction factor <1 accounting for the spin arrangement and
motions within a statistical segment)

Sy = Jo Zres (Equation 5)

Dstatic

According to eqs (4) and (5), Dres is inversely proportional to the average molecular weight of
network chains between cross-links Mcor, equivalently, proportional to the cross-link density
V. Entanglements also contribute to the NMR signal. Assuming a constant entanglement
density and additivity of entanglement and cross-link densities, we may write
Dres o 1/ Mc+ 1/ Me, with Me the entanglement molecular weight.

Two sets of data, the Double Quantum build-up (/pg) and a reference decay (/zer), are
collected in each test. While all protons in the material contribute to /zef only those with a
non-zero Dres value, which are those belonging to elastically active chains, contribute to /pg.
The amount of defects (dangling chains, loops, sol chains and oligomers) can be estimated
and their contribution have to be subtracted from Zzerprior to computing the normalized /pg.

For time-domain proton NMR measurement, the sticky wear debris of NRO and uncured NRO
melt were put into a test tube and inserted as solid samples into the measuring probe.
Experiments were carried out on a Bruker Minispec mg20 proton low-field NMR spectrometer
operating at 0.5 Tesla with 90° pulses of 2 us and a dead time of 12 ps. The experiments were
done at 60 °C (that is about Tg + 120°C) to ensure fast motions and proper time averaging of
spin interactions.
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Results and Discussion

Abrasion Behaviour

The blade abrasion process is typically divided into two stages: initiation state and steady
state. In the initiation state, the material weight loss rate, m, increases as the number of wear
cycles increases, while in the steady state it is constant. The cumulative weight loss during
blade abrasion test under a 20 N normal force for NRO is shown in Figure 2, which clearly
highlight these two different wear states.

The sample surface showed very different phenomena during these different wear
stages. A smear layer was observed on the sample surface at the beginning of the wear test
for both NRO and SBR50. An example is shown in Figure 3. On the other hand, an abrasion
pattern was formed on the rubber surface as shown in Figure 4. Such an abrasion pattern
slowly developed during the initiation state until an established geometry was developed
when approaching the steady state. Figure 5 shows the abrasion surface developed for SBR50
during these different wear stages, which demonstrates the transition from the sticky surface
to an abrasion pattern.

However, it was not necessary to have a fully developed abrasion pattern to achieve a
constant material weight loss rate, m. The development of the wear pattern was highly
dependent on the test conditions. Generally, a higher normal force helped the pattern to
develop. For example, when the normal force was reduced to 4 N for NRO and 12N for SBR50,
no abrasion pattern was observed, but the smear wear was always observed during the
initiation stage. Figure 6 (a) and (b) show collected sticky wear debris from NRO and SBR50
that have been abraded under different conditions. Compared to fatigue wear, smear wear
can be initiated under much lower loading severities. More importantly, it seems that that
smear wear can exist independently of other wear mechanisms during wear testing.

Glass Transition Temperature of Smear Wear

The DSC trace of sample NRO is shown in Figure 7. The glass transition temperature is defined
as the intercept of two lines as shown in the figure at the onset of the Cp jump). There is no
significant difference in the DSC traces between the bulk material and smear wear. The glass
transition temperatures of the bulk and of the debris were similar, at approximately -65 °C
for NRO. There is no change of Tg for SBR50 either. The glass transition temperature was
around -30 °C (result not shown). There was no significant change of the local relaxation of
the rubber chains, although the molecular weight for the smear wear was reduced
dramatically, as shown by the independent GPC measurements.

Thermal and Thermo-oxidative Degradation of the Smear Wear

Figure 8 shows the TGA weight loss curves in nitrogen up to 700 °C and in air from 700 °C to
1000 °C for NRO and SBR50. All volatile components and polymer material were degraded in
nitrogen below about 500 °C. Then the remaining carbon-based fillers were combusted in air
above 700 °C. The TGA curve of the smear wear performed in this way is very similar to that
of bulk material. The smear wear consisted of the same amount of filler as the bulk material.
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However, the thermal stability of the smear wear was inferior, since it decomposed at a faster
rate in the nitrogen atmosphere. This probably results from a lower molecular weight of the
smear wear, since it is known that an increase in molecular weight increases thermal
stability?©.

TGA was also performed in air atmosphere over the entire temperature range. The results are
shown in Figure 9. Under this thermo-oxidative conditions, three steps were clearly identified
for the rubber decomposition. For NRO the volatile low molecular weight materials degraded
first below 320 °C. Following this, the polymer itself started to degrade. The last step was the
degradation process of the char formed during the second step. For SBR50, the volatile
species degraded first below 420 °C. Then the polymer decomposed below 500 °C. Finally, the
carbon black filler and the char formed by polymer degradation during the second step
degraded at the highest temperature®..

Compared with the unworn bulk material, the smear wear has a broadly similar degradation
curve. However, the thermal stability of the smear wear was inferior since they decompose
at a faster rate. The smear wear seems to contain a higher volatile content and a lower rubber
content. There is a greater charring effect for the smear wear being degraded in the air. The
blooming effect during abrasion is one possible reason for the larger volatile content. Large
stress and high temperature build-up on the abraded surface help the volatile species to
migrate to the rubber surface*’. In addition, the rubber degradation due to the smear wear
could also break down the high molecular weight materials into lower molecular weight
components. The lower rubber content in the smear wear indicates that rubber molecules
are degraded, at least partly, during the smear wear. The larger char amount probably results
from more free radicals in the smear wear which possibly promotes the char formation via
thermal oxidation*!. These free radicals probably come from the breakdown of the large
polymer chains into small fragments. The weight percentage loss of each step for thermal
oxidative degradation is shown in Table 2 and Table 3 for NRO and SBR50, respectively.

Molecular Weight and Oxygen Content of the Smear Wear

The smear wear has an oily, liquid like apparent behaviour, which implies it has a lower
molecular weight. The smear wear generated during abrasion was immediately dissolved in
THF to measure the molecular weight using GPC. The results were compared with the original
molecular weight of the uncured rubber melts extracted in THF as shown in Figure 10. First of
all, a signal response was detected for the smear wear, which means the debris were, at least
partly, soluble. Secondly, the GPC trace for the debris shifted to the right compared to the
rubber melt, which confirmed that there was a longer retention time suggesting that smaller
rubber molecules were present in the smear wear. There were two peaks for the GPC traces
of SBR50 melts, which was probably due to a non-uniform distribution of the molecular
weight. Once being abraded, the molecular weight of the smear wear became smaller and
more uniformly distributed.
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The weight average molecular weight, Mw, the number average molecular weight Mn and
the polydispersity, PDare shown in Table 4. The average molecular weight of the smear wear
was an order of magnitude lower than that of the original rubber melts. The rubber molecules
are clearly being broken into small fragments during smear wear, which results in this sticky
liquid like debris being produced with a reduced molecular weight. Since the debris are
soluble, it can also confirm that there is a decrosslinking process operating during smear wear.
The sulphur-sulphur crosslinking points are weaker than the carbon-carbon polymer
backbone, and they are probably preferentially broken during abrasion. As a consequence,
the breakdown of both the crosslinking points and the polymer backbone results in the three-
dimensional crosslinked network being degraded into small soluble fragments.

The oxidative deterioration could be one of the reasons for the breakdown of polymer chains
during the smear wear. In order to verify this, a simple elemental mapping was undertaken
using EDX to determine the oxygen content in the smear wear. The results are shown in Table
5. For NRO carbon element was eliminated in the analysis since the sample was carbon coated.
The smear wear had more oxygen content compared to the bulk materials - especially for
SBR50. This supports an oxidative degradation mechanism during the formation of smear
wear. In addition, the sulphur content was lower in the smear wear.
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Changing of Solubility of the Smear Wear

One interesting phenomenon was observed for the filled rubber, after leaving the smear wear
exposed to the atmosphere for a time period in excess of 24 hours. Figure 11 a) shows the
fresh smear wear of SBR50 in toluene. The debris appeared to be completely soluble in the
solvent. The undissolved carbon black formed a suspension, which resulted in the solution
becoming completely black. It was confirmed by GPC that the rubber molecular chains were
broken into smaller pieces or fragments due to the large shear force encountered during the
abrasion. Conversely, the average molecular weight measured in the smear wear remained
quite high compared to the average molecular weight between crosslinks in the rubbers,
which is less than 100 monomers for about 1.5 phr sulfur. Thus, the fact that fresh smear wear
can be dissolved in toluene potentially confirms that some degree of devulcanization
occurred.

Figure 11 b) shows the aged smear wear in the same solvent. Large insoluble debris are clearly
visible at the bottom. The solution remains transparent. It is thus apparent that the solubility
of the smear wear was significantly reduced with the dwell time. The change of the solubility
of the smear wear could be ascribed in principle to two mechanisms. The first one is that the
broken crosslinks can somehow recover and reform a 3-D polymer network. However, this
seems to be unlikely since sulphur vulcanisation requires thermal energy to be activated and
the sulphur content in the smear wear is apparently reduced as evidenced by EDX
characterisation. Another mechanism is that potentially the oxidation process introduces
some form of cross-linking network. Another possible mechanism might be that the filler
network in the smear wear can recover with time in a similar manner to the flocculation
process during melt processing and the polymer chain fragments can easily be reabsorbed
onto the filler surface forming “bound rubber”4334, During the abrasion process, the fracture
of either polymer backbone or crosslinks results in the formation of free radicals. The filler
particles and the anti-oxidant can both act as strong radical scavengers. For the filler particles
this is due to their high surface energy and presence of stable spin-unpaired electrons**4>,
which can trap free radicals and stabilise them. Therefore, the solubility of the aged smear
wear decreases. The amount of the insoluble rubber in the aged smear wear was determined
using the same technique used to measure the bound rubber content of an unvulcanised
rubber melt. The insoluble rubber for aged smear wear and rubber melt for SBR50 were 57 %
and 41%, respectively. Thus, the amount of insoluble rubber of the aged smear wear was
larger than the bound rubber of the uncured rubber melt, supporting the idea that some form
of crosslinked network was formed.

Crosslinking Network of the Smear Wear

It would also be useful to measure to what extent the rubber was de-crosslinked and the
residual crosslinking network of the smear wear. However, due to the unique feature of the
smear wear (irregular shape, limited amount and liquid like morphology) the conventional
crosslinking density measurements (swelling test and mechanical testing) were impractical.
Proton DQ-NMR is an appropriate technique for the study of structural constraints in rubber
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materials. In this work only NRO and SBR80 (a similar formulation as SBR50, with a higher
value of 80 phr CB) were tested, as it was generally quite difficult to collect enough wear
debris. The test results are shown in Figure 12 for NRO. The results involve two sets of
experimental data, the DQ buildup (/pg) and a reference decay (/Zref). In both cases, the sticky
wear debris clearly has a different NMR response compared to the uncured rubber melt (in
the case of NRO) and compared to the unworn sample (in the case of SBR80). The DQ signal
is smaller and badly shaped, which indicates that wear debris behave as if only a fraction
remains crosslinked, and a majority fraction of the smear wear has been de-crosslinked.

For quantitative analysis, the function (¢ = Irer(t) - Ipo () is plotted in Figure 13, for both
the uncured NR melt and for the NRO smear wear. This function is used to fit and subtract the
long-time tail of /£ which corresponds to uncrosslinked network defects (dangling chains,
loops and sol chains). The curves are extremely different in each case. The contribution
corresponding to the long-time tail is shown in the graph as well. While the defect fraction in
the rubber melt is about 7.6% of the total signal (which is a typical value in such materials),
this fraction in the smear wear is about 75% of the total. This would mean that in the debris
about 75% of the material is composed of uncrosslinked polymer. The smear wear has much
smaller molecules having an order of magnitude lower molecular weight, which is correlated
to a much larger amount of uncrosslinked defects (one order of magnitude higher). The ref
and DQ signals for the SBR80 sample are shown in Figure 14. For SBR80, the defect fraction
in the unworn sample is about 27% and reaches about 55 + 4% in the debris. The crosslinking
density of the remained crosslinked network can be obtained independently of relaxation
effects by normalising /pg by the total signal after subtraction of the defect contribution (/z4,
which can be expressed as Inpg = Ipg / (Ipg + Irer- Ider). The result is shown in Figure 15 for
the NR samples and in Figure 16 for the SBR80 samples. The Inpg signal tends to a plateau at
0.5, which indicates that the defect fraction was correctly estimated. The initial slope of Inpg
gives access to Dres. For NR samples, the signal from the crosslinked part of the debris (25%)
has a larger initial slope, meaning it is more crosslinked than the uncured rubber melt. It is
possible that the collected smear wear contains a small proportion of mechanically fractured
rubber particles, which have similar crosslinking densities to the unworn cured rubber. For
the SBR80 sample, the crosslinked part of the debris (about 55%) has a crosslink density
similar to that of the unworn sample. Note that an additional unworn SBR80 sample, manually
cut into sub-millimeter size fragments, was measured. It was found that it gave similar results
as the bulk unworn SBR80 sample, which shows that the difference between unworn SBR80
and its debris is effectively due to smear wear and not only to some mechanical fragmentation
process.

Effect of the Smear Layer on Rubber Friction and Abrasion

Figure 17 shows the frictional behaviour of SBR50 during abrasion. The frictional force
increases gradually as the abrasion starts. It reaches an equilibrium plateau after about 1000
cycles. The initial increase of the friction force is counter-intuitive from a viscoelastic
perspective since, as the temperature increases, the friction force contribution from
viscoelasticity should decrease. This rise in frictional force is ascribed to the formation of the
smear layer on the surface. The increase of the friction as the smear layer is developed is
probably due to two effects. On the one hand, as the smear layer is essentially a viscous lower
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molecular weight liquid polymer, the low modulus of the smear layer present on the rubber
surface could give a larger real contact area between the rubber surface and the counterpart.
On the other hand, the devulcanization processes as discussed above may make the abraded
surface more viscous. Therefore, both the adhesive and viscous contributions to the frictional
forces might be increased as the smear layer is developed®*®.

When the wear test is halted and the smear layer present on the rubber surface is allowed to
age in air as described previously, then upon recommencing the wear test, it becomes much
easier to abrade the bulk rubber wheel. Figure 18 shows the blade abrasion loss for SBR50 at
a 26 N normal force. The mass was measured every 500 revolutions until the end of each day.
Then the test was stopped, and the sample was left in the lab overnight prior to
recommencing abrasion testing the next day. Each jump in the weight loss resulted from the
very first measurement taken at the start of each day after just 500 additional revolutions.
Clearly, leaving the sample overnight allowed the smear layer to age, as already discussed in
Section ‘Changing the solubility of the Smear Wear’. This ageing clearly resulted in a faster
rate of abrasion loss for the first few revolutions. Then as the new smear layer developed, the
rate of abrasion loss was reduced.

Conclusion

This paper presents a systematic study on characterisation of the sticky debris generated
during smear wear. The smear wear was achieved using blade abrasion under low test
severities (low normal force) and the smear debris was collected. Due to the local
temperature increase and input mechanical energy, both rubber chains and crosslinks can
break down during abrasion to form smear wear. The smear wear is a form of degraded
rubber, which has a greater volatile content and more oxygen content according to EDX
measurements. This confirms the thermo-oxidative effect during smear wear.

Although there is no significant change of the glass transition temperature, the molecular
weight of this smear wear is almost an order magnitude lower than that of the original rubber,
which gives it a sticky and liquid like morphology. The degraded rubber chain fragments and
broken filler network in the smear layer can recover with ageing time, at least in part. As a
consequence, the solubility of the smear wear in solvent decreases with time.

In addition, a decrosslinking effect is confirmed qualitatively and quantitatively using DQ-
NMR. In NR, around 75% of the smear wear is composed of un-crosslinked network defects,
while this fraction is about 55% in CB-filled SBR. It is believed that during smear wear the

three-dimensional rubber network is thermo-mechanically broken down into small fragments.

It is conjectured that, in addition to this fragmentation process, the smear wear material
experiences severe fatigue degradation which forms this lower molecular weight and de-
crosslinked smear wear.

The initial formation of the smear layer on rubber surface during abrasion increases the
friction force since the smear layer has both a lower modulus and a higher viscosity. These
effects enhance both the adhesive and viscous contributions of the rubber friction. The old
smear layer with lower solubility can be easily abraded off, which leads to a higher rate of
abrasion loss.
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Figure Error! Main Document Only.. Blade abrasion apparatus.
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Figure Error! Main Document Only.. Cumulative weight loss at 20 N normal force.
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Figure Error! Main Document Only..Smeared rubber surface of NRO tested under a normal force of 4N after
1000 wear cycles.

Figure Error! Main Document Only.. The fully developed abrasion pattern under 8 N, 12 N, 16 N and 20 N
normal force from left to right for NRO.

Figure 5. Abrasion surface of SBR50 under 20N normal force: a) smear layer surface at 10000 cycles, b)
transition phase surface at 60000 cycles, c) abrasion pattern at 110000 cycles. The arrow in (a) shows the
sliding directions, this direction also applies to the other two figures.
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a)

Figure 6. Collected sticky debris during the smear wear: a) NRO collected during the test with a normal force of
4N and b) SBR50 collected during the test with a normal force of 12N.
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Figure 7 . DSC trace of the smear wear and bulk materials for NRO.
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Figure 8. TGA weight loss in nitrogen up to 700 °C and in air from 700 °C to 1000 °C of a) NRO and b) SBR50.
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Figure 9. TGA weight loss in air of a) NRO and b) SBR50.
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Figure 11. a) Fresh smear wear of SBR50 dissolved in toluene immediately after abrasion and b) placed in

toluene after a 24 hours dwell time.
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Figure 12. Reference and DQ signal (normalized to Iref = 1 at zero evolution time) in uncured NR melt and NRO
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Figure 13. Reference signal subtracted DQ signal for uncured NR melt and NRO smear wear. The long-time tail
contribution is shown for each case.
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Figure 15. Normalised DQ curves for NRO melt and NRO smear wear.
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Figure 17. Friction profile during blade abrasion for SBR50 at 8 N normal force, black line: the oscillating real time
recorded data and the red line: logarithmic trend of the data.
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Figure 18. Abrasion loss of blade abrasion test for SBR50 under 26 N normal force.

Table 1. Formulations and curing conditions for 12.5 mm thickness rubber wheel in phr
(Parts per Hundred Rubber)

Ingredient Trade Name NRO  SBR50
NR SMR CV60 100

SBR BUNA VSL 4720-O0HM 100
Carbon Black N234 50
Tackifier Koresin 3
Wax 2.5
Zinc Oxide 5 3
Stearic Acid 2 2
Antioxidant 6PPD 3 1
Accelerator CBS 1.5 1.1
Accelerator DPG 0.3
Sulphur 1.5 1.4
Curing Conditions

Curing Temperature / °C 145 140
Curing Time / minutes 30 50

Table 2. Weight percent loss of thermal-oxidative degradation for NRO.

Volatile
(25 -320°C)

Polymer Char
(320-450 °C)

(450 - 600 °C)

Ash
(600 - 1000 °C)
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NRO — Bulk 8.13% 78.21% 8.21% 5.45%
NRO - Smear wear 11.12% 71.14% 10.74% 7.00%

Table 3. Weight percent loss of thermal-oxidative degradation for SBR50.

Volatile Polymer Carbon Black & Char Ash
(25 -420°C) (420 -500 °C) (500 — 800 °C) (800 — 1000 °C)
SBR50 — Bulk 8.75% 52.12% 37.77% 1.36%
SBR50 - Smear wear 10.23% 45.02% 41.90% 2.85%

Table 4. Molecular weight of the smear wear and the uncured rubber melt.

MW averages Mn Mw PD
NRO melt 202011 713243 3.53
NRO smear wear 31627 50647 1.60
SBR50 melt 380098 475832 1.25

SBR50 smear wear 64983 187082 2.88

Table 5. EDX analysis of smear wear and bulk rubbers. A carbon coating was included for NRO, so the
values are normalised after carbon is removed from the analysis.

Oxygen Sulphur Zinc Carbon

wt% wt% wt% wt%

NRO - bulk 39.0 26.1 34.9 NA
NRO - smear wear 41.7 25.1 33.2 NA
SBR50 - bulk 2.8 1.5 1.7 93.9

SBR50 - smear wear 8.5 0.7 0.4 90.4
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