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A Minimum Quantity Water Lubricated (MQWL) approach (0.0–10.6 ml) was applied 
to investigate the abrasive wear behaviour of deproteinised natural rubber (DPNR) 
under sliding conditions. Pin-on-disc (PoD) tests were conducted under controlled 
loads (5–25 N), sliding speeds (0.26–1.31 m/s), and sliding distances (78.54–392.70 m). 
The term critical operating condition refers to the highest stable load–speed 
combination at which continuous sliding was maintained without excessive specimen 
deflection or loss of contact. Catastrophic wear is defined as sudden material failure 
characterised by severe deformation, chunk detachment, and abrupt termination of 
the test. DPNR-25 (25 pphr. carbon black) reached its critical operating condition at 15 
N and 0.79 m/s, whereas DPNR-50 (50 pphr. carbon black) withstood higher loading 
and exhibited catastrophic wear only at 25 N and 1.31 m/s. Under MQWL conditions, 
DPNR-25 showed a 30% improvement in wear resilience compared with its 
unlubricated baseline, while DPNR-50 exhibited a further 58% improvement relative 
to DPNR-25 under identical lubricated conditions, achieving a minimum specific wear 
rate of 0.05 mm³/N·m. Scanning electron microscopy (SEM) and energy-dispersive X-
ray (EDX) analysis were used to elucidate wear mechanisms. Finite element analysis 
(FEA) was employed as a qualitative, tyre-scale simulation to assess deformation 
trends and safety margins under high load conditions, bridging laboratory-scale wear 
observations with realistic tyre operating scenarios. 
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1. Introduction 
 

Over the years, rubber abrasion has been one of the most crucial properties for rubber products, 
especially tires. However, rubber abrasion continues to be a highly significant challenge in rubber 
research. Most literature reviews are lacking on focusing the effects of the rubber abrasion for both 
lubricated and unlubricated conditions. Therefore, the main objective of this present paper is to 
study the effects of the rubber abrasive wear in lubricated environments. It has been reported that 
the tribological properties are observed and measured meticulously to increase the usage of the 
rubber material in large [1]. Rubber is a particularly valuable material in a variety of industrial 
applications due to its good grip, sealing, and cushioning qualities. Rubber has several very practical 
characteristics, including a high Poisson ratio, a big elongation-to-break, and a low Young's modulus, 
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which make it appropriate for numerous sealing applications in a variety of machinery and 
appliances [2]. 

A schematic relationship between the terms of tribology, wear, abrasion, and scratch etc. has 
been reported [3].  In general, wear can happen in a variety of places and objects relative to time. 
Abrasive wear mechanisms are the primary cause of material degradation. Material displacement 
and removal due to abrasion between two hard asperities on one or both movable surfaces are 
known as abrasive wear. Since abrasion is the cause of 50% of all wear issues in industry, much 
laboratory research has been conducted to justify the abrasive wear behaviour of a variety of 
unconventional and advanced materials. Although there are various research and studies that have 
been done regarding the wear behaviour of the rubber components, most of them are simply 
concerned with certain rubber products such as styrene butadiene rubber (SBR) that is widely used 
in manufacturing tire treads for cars [4,9,14]. Others have reported on the shoe’s soles, tire treads, 
conveyor belts, and annular blow-out preventers that seal oil drilling pipes are examples of rubber 
applications that commonly experience abrasion [5,10,18,23,26]. It is one of the most crucial 
characteristics of a rubber material because it frequently influences the lifespan of a product. An 
automobile driven with inadequate tire tread depth may rupture or skid off the road because of 
failure due to abrasion [6]. Understanding the friction and wear characteristics of tire tread rubber 
is crucial to enhancing vehicle safety since styrene butadiene rubber (SBR), the primary component 
of tire treads, is widely employed in the rubber industry. Friction and tire wear on moving objects 
are mostly caused by abrasive processes, particularly local slip [7]. 

In tire applications, Natural Rubber (NR) has weak oil resistance but good mechanical qualities 
and heat build-up. It has been exploited and made commercially available in a range of 
manufacturing items, including tires, O-rings, gaskets, bumpers, and fenders [8]. According to the 
above studies, rubber could be said as one of the important products in the market especially in 
automobile industries. Therefore, in designing rubber products, it is crucial to consider the friction 
and wear behaviour of the rubber characteristics. In this study, the use of numerical approach in 
investigating the rubber behaviour along with an appropriate experimental design in disseminating 
data was conducted. The implemented simulations through three-dimensional finite element 
analysis (FEA) modelling to investigate the effects of particle type, size, and concentration on scratch 
behaviour of multiphase polymeric systems has been discussed [7]. A certain level of accuracy in the 
correspondence between relations in the simulating device and relations in the target for 
simulations has also been studied. Therefore, it is crucial to conduct experiments to confirm that the 
results of the simulations are accurate. Researchers also evaluated the mechanical qualities of four 
distinct types of elastomeric mounts with varying amounts of CB loading. The study found that 
raising the CB percentage increased the static stiffness of all types of elastomeric mounts. 
Furthermore, the addition of CB to the NR compound may result in a significant impact on the tensile 
strength of the rubber compound [9]. The common type of abrasive wear resulting from friction 
between moving parts and rigid materials such as in conveyor belt systems are longitudinal scratches 
and micro-cutting mechanisms. Two-body abrasive wear, three-body abrasive wear, and a 
combination of both are also considered as different types of abrasive wear [10]. More research has 
been done on two-body abrasion of polymeric wear materials than three-body abrasive wear by 
different investigators [10-12]. By relating rubber abrasion resistance to its mechanical 
characteristics, it is possible to predict a product's service life and to build lab scale abrasion test 
methods in accordance. Some research has described the types of rubber abrasive wear and their 
patterns. For instance, Schallamach was the first to investigate rubber failure by moving a hard 
protrusion across its surface [3,13]. In this case, rubber abrasion is investigated utilizing a controlled-
environment needle scratching of the surface. Rubber abrasion is described as a mechanical 
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breakdown that produces a periodic surface pattern called an "abrasion pattern," also known as 
Schallamach’s waves. Rubber is viscoelastic, yet it does not return to its exact or initial position due 
to this property. Wear rate is not constant until a stable pattern is developed because abrasion rate 
rises with the gradual development of a wear pattern [14]. 

A third body is also present in a three-body abrasion scenario, and it is made up of interfacial 
materials that were either produced naturally or were brought into the system, such as wear debris, 
lubricants, entrained particles, or even reactive chemicals. In a study by Hakmi et al., [10] and Molero 
et al., [13], the wear patterns of conveyor belts made of rubber with two and three bodies (ISO 
(International Student Orientation) 4649 and ASTM G65) were compared. Abrasion was not present 
in the rim region, and the cracks were attributed to oxidative hardening and continual toughening. 
The surface was extremely smooth and showed obvious signs of abrasion wear, but there was no 
crack in the centre area. The central abrasion rates are greater than the rate of crack propagation, 
preventing the development of bigger cracks [14]. This phenomenon is also particularly interesting 
in our study as the similar occurrence could be observed in the tires wear mechanisms. Other 
research has focused on the technical and environmental aspects of tire shredding focusing on 
contact with ground application [15].  Both processes—adhesion and hysteresis—are responsible for 
the stick-slip action that occurs between rubber and counter surfaces. The former is a bulk 
occurrence within the rubber's own body, while the latter causes it to stick to the surfaces. There 
are various unique wear mechanisms, such as abrasive wear, fatigue wear, and roll formation, 
depending on the state of the counter surface texture. The first two types typically occur on rough 
and blunt surfaces, but the last type occurs for comparatively smooth and soft elastomers and on 
smooth abrading surfaces. An adhesion mechanism that causes wear by roll could be created by 
rubbing against a smooth material. Because the rubber has a low rip strength, rubbing against a 
relatively smooth texture could result in an adhesion mechanism where wear is caused by the 
development of rolls. In addition, it was demonstrated that the wear process changed as rubber's 
elastic modulus increased, moving from fatigue wear to wear by roll formation and then to abrasive 
wear. When rubber is rubbed against a rough surface, the adhesion mechanism causes a cutting 
wear mechanism to exert abrasive action as mentioned by Motorcycle Dynamometer [16], F1 tires 
[17] and Wu et al., [18].  

The tribological performance of rubber materials is critically important in applications such as 
tyres, seals, and conveyor systems, where friction and abrasion directly influence service life and 
safety. While extensive studies have examined rubber abrasion under dry conditions, comparatively 
fewer investigations address lubricated or minimally lubricated environments that more closely 
resemble real road conditions, particularly under wet or water-assisted cooling scenarios. 
In the present work, a laboratory-scale pin-on-disc (PoD) configuration is employed to characterise 
the abrasive wear behaviour of deproteinised natural rubber (DPNR) compounded with different 
carbon black (CB) loadings under minimum quantity water lubrication (MQWL). The PoD test 
provides controlled, repeatable material-level wear data, enabling systematic evaluation of load, 
speed, and lubrication effects. However, PoD testing alone cannot directly represent full-scale tyre 
behaviour due to geometric, contact, and loading scale differences. To address this limitation, finite 
element analysis (FEA) is introduced as a complementary, qualitative tool. The FEA does not aim to 
replicate PoD wear rates, but rather to provide insight into deformation behaviour, load-bearing 
capability, and safety margins of a tyre-scale rubber structure under high loading conditions. This 
combined experimental–numerical approach enables a clearer linkage between laboratory 
tribological behaviour and real tyre performance trends. PoD experiments provide material-level 
tribological parameters, while FEA serves as a qualitative, tyre-scale validation tool to assess 
deformation trends and safety margins under realistic loading. FEA is not intended to directly 
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replicate PoD wear rates, but rather to bridge laboratory-scale abrasion behaviour with real tire 
operating conditions such as load-induced deformation and contact stress distribution. 
 
2. Materials and Methods 
2.1 Materials 

 
Deproteinised natural rubber (DPNR) were supplied by Malaysia Rubber Board (MRB) Pte. Ltd. 

and Carbon Black (CB) by Sigma-Aldrich, USA, <1 mm, 99.9%. The DPNR rubber was fabricated in a 
way that is usually described in the literature and standardized by Malaysia Rubber Board (MRB) in 
the form of slab rubber of dimensions 150 mm x 75 mm x 25 mm.  The rubber was formulated and 
vulcanized from pre-deproteinised natural rubber with the conditions as listed in Tables 1 and 
2.  Two samples of deproteinised natural rubber (DPNR) were used in this experiment, which are 
DPNR-25 (batch number BG840/2/25) and DPNR-50 (BG840/3/50) whereby numbers 2 and 3 
referring to production masterbatch numbers, respectively) with two different carbon fillers i.e. 25 
pph. and 50 pph. rubber, respectively. The mechanical testing was done at MRB laboratory, and the 
typical mechanical results are as shown in Table 3.  Rubber slab was cut using a special cutter for 
DPNR i.e. 10-inch table band saw. 30 rubber specimens were cut according to the size requirements 
for the tribological tests i.e. 10 mm x 10 mm x 35 mm. The rubbing face of the block rubber is 10 mm 
x 10 mm. A total of 60 samples of rubber block for both types of rubber is used in this experiment 
according to the desired parameters for each sample, as shown in Figure 1. 
 

   Table 1  
   Formulation of DPNR/HCB 25 and DPNR/HCB-50 

Compounding ingredients Formulation part per hundred (pphr) 
Rubber DPNR/HCB-25 DPNR/HCB-50 

DPNR 100 100 
Zinc oxide 3 3 

Stearic acid 2 2 
Black ISAF 220 25 50 

Permanax TMQ 2 2 
Santoflex 13 2 2 
Master batch 134 159 

Sulphur (vulcanization agent) 1.5 1.5 
CBS (accelerator) 1.5 1.5 

 
Table 2 
Vulcanisation conditions for pre-mix deproteinised natural rubber 

Fill Factor 0.7 
Rotor speed, rpm 100 
Starting temperature, oC 70 
Mixing cycle Time of adding ingredients in Banbury internal mixer 

(Model BR1600) in min 
Insertion of rubber (100 wt.%DPNR) 0 
Mixing cycle Time of adding ingredients in Banbury internal mixer 

(Model BR1600) in min 
Insertion of rubber (100 wt.%DPNR) 0 
Insertion of pre-mix powder ingredients (3wt.% ZnO, 
2wt.% stearic acid, Permanax TMQ, Santoflex 13, 
1.5wt.% Sulphur, CBS and balance wt.% master batch  

0.5 

Addition of half black (C-black ISAF220 hard) 1 
Addition of second half of the C black 1.5 
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Sweep 2.5 
Dump 3.0 
Vulcanisation temperature, oC 140 (with C black 150) 
Hydraulic pressure for hot press process, MPa 45 

 
Table 3 
Typical mechanical properties of DPNR 25 and DPNR 50* 

Property DPNR 25 DPNR 50 
Tensile strength, MPa 85 87 
Modulus at 100%, MPa 86.5 88.5 
Modulus at 300%, MPa 91.3 93 
Elongation at break, % 600 640 
Hardness, IRHD 61.8 62.1 

Aged for 3 days @100 oC  
(% retention 

  

Tensile strength, MPa 87 89 
Modulus at 100%, MPa 111 113 
Modulus at 300%, MPa 82 95 
Elongation at break, % 490 510 
Hardness change, IRHD +3.5 +3.0 

Aged for 3 days @100 oC  
(% retention 

  

Tensile strength, MPa 87 89 
Modulus at 100%, MPa 111 113 
Modulus at 300%, MPa 82 95 
Elongation at break, % 490 510 
Hardness change, IRHD +3.5 +3.0 
Modulus of resilience (MR 100%), 
N/mm2 

1.2 1.6 

Compression set 24hr at 70 oC 23.9 25.1 
Resilience (Dunlop) at 23 oC, % 69.7 68.8 
Trouser tear, N/mm2 10.3 9.7 

*Mechanical testing at MRB 

 

 
Fig. 1. Samples were cut using a special cutter for (a) DPNR-25 and (b) DPNR-50 

 
Initial and final weights were taken for each of the samples before and after the test using a 

digital electronic balance (SHIMADZU AUW220D) with an accuracy of 1 mg. The volume was also 
recorded using the water displacement method.  

(a) (b) 
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2.2 Tribological Testing 
 

For tribological data, the DUCOM Pin-On Disc (POD) tester, type TR-20, was used to study wear 
and abrasion according to ASTM G99. The DPNR sample was held in a specimen holder with a 
diameter of 10 mm during the preparation of the testing sample. Stronghold superfine abrasive 
paper with high grain (Diamond 600) grade 600 abrasive paper with particle size of p1000 (average 
10.6 microns or 0.0106 mm) was adhered to a steel rotating disc. The wear track diameter was 
adjusted to 50 mm and screwed firmly to avoid movement and slippage. A dead weight loading 
method would be used to load the sample from 5 N (0.05MPa) up to a maximum of 30N (0.3MPa) 
against the disc. All rubber samples were to undergo a 5-minute tribological test at various rotational 
speeds between 0.26 and 1.31 m/s with a standard load and the data was recorded using a 
WINDUCOM 2010 desktop software. 

The amount of water used (ranging from 0.0 to 10.6 ml) in each sample was taken during the 
experiment where it was measured using a syringe in millilitres. As the rubber samples started 
rotating on the abraded surfaces, water was dropped near the samples until the time was finished 
at 300sec or less based on the maximum allowable abrasion before slippage or catastrophic wear 
occurred. The total amount of water used is added up after the end of each experiment. All the 
parameters used are shown in Table 4. 

 
Table 4 
Set up parameters 
Parameters Values 
Load (N) 5 – 30 
Norminal contact pressure (MPa) 0.05-0.30 
Speed (m/s) 
Sliding distance (m) 

0.26-1.31 
78.54-392.70 

Time taken (minutes) 
Amount of water used (ml) 

   5 
0.0 – 10.6  

 
After tribo-testing, each sample was examined using Scanning Electron Microscopy (SEM; Hitachi 

S3400N) to determine the morphology of the worn surface and the Energy Dispersion X-ray (EDX) 
analysis was performed to determine the elemental composition of the sample. 

 
2.3 Simulated Model 

 
Abaqus FEA version 12 software has been used to simulate a tire rolling interacting with the 

asphalt road surface and a model of bike chassis dynamometer was chosen. A rolling road, used to 
simulate various road conditions using one or more fixed roller assemblies in a controlled 
environment. The simulation is used for a variety of vehicle testing and development in designing 
processes. The difference in this study model is the usage of rotating cylindrical model plane as 
reference to ensure the tire would roll for a long session rather than the normal linear model plane 
to measure torque and horsepower of vehicle during simulation. In this study, only the roller is 
modelled, hence, the dynamometer frame and the roller specification were based on its 
manufacturer on a website page as reference (Motorcycle Dynamometer |Hyper Power, n.d.) in 
creating a chassis dynamometer roller was followed [16]. 

Specifications used are single roller (SR): roller diameter: 325 mm; roller weight: ±300	𝑘𝑔; roller 
inertia:6.6	𝑘𝑔𝑚!; roller linear mass simulation: 200	𝑘𝑔 ; maximum wheel track: 500	𝑚𝑚; maximum 
allowable speed:330	𝑘𝑚/ℎ ; maximum power absorption: 370	𝑘𝑊(500	𝐻𝑃) (depending on the 
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wheels spin); maximum tractive effort: 4000	𝑁 (depending on wheel spin); and roller knurled. 
A basic early used tire with no tread is created to ensure simulation results depict average tire 

reaction. The simulation is focusing mainly on tire behaviour; therefore, wheel rim modelling was 
served as a load transfer medium. In this simulation, the wheel model used as a reference was the 
model depicted from a real-life working wheel as shown in Figure 2(a).  However, the rim of the tire 
was changed to Honda Rs150r model as mentioned earlier because the tire mechanical functionality 
is complicated as shown in Figure 2(a) and (b). A moped rim was used as a reference to ease the 
process of modelling as shown in Figure 2(c)[17]. SolidWorks was used to model the simulation entity 
prior to usage of Abaqus FEA (formerly ABAQUS). Most of the simulations were based on an aircraft 
modelling of its tires fatigue wear [18]. The rim of a moped motorcycle Honda Rs150r was used as a 
reference model considering its availability nearby. As for the tire modelling, with the largest 
possible size being 14 inches, a Suzuki VS125 was referred. Due to software limitations, a simple 
scaled down model with a maximum of 1000 nodes were chosen. At first, the wheel is created on 
SolidWorks in Solidpart (SLDPRT) language before converted to STEP format used in Abaqus 
software. The modelled rim and tire are then imported into Abaqus by importing the file with 
compatible source software and the target software. 
 

 

 

 
Fig. 2. The assembly of (a) Wheel Model of Suzuki VS125(b) Tire Model Dimension (3D Isometric) with all 
dimensions in mm (c) Rim Model (F) (in mm) 
 

Creating and interfacing were done by choosing appropriate command from the software library 
to simulate their property including mass density, Young’s modulus, and Poisson ratio. For this 
model, 3 properties are needed, including rim, tire, and roller assignment of material, which was 

(a) (b) 

(c) 
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referred from various sources as shown in Table 5. 
 

Table 5 
Pre-set property for tire components 
Model Property Sources 
Tire Stydiene – butadiene rubber  (Styrene-Butadiene Rubber | Designerdata, 

   n.d.) similar property with DPNR50 
(Tyre Wear: Tyre and Particle Composition, 
n.d.) 

Rim Alloy A356 (What Is A356 T6 Aluminum Alloy | JC Metal, 
n.d.) 

Roller Bitumen 
 

(Asphalt Concrete | Density, Strength, 
Melting Point, Thermal Conductivity, n.d.) 

 
The time increment in Abaqus Explicit was set to 0.1 millisecond. For an all-inclusive surface such 

as exterior faces, shell perimeter edges, edges based on beams and trusses, and analytical rigid 
surfaces in the model, general contact interactions are typically defined. When assigning interactions 
in Abaqus finite element analysis (FEA), it involves selecting the appropriate interaction types, such 
as frictionless contact, tied or bonded behaviour, including the type of contact (e.g., point, surface, 
or edge contact) and the contact algorithm. 

The tangential frictional models and normal riding behaviour in which the contact toward asphalt 
material was considered to affect the tire performance. Surface–to–surface contact i.e. the collision 
of two different materials was created which depicts the interaction property. Mechanical properties 
were included in selecting normal behaviour which give the interaction the behaviour during vertical 
collision with the roller. In the boundary condition, mechanical displacement or rotation distribution 
was specified as U1(depicts force on X-axis), U2(Y-axis), U3(Z-axis), UR1(depicts the rotation on X in 
radian per second), UR2 (rotation on Y) and UR3(rotation on Z) and amplitude ramp (speed in rpm) 
respectively were referred to as the directions of motion for running the simulation concurrently. 
Finally, validation of load data of the experimental to the analytical data was used to confirm their 
representativeness. 

Meshing the ABAQUS finite element analysis (FEA) consists of a network made up of nodes and 
cells. A wear simulation approach was created using global remeshing to mimic wear that is bigger 
than the elements of the FE mesh. A curvature control with maximum deviation factor 0.1 was 
chosen by fraction of global size 0.1. This was chosen to initiate the seeding process available or 
simply to start choosing the most compatible meshing nodes that could cover the whole area of 
entities. Finally, the job assignment and monitor phase to create the job load distribution results was 
used to ensure the successful execution of finite element simulations and error minimization.  

3. Results 
3.1 Definition of Critical and Catastrophic Wear Conditions 

 
In this study, critical operating conditions are defined as the maximum combinations of load and 

sliding speed at which stable sliding is maintained without excessive bending, loss of traction, or 
premature test termination. Beyond this regime, the rubber specimens exhibit rapid deformation, 
unstable contact, and severe material removal. 

Catastrophic wear refers to abrupt failure characterised by chunk detachment, severe curvature 
of the rubber specimen, and loss of effective contact with the abrasive counterface. These events 
typically occurred within a few seconds of testing at the highest loads and speeds and represent the 
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practical operational limit of the material under MQWL conditions. 
Wear resilience in this study is evaluated using the specific wear rate (mm³/N·m). It is found that 

the 30% improvement corresponds to the reduction in specific wear rate of DPNR-25 under MQWL 
conditions relative to its unlubricated condition. While 58% improvement corresponds to the further 
reduction in specific wear rate achieved by DPNR-50 compared with DPNR-25 under identical MQWL 
conditions. These results demonstrate that increasing carbon black content enhances load-carrying 
capability and resistance to abrasive wear, particularly in the presence of a thin water film that 
promotes cooling and debris removal during abrasion. 

 
3.2 Comparison of Results for Lubricated and Unlubricated Conditions 

 
In lubricated sliding of DPNR-25, the trend shows that as the load gets higher, the weight loss 

increases with increasing speed as in Figure 3. Similar trend was observed for DPNR-25 in 
unlubricated conditions [1]. However, as the rubbing samples for the unlubricated conditions is 24 
mm x 10 mm, bigger than in comparison to the lubricated conditions which is 10 mm x 10 mm, the 
samples in the unlubricated conditions could handle the load up to 35N; while only 15N load in 
lubricated conditions. This is due to the area under contact for lubricated conditioning is insufficient 
to fill up the gap between water film and the abrasive surface in contact causing deflation and sliding 
without good traction during the run. Hence, in lubricated conditions, a full traction contact area is 
needed to uphold the gripping between rubber and asphalt in real situations [19]. 
 

  
Fig. 3. Effect of load on weight loss at different 
speeds at DPNR 25 in lubricated conditions 

 

Fig. 4. Effect of load on weight loss at different speeds 
with DPNR 50 in lubricated conditions 

 

 
 

Fig. 5. Effect of weight loss at 15N in different 
speeds with different loading of CB in lubricated 

conditions 
 

Fig. 6. Variation of wear rate of DPNR with different CB 
at different sliding distance at 10N in lubricated 

conditions 
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In Nasir and El-Tayeb. [1], it shows that DPNR-50 in unlubricated conditions could hold up to 35N 
too but only 25N in lubricated conditions as shown in Figure 4. It seems that both DPNR-25 and 
DPNR-50 in unlubricated conditions give comparable results corresponding to in lubricated 
conditions. It is likely to conclude that the weight loss increases with increases load and speed in 
both conditions but decreases as it reaches its critical condition. 

In comparison, in Figure 5; for weight loss at 15N as the rubbing samples are bigger in 
unlubricated conditions (1.5 m/s), but in lubricated conditions it could handle maximum speed at to 
0.7m/s for only 2 seconds. Nevertheless, the difference in percentage of weight loss for both 
lubricated and unlubricated conditions at 0.3 m/s are 60.9% and 2.4% respectively. Wear resistance 
in lubricated conditions is higher than in unlubricated conditions based on the area of contact 
geometry. 

Comparing the wear rate of both DPNR-25 and DPNR-50 at 10N in both lubricated and 
unlubricated conditions as shown in Figure 4, the trendline shows the wear rate decreases when the 
sliding distance increases. Nevertheless, there is not much difference between the wear rate of 
DPNR-25 and DPNR-50 in unlubricated conditions but the trendline of Figure 6 shows a bigger gap. 
This is mainly due to in lubricated conditions the rubber experiences the dynamic properties of water 
thin film transference that created water run between the rubber surface and counter surfaces [20]. 
Comparing both SEM images gathered from [1] and results obtained, it is observed that there are 
differences in the sliding direction and formation of the rubber as shown in Figure 7(a) and (b) 
respectively. Presence of water and some impurities impacted the rubber surface shows the 
differences for both figures. However, the waves-like spacing were captured on the interface is 
similar, hence, applying the rubber wear abrasion and rolling occurred on the rubber surfaces before 
detachment. 

 
Fig. 7. SEM images of DPNR 25 in (a)lubricated and (b)unlubricated conditions 

 
According to the Appendix A (Appendix A.1 and Appendix A.2) for DPNR-25 and DPNR-50 

respectively, it is observed that the amount of water increases with increasing load and speed. This 
shows that good surface contact reduces the water entrapment in the running rubber surface and 
hence empowering the gripping to take place between the rubber surface. The formation of small 
spacing ridges reduces the water film in between the rubber and abrasive surfaces as the water 
receded inside the abrasive surface compartment [20]. The ridges can retain the minimum quantity 
of water inside them to enable the cooling effect, hence, reduce the elevated temperature to 

(b) (a) (b) 



Semarak International Journal of Material Research   
Volume 6, Issue 1 (2026) 32-52 

 

42 
 

maximum of not more than 250C (using IR temperature detector) during abrasion processes.  
 
3.3 Effects of Load and Speed on Abrasive Wear 
 

The load and speed of this experiment correlate with each other where it gives impact on the 
abrasion of the rubber samples is shown in Figure 8. It is shown that the weight loss of DPNR-25 
stops at 15N while DPNR-50 stops at 25N. To simplify, Figure 9(a) shows the data for DPNR 25 while 
Figure 9(b) shows DPNR 50. Here, the CB loading with 50mg is effective to elongate the usage in 
comparison to 25 mg, and hence it is reflected that the optimise CB loading is at 50mg. It is also 
noted that the effect of speed on wear for DPNR 25 is as shown in Figure 10 and for DPNR 50 in 
Figure 11, there is practical reduction in wear as the speed and load reduced as similarly stated by 
[1].  

 

   
Fig. 8. Effect of speed on weight 
loss of DPNR at different CB 

Fig. 9. Effect of speed on weight loss of (a) DPNR 25 (b) DPNR 50 
 

 

   

Fig. 10. Relationship between load (a) 5N, (b) 10N, (c) 15N, and speed with abrasive wear for DPNR 25 
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Fig. 11. Relationship between load (a) 5N, (b) 10N, (c) 15N, (d) 20N, (e) 25N and speed with abrasive wear for 
DPNR 50 
 

It has also been observed in the Figures 12 and 13 respectively, the trendline increases at 5N and 
10N while decrease drastically at 15N. This can be seen in Figure 13 where the trendline starts to 
increase indicating the weight loss increases with respect to time and speed and decreases when the 
time decreases at 239s and 2s. For Figures 14 and 15 prove that the trendline decreases due to the 
decrease in time for DPNR-50. In addition, when comparing both DPNR at the same speed of 
1.3090m/s and at the same load of 5N, 5.6ml water was used throughout the 300s of the experiment 
for DPNR-25 while 10.6ml is used for DPNR-50. It is also observed that difference in CB also affecting 
the amount of water used for both samples. 
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Fig. 12. Effect of time on weight loss of DPNR 25 
 

Fig. 13. Effect of time on weight loss of DPNR 50 
 

  
Fig. 14. Effect of the amount of water used on 
abrasive wear for DPNR 25 

 

Fig. 15. Effect of the amount of water used on abrasive wear 
for DPNR 50 

 
 

In Figs. 16(a) and (b) below show the SEM images of DPNR-25 and DPNR-50 tested at 5N, 
0.2618m/s for 300s and 15N, 0.7854m/s for 2s, respectively. DPNR-50 exhibits superior wear 
resilience under MQWL conditions. Figure 16(a) image shows that the rubber has a roll formation 
type of wear. However, Figure 16(b) shows a chunk-like image since it only tested for 2s. Moreover, 
it is observed that during the experiments, the elasticity of the rubber samples at Figure 16(b) makes 
it curved drastically as soon as the experiment starts. Thus, it deteriorated and changes its rubbing 
samples from on top of the rubber samples surface to the side of the surface as the deflection 
occurred during the abrasion run [21]. 

 

 
Fig. 16. SEM images of abraded surfaces of (a)DPNR 25 (b) DPNR 50 at 5N,0.2618m/s 
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Fig. 17. SEM/EDX of abraded surfaces of (a)DPNR 25 and (b)DPNR50 

 
Comparing Figs. 17(a) and (b), with the same rubbing surfaces for both rubber samples 

underwent curving effect by bending sideways during the experiment for DPNR-50 at 20N, 
0.2618m/s for 10s and 25N, 0.7854m/s for 7s, respectively. It appears that both figures show roll 
formation and stuck wear debris occurred [22]. Elemental compositions present in the DPNR-25 and 
DPNR-50 are as shown in Figure 17. The elements present in both samples such as carbon, sulphur, 
oxygen, sodium, chlorine, zinc are confirmed in the DPNR according to Table 1.  

 
3.4 Simulated FEA Results Based on DPNR 50 As Rubber Tire Performance 
 

The finite element analysis (FEA) was conducted to qualitatively assess the deformation 
behaviour and safety margin of a tyre-scale rubber structure under high load conditions. The 
simulation does not directly predict wear rates but instead evaluates displacement, contact 
interaction, and structural response under loading scenarios representative of aggressive riding or 
burnout conditions. 

The safety factor contours generated in Abaqus represent relative deformation severity, with 
blue zones indicating low deformation risk and red zones indicating critical deformation. The 
reported load range of approximately 1453–1598 N corresponds to the maximum applied loads 
before excessive deformation occurred in the simulated tyre model. These values are used to 
indicate deformation thresholds rather than direct failure loads and are discussed in relation to 
experimental observations of specimen deflection and instability in PoD testing. 

The simulation of the DPNR 50 rubber surface on the displacement versus time was performed 
to assess the ability of the simulated rubber tire for motorcycle on asphalt to integrate the real 
situation as depicted in Figure 18(a). In Figure 18(b), the graph shown above only depicts tire 
displacement on z-axis which is perpendicular to the force applied. As referred from the horizontal 
linear line, the gravitational force is kept constant throughout the running in counter-surface contact 
which is relatable as rider and motorcycle weight does not change during riding experience as 
mentioned by Edeskär [15]. 
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Fig. 18. Displacement over Time for (a) normal and (b) burnout conditions 

 
In comparing the two different riding experiences, the burnout incident is more obvious and 

aggressive displacement than the normal riding experience as it involves more friction on the tire 
due to loading process with maximum load at 1453-1598 N as shown in Simulation Abaqus in Figures 
19 to 21 below. 

 

 
Fig. 19. Model for maximum loading at 1524N 

 
In determining the safety factor, the resulting animation could be observed to inspect the 

maximum magnitude that the tire could handle. Series of colours starting from blue up to red depict 
the level of magnitude change with the red one being the most extreme displacement onto the tire 

(a) 

(b) 
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[12] as shown in Figures 20 and 21.  
 

 
Fig. 20. The safety factor animates with max magnitude 

 

 
Fig. 21. Cross-sectional view of tire during simulation 

 
4. Discussion 
 

The wear and friction behaviour have been monitored, and they show similarity to the 
experimental results expected from the elastomeric properties. The minimum amount of water used 
to cool down the DPNR rubber has been observed as the maximum temperature is at 250C. The 
concentration of Carbon black (CB) also affected the wear and friction associated with DPNR rubber. 
Load and sliding distance have become a major parameter to be observed as the DPNR rubber seems 
start to curve drastically at 25N load. Further investigation was undertaken to determine the FEA on 
DPNR-50 for validation result.  It can be observed from the results that the displacement slowly 
reduced before it increases to almost 2.5 mm max displacement occurred at 6.54 x 10-5 N 
Umagnitude(red zone) and starting to reduce to the lowest –2.0 mm displacement before it stops. 
This gives us the insight that the displacement has taken place for the tires to run smoothly after 
overcoming the initial force and upon breaking it releases maximum force and stops has also been 
discussed by Molero et al., [13], Elalem et al., [22] and Klüppel et al., [26]. A modern tire now has 
roughly 25 different parts. They are textiles, steel, and rubber. However, DPNR 50 rubber accounts 
for up to 40 wt.% of the total as designed [23]. Accordingly, Gent et al., [24] and Zhang et al., [25] 
agreed the composition of modern tires could vary depending on the use for which they were 
designed. As shown in Figures 18 and 19, the shade of colour green is set to be the safety factor 
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determined automatically by the software with the magnitude value of 5.288x102N Umagnitude to 
be the upper limit of magnitude that could be applied to the tire before entering the red zone as 
supported by Cossalter et al., [20], Klüppel et al., [26] and Arib et al., [27]  previously. Despite the 
insights obtained, several limitations of the present study are acknowledged. The PoD tests were 
conducted over relatively short durations and simplified contact geometries, which cannot fully 
replicate long-term tyre wear under variable road conditions. The MQWL approach represents an 
idealised lubrication scenario and does not account for contaminants, temperature gradients, or 
complex hydrodynamic effects encountered in real service. Additionally, the FEA model employed 
simplified material properties and geometry, limiting its predictive capability. Future work will focus 
on extended-duration wear testing, incorporation of temperature-dependent viscoelastic material 
models, and more detailed tyre geometries including tread patterns and composite reinforcement 
layers. Coupled thermo-mechanical simulations will also be explored to better represent real tyre 
operating environments. 
 
5. Conclusions 
 

The abrasive wear behaviour of deproteinised natural rubber under MQWL conditions was 
systematically investigated. Wear increased with increasing load and sliding speed but stabilised 
near critical operating conditions of 15 N for DPNR-25 and 25 N for DPNR-50 prior to catastrophic 
wear. Compared with unlubricated conditions, DPNR-25 exhibited a 30% improvement in wear 
resilience under MQWL, while DPNR-50 demonstrated a further 58% improvement relative to DPNR-
25, achieving a minimum specific wear rate of 0.05 mm³/N·m. The FEA provided qualitative insight 
into deformation behaviour and safety margins at the tyre scale, supporting the experimental 
observation that higher carbon black content enhances structural stability under high loads. These 
findings contribute to improved understanding of rubber wear mechanisms and provide guidance 
for the design of more durable tyre compounds under lubricated or wet operating conditions. 
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Abbreviations 
The following abbreviations are used in this manuscript: 
 

CB Carbon black 
DPNR Deproteinised Natural Rubber 
MQWL Minimum Quantity Water Lubricated 
SEM Scanning Electron Microscopy 
EDX Energy Dispersive X-ray Spectroscopy 
FEA Finite Element Analysis 
SBR Styrene butadiene rubber 
NR  Natural rubber 
DPNR 25 Deproteinised natural rubber with 25wt.% Carbon black 
DPNR 50 Deproteinised natural rubber with 50wt.% Carbon black 
MRB Malaysia Rubber Board 
POD Pin-on Disc 
ASTM American Society for Testing and Materials 
SR Single roller 
HP Horsepower 
SLDPRT Solid Part 
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Appendix A 
Appendix A.1 

Sa
mpl
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Loa
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(N) 

Weight 
Loss (mg) 

Volume 
Loss 
(mm^3) 

Sliding 
Distance(
m) 

Ti
m
e 

Wear Rate 
(mm^3/m) 

Specific WR 
(mm^3/Nm) 

sliding 
speed 
(m/s) 

amount of 
water(ml) 

(s) 

R1 5 0.04 38.2 78.5 30
0 0.49 0.10 0.26 3.0 

R2 5 0.09 87.3 157.1 30
0 0.56 0.11 0.52 0.6 

R3 5 0.12 133.5 235.6 30
0 0.57 0.11 0.79 1.4 
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R4 5 0.15 144.1 314.2 30
0 0.46 0.09 1.05 2.0 

R5 5 0.14 170.0 392.7 30
0 0.43 0.09 1.31 5.6 

R6 10 0.09 96.7 78.5 30
0 1.23 0.12 0.26 0.6 

R7 10 0.15 178.1 157.1 30
0 1.13 0.11 0.52 1.2 

R8 10 0.17 173.5 235.6 30
0 0.74 0.07 0.79 1.4 

R9 10 0.18 201.7 314.2 30
0 0.64 0.06 1.05 7.2 

R10 10 0.22 251.2 392.7 30
0 0.64 0.06 1.31 10.0 

R11 15 0.10 100.0 62.6 23
9 1.60 0.11 0.26 0.6 

R12 15 0.12 121.8 1.0 2 116.29 7.75 0.52 1.2 

R13 15 0.00 4.3 1.6 2 2.77 0.18 0.79 0.0 

 
Appendix A.2 

Sample R31-R55 for DPNR 50 
      

Sa
mpl
e 

Loa
d 
(N) 

Weight 
Loss (mg) 

Volume 
Loss 
(mm^3) 

Sliding 
Distance 
(m) 

Ti
m
e 

Wear Rate 
(mm^3/m) 

Specific WR 
(mm^3/Nm) 

sliding 
speed 
(m/s) 

amount of 
water (ml) 

(s) 

R31 5 0.05 46.7 78.5 30
0 0.59 0.12 0.26 0.8 

R32 5 0.12 101.7 157.1 30
0 0.65 0.13 0.52 2.2 

R33 5 0.12 107.5 235.6 30
0 0.46 0.09 0.79 4.4 

R34 5 0.10 92.7 314.2 30
0 0.30 0.06 1.05 2.4 

R35 5 0.12 98.1 392.7 30
0 0.25 0.05 1.31 10.6 

R36 10 0.03 29.5 27.0 10
3 1.09 0.11 0.26 0.4 
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R37 10 0.09 77.5 157.1 30
0 0.49 0.05 0.52 1 

R38 10 0.12 106.6 235.6 30
0 0.45 0.05 0.79 1.8 

R39 10 0.14 118.8 314.2 30
0 0.38 0.04 1.05 4.2 

R40 10 0.15 121.9 392.7 30
0 0.31 0.03 1.31 3.2 

R41 15 0.02 23.0 10.5 40 2.19 0.15 0.26 0.4 

R42 15 0.05 47.7 47.1 90 1.01 0.07 0.52 0.6 

R43 15 0.10 86.4 133.5 17
0 0.65 0.04 0.79 3 

R44 15 0.08 76.0 115.2 11
0 0.66 0.04 1.05 3.8 

R45 15 0.09 79.8 104.7 80 0.76 0.05 1.31 2.6 

R46 20 0.01 5.9 2.6 10 2.24 0.11 0.26 0.8 

R47 20 0.02 16.8 15.7 30 1.07 0.05 0.52 0.6 

R48 20 0.05 46.9 35.3 45 1.33 0.07 0.79 1.8 

R49 20 0.04 38.4 41.9 40 0.92 0.05 1.05 3 

R50 20 0.04 38.2 75.9 58 0.50 0.03 1.31 3.6 

R51 25 0.01 6.0 2.6 10 2.29 0.09 0.26 0.4 

R52 25 0.01 6.7 2.1 4 3.18 0.13 0.52 0.4 

R53 25 0.01 8.3 5.5 7 1.51 0.06 0.79 0.2 

R54 25 0.03 23.0 8.4 8 2.75 0.11 1.05 0.2 

R55 25 0.01 5.2 3.9 3 1.33 0.05 1.31 0.2 

 


