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Abstract: The wear profile analysis, obtained by different tribometers, is essential to characterise the wear 

mechanisms. However, most of the available methods did not take the stress distribution over the wear profile 

in consideration, which causes inaccurate analysis. In this study, the wear profile of polymer–metal contact, 

obtained by block-on-ring configuration under dry sliding conditions, was analysed using finite element 

modelling (FEM) and experimental investigation. Archard’s wear equation was integrated into a developed 

FORTRAN–UMESHMOTION code linked with Abaqus software. A varying wear coefficient (k) values covering 

both running-in and steady state regions, and a range of applied loads involving both mild and severe wear 

regions were measured and implemented in the FEM. The FEM was in good agreement with the experiments. 

The model reproduced the stress distribution profiles under variable testing conditions, while their values were 

affected by the sliding direction and maximum wear depth (hmax). The largest area of the wear profile, exposed to 

the average contact stresses, is defined as the normal zone. Whereas the critical zones were characterized by 

high stress concentrations reaching up to 10 times of that at the normal zone. The wear profile was mapped to 

identify the critical zone where the stress concentration is the key point in this definition. The surface features 

were examined in different regions using scanning electron microscope (SEM). Ultimately, SEM analysis showed 

severer damage features in the critical zone than that in the normal zone as proven by FEM. However, the 

literature data presented and considered the wear features the same at any point of the wear profile. In this 

study, the normal zone was determined at a stress value of about 0.5 MPa, whereas the critical zone was at about 

5.5 MPa. The wear behaviour of these two zones showed totally different features from one another. 
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1  Introduction 

Wear is an essential factor affecting the reliability 

of mechanical components and thus, it influences 

their service life [1–3]. The wear phenomenon occurs 

in different forms, such as sliding, erosive, fretting, 

adhesive, abrasive, and chemical. Sliding wear is 

considered the most common type and mechanically 

the most complex form [2, 4]. Often, experimental 

testing techniques like pin-on-drum, pin-on-disc (POD), 

linear tribo-machine, and block-on-ring (BOR) are 

used to determine the wear performance of various 

materials before implementing them in real tribological 

applications. These experimental techniques are 

configured in such a way to mimic the actual contact of 

tribosystems considering the main affecting parameters, 

 
* Corresponding author: K. Y. Eayal AWWAD, E-mail: K.awwad@ttu.edu.jo 



Friction 12(3): 554–568 (2024) 555 

www.Springer.com/journal/40544 | Friction 
 

such as sliding velocity, applied pressure, and sliding 

distance, etc. The BOR configuration tries to imitate the 

circumferential contact experienced by a wide range 

of tribo-components, such as bearings, bushings, gears, 

camshafts, and so on [5]. Such experiments provide a 

qualitative study for the proposed materials used in a 

specific application. However, the geometrical effect 

and localised stress fields of such configurations are 

experimentally indeterminate. Therefore, modelling 

of these wear experiments is essential to provide 

quantitative data on the localised stresses, which 

describes the wear process in-depth. 

In order to evaluate the wear phenomenon, many 

governing equations have been derived over the past 

few decades. In their comprehensive and in-depth 

review on wear equations, Meng and Ludema [6] 

stated that there are more than 300 wear modelling 

equations, which can be sorted into three different 

approaches. First, empirical equations, which are 

directly formed based on experimental data under 

varying wear conditions. Typically, this approach 

shows precise results, but it is only valid for a very 

specific range of test parameters. Second, equations can 

be formed depending on material failure mechanisms, 

in which the mechanical properties, such as fracture 

toughness, material flow, and fracture strain, etc., are 

included. However, due to the long derivations and 

complexity of this kind of equations, no equations 

were reproduced [6]. Third, contact mechanics-based 

models, which simplify the relationship between the 

working parameters. One of the most famous wear 

equations in this model is Archard’s wear equation [7]. 

Archard’s equation takes into account the abrasive 

and adhesive wear mechanisms assuming that the 

wear volume (V) is directly proportional to the load 

(F) and the sliding distance (S); while inversely 

proportional to the yield stress or the hardness (H)  

of the softer surface. The proportionality constant of 

this relationship is defined as the wear coefficient (k) 

of the material. 

V F
k

S H
                 (1) 

Many attempts have been made to modify this 

equation to meet the requirements of specific cases. 

For instance, according to Bradford [8], Sarkar [9] has 

modified Archard’s model so that coefficient of friction 

(COF) was calculated and its value was related to the 

volume of worn material. Another example is related 

to the wear of highly elastic/pseudo-elastic materials 

[10]. Archard’s wear equation gives a simple model 

for the wear mechanism and has the flexibility to 

comply with specific cases of the wear process and 

for variant material properties. 

In the recent decade, many researchers [3, 11–14] 

have used the finite element method (FEM) to simulate 

different types of wear forms. This method in fact 

can be used to predict and enrich the understanding of 

such physical phenomenon. A wear simulation tool 

(wear processor), developed by Hegadekatte et al. [15], 

has been used to simulate the deformable-to-deformable 

contact problem in two-dimensions (2D) and 3D 

modes. Despite the good accuracy of the model, 

when compared to the experiments, the model can 

only be used for low applied loads until 400 mN. In 

fact, 800 mN showed a significant inconsistency with 

experiments. More recently, a limited number of studies 

about sliding wear modelling were developed based 

on an adaptive FEM. By using this tool, the grid of the 

mesh can be highly controlled, which provides more 

accurate results for the wear process analysis [12, 16, 17]. 

Simulating the wear process for different types of 

tribometers is essential as it gives the opportunity to 

validate the outcomes by the experiments. The POD 

tribometer, which is the most frequently mentioned 

in the literature, has been widely studied and modelled 

for different types of materials, including both cases of 

metal-to-metal contact [11, 12] and polymer-to-metal 

contact [18]. Moreover, experimental findings were 

widely used as simulation-input data for variant 

tribological applications [3, 11, 12, 14]. Martinez et al. 

[14] simulated the dry sliding wear in a POD 

configuration for a polymer-to-metal contact pair based 

on Archard’s model, where the pin had a flat-surface 

end. However, it was reported that wear is highly 

sensitive to the stress concentration regions as well as 

to the high COF values. In another study, Bortoleto  

et al. [11] simulated the unlubricated sliding wear  

of metal-to-metal contact in the configuration of 3D 

POD. The model was developed using Abaqus linked 

with the UMESHMOTION subroutine, based on 

Archard’s model. The results showed high accuracy 
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as compared to experimental outcomes, and it was 

reported that the model has a high capability to predict 

the transition wear region. However, the stress was 

distributed over the worn surface in an unclear pattern, 

which is attributed to the nature of POD contact 

configuration. Other tribometer configurations showed 

that the stress distribution over the wear profile have 

uniform patterns. For instance, Yue and Abdel Wahab 

[19] developed a 2D fretting wear model to simulate 

a contact pair of cylindrical pad and a flat specimen. 

According to these authors, contact pressure distribution 

for different layer thicknesses along with a variant 

number of cycles showed a consistent stress distribution 

pattern over the wear profile. The stress concentration 

exhibited a uniform distribution at both edges of the 

wear profile, which mainly attributed to the oscillatory 

motion at the contact interface. Similar stress distribution 

profiles were observed in Refs. [20, 21]. 

In polymer tribology, it is expected that the 

geometrical changes are high, as it is well known that 

polymers are more deformable compared to metals. 

Thus, in this kind of material, the geometrical change 

under the wear progress may have a major impact on 

the wear process. In polymer–metal contact, polymers 

sacrifice for the tribosystem by creating a transfer film 

on the metallic counterpart. Experientially, in POD 

configuration, the contact area is constant with wear 

progress, because of the flat-on-flat contact between the 

pin and the disc. On the contrary, a BOR configuration 

mimics the real contact of a wide range of tribo- 

components more closely in which the contact of 

tribo-system is circumferential, such as rubber tyres, 

camshafts, bushings, pulleys, and bearings [5]. The 

variable geometry of BOR configuration along with 

the progressive wear process may exert a direct 

impact on the distribution of the stress concentration 

on the worn surfaces.  

This work aims at developing a unique adaptive 

finite element (FE) model to simulate the dry adhesive 

wear mechanism of a polymer–metal contact pair   

in BOR configuration. Accordingly, the effect of the 

progressive wear process on the stress distribution 

over the wear profile was investigated. The wear 

parameters were chosen to cover both mild and severe 

regions as well as both running-in and steady state 

regions. Furthermore, the surfaces of the experimentally 

tested specimens were examined using scanning 

electrons microscope (SEM). The experimental results 

were compared with the wear profile data extracted 

by the FE analysis to validate the model. 

2 Methodology 

2.1 Materials characteristics 

The main raw material utilised to prepare the tensile 

and wear specimens was epoxy resin (R246TX) along 

with the (H160) curing hardener. These materials were 

provided by ATL Composites Pty., Ltd., Australia. 

Epoxy resin was selected due to its widely usage as 

a base matrix for polymer composites under wear 

conditions [22–24]. It is also used in composite forms 

as a load-bearing material, such as composite brakes 

in automobiles [25]. Tensile tests were conducted in 

conformity with ASTM D638-14 standard test [26]. A 

hardness tester, with a durometer Type D, was used 

to measure the shore D hardness of the specimens, in 

conformity with ASTM D2240 standard test [27]. For 

repeatability and reproducibility of the results, three 

tensile specimens were tested, and for the hardness 

test, three readings were taken for each sample. Both 

average and standard deviation values were calculated 

for the tensile and hardness results. The mechanical 

properties of the epoxy, taken from the work of Eayal 

Awwad et al. [23], are presented in Table 1. 

The dry adhesive wear test of epoxy was conducted 

on a BOR tribometer, following the ASTM G77-17 

standard test [28] using the listed parameters in 

Table 2. The wear specimens were slid against a 228 mm 

diameter and 20 mm thick AISI 304 stainless steel 

disc (counterface), shown in Fig. 1(a), of 150 HB 

hardness. The sacrificing blocks of 58 mm × 25 mm × 

20 mm (length × width × thickness), as illustrated in 

Fig. 1(b), were made from epoxy. The configuration 

of the wear test system using BOR tribometer is 

described in Fig. 1(c). The roughness, Ra values, were  

Table 1 The mechanical properties of epoxy [23]. 

Ultimate tensile strength (MPa) 61.5 ± 3.3 

Stiffness (GPa) 1.16 ± 0.04 

Fracture strain (%) 7.9 ± 1.5 

Shore D hardness 79.0 ± 0.82 
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Table 2 Dry adhesive wear test parameters. 

Ring Stainless steel AISI 304 (Ø228 mm × 20 mm)Test 
specimen Block Epoxy (58 mm × 25 mm × 20 mm) 

Sliding distance 6 km 

Sliding speed  2 m/s 

Applied load 15, 30, 45, and 60 N 

Pressure velocity 0.33–3.9 MPa·m·s-1 

Test temperature ~20 °C 
 

(a) 

 

(b) 

(c) 

 

Fig. 1 Schematic drawings of (a) the AISI 304 stainless steel ring, 
(b) the adhesive wear specimens, and (c) a schematic illustration 
of BOR test configuration. 

controlled to be less than Ra = 0.2 μm for the epoxy 

and steel counterface, prior the test, by polishing 

both surfaces according to the experimental procedure 

reported in [23]. 

The adhesive wear tests were carried out for 6 km 

of sliding distance and under different pressure velocity 

(PV) values. The sliding distance was selected to 

reach the steady state region of the wear process.  

The pressure values were determined based on the 

calculated contact area by using FEM. The sliding 

speed was fixed at 2 m/s for all tests while the applied 

load ranged from 15 to 60 N. These values were 

selected to cover both mild and severe wear regions, 

where PV fluctuates between 0.33 and 3.9 MPa·m·s-1 

[23, 24]. The tests were carried out at room temperature 

~20 °C. A Mettler Toledo load cell monitor with an 

accuracy of 0.0098 N was used to calculate the COF. 

The mass loss was obtained using a mass scale  

with an accuracy of 1×10-5 g. Figure 2(a) illustrates 

the geometry of the worn volume. The volume was 

measured based on the mass loss. The maximum wear 

depth of the wear profile was assessed based on the 

wear profile, shown in Fig. 2(b), obtained by a surface 

roughness tester. The maximum wear depth was 

substituted in Eq. (2) to find the worn volume [29]: 

V(R, W, h) = W        
 

  
2 1 2cos 2

R h
R R h Rh h

R
   

(2) 

where V is the volume of the worn material (mm3), W 

is the length of the wear scar, R is the radius of the 

ring (mm), and h is the wear depth (mm). The wear 

coefficient k was calculated based on Eq. (3) [30]: 

k = 
N

V

LF


 (mm3/(N·mm))         (3) 

where ΔV is the worn volume (mm3), L is the sliding 

distance (m), and FN is the normal load (N). Both 

average and standard deviation values of k and COF 

were calculated based on the minimum number   

of attempts recommended by the ASTM G77 

standard [28]. 

Table 3 shows the adhesive wear characteristics of 

the epoxy, including k and COF as average values, 

over 6 km of sliding distance. The epoxy specimens 

were tested under four cases of applied load (15, 30, 

45, and 60 N). k values were calculated after every  

1 km of sliding distance while the COF values were 

obtained for every case over the entire length of 

sliding distance, i.e., 6 km. 

A JEOL-Smart Coater was used to improve the 

electrical conductivity on the surfaces of the test 

specimens by sputtering a very thin gold layer. The 

topography of the worn surfaces was examined by 

using a Benchtop SEM MODEL JCM-6000 at 5 KV 

accelerating voltage. The features of the examined 

surfaces were then used to analyse the wear profile 

in each region. 

2.2 Numerical modelling 

FEM was used to simulate the adhesive wear form of 
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the polymer–metal contact in the BOR configuration. 

The aim of this modelling is to analyse the adhesive 

wear and to understand the effect of the geometrical 

change of such a configuration on the wear nature. 

In this model, Archard’s equation (Eq. (1)) [7, 31] 

was used as the base equation to estimate the wear 

coefficient. It is worth mentioning here that Archard’s 

equation has the capability of being localised by 

dividing both sides on the contact area A; hence, it 

can be easily used in the FE modelling (Eq. (4)).  

h = k·S·P·ΔN                 (4) 

where h is the wear depth, k is the wear coefficient 

including the hardness effect (k/H), P is the normal 

stress, and ΔN is the update interval cycle used to 

accelerate the modelling. 

A 2D model was developed to simulate the adhesive 

wear process at the contact zone between the block  

(specimen) and ring (counterface). Sliding contact 

was modelled using the adaptive meshing constraint 

in Abaqus standard. The contact line located between 

the block and the ring renders the problem ideally for 

2D modelling, as shown in Fig. 3. The mesh element 

was a 4-node bilinear plane stress quadrilateral (CPS4) 

for both bodies. The element’s size was reduced down 

to 0.1 mm at the contact surface in order to obtain a 

converged solution.  

In this model, the centre of the ring was fixed to 

have no displacement and the normal force was 

applied to the bottom surface of the block. To model 

the adhesive wear process, a unique FORTRAN- 

UMESHMOTION subroutine was created and linked 

with Abaqus in association with the adaptive mesh 

constraint, thus the subroutine’s code can control 

the node position at the contacting surface [12, 17]. 

The flowchart of the wear model is presented in  

Fig. 4 showing the interaction between Abaqus and 

the UMESHMOTION subroutine. Due to the change 

 

Fig. 2 (a) 3D schematic illustration of the worn volume and (b) typical wear profile of the test specimen due to sliding in BOR 
configuration obtained from the surface roughness tester. 

Table 3 Average COF and k values for four cases of different applied loads. The standard deviations were calculated from three test 
attempts as per ASTM G77 standard. 

Wear coefficient k (10-5 mm3/(N·m)) 
Case Applied 

load (N) 
Average 

COF 1 km 2 km 3 km 4 km 5 km 6 km 

1 15 0.62 ± 0.05 2.45 ± 0.25 2.21 ± 0.23 1.77 ± 0.19 1.67 ± 0.15 1.60 ± 0.19 1.57 ± 0.19

2 30 0.56 ± 0.05 1.63 ± 0.16 1.25 ± 0.14 1.06 ± 0.13 1.05 ± 0.12 1.05 ± 0.13 1.04 ± 0.13

3 45 0.55 ± 0.04 1.77 ± 0.17 1.53 ± 0.15 1.47 ± 0.16 1.42 ± 0.16 1.42 ± 0.15 1.41 ± 0.16

4 60 0.51 ± 0.04 1.74 ± 0.18 1.37 ± 0.16 1.32 ± 0.15 1.45 ± 0.17 1.63 ± 0.17 1.81 ± 0.20
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in the node position, the contact profile was continuously 

changing and thus the relative displacement, as well 

as the magnitude of the contact pressure were changed 

for each contact node. Accordingly, new values were 

reported to the UMESHMOTION code and then 

updated for the next increment [11, 12, 32]. It should 

be mentioned here that the node wears once it is 

subjected to contact pressure only, i.e., when the node 

shifts to the contact interface. Adaptive mesh tools are 

used to improve the simulation process, as they take 

into account the effect of the geometrical change and 

the shape of wear profile during the wear process  

[12, 33]. The volumetric wear rate was calculated  

by applying h = hmax in Eq. (2), where hmax is the 

maximum wear depth of the wear profile (Fig. 2). 

To apply the Archard’s equation on the contact 

line between the block and ring, various values of k 

and COF were determined through the data listed in  

 

Fig. 3  Illustration of the 2D model in BOR configuration showing the FE mesh. 

 

Fig. 4 Flowchart for the simulation of adhesive wear using UMESHMOTION subroutine. 
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Table 3. As indicated by the experiments, FE modelling 

showed that the COF reaches its stable values after 

80 sliding cycles out of the 6,000 for the entire test. 

Therefore, the average values of the COF were taken 

in the steady-state region for each case from three 

specimens. The k values were implemented in the 

model in which each 1 km of sliding distance 

corresponds to 1,000 sliding cycles. The current values 

used in developing the model are in good agreement 

with those reported in the literature. For instance, the k 

value was reported in the 0.9×10-5–3.6 × 10-5 mm3/(N·m) 

range by Yousif et al. [34] for epoxy composites 

reinforced with abrasive particles. Furthermore, 

Shalwan and Yousif [35] reported the k values for  

epoxy from 1.45×10-5 to 3.1×10-5 mm3/(N·m) under 

several loads in the 20–60 N range. Thus, it is 

reasonable to use the k values (Table 3) in modelling 

the wear behaviour of the tested specimens under 

different conditions. 

The mechanical properties of the ring are: density 

of 8,000 kg/m3, stiffness of 200 GPa, yield strength  

of 620 MPa, and Poisson’s ratio of 0.275 [36]. The 

stainless–steel counterpart was assumed to be a rigid 

counterface for the epoxy specimens. From experiments, 

it was noticed that the epoxy specimens sacrifice   

for the tribosystem in which the material transfer 

from the epoxy to the stainless steel counterface. The 

recrystallization temperature of AISI 304 is above  

900 °C [37], while the glass transition temperature of 

epoxy is 100 °C [38]. Under the current experimental 

circumstances, it cannot be possible for the diffusion 

process to take place between the two counterparts in 

terms of temperature effect, and thus no material will 

transfer from both sides on the atomic level. It was 

confirmed in a previous study by the same research 

group [23] that the epoxy melts during the BOR test 

and signs of transfer films were observed on the steel 

ring. The effect of temperature on the wear behaviour 

of epoxy composites was thoroughly discussed in  

Ref. [23] and will not be repeated here. The influence 

of steel counterpart on the entire tribosystem is 

considered negligeable in this study. In terms of 

mechanical properties, the AISI 304 possesses high 

mechanical properties compared to the tested epoxy 

specimens used in this study. For instance, the 

stiffness of AISI 304 stainless steel is higher than the 

highest stiffness value of epoxy by about 170 times. 

Moreover, polymers may lose their stiffness quickly 

with the increase of the interface temperature as 

compared to metals. 

To simplify the wear simulation, wear was only 

implemented in the epoxy specimens (block), as it is 

the softer material. It is worth noting that a high 

value of ΔN (Eq. (4)) gives erratic results; however, low 

value increased the computational time. Therefore, to 

adopt an appropriate ΔN value, many attempts were 

made for each case separately.  The ΔN factor was 

optimised in such a way that the total wear volume 

in the model is matched with experimental findings.  

In a BOR configuration, the highest contact pressure 

is at the beginning of the wear process. This is 

accompanied by a rapid change in the maximum wear 

depth. This behaviour was experimentally reported 

and defined as the running-in stage [39, 40]. By calling 

Table 3, it is apparent that k values dramatically 

changed in the first 3 km of sliding distance. However, 

with the increase of sliding distance, the contact area 

becomes larger as compared to the beginning of the 

process, where it achieves a steady state as presented. 

Based on this behaviour, firstly, a small value of ΔN 

equals to 100 was assigned for the running-in stage. 

Secondly, ΔN increased to 1,000 for the steady-state 

region. The FE modelling validated by the experiments 

was verified by using the chosen values of ΔN and 

the model was accurate enough. 

3 Results and discussion 

3.1 Model validation 

This section describes the ability of the developed model 

implemented by the UMESHMOTOIN subroutine to 

simulate adhesive wear mechanism of polymer–metal 

contact. The model was designed to be quite similar 

to the vitro of BOR tribometer. Therefore, the objective 

of this step is to study the developed model’s 

capability to analyse the wear process under specific 

conditions. Figure 5 shows a comparison between the 

simulated and experimental results. In all different 

experimental conditions, a good correlation was noted 

with the model outputs. Figures 5(a) and 5(b) represent 

the simulated and experimental results of the wear 
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volume versus sliding distance of the epoxy at a mild 

load of 30 N and a high load of 60 N, respectively. 

Figure 5(c) shows the experimental and simulated 

results of the wear volume under different applied 

loads. Excellent correlation was noted at a lower 

sliding distance (Fig. 5(a)) and at lower applied loads 

(Fig. 5(c)). Generally, there is an increase in the error 

with more sliding distance and applied load. 

The effect of frictional heat generation on the wear 

calculations was not considered in the wear model. 

Thus, any changes in the material properties, such as 

strength, stiffness and hardness, were not taken into 

account due to a rise in the heat. Similar consideration 

was taken by Dos Reis [41] who attributed the change 

in mechanical properties to the sensitivity of the resin 

properties at elevated temperature. The COF may be 

partially responsible for the difference between the 

simulated and experimental results. The COF was taken 

as an average value despite the ± 5% fluctuation 

during the experimental testing. Other factors, such 

as the transfer film effect, wear debris, and surface 

roughness, which increase the challenges of simulating  

the wear phenomenon were also not taken into 

consideration. During the experiments, there was 

uneven material loss along the ring’s axis. Therefore, 

the average hmax along the axis was taken into account, 

because it is considered a random phenomenon and 

was used to compare with the simulation results. 

Similar technique was reported in Refs. [42, 43]. Overall, 

the error percentages of the simulation results did 

not exceed ± 15%, which is reasonable, especially 

when compared with the error ranges in tribology 

experiments [2, 16]. The maximum wear depth   

(Fig. 2(b)) was estimated experimentally by using  

the surface roughness tester and these results were 

compared with the simulation results presented in 

Fig. 5(d) for the epoxy at 30 and 60 N applied loads. 

Clearly, the maximum wear depth of the simulated 

wear profile is located in the range of the experimental 

cases, as listed in Table 4.  

3.2 Geometrical effect 

One of the main study objectives of the wear 

simulation in the BOR configuration was to analyse  

, , , , , , , , , , , , , ,

 

Fig. 5 Comparison between numerical and experimental investigations. (a) and (b) Wear volume versus sliding distance at 30 and 60 N, 
respectively; (c) wear volume at different applied loads, and (d) the simulated wear profiles and the maximum wear depths obtained 
from experiments at applied loads of 30 and 60 N. 
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Table 4 Simulated and experimental values of the hmax for all 
studied cases. 

Case Applied load 
(N) 

hmax (μm) from  
the simulation 

hmax (μm) from 
the experiments

1 15 28.93 25 ± 5 

2 30 29.66 30 ± 5 

3 45 46.15 45 ± 10 

4 60 70.85 75 ± 13 

 

the effect of geometrical changes on the wear process 

and the nature of the contact itself. Therefore, the effect 

of the progressive change in the geometry of the wear 

specimen was analysed. All simulations were run 

similarly to the experiments for 6 km sliding distance, 

in an attempt to calculate the wear volume. The PV 

factor was altered, relying on different load levels,  

15, 30, 45, and 60 N, and a speed of 2 m/s was used. 

Different loads correspond to the contact pressures 

ranging from 0.35 to 0.53 MPa at the steady-state 

region were applied. 

In a configuration system like a BOR tribometer, 

the progressive change in the geometry is supposed 

to have a high effect on the resulting wear process. 

The fast change in the wear profile may generate 

concomitant stress concentrations due to geometrical 

changes of the specimen. Figure 6(a) shows the contact 

area plotted against the sliding distance under 

different applied loads for epoxy. Obviously, there is 

an increase in the contact area with increased sliding 

distance due to the material removal process. Since 

the contact area increases with sliding distance, the 

applied load will be distributed over an increasingly 

larger contact area, thus lowering the contact pressure, 

as shown in Fig. 6(b).  

It can be seen in Fig. 6 that there is a rapid change 

in the contact area and contact pressure within the 

first 1,000 m of sliding distance. This rapid change is 

attributed to the load/contact area ratio being very 

high at the beginning of the wear process, i.e., the 

running-in stage [39, 40]. For instance, at 30 N, 63% 

reduction in the contact pressure was recorded, while 

the contact area increased by 288% after 1,000 m. 

Beyond that, it seems that the wear reaches a relatively 

steady state, indicated by the slow increase in the 

contact area and a decrease in the contact pressure. 

Stress concentration is a crucial parameter that 

affects the wear mechanism of materials [44]. 

Concentrated stress promotes crack propagation and 

the failure mechanism on the worn surface of the wear 

specimen. In the current configuration, even though 

the normal pressure decreases with an increase in 

the sliding distance, the maximum wear depth (hmax) 

increases consequently. Figure 7 shows the values  

of the Von Mises stress, shear stress, and stress 

concentration versus the contact length. Simulation 

results show that there is a significant increase in the 

stress values with the increase of hmax. Figure 7(a) 

displays the contours of Von Mises and shear stresses 

after a sliding distance of 3 and 6 km. The more 

interesting point is the effect of the sliding direction. 

The stress is highly concentrated at the starting edge, 

heading towards the end edge, as described by 

arrows. This difference stems from the high friction at 

the starting edge. Observation of stress concentration 

at the edges of the wear profiles was reported as 

fretting wear mechanism [19–21]. However, due the 

cycling mechanism of the sliding contact of fretting 

wear, the stress concentrations were almost symmetric 

at both edges of the wear profiles. Experimentally, 

the explanation of this observation is attributed to the  

, , , , , ,

 

Fig. 6 Effect of various applied loads for epoxy on (a) change of contact area and (b) change of average contact pressure, for 6 km of 
sliding distance. 
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high interlocks between the asperities of the wear 

specimen and the steel ring at this edge [5, 39, 45, 46]. 

In the current study, Fig. 7(b) shows the stress 

distribution profile represented by Von-Mises stress 

contours, for initial, middle, and final sliding 

distances (0, 3, and 6 km). It is worth noting that the 

plotted graphs represent the surface nodes on the 

block (wear specimen) in the contact region. At the 

middle region, where hmax exists, the contact pressure 

is decreased with the increase of sliding distance, 

which is consistent with the general analysis of 

geometrical change of the wear specimen (Fig. 6). 

At the edges of the stress distribution profile, 

extremity in the stress values was observed. This was 

due to the change of the wear profile. Typically, on 

both sides and due to their similarity, the increased 

stress value could be attributed to the change in the 

specimen’s geometry. However, a greater increase 

was observed in the stress values at the starting edge, 

as compared with the end edge. For instance, the 6 km 

sliding distance showed higher stress values by about 

940% and 350% at the starting edge and the end edge, 

respectively, as compared to the stress value for the 

same distance at the middle region. Similar stress 

contours were observed at both edges for all used 

applied loads. This finding highlights the effect of 

stress concentration on the wear mechanism, which 

needs to be considered during the analysis stage. This 

complies with the basic principle of design, which 

always seeks to find the most effective parameters, 

i.e., stress concentrations. 

Figure 8 shows the effect of various applied loads, 

taken at the node that corresponds to the hmax, on the 

mechanical stresses and after 6 km. The stress values 

increased significantly after 30 N, evidenced by the 

increase in the wear coefficient value, as reported  

 

Fig. 7 (a) Stress contours after 3 and 6 km of sliding distances and (b) stress distribution profile represented by Von Mises ( yy ) 
versus contact position. 
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Fig. 8 Influence of applied load and the maximum wear depth on 
the mechanical stress including Von Mises stress and shear stress 
at the node of the maximum wear depth (original contact point). 

in Table 3. Therefore, it was considered that the 

mild-to-severe wear transition took place when the 

applied load exceeded 30 N. Similar findings was 

observed by the authors in a previous studies [23, 24]. 

However, it can be noticed that the average mechanical 

stresses (Von-mises and shear stresses) increased by 

only around 25% at 60 N as compared to that in the 

mild region, i.e., 30 N (100% increase in the applied 

load) (see Fig. 8). This is evidence that the stress 

concentration exhibited more effect on the wear 

mechanism of wear samples as compared to the effect 

of the applied loads shown in Fig. 7.  

3.3 SEM analysis of the worn surfaces 

Based on the simulation results, two areas were 

chosen on the worn surfaces of the wear specimens 

as demonstrated in Fig. 9. The first area (Zone a), the 

largest area of the wear profile, is known as the 

normal zone, which is under average contact stresses. 

The second area (Zone b), known as the critical zone, 

is where the stress concentration is the highest. 

Accordingly, SEM micrographs were taken for these 

zones for all wear specimens.  

Figures 10 and 11 show the SEM micrographs of 

the wear specimens, under different applied loads, 

 

Fig. 9 Demonstration of the two zones (normal and critical zones). 

after 6 km of sliding distance. There is an observable 

difference between the features in normal and critical 

zones. At the normal zone (Fig. 10), a remarkable 

difference after 30 N of applied load was observed 

when the wear transmitted from the mild region to 

the severe region. In the mild region of 15 and 30 N, 

it can be noted that the worn surfaces exposed 

microcracks and fragmentation failures as shown in 

Figs. 10(a) and 10(b), respectively. However, extreme   

 
Fig. 10 SEM micrographs at normal zone of the worn surfaces of 
wear specimens, at different applied loads: (a) 15, (b) 30, (c) 45, 
and (d) 60 N. The arrows on the bottom-right corner indicate the 
sliding direction of the ring. 

 
Fig. 11 SEM micrographs at the critical zone of the worn surfaces 
of wear specimens, at different applied loads: (a) 15, (b) 30, (c) 45, 
and (d) 60 N. The arrows on the bottom-right corner indicate the 
sliding direction of the ring. 
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failure signs were noted in the severe wear region in 

which the applied loads ranged between 45 and 60 N 

as shown in Figs. 10(c) and 10(d), respectively. These 

signs were in the form of high deformation and peeling 

off. The normal zone analysis was performed in a 

previous work done by the same research group [23]. 

Clear signs of severe wear features, manifested by 

ploughing, craze, cracks, fracturs, and wear grooves 

were observed in the critical zone under different 

applied loads as shown in Fig. 11. Interestingly, these 

results are in harmony with the simulation findings, 

as discussed in Section 3.2. It is essentially to mention 

that the critical zone is subjected to a high stress rates, 

reaching up to 10 times more than that at the normal 

zone. These observations can explain the experimental 

findings presented in Fig. 12. At 30 N of applied load, 

the lowest value of the wear rate was recorded, even 

when it was compared to an applied load of 15 N. A 

brief explanation of this behaviour could be as follows: 

First, the specimen under 30 N seems to experience 

enough heat that can form a viscoelastic layer and 

thus protects the worn surface from further mass  

loss [23, 47]. This thin layer inhibits the initiation of  

a brittle cracking scenario in the matrix under the 

fatigue loads as was noticed in the case under 15 N. 

Similar behaviour was reported by Yousif and El-Tayeb 

[48] who studied the effect of the applied load (5, 10, 

15, and 20 N) on the wear rate of glass fibres 

reinforced polyester under abrasive wear conditions. 

It was noticed that the increase of the applied load 

reduced the wear rate. Similar trend was also reported 

by Chand and Dwivedi [49] on sisal fibre-reinforced 

epoxy composites. However, for applied loads higher   

 

Fig. 12 Effect of applied load on the specific wear rate of epoxy 
after 6 km, i.e. steady state region, of sliding distance. 

than 30 N, there is a much increase in the thermo- 

mechanical stresses, which result in further material 

removal, in the form of high ploughing, and severe 

wear grooves [23, 35, 50]. 

The analysis made in this study showed that the 

stress distribution profile has a consistent pattern  

for all applied cases. The stress profiles subtracted 

from the wear modelling analysis provide a better 

understanding of the wear phenomenon on the BOR 

configuration. Similar circumferential contacts in 

real tribo-component applications, such as bearings, 

bushings, camshafts, and so on can also be described 

using such approach. Knowing that the wear 

coefficient (k) is almost unchanged in the steady-state 

region of the wear process, the developed model can 

accordingly be useful to predict the wear behaviour 

of the tribo-components and estimate their service 

lives. 

4 Conclusions 

In this paper, a two-dimensions (2D) model of a 

ball-on-ring (BOR) tribometer was developed to analyse 

the adhesive wear mechanism in a polymer–metal 

contact. The simulation model was based on the 

Archard’s wear equation implemented by a Fortran- 

UMESHMOTION subroutine linked with Abaqus, with 

an adaptive meshing tool. Based on these results, the 

following conclusions were drawn: 

1) This model was used to analyse the impact    

of geometrical change on the wear nature of BOR 

configuration. The wear model displayed high 

reliability to simulate the wear volume at mild and 

severe regions, showing the transition point between 

both regions. The model was in good agreement with 

the experimental results. 

2) Generally, it was understood that the contact 

pressure decreases with the increase of the wear depth 

due to the increase in the contact area of the worn 

surface. However, and for all the studied cases, the 

critical wear zone appeared, representing the main 

interesting finding in this study. 

3) The critical zone is characterized by high 

concentration of stresses reaching up to 10 times of 

the normal stress values. The stress concentration 

proportionally increases with the increase of the wear  
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depth. Based on this, the wear profile was divided 

into two specific areas: the normal area, which 

represents the majority of the worn surface subjected 

to the average stress and the critical area in which the 

stresses are highly concentrated at the starting edge 

of the wear profile. 

4) scanning electron microscope (SEM) was used to 

support the stress analysis of the wear profiles for all 

studied cases. It was noticed that the worn surfaces 

of the wear specimens at the critical zone suffered 

from high damage compared with that at the normal 

zone. Therefore, this study has defined the critical zone 

of BOR configuration which has to be investigated in 

accordance with the basic concept of the design. 
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