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 A B S T R A C T 

Manganese steel, commonly known as Hadfield steel, offers exceptional 
strength, toughness, corrosion resistance, and durability against heavy 
impact and abrasion, making it suitable for a wide range of industrial 
applications. However, the limited research on wear phenomena during 
operation hinders its broader application. Therefore, this study extensively 
examines the factors contributing to wear in manganese steel, with a focus 
on raw coal as abrasive particles. The work begins by selecting two coal 
particle sizes (500 μm and 710 μm) as abrasives, which are positioned 
between the disc and the manganese steel pin. The experiments also 
investigate the effect of load, ranging from 20 to 35 N, on the wear behavior 
of manganese steel. Additionally, SEM images of all wear tracks are captured 
at the same magnification to analyze changes in wear patterns. The study 
found that larger abrasive particles have a more detrimental impact on 
wear compared to smaller ones. Furthermore, a mathematical model is 
developed to predict theoretical wear losses based on experimental results. 
The findings demonstrate that the mathematical model aligns well with the 
experimental data, supporting its applicability in real-world scenarios. 
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1. INTRODUCTION  
 
Abrasive wear in mechanical components is 
well-documented as a cause of production losses 
and increased maintenance costs. Understanding 
and managing the abrasives that cause wear can 

help reduce this effect to some extent. In this 
context, Jost [1] published a book highlighting 
that proper attention to abrasive wear could 
yield a cost-to-benefit ratio of 1:40. Another 
book published by Davies [2] focused on 
condition monitoring and the failure 
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(degradation) of materials during operation, 
specifically related to manufacturing industries. 
Researchers concluded that the failure or loss of 
material during functioning were highly 
attributed to abrasive wear, approx. 50 %, 
followed by adhesive wear, erosive wear, 
fretting wear and corrosive wear also have 
contributions of 15 %, 8 %, 8 % and 5 % 
respectively. Furthermore, the documented 
literature highlighted that the two-body 
abrasion results in more surface damage due to 
direct contact between them [3-5]. Further, the 
wear of the mechanical components creates 
serious repair, which account for cost and time. 
Wear-resistant material is provided to protect 
the main mechanical components of machines 
from wear. Therefore, manganese steel material, 
governing excellent work-hardening properties, 
found many applications in numerous industries 
particularly in mining industries and coal 
bunker liner plates [6-7].  
 
For Manganese or austenitic steel, popularly 
known as Hadfield steel, was first proposed by 
Robert Hadfield in 1941 and led to a 
revolutionary era for many industries [8]. After 
the invention of manganese steel, it has been 
widely used in mining, steel making, and 
railroading. Manganese steel stands in a wide 
range of demanding applications in several 
industries due to its well-known properties, i.e., 
resistance against wear, good toughness, high 
strength, damping, and non-magnetic. 
Manganese steel proves to be suitable for 
applications like damping, which provides 
noise proof in construction, and wear 
resistance requirements such as liners for 
crushers, excavator buckets, pipes for slurry 
transportation in mines, and many more [9]. It 
is also noticed that the properties like 
corrosion and abrasion resistance could be 
enhanced by changing the composition of 
alloying elements in manganese steel. As the 
weight percentage of manganese in Hadfield 
steel is 12 wt.% manganese, it shows high 
toughness and good wear resistance properties 
when applied to carry the work against a wear 
environment [10-11]. Researchers noticed [12] 
that the wear resistance property, depending 
on the material hardness, was not enough to 
examine material wear resistance. Some 
literature stated that the manganese steel 
shows an increase in hardness after abrasion 
[13]. In this regard, Zambrano et al. [14] stated 

that the increase in hardness during abrasion 
was dedicated to the theory of dipole 
interaction and stacking fault energy. The 
mechanism was earlier revealed by Bayraktar 
et al. [15], illustrating that the wear-resistant 
property of manganese steel depends on the 
dislocation property of C-Mn dipole interaction. 
In comparison, Song et al. [16] stated that due 
to the change in strain-induced martensite (γ → 
ε or ά), the manganese steel shows enhance 
strain hardenability. The creation of strain-
induced martensite on manganese steel surface 
was related to stacking fault energy (SFE). The 
SFE depends on grain size, chemical 
composition, and microstructure that provide 
difficult to move the grains from their original 
position. The mechanism was attributed to the 
formation of the Hall-Petch effect as earlier 
demonstrated by Pierce et al. [17]. In many 
cases, it has been observed that the movement 
of surface grain during dislocations results in 
surface grain refinement, which is a part of the 
dynamic Hall-Petch effect. Acselrad et al. [18] 
noted that the increase in SFE of manganese 
steel decreases its wear. Some investigations 
also showed that the wear of manganese steel 
was dependent on the sizes of abrasive 
particles, the apex angle of the abrasive, and the 
hardness of the abrasive [19-20]. Rabinowicz 
and Mutis [21] reported that the wear was 
more if the size of the abrasive particle was 
large. Furthermore, the analysis also reported 
regarding the critical size of particles beyond 
which wear was independent of the critical size. 
The contact mechanism between an abrasive 
particle and metal surface with respect to the 
diameter of the abrasive particle, the load 
applied on the abrasive, along with the 
apparent area of contact was demonstrated by 
Wang and Hutchings [22]. Based on the results 
of abrasive wear tests, researchers concluded 
that the scratches were dependent on the load 
as well as abrasive particles (different sizes). 
Moore and Douthwaite [23] reported that the 
large size of abrasive particles produces 
grooves of considerable depth. The degree of 
groove formation on the material surface also 
increases with the sharpness of the abrasive 
particles. The apex angle of the abrasive 
particle was used to measure its sharpness. 
Woldman et al. [24] also reported that the wear 
was more if the sharpness of the abrasive 
particle was high. Researchers revealed that 
when apex angle of abrasive particles were 
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lower than the critical value, it can cause high 
wear. The ineffectiveness beyond the critical 
value of the apex angle was due to the fact that 
the abrasive particle gradually becomes round-
shaped, and its ability to cause wear decreases. 
The lower value of the apex angle of the 
abrasive particle can cause more wear, but it 
gets easily fractured under the effect of greater 
load [25-26]. Moreover, few researches carried 
out investigation to understand the behavior of 
abrasive particle size on material’s wear. In this 
context, Coronado et al. [27] experimentally 
proved that the change in wear rate was 
dependent on the critical size of the abrasive 
particle. The changes were noticed beyond the 
CPS (Critical Particle Size), showing the 
decrease in wear rate responded to an increase 
in particle size. During two-body sliding 
abrasion, load changes the ability to cause 
indentation and cause more surface damage to 
the material. Furthermore, the effect of load 
was the primary factor, as wear is directly 
proportional to the load. Additionally, the 
manganese steel has the property of work 
hardenability, that imparts its resistance to 
wear immensely with increase in load. 
 
The available literature on magnesium steel is 
in limited amount that didn’t delves the effect 
of abrasive particle size, load, sliding speed, and 
sliding distance on wear mechanism of 
magnesium steel. Additionally, the researches 
conducted on the mechanisms of abrasive wear 
and the wear resistance of manganese steel, are 
still deception. Available earlier studies, 
primarily focused on the said factors in 
isolation, neglecting their interactive effects 
which is observed as substantial gaps for this 
study. Furthermore, while the work-hardening 
characteristics of manganese steel are well 
established, its behavior under varying load 
conditions, particularly in coal-based abrasive 
settings, has not been thoroughly investigated. 
Therefore, this study aims to fill that gap by 
examining the impact of coal particle size on 
the wear of manganese steel—an aspect that 
has not been previously addressed in order to 
create a predictive model. By creating a 
mathematical model grounded in experimental 
findings, this research facilitates wear 
predictions in coal-rich environments, 
especially for coal bunker liner plates, also 
offering critical insights for industries that 
depend on manganese steel components. 

2. METHODOLOGY OPTED FOR 
EXPERIMENTATION 

 
In this experiment, the test specimens, made of 
manganese steel in the form of pins, were 
purchased directly from the industry (Maa 
Bhuneswari Metals, Dhanbad, India). Each pin 
had a length of 30 mm and a diameter of 12 mm, 
used for the abrasive wear test, as shown in 
Figure 1(a). The composition of elements 
present in the samples was examined through 
electronic dispersive spectroscopy (EDS) as 
shown in Figure 1(b).  
 

 
 

 
Fig. 1. (a) Images of test specimen samples made 
from Mn-steel material (b) EDS analysis of 
manganese steel specimen. 
 
The EDS was taken at five different locations for 
better analysis. The composition of elements 
obtained was 14.00 wt. %Mn, 1.35 wt. %C, 1.00 
wt. %Si, 0.05 wt. %S and 0.09 wt. %P. Before 
testing the specimens, metallographic polishing 
was performed to remove oxide layers and 
prevent excessive wear at the beginning of the 
test. This process was also crucial for 
eliminating all oxides from the surface to ensure 
optimal results. After polishing, the surface of 
the specimen was examined under an atomic 
force microscope to measure the roughness 
value. The sample roughness was maintained 
below 0.40 μm for every sample. The wear tests 
were performed on a pin-on-disc tribometer, 
and special arrangements were made for coal 

(a) 

(b) 
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particles that act as abrasive material. Since, the 
author's intention is to develop a predictive 
model for coal bunker liner plates made of 
manganese steel to estimate their service life, so, 
two coal particle sizes, 500 μm and 710 μm, 
were selected for experimentation. This 
selection is based on the predominant coal 
particle sizes found in coal bunker liner plates, 
typically ranging from 500 to 1000 μm. 
 

The sizes of the coal were separated using a 
sieve analysis process, with 80% passing 
through a sieve. Elastic Modulus of abrasive 2.5 
GPa, Poisson's ratio 0.34, Hardness of silica 
content in the abrasive was observed as 982 HV 
to 991 HV, percentage of silica content in 
abrasive was found out to be approximately 0.5 
to 1.1 percent with varying composition. 
 
2.1 Experimental set-up 
 
A pin-on-disc (DUCOM TR-201LE) wear testing 
machine, as shown in Figure 2, was used for the 
two-body abrasive wear process. The machine 
consists of a rotating plate in the form of a disc, 
with an attachment to fix the specimens in form 
of pins. In this study, manganese steel was used 
for the pin specimens. The wear of the pin 
specimens was evaluated in relation to the coal 
particle size placed on the surface of the disc. 
The disc plate itself had a thickness of 8 mm. 
 

 
Fig. 2. Pin-on-disc wear measuring machine. 

 
This experimental work followed the ASTM 
G99-05 (ASTM, 1992) standard. Coal particles 
were adhered to the surface of the disc plate, 
as shown in Figure 3. To secure the coal 
particles to the disc, grooves of 4 mm thick 
were created extending outward from the 
center of the disc, as depicted in Figure 4. The 
remaining surface of the disc was then 
roughened using a chisel for trapping the coal 

particles. The coarse surface facilitated the 
adhesion of the coal particles when adhesive 
was applied. The coal particles were adhered 
by properly applying adhesive (like 
Polyurethane and starch) on the coarse 
surface of the disc. Once the coal was fully set 
on the disc, molding was performed, ensuring 
the coal particles were securely fixed to the 
disc surface. Two discs were prepared 
containing uniformly distributed two sizes of 
coal with bed thickness 4 mm. 
 

 

Fig. 3. ASTM G99 standard disc specimen with coal 
particles of (a) 500 μm and (b) 710 μm. 
 

 
 
 
 
 
Fig. 4. Layer of coal up to 4 mm fixed on the 8 mm 
thick disc plate. 

 
After placing the coal particles, the prepared disc 
plate was heated to 40 ˚C for 15 minutes to 
eliminate moisture from the coal. The disc was 
then mounted onto the rotary block of the Pin-
on-Disc apparatus. This entire procedure is 
visually illustrated in Figure 5, offering a clear 
overview of the process. 
 

 

Fig. 5. Image showing the pin is fitted with the test 
specimen holder and is made to have contact with the 
disc surface. 

(a) (b) 

4 mm Coal layer 

8mm 

Disc plate 
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Wear tests of manganese steel specimens 
(pins) were conducted using different plates, 
each with coal particles of sizes 500 μm and 
710 μm. The tests were performed at loads 
ranging from 20 N to 35 N (specifically 20 N, 
25 N, 30 N, and 35 N) in order to observe the 
material loss in relation to the different coal 
particle sizes. Weight losses were measured to 
assess the material's performance against the 
abrasive action of the particles. The weight 
loss was recorded in milligrams (mg) using an 
electronic balance under controlled 
conditions. Wear tests of each specimen were 
performed for a fixed sliding distance 1000 m. 
The surfaces of the pin samples were made flat 
using emery paper (80-grit size) before each 
test so that the surfaces remained in full 
contact with the rotating coal bed surface. The 
test samples were cleaned with acetone before 
and after the tests. The samples were 
immersed in acetone inside a beaker and 
subjected to sonication to remove all foreign 
particles from the surface. The specific wear 
rate was evaluated in terms of mm3/m-N 
under different varying conditions using 
equations 1 & 2. 
 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑤𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 𝑘 =
𝛥𝑉

𝑃 𝑋 𝐿
  (1) 

 

𝛥𝑉 =
𝑚𝑖−𝑚𝑓

𝛿
     (2) 

 
Where, k denotes specific wear rate in mm3/N-
m, ΔV denotes change in volume obtained 
through equation 2. mi is the initial mass of the 
specimen, mf final mass after the test in 
milligrams, and δ is the mass density. P is the 
load applied in Newton and L is the sliding 
distance in meter. Furthermore, the tests were 
conducted with the disc rotating at a 
consistent speed of 300 rpm under standard 
atmospheric conditions (27 °C). A durable EN 
31 steel disc (hardness = 60 HRC, HV 695) was 
chosen as the counter disc for its exceptional 
strength. It’s hardness, nearly ten times that of 
the experimental sample, ensured a 
comprehensive evaluation. Notably, the 
counter disc exhibited no wear during the 
tests, reflecting the resilience of the materials 
tested. The investigation repeats three times 
for each condition, and the average of the 
same was cited with error. 

3. RESULTS AND DISCUSSION ON 
TRIBOLOGICAL TEST 

 
The effect of load on wear [28-29] is a crucial 
aspect of tribology and requires thorough 
investigation to develop a model for prediction. 
Hence, this experiment first selects four 
significant loads ranging from low to high. The 
two abrasive particles of coal adhered to the 
disc to carry out the experiments. Samples A, B, 
C, and D are designated as per the load applied 
on the specimens during the wear test, as 
shown in Figure 6. For every experiment, the 
sliding distance was maintained constant in 
order to make an easy comparison. From Figure 
6, a monotonous increase in wear rate was 
observed with an increase in load up to 30 N for 
both coal abrasive particles. This happened due 
to the increased load, the contact pressure 
between the mating surfaces raises. As a result, 
there was greater material deformation, 
leading to higher wear rates. However, 
interesting features was observed at a higher 
load of 35 N, i.e., the wear rate improve. The 
increase in load typically results in higher wear 
rates due to more significant contact pressure, 
changes in lubrication conditions, and thermal 
effects. However, in the case of magnesium 
steel, the work hardening property 
predominantly showed its effect and was 
responsible for the improvement in wear rate. 
In this regard, Zhang et al. [30] reported that 
the manganese steels had good work hardening 
properties. This allows the material to resist 
wear with an increase in sliding abrasion. At 
higher loads, deep grooves and surface cavities 
formed that result in acceleration of wear rate. 
When the load is very high, there is a possibility 
that abrasive coal particles may become 
embedded in the specimen's surface, 
preventing direct contact between the mating 
surfaces. This can lead to reduced material loss, 
resulting in a decrease in the wear rate [31-32]. 
Additionally, the surface hardening property 
with normal load may prevent loss of material 
from the surface and result in decrement of 
wear rate. Higher loads improve interfacial 
bond-bearing capacity between the specimen 
and the particles, which reduces the possibility 
of surface material to get pulled out [33]. Also, 
the subsurface of the test specimen under 
higher load develops a work-hardening 
property for which cutting ability by the 
abrasive particle decreases.  
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Fig. 6. Plots of weight loss of test specimen with 
variation of load 500 μm and 710 μm. 
 

Furthermore, larger grains can reduce the 
overall toughness of a material. This makes it 
more susceptible to cracking and chipping under 
load, which can contribute to wear. So, higher 
grain sizes effectively produce a high worn-out 
surface of material up to a particular load. 
However, at a very high load, due to the 
predominance of the work hardening property, 
the wear rate significantly decreases. A similar 
mechanism was earlier revealed by Petrica et al. 
[34] that the manganese steel material showed a 
transition in wear mechanism due to which the 
surface property during abrasion changes, which 
leads to minimum wear at high load. The SEM 
and EDS images of Pin before and after the test 
are shown in Figure 7 and 8. 
 

 
 

 

 
 

 

Fig. 7. SEM and EDS images of Pin before test. 
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Fig. 8. SEM and EDS images of Pin after test.  

 
3.1 Discussion based on SEM images 
 
From the experiments, it was observed that the 
weight loss of the specimen increases with 
increasing load from 20 N to 30 N. However, at a 
high load around 35N, a significant improvement 
in wear rate was observed. The coal particle 
having a 710 μm size causes more wear than 500 
μm at medium to normal load. However, at high 
loads, the work-hardening ability of manganese 
steel also improved with wear rate to some extent. 
So, in this section, a discussion is made with SEM 
images of the worn surfaces in order to identify the 
type of surface damage that occurred. SEM 
microphotographs obtained for the specimens 
worn out due to sliding on coal particle size for 
500 μm are presented in Figure 9(a-d). In 
comparison, Figure 10(a-d) shows the surface 
damage of the worn-out specimen while testing 
through a coal particle size of 710 μm. The images 
show that the damages were created in the form of 
scratches and grooves responsible for severely 
damaging the surface of the specimen. From 
Figure 9(a), it is clearly observed that the worn 
track or scratches formed were smoother and 
lighter compared to all other SEM images.  

 
 

 
 

 
 

 
Fig. 9. Microscopy images of damaged surface of pin 
specimen under SEM when specimen slides on coal 
particle size of 500 μm. 



Rakesh Kumar et al., Tribology in Industry Vol. 47, No. 2 (2025) 342-354 

 

 349 

 
 

 
 

 
 

 
Fig. 10. Microscopy images of damaged surface pin 
specimen under SEM when specimen slides on coal 
particle size of 710 μm. 

Meanwhile, for other images, higher scratches 
with more prominent grooves formed. This 
happened due to the high load acting on the 
contacting body, led to high Hertzian pressure, 
consequence to increase in the contact area of 
abrasive particles during sliding [35]. However, 
at a very high load, some improvement was 
noticed due to the work-hardening effect. 
Similar findings were also observed from the 
SEM images of 710-micron coal particles. The 
formation of scratches or grooves were large 
with increase in load. Hence, the 
microphotographs reveal that with the increase 
in load, there was a transition in wear 
mechanisms. The transition was observed from 
scratch to groove formation. However, some 
marks of cavities were also observed at high 
loads. Large-size coal particles produce more 
damage than small-size particles. Also, from the 
obtained microphotographs, there was some 
evidence of microcrack formation at low load. 
This shows that at higher loads, new surface 
layers were developed, results in fresh 
development of surface damage. 
 

3.2 Theoretical approach to measure 
material losses 

 
The abrasivity of the particle increases with the 
presence of hard elements. Silica is considered a 
hard mineral whose presence increases the 
hardness of abrasive particles. Mostly, abrasive 
particles have a sharp edge, which increases their 
ability to penetrate inside the bulk material to 
high degree. The sharp edge of the abrasive 
particle is determined by the apex angle [36-37]; 
with the decrease in apex angle, sharpness of 
grain increases. But there is a critical value up to 
which the sharpness of abrasive particles causes 
wear reported by Hamlin and Stachowiak [38]. In 
studies researchers used the term spike value to 
define the sharpness of abrasive particles and 
strive to evaluate the effect of apex angel on wear 
rate. The spike value was the product of half of 
the apex angle and triangle height, which was 
made by fitting the line at the sharp edges as 
shown in Figure 11. Researchers also noticed that 
as the size of abrasive particles increases, wear 
was more. This was attributed to the increase in 
the spike value of the abrasive particle. Also, a 
small value of the apex angle gets fractured easily 
under the effect of high load, observed in some 
cases. The grains used to measure the apex angle 
for calculation of material sizes are shown in  
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Fig. 11. Pictorial image under SEM showing abrasivity 
of particle in terms of apex angle (ψ). 

 
Figure 12 (a) and (b). The average of apex angles 
was considered to develop the predictive model 
in order to calculate the material loss due to 
formation of groove. 
 

 
 

 
Fig. 12. (a) Number of 500 μm particles used to 
measure apex angle (b) Number of 710 μm particles 
measure apex angle. 
 

When an abrasive particle slides on the material 
surface, it produces grooves on the surface of the 
material. The formed groove on the material 
surface depends on the apex angle of the 
abrasive particle. To theoretically calculate the 
amount of material losses from the formed 
groove, it is assumed that the abrasive particle, 
when it slides on the surface of the material, 
produces a uniform depth of groove for the 
length of ‘x’. This is shown in Figure 13. 

 

 

Fig. 13. (a) Abrasive particle in contact with the 
material surface, (b) Groove of height S2 on the 
material surface 

 
In Figure 13(a), initially, load ‘P’ is applied on 
the abrasive particle of size ‘S’ and apex angle 
‘ψ’ to indent on the material surface. An 
abrasive particle then produces a groove of 
depth ‘S2’; the depth ‘S2’ is also the indentation 
depth of the abrasive particle. Assuming that 
the groove formed during indentation is a 
triangle in shape. This is shown in Figure 13(b). 
As the abrasive particle slides a distance of the 
‘x’ unit, it produces a groove of length ‘x.’ 
According to Archard et al. [39], the stiffness ‘S’ 
material was defined as the resistance of the 
material to resist deformation. In the 
indentation process, it is the ratio of load (P) to 
the displacement made (S2) on the surface 
during penetration. It is written as 
 

𝑆 =
𝑃

𝑠2
     (3) 

𝑆 = 2𝐸∗𝛽√
𝐴

𝜋
    (4) 

And 𝐸∗ = [(
1−𝜈2

𝐸
) + (

1−𝜈𝑖
2

𝐸𝑖
)]

−1

 (5) 

(a) 

(b) 
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Where, S is the stiffness, E* is the reduced 
modulus, and A is the contact area of the sharp 
edge of an abrasive particle with the material 
surface. β is the constant parameter of the sharp 
edge of the particle. For a triangular shape, the 
value of β is 1.034. The groove is assumed to be 
a triangle in shape. The area of the triangle can 
be calculated as 
 

𝐴 =
𝑠2.𝑟

2
     (6) 

 
Where, r is half of the radius of the triangle. 
 
From Figure 13(b), the depth s2 is calculated as 
 

𝑎𝑏 =
𝑠2

𝑠𝑖𝑛(𝜓/2)
    (7) 

 

And  𝑠2 = √(𝑎𝑏)2 − 𝑟2  (8) 

 

Or 𝑠2 = 𝑟√
1−𝑠𝑖𝑛(𝜓/2)

𝑠𝑖𝑛(𝜓/2)
  (9) 

 
 
Therefore, the area of triangle is written as 
 

𝐴 =
𝑟2

2
√

{1−𝑠𝑖𝑛(𝜓/2)}2

{𝑠𝑖𝑛(𝜓/2)}2    (10) 

 
Assuming abrasive particle slides for a distance 
of ‘x’ unit, thus forming a groove of length ‘x’ 
unit. Considering the volume of material loss, V, 
to be proportional to the area and sliding 
distance, then we have 
 

𝑉 ∝ 𝐴. 𝑥    (11) 

 
𝑉 = 𝑘. 𝐴. 𝑥    (12) 

 
Where, k is the proportionality constant, which 
is the wear coefficient subsequently, 
 

𝑉 = (
𝑘.𝑠2.𝑟

2
) . 𝑥    (13) 

 

Or 𝑉 = (
𝑘.𝑃. 𝑟

2𝑆
) 𝑥   (14) 

 
Substituting Equation 2 in Equation 14, 
 

𝑉 = (
𝑘.𝑃.𝑟

4𝐸∗𝛽√
𝐴

𝜋

) . 𝑥   (15) 

 
Substituting Equation 8 in Equation 15, 
 

𝑉 = (
√𝜋

2.82𝛽
) (

𝑘.𝑃.𝑥

𝐸∗ )
1

√
{1−𝑠𝑖𝑛(𝜓/2)}2

(𝑠𝑖𝑛(𝜓/2))2

1/4
 (16) 

 
The above equation is the simplest form of the 
equation, which gives an approximate amount of 
material removed from the groove. The unit of 
volume loss is in ‘mm3’. Equation 16 is the 
function of load, sliding distance, and reduced 
elastic modulus of both the contacting bodies.  
 

Geometric constant β represents the shape of 
particles. Its value is 1.034 for conical-shaped 
particles [38]. The value of kin wear models 
varies from 10-4 to 10-1. In this study, the value 
of k is selected as 10-1, which is the value of the 
coefficient of friction between coal and the 
manganese steel liner plate. 
 
3.3 Validation with experimental results 
 
The apex angle of the coal particles was 
measured using the Image analysis technique. 
The apex angle of coal was observed to be in the 
range between 12.703° to 29.321°. The 
cumulative value of the apex angle was taken as 
25.169°. The elastic modulus and Poisson’s ratio 
of coal were considered as 1.641 GPa and 0.35, 
respectively. Meanwhile, for manganese steel, the 
value of elastic modulus is taken as 187 GPa, 
Poission’s ratio is 0.23, and the density of 
manganese steel is 7.35 g/cm3. Then, the reduced 
modulus is calculated as 1.83822 GPa. The 
predicted volume loss with respect to the 
obtained weight loss is presented in Figure 14. 
 

 
Fig. 14. Measured and predicted weight loss 
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Fig. 15. Deformed layers near to the side of the groove 
of width 2r and height S2 with area of Ag. 

 
The result complied in Figure 14 shows 
significant deviation in weight loss from 
evaluated value to predicted value. This is 
probably due to the approximate calculation of 
weight losses from Equation 16. Additionally, in 
wear operations, the formation of grooves is 
frequently accompanied by the development of 
deformed layers, as illustrated in Figure 15. 
These deformed layers arise from plastic 
deformation, the displacement of material, and 
the accumulation of residual stress at the edges 
of the grooves. The existence of these layers has 
a significant impact on overall material removal 
efficiency, surface quality, and the mechanical 
characteristics of the finished component. Then, 
for the deformed layers, the total volume 
removed can be calculated as follows [40]: 
 
The total volume of material removed is Vg – Vs. 
Where, Vg is the volume removed from the 
groove, and Vs is the volume of deformed layers 
at the side of the groove. 
 
Additionally, the result contradicts the cited 
predicted model developed by Rabinowicz wear 
model [21], in which the error level was much 
higher. The predictive values from the extended 
equation were controlled under 36%. The error 
level was high but paved a way to develop the 
futuristic investigation in order to get highly 
efficient model. The erratic error levels between 
the measured values and predictive values were 
affected because of the frequent dismantling of 
test specimens, shocks and measurement error 
that need to encounter during the experimental 
process. The accuracy rate can be improved if 
experiments are carried out in a more controlled 
environment. Also, there remains a range of 
other key variables like fracture toughness of the 
alloys and porosity of coal that may require to be 
included in the extended model to reduce the 
percentage of error within an acceptable limit. 

4. CONCLUSIONS 
 
This investigation successfully showed the effect of 
load (20-35 N) and coal particles (i.e., 500 μm and 
710 μm as abrasive material) on the wear rate of 
manganese steel. From the results of abrasive 
wear experiments, it has been noted that with an 
increase in load, the wear of manganese steel 
monotonically increases up to a specific limit. The 
research also reveals that larger coal particles 
cause more damage to the material surface than 
smaller coal particles. However, interesting results 
were obtained at higher loads, and the wear rate 
improved significantly. The improvement is 
attributed to the peculiar advantages of properties 
governed by manganese steel, i.e., work hardening. 
It is also noted from the SEM microphotographs 
that small particles create scratch-type surface 
damage. In comparison, the large size of particles 
creates high surface damage in the form of 
grooves. The length of the groove decreases with 
an increase in load. At a load of 35 N, the depth of 
penetration was higher than that of the long-length 
groove obtained at 30 N of load. There was a 
transition in the wear mechanism with the change 
in load due to the work-hardening property of the 
material, as coal particles produce more scratches 
and grooves on the material surface. Furthermore, 
a theoretical approach has been made to calculate 
the volume of material loss from the formed 
grooves. This theoretical approach will help to 
understand the effective parameters that are 
influencing the material losses in two-body 
abrasive wear conditions. The approach to 
calculating material loss volume from formed 
grooves in wear analysis should correctly consider 
all assumption of idealized groove geometry. 
Further, the real-world wear mechanisms involve 
complex deformation, material displacement, and 
irregular groove shapes that are difficult to 
accurately model mathematically, which need to 
take care during assumption processes. 
Additionally, factors such as strain hardening, 
microstructural variations, and secondary wear 
mechanisms (e.g., oxidation and fatigue) are often 
not fully accounted for, leading to deviations 
between theoretical predictions and actual wear 
behavior. 
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