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Abstract-In this study, four different alloys of steel blocks with a 

thickness of 15mm were manufactured in order to develop an 

alternative to steel plates used in wear exposed areas of 
construction machines, trucks, and asphalt production plants. To 

further increase the wear resistance of the manufactured steel 

blocks, their thickness was reduced to 10mm by the hot-rolling 

method. Wear specimens were obtained from rolled blocks. 

These specimens were abraded at 20N, 40N, and 60N loads in 

reciprocating linear motion module ASTM G-33 standards to 

determine their wear resistance. SEM and EDX analyses were 
also conducted to see modifications on the worn surfaces. In 

addition, a theoretical model of wear behaviors was created, 

calculations were made with Archard wear equation and ANSYS 

software, and the theoretical and experimental results were 
compared. 
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I. INTRODUCTION 

Steel powerfully impacts the way seven billion of us on the 
planet go about our daily lives, wherever we are [1]. This effect 
of steel in our lives brings along some engineering problems. A 
scientific, engineering and economic problem is the wear of 
mechanical parts caused by decrease of working surfaces' 
properties. The wear mechanisms are very complex, due to the 
interlinked factors. The intensity of interaction depends on the 
conditions of the environment, in which the mechanical parts 
are used as well as the type and parameters of the work. 
Tribological properties such as wear play a critical role in 
deciding the service life of components that form a moving 
system or in repetitive/regular contact with each other [2]. 
Wear resistant plates are a modern solution in the regeneration 
of worn machine parts and for producing new parts which 
bring together high wear and abrasion resistance with costs 
reduction. Authors in [3] examined wear resistant steel 
materials with different chemical ratios by different 
manufacturers used in construction machines and similar fields 
and found that wear behavior and wear amounts in materials 
vary significantly depending on the chemical content of the 
material. 

In the mineral processing industry, the high stress 
conditions create a challenging environment for the wear 
protection steels. Great amounts of highly abrasive rocks are 
processed and transported in earth construction, excavation, 
mining, and mineral processing, inducing heavy abrasion, 
gouging and impact wear. Authors in [4] conducted wear tests 
at 20N, 40N, 60N, and 80N loads on steel plates with different 
C, Mn, and Si ratios. The C ratio varied between 0.15% and 
2% and they found that the wear volume decreased by 
increasing C rate [4]. Wear is an important phenomenon that 
adversely affects the efficiency and lifespan of all machine 
components in contact under relative motion. In this regard, 
there is a need to develop new instruments to attain a better 
understanding of the wear phenomenon. Authors in [5] 
constructed a tribotester and used the topography of worn 
surfaces, to provide wear process and wear volume images 
along with more detailed correlation.   

II. MODEL ANALYSIS 

Prior to casting, Anycasting software was used for casting 
analysis of the model for molding, filling of the mold and 
prevention of internal cavities. In the Anycasting, casting 
shape, casting type, runner, and other parts were first defined 
with the Anypre module and the mold area was created by 
selecting the casting area and runner axis [6, 7]. Then, a 
theoretical analysis was carried out as shown in Figure 1 to get 
results such as casting filling time, solidification time, 
shrinkage cavities, which are of vital importance. After casting, 
corrections were made on the model by checking whether 
shrinkage cavities occurred on the piece. By reverse 
engineering the resulting model, downsprue, runner, nozzle, 
vent-riser design and calculations were made for casting [8-10]. 

III. MOLD MANUFACTURING 

Most of the pieces manufactured through casting were 
shaped with the sand casting process. Sand mold casting was 
conducted by pouring molten metal into a sand mold cavity and 
after the solidification process, breaking away the sand mold to 
remove the cast piece [11]. In the model-mold design for sand 
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mold casting, the shrinkage allowance on the model and the 
values obtained from AnyCasting software were checked for 
relevance. The Model-Flask used in sand mold preparation is 
shown in Figure 2. 

 

 

Fig. 1.  Shrinkage volume display. 

 
Fig. 2.  Flask and model display prior to sand casting. 

For the preparation of the flask, 2800g of sand, 80-85g of 
resin, and 20-25g of chemical hardener were weighed on a 
precision scale and then were mixed in a separate container 
manually or by using a machine with adding resin and 
chemical hardener for 1.5-2 minutes. The mixed sand was 
emptied on the model inside the flask with a foundry trowel. 
While emptying the mixture, special attention was paid to the 
sand squeezing process for proper mold formation. The molds 
prepared for the casting process were joined together with 
special adhesive-refractory material. The molds were put in a 
dryer furnace for dehumidification and made ready for casting 
before pouring. 

IV. POURING PROCESS AND SPECTRAL ANALYSIS 

A single material cannot meet all the high performance 
needs of long-lasting spare parts, so the properties of the 
material are improved by alloying through casting [12]. In 
pouring process, samples were taken from the furnace after 
burden materials fully melted and reached the desired 
temperature. The chemical analysis of the samples was carried 
out in a spectrometer to determine their chemical composition. 
Proper rates of ferroalloy were added to the first alloys in the 
furnace after composition values were calculated in the 

analysis. After reaching the desired rate with calculations and 
adding ferroalloy, pouring process was completed. The mold 
was left for cooling and then the pieces were removed from the 
mold for cooling and cleaning process. The shake out after 
casting is shown in Figure 3. GNR Atlantis Optical Emission 
Spectrometer was used for spectral analysis. The rates of cast 
specimens with different chemical compositions are shown in 
Table I. 

 

 
Fig. 3.  The pouring moment-mold display after cooling. 

TABLE I.  CHEMICAL COMPOSITION OF SAMPLES AFTER CASTING  

Cast specimen 

number 
1 2 3 4 

Specimen 

name 
N1 N2 N3 N4 

C 0.48 0.54 0.59 0.58 

Mn 0.95-1.00 1.49 1.55 1.19 

P Max-0.016 Max-0.020 Max-0.020 Max-0.019 

S Max-0.009 Max-0.011 Max-0.010 Max-0.010 

Si 0.58 0.60-0.70 0.49 0.60-0.70 

Cr 1.30-1.40 1.26 1.27 1.24 

Ni 1.26 1.245 1.25 1.24 

Mo 0.54 0.62 0.63 0.61 

 

V. ROLLING 

Prior to the rolling process, cast specimens were cut at 
100×30×15mm dimensions with a cutter in order to match the 
laboratory draw bench. Then the prepared specimens were 
heated up to 1200±10°C in a PID controlled furnace with 
digital temperature and program display for hot rolling process. 
The 100×30×15 steel cast specimens were rolled on a draw 
bench with 150mm press surface width and 150mm cylinder 
mill diameter as shown in Figure 4. 

 

 
Fig. 4.  Rolling process in laboratory conditions. 
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The rolling process was done in 3 passes. In the 1st pass the 
thickness was reduced to 14mm, in the 2nd pass to 12mm, and 
in the 3rd pass to 10mm. At the end of the rolling process, the 
average dimensions of the specimens were 140×37×10mm. 
The average, measured after rolling, Brinell hardness of the 
specimens is given in Table II. 

TABLE III.  AVERAGE BRINELL HARDNESS VALUES AFTER ROLLING  

Specimen name Brinell hardness(Hv) 

N1 457 

N2 612 

N3 605 

N4 670 

 

VI. WEAR TEST 

Tribometer T10/20 test equipment, manufactured by the 
UTS company, was used for wear experiments (Figure 5). 
Before the experiments, the specimens were cut and 
sandpapered and then mounted on the equipment. The tests 
were carried out in accordance with reciprocating linear motion 
module and ASTM G-133 (Standard Test Method for Linearly-
Reciprocating Ball-on-Flat Sliding Wear) [11, 13]. 20N, 40N, 
and 60N loads were used in tests. Test parameters and load 
amounts are shown in Table III. 

 

 
Fig. 5.  Test set-up for wear testing. 

TABLE II.  WEAR TEST PARAMETERS  

Load (F) 20N/40N/60N 

Frequency 3Hz 

Distance (X) 7mm 

Sliding distance 250 m 

Sliding velocity 42mm/s 

 

 
Fig. 6.  Images of wear testing and specimen after wear test. 

Figure 7(a)-(d) shows the SEM views of the wear surfaces 
of steel specimens under 60N load. It can be seen that there are 
significant, superficial, groove-like scratches, along with 
deformation scratches that accumulate on the part that broke 
after wear and plastic deformation materials dispersed on its 
surface. It is observed that wear is less in areas with high 
manganese on their surfaces. Especially in the samples given in 
Figure 7(b) and (c), it is seen that the amount of abrasion is less 

and the highest wear occurred in the sample in Figure 7(a). It 
has been observed that in all the figures, the materials show a 
serious resistance mechanism against abrasion that can be 
called abrasion resistant steel [14]. 

 

 
Fig. 7.  SEM and EDX images of abrasion test with 60N load in 1.00Kx 

(a) Sample1, (b) Sample2, (c), Sample3, (d) Sample4. 

VII. ARCHARD FEM ANALYSIS AND RESULT COMPARISON 

The Archard wear equation [15-17] or Holm/Archard law, 
introduced by J.F. Archard in 1953, states the relationship 
among sliding wear volume (V), normal load (W), total sliding 
distance (L) and hardness of the softer of two contacting 
surfaces (H). The classical Archard’s wear model is widely 
used in abrasive wear literature. The Archard’s wear equation 
shows that wear rate is proportional to sliding velocity and 
normal contact force. The Archard wear model defines wear 
direction along with wear rate, contact pressure, sliding 
velocity, and material hardness: 

� �
�

�
�
�
�
�

    (1) 

Values such as wear coefficient, pressure exponent and 
velocity exponent were taken as constant: C1 = wear 
coefficient, K = 1.05×10

-2
, C2 = material hardness, H = 

variable as per specimen hardness [19], C3 = pressure 
exponent, m = 1, and C4 =velocity exponent, n = 0 [20]. 
Different hardness values were designated as variable for 
different specimens after casting [18]. Material hardness 
obtained after rolling were proportioned and hardness values 
were taken as 2400 for N1, 3250 for N2, 3120 for N3, and 
3480 for N4.  
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ANSYS software was utilized for finite element analysis 
and the experiment set-up shown in Figure 8 was used for each 
specimen. The wear behavior at 250m distance was simulated 
for 20N, 40N, and 60N loads [21, 22]. 

 

 
Fig. 8.  Finite element analysis and wear image. 

 
Fig. 9.  Wear test applied to specimens 1,2,3, and 4 in Table I, and wear 

volume comparison of load amounts as a result of finite element analysis. 

The result of wear experiment of Specimen 1 at 20N load 
was 0.665mm³ and the result from the FEM model was 
0.673mm³ (Figure 9(a)). Both results shown in Figure 9(a) 
were quite close, suggesting that the simulation and experiment 
data were consistent with each other. When the load amount 
reached 40N, wear volume was observed to increase in 
accordance with the load both in the experiment and in the 
finite element analysis. At 60N load, the experimental wear 
volume was 2.80mm³, while in FEM analysis the wear volume 
was a bit lower with 1.97mm³. The result of wear experiment 
of Specimen 2 at 20N load was 0.347mm³ and the result from 
the FEM model was 0.497mm³ (Figure 9(b)). When the load 
reached 40N, the wear volume increased in both experimental 
and finite element analysis to 0.639mm³ and 0.971mm³ 
respectively. At 60N load, the experimental wear volume was 
1.358mm³, while in FEM analysis the wear volume was a bit 
higher with 1.452mm³. In Figure 9(c) the result of wear 
experiment of Specimen 3 at 20N load was 0.445mm³ and the 
result from the FEM model was 0.518mm³. When the load 

reached 40N, the experimental wear volume of the load was 
0.847mm³ and 1.011mm³ for FEM. At 60N load, the 
experimental wear volume was 1.54mm³, while in FEM 
analysis it was 1.513mm³. In Figure 9(d), the result of wear 
experiment of Specimen 4 at 20N load was 0.438mm³ and the 
result from the FEM model was 0.464mm³. The results were 
quite close. When the load amount reached 40N, the wear 
volume was observed to increase in both experimental and 
finite element analysis with 1.15 mm³ and 0.907 mm³ 
respectively, in accordance with the load. At 60N load, the 
experimental wear volume was 2.04mm³, while in FEM 
analysis it was 1.356mm³. 

As can be seen from the results of wear experiment at 20N 
load (Figure 10), the lowest wear volume was at specimen 2 
with 0.347mm³ and the highest wear was 0.665mm³ at 
specimen 1 which had the lowest C amount. Experimental wear 
and finite element results were very close in all specimens. 
Wear experiment results and finite element simulation results at 
40N load are shown in Figure 11. At 40N load, the lowest wear 
value was at specimen 2 with 0.639mm³ and the highest at 
specimen 1 with 1.178mm³. In all wear test results, except 
specimen 4, experimental wear volume values were lower than 
the FEM wear values. At 60N load, the highest wear was 
2.80mm³ at specimen 1 which had the lowest C and Mn 
content. The wear volume was higher than the FEM value of 
1.97mm³. The lowest wear was at specimen 2 and 3. These 
results were very close to the FEM values. The experimental 
wear volume for specimen 4 was higher than the FEM result. 

 

 
Fig. 10.  Wear volume of specimens at 20 N load wear experiment. 

 
Fig. 11.  Wear volume of specimens at 40N load wear experiment. 

Figure 13 compares the wear values of the manufactured 
specimens to EN 10029 and EN 10051 standard steel materials, 
known as wear resistant steel plates in the market.  
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Fig. 12.  Wear volume of specimens at 60N load wear experiment. 

 
Fig. 13.  Comparison of manufactured steel plates and market wear plates. 

EN 10051 wear plate number 1 had the lowest wear 
resistance at all the tests. The EN 10051 wear plate number 2 

had higher wear volume than specimens N2, N3, and N4. It 

had less wear volume than specimen N1 only at 20N and 60N 
tests. At 40N test, its wear volume with 1.318 mm3 was higher 

than specimen N1's. 

VIII. RESULTS AND EVALUATION 

This study aimed to manufacture different steel which has 
not yet entered the standards, and to examine its wear behavior. 
In particular, the aim was to provide an alternative to the wear 
parts in motorway vehicles which are subject to constant wear 
and that goal was achieved. Manufacturing conditions were 
simulated in virtual environment before specimens were cast. 
The runner and the full filling of the mold cavity with liquid 
metal were optimized. The mold manufacturing was done in 
compliance with the conditions and the plates were cast using 
an induction furnace. As a material standard, different alloy 
and rolling conditions were tried similar to EN 10029 and EN 
10051 standards used in the market. In order to optimize wear 
conditions, finite element software and Archard wear theory 
were utilized. The experimental and theoretical results matched 
by 85%. The compliance rate was low for the results obtained 
from 60N wear load. The reasons are estimated to result from 
overheating and consequently increase in rupture at wear area. 
However, the heat effect was not taken into account in the 
theoretical model. 
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