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ABSTRACT: The grinding media play an important role in cement industry, and these balls suffered from severe 

wear during the grinding process of clinker inside horizontal mill. The aim of this research is to decrease the wear 

rate of the grinding balls manufacturing from cast iron alloy by using Nano coating layers of tungsten carbides 

(WC). The samples of white cast iron prepared according to standards specifications for wear test (pin on disc) 

and micro hardness test. High-velocity oxy-fuel system used to coat the samples with layers of thicknesses (50, 

70, and 80μm) with Nano particles of tungsten carbides depending on the coating time. The results showed the 

best coat thickness was 70μm that gave best improvement mechanical wear resistance reach to 79%, due to its 

properties and good adhesion with the base material. The increasing in microhardness H.V reach to 14.7% for 

samples coated with 70μm layer thickness. The coating layer thickness of 80μm will subjected to flaking and 

failure due to low adhesion between the metal surface and thick coating layers.  

KEYWORDS: High chromium white cast irons, Tungsten carbide Nanoparticles (WC), HVOF system, wear test, 

and micro hardness test  

INTRODUCTION 

The production of cement is accompanied by complex processes of transformation of raw materials into finish 

product. The material passes the stage of grinding, homogenizing, calcining and grinding again the almost finished 

product in a finely dispersed powder. Cement grinding process takes place in Horizontal mill that contains from 

two-compartment, the first part with coarse grinding compartment provided with a step lining that is suitable for 

large grinding media and ensures optimum lifting of the mill charge. The balls charge mill consists of grinding 

media with various sizes to ensuring optimum grinding efficiency and easy maintenance. For fine grinding, the 

charge consists of small balls, which ensures the best possible grinding efficiency without obstructing the material 

flow through the balls charge, these metallic balls are subjected to wear and failure due to its movement and 

collisions inside the mill [1]. Xinghai Shao et al, studied the effects of using (TiN) Nanoparticles on the high 

chromium white cast iron. Performance of microanalysis and wear-resistant studied. The wear resistance 

improved up to (59%) after the addition amount of (TiN) is (2%) [2]. Debalina B. et al, investigated the wear 

performance of the dry sliding of WC reinforced cast iron matrix composites carried out at 25 oC.  

Three sets of specimens consist of powder of cast iron (3%) wt. and size range from (5 to 15μm). The WC 

reinforced cast iron and (3%) wt. nano size (35 nm) of synthesis using WC airpower technology method for check 

the wear and friction performance at different forces. Results show increasing in microhardness of the degree (2.5) 

times investigated in the case of (3%) wt. The wear rate a range was from (1.37 to 1.46) times lower than in the 

case of nanocomposites compared to the unreinforced iron specimens [3]. Higuera-Cobos et al, Studied the 

influence of Nano particles (WC) on the microstructure of the hard surface of (cast-iron) by SEM and XRD 

devices. The friction and wear performance of the hard facing alloys with different nanoparticles noticed using 

the pin on disc sliding test of wear. The results indicated that the volume fraction of M7C3 in the hard facing alloy 

with 0.278% wt. nano particles  increased by 26% than that of the hard surface alloy without nano particles. The 

micro hardness of the hard surface of specimens nano particles were 710 HV. The hardness of the hard facing 
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alloy with 0.278%wt. nano particles reached to 720 HV .The wear rate of the hard facing alloy with 0.278%wt. 

nano particles decreased by 20% than the hard facing alloy without nano particles [4].  

A. Santos et al, studied the effects of tungsten carbide (WC) nano particle on mechanical properties of (AISI 1020) 

standardized steel. The heat treatment process done by tempered and quenched with a (WC) nano particles coating. 

Abrasive wear and micro hardness tests are done according to the ASTM (G99-17) specification. The results 

shows that the micro hardness of the (AISI 1020) increased by 5.4%. The abrasive wear resistance increase by 

122% compared with uncoated specimens [5].This work conducted the effect of using thermal spray process to 

coat the surface grinding balls of alloy steel with layers of nanoparticles of WC to improve the wear resistance of 

them, and increase the hardness of the surface. The mill rotation causes the charge that consisting of grinding ball 

and feed material to be lifted over some distance by friction between the media and the lining. Figure 1 shows 

grinding media inside mill .  

The height to which the charge lifted depends on certain factors: [6] 

1- Rotating speed of the mill. 

2- Weight, size , and shapes of grinding ball. 

3- The friction force between the mill lining and the grinding ball. 

4-Internal friction mill charge  

 

Figure 1. Grinding process inside horizontal mill [6] 

This work investigates the wear rate of grinding balls that are used in grinding mills for clinker to product the 

cement powder and study the effect of coating balls surface with layers of tungsten carbides nanoparticles by 

thermal spray process on the wear rate of this balls under operation circumstances. 

EXPERIMENTAL WORK 

The material Used 

High Chromium White Cast Iron (HCWCI) 

In the form of castings, heat treated is the alloy that is used to improved wear resistance and equipment longevity 

[7]. used in (impellers and casing, piping components, parts exposed to high wear such as bends, elbows , reducers, 

breaker screens, wear liners, nozzle inserts, and cyclones). Table (1) shows the analysis of chemical composition 

of alloy cast iron that performs experimentally according to specific ASTM E415-17. 

Table 1. Chemical composition of alloy cast iron 

Element C% Si% Mn% P% S% Cr

% 

Mo% Ni% Al% Co

% 

Cu% Fe% 
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Wt.% 2.28 0.867 0.67 0.03 0.04 17 0.1 0.194 0.025 0.16 0.143 Balance 

Tungsten Carbide Nanoparticles (WC) 

The Nanoparticles of tungsten carbides have the physical properties as (Black hexagonal crystals; Melting point 

2870 ° C ± 50 ° C; Boiling point 6000 ° C; Dissolved in mixed acid of nitric acid and hydrofluoric acid, also in 

the aqua region; Insoluble in cold water; The relative density of 15.63; Strong acid resistance; High hardness, and 

High elastic modulus). It may use for production of various alloys , Producing high ability nano-crystalline or 

superfine horniness alloy, hard-face abrasion-resistant spraying and petrochemical cracking catalyst; Chip less 

forming tools; Cutting tools; Mining tolls; wear-resistance coatings; Corrosion-resistant coatings;  and Wear-

resistant parts. [8] 

Coating Process 

The thermal spray process is used as technique for coating grinding balls surface with nanoparticles of tungsten 

carbides. The equipment used in technique is High Velocity Oxi-Fuel (HVOF) system that had 3-axis movement 

as described in below.[9] 

Assembly the thermal coating system (HVOF) and Coating method 

The High Velocity Oxy-Fuel (HVOF) system assembled in the Laboratory of Applied Mechanics and the 

Nanotechnology; Department of Mechanical Engineering at Kufa University/ Iraq .The coating was done for the 

samples after the operation of the system. The oxygen ratio to the acetylene was (2/1) and the flow rate of 

nanoparticle and the distance between the samples was (10cm).Figure (2) shows (HVOF) system. 

 

Figure 2. HVOF System 

Thermal Spray Technology 

Thermal spray technologies by (HVOF) allow applying coatings with extremely low porosity and high bond 

strength. A mixture of fuel and oxygen is combusted within a thermal spray gun producing temperatures near 

6000oF (3315oC). Powder particles are injected into the high-pressure gas stream created by the combustion and 

accelerate down the barrel of the spray gun at several times the speed of sound. At these speeds and temperature 

conditions, semi-molten particles adhere to the substrate with superior bond strength – exceeding 69MPa. During 

coating application, the product rotates methodically in front of the HVOF thermal spray gun until the coating 

builds to the specified thickness(50,70,and 80 μm). This process creates the strongest bond and highest hardness 

value as compared to any other thermal spray process, figure (3) show schematic of a coating process by HVOF 

system. [10,11] 
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Figure 3. Process of coating with HVOF technique.[11] 

Preparing of wear test (pin on disc) samples  

The samples of wear test (disc samples) are preparing according to standard specification ASTM (G99-17) [12], 

with dimensions of (d=40mm, t=10mm), as shown in figure (4). The material of pin samples made from same 

material of disc with chemical compositions that indicated in table 1. Figure (5) shows pin samples and preparation 

steps are as follows: 

1. Lathing of the samples to reach the required dimensions according to ASTM G99-17 

2. The surface of the sample smoothed to make the smoothness required for coating and testing at the Faculty of 

Engineering, University of Kufa 

3. Cleaning the samples by emery paper made of silicon carbide with a thickness of P120. 

4. Place the samples at a suitable distance of 150 mm from the nozzle. 

5 - Install the samples on the surface of the thermal bricks. 

6 - Operation of the discharge system and introduction of (Ar) gas into the spray chamber. 

7- Operating the flame system with oxygen and acetylene ratios (2: 1) to heat the samples to 800 ° C 

8- Spray the nanoparticles of tungsten carbide with three different times: 5, 10, and 15 seconds to get coat thickness 

of 50, 70, and 80μm respectively. 

9- Heat treatment where the samples heated to 1100 oC and 60 minutes fixation time to make sure adhesion and 

homogeneity of the coated layer indicating the spray coating rules. 

    

Figure 4. Samples of disc 
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Figure 5. Samples of Pin 

Wear test (Pin on Disk) 

Wear is defined as (The process of removal of material from one or both of two solid surfaces in solid-state 

contact). As the wear is a surface removal phenomenon and mostly occurred at outer surfaces, it is more 

appropriate and economical to make a surface modified of existing alloys than using the wear-resistant alloys. 

The pin was held against the counter face of a rotating disc made from white cast iron (GX-260 Cr17) according 

to ASTM G99-17. The disc diameter is 40 mm with 10 mm high. Figure (6) shows the disc samples after coating, 

and figure (7) Wear test machine. 

 

 

Figure 6. Disc samples after coating 

 

Figure 7. Wear test machine 
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The specimen weighted before and after the test and the weight difference calculated (w1-w2) and then calculating 

the wear rate using the relation  

Wear rate = 
∆𝑤

𝑆𝑑
(

𝑔

𝑚𝑚
)                                                                                                                                                (1) 

Where; 

∆w : the weight difference (g) 

∆w =w1-w2                                                                                                                                                                   (2) 

W1: the weigh before testing (g) 

W2: the weight after testing (g) 

sd: The sliding distance (mm) and it is calculated using the relation  

Sd= 2π*r*N                                                                                                                                                               (3) 

 N: number of revolutions per minute (r.p.m) 

Microhardness Test 

The samples for the microhardness test were prepared in the shape of a disc according to standard specification 

ASTM E92-17[13], with the following dimensions: 40 mm diameter and 10 mm thickness as shown in figure 8. 

 

Figure 8. Samples of Microhardness test 

The microhardness test was performed to measure the resistance of the samples to the penetration throughout their 

surfaces. This test was done according to standard ASTM E92-17, for uncoated and coated samples with a layer 

coating thickness of 50, 70, and 80μm by using HVS-1000 Digital Display Microhardness Tester. The conical 

diamond of hardness tester applied to each sample at three points from the end to the center of it respectively, and 

then calculates the average value of them. The applied load was 9.8 N for 15 sec from indentation.  

Consumption Rate of Grinding Balls 

To calculate the reduction in consumption rate for grinding ball using the equations:[14] 

Dmean=0.27*0.048+0.215*0.042+0.169*0.038+0.127*0.033+0.091*0.028+0.061*0.23+0.037*0.0125+0.019*0.

0128+0.08*0.008 

Dmean=0.045m 

Vball=
4

3
𝜋 ∗R3=0.000047649m3, Density of Ball material is (7600kg/m3) 

Mean weight of ball=density *volume=0.36kg=360g  

Time for wear per years = (360g * 0.4) / (weight loss * 18hr) for 18hr operation time daily 

RESULTS AND DISCUSSION 
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Wear Test 

This test carried out according to ASTM G99-17 for 12 samples without coating as indicated in the table (2) and 

figure (8) with angular speed 400 and 600 r.p.m.) and a load of 20, 40 and 60 N with test time (10 min). The 

samples weighed before and after tests, the weight loss was calculated. The best of average weight loss percentage 

in samples without coating is 0.003798 % at 400 r.p.m. by 20N as expected.  

Table 2. Wear test without coating 

 

 

Figure 9. Force and weight loss ratio for specimens without coating 

The table 3 shows the results of wear test for samples with coat thickness of 70μm at different angular velocity 

(400,600 r.p.m) and load (20,40, and 60N) with test time of 10min, the best improvement in wear  resistance reach 

to 79% for coated sample with 70μm compared with uncoated sample, as show the coating layer gave more 

resistance for mechanical wear for metal surface due to the good wear resistance process for WC nanoparticles 

that adheres to the ball surface and improve it resistance to erosion. 

Table 3. Wear test for samples of (70μm) coat thickness 

Sample 

No. 
N (r.p.m) 

force 

(N) 

initial weight 

before wear(g) 

final weight after 

wear(g) 

weight 

loss 

Weight loss ratio 

% 

1 

400 

20 72.2023 72.1995 0.0028 0.003877993 

2 20 72.6177 72.615 0.0027 0.003718102 

3 40 73.2857 73.2811 0.0046 0.006276804 

4 40 73.0966 73.0919 0.0047 0.006429848 

5 60 74.902 74.8945 0.0075 0.010013084 

6 60 73.4588 73.4511 0.0077 0.010482066 

7 

600 

20 72.965 72.9612 0.0038 0.005207976 

8 20 72.75 72.7463 0.0037 0.005085911 

9 40 74.2221 74.2139 0.0082 0.011047922 

10 40 73.2999 73.2919 0.008 0.010914067 

11 60 74.0624 74.0522 0.0102 0.01377217 

12 60 73.903 73.8922 0.0108 0.01461375 
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Sample 

No. 
N (rpm) force (N) 

initial 

weight 

before 

coat (g) 

initial 

weight 

after  

coat(g) 

final 

weight 

after wear 

(g) 

weight 

loss 

(g) 

Weight loss 

ratio% 

1 

400 

20 73.526 73.5285 73.5269 0.0016 0.002176 

2 20 75.183 75.1855 75.184 0.0015 0.0019951 

3 40 76.234 76.2366 76.2348 0.0018 0.0023611 

4 40 73.989 73.9915 73.9898 0.0017 0.0022976 

5 60 76.1877 76.1902 76.1883 0.0019 0.0024938 

6 60 75.1814 75.1835 75.1815 0.002 0.0026602 

7 

600 

20 73.526 73.5284 73.5267 0.0017 0.002312 

8 20 76.3002 76.3025 76.3008 0.0017 0.002228 

9 40 73.5112 73.5137 73.5117 0.002 0.0027206 

10 40 74.4006 74.4031 74.4009 0.0022 0.0029569 

11 60 75.4218 75.4238 75.4211 0.0027 0.0035798 

12 60 76.2344 76.237 76.2344 0.0026 0.0034104 

 

Figure 9. Force-weight loss relation for specimens of (70µm) coat thickness 

Table (4) shows the wear rate for different coat thickness samples at different load and different angular velocity. 

It can notice the improvement in wear resistance when increasing the coat thickness and maximum value of 

improvement (about 79%) for sample with coat thickness of 70 µm , as the nanocoating layer gave more resistance 

for surface to penetrating and removal of materials from the surface due to its good properties and high adhesion 

force with sample. For coating layer thickness 50μm the wear resistance too low as it has no ability to protect the 

surface for long time, while for coating layer thickness 80μm, the ablation will occur for the coating layer as the 

high thickness make the adhesion force between the surface and coating layer very small that make the layers 

flaking continuously and failure under the test conditions.  

Table 4. Wear test result 

 Forc

e 

N 

without coating with coating (50µm) with coating(70µm) with coating(80µm) 

 

wear at 

N=400r.p

m 

wear at 

N=600r.p.

m 

wear at 

N=400r.p.

pm 

wear at 

N=400r.p.

m 

wear at 

N=400r.p.

m 

wear at 

N=600r.p.

m 

wear at 

N=400r.p.

m 

wear at 

N=600 

r.p.m 



Wear Resistance Improvement for Grinding Balls of Horizontal Cement Mill in Cement Plant by Nano-Coating Technique 

 

25 
 

Relationship between Coating Thickness and Spray Time 

The test carried out for pin and the disc for three types of samples, with different layers of paint, where the first 

group was (50,70 and 80μm) at coating time (5, 10 and 15 sec) respectively and the relation between the spray 

time and coat thickness shown in figure (10). 

 

Figure 10. Relationship between Spray Time and Coating Thickness 

The micro hardness test of samples carried for (8) samples as indicated in the table (5) and figure (11) with coating 

thickness (50, 70 and 80 µm). The used load was (4.905N) and (10 sec) 

Microhardness Test 

The results of micro hardness test of samples carried for (8) samples, as in table5, with coating thickness (50, 70 

and 80 µm). The used load was (4.905N) and (10 sec).These results shows  the maximum hardness H.V will be 

for samples with coting layer thickness of 80 µm, but this results after some times will changes as the coating 

layers will flaks and failure due to the low adhesion forces , while the sample coated with layer thickness 70 µm 

will stay protect the surface for longer time as the present in wear test. 

Table 5. Micro hardness HV 

No. HV hardness 

without coating 

HV hardness  

coating thickness 

(50μm) 

HV hardness for 

coating thickness 

(70μm) 

HV hardness  

for coating 

thickness 

(80μm

) 

1 554.9 600.3 669.1 740.2 

2 556.4 585.2 671.4 742.1 

3 555.8 595.4 670.9 737.2 

4 556.4 580.7 674.1 733.4 

5 554.9 579.4 671.6 734.8 

6 556.1 582.1 678.2 742.2 

7 554.7 577.4 674.6 743.7 

8 557 578.2 676.8 740.8 

 
20 0.00275 0.00375 0.00155 

0.0017 
0.00115 

0.001275 
0.001275 

0.0014

75 

 
40 0.00365 0.00595 0.00175 

0.0021 
0.0013 

0.0014 
0.0016 

0.0017

75 

 
60 0.00465 0.0081 0.00195 

0.00265 
0.001575 

0.00165 
0.00185 

0.0020

5 
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Average 555.775 584.8375 673.3375 739.3 

Improvement in 

H.V % 0 5.2 14.7 33 

Microstructure of Coated Samples 

The SEM photography done to calculate the thickness of the coating layers for specimens for different coating 

time (5, 10, and 15 sec), this test done for several specimens for each coating time and show the thicknesses of 

(50,70, and 80μm) respectively. Figure 11 show the layer thickness of coating for 10 sec time of coating (70μm).    

 

Figure 11. SEM morphology of coating layer thickness 

Compensation Rate of Grinding Balls 

The results show that the operating life for the samples without coating was 16 months, while it was 38 months 

for the sample coated with a layer thickness of 70μm. That means the coating process with nanoparticles of WC 

will increasing the operating life of the grinding ball by about 22 months, and that considered an economic benefit 

and reduces the cost and time for maintenance. 

CONCLUSION 

The balls of cast iron alloy steel that used as grinding media inside the cement horizontal mill. These balls were 

subjected to the wear processes during the mill rotation. The coating process of nanoparticles of WC on cast iron 

alloy ball surfaces will increase the resistance to mechanical wear of the surface by 79% for a coating thickness 

of 70μm, due to the good wear resistance properties for WC. Also, the microhardness of ball surfaces increased 

about 14.7% for the coated samples at a thickness of 70μm of the Nano coating layer. The high temperature of the 

thermal spray process will lead to softening the surface of the cast iron alloy at certain points that lead to increasing 

the bonding between coating powder layers with the cast iron alloy surface. The coating layer of 80μm thickness 

is subjected to flaking and cracking after some time so that it's not preferred to use as a coating layer for cast iron 

alloy surfaces. The coating process will increase the operation life of cast iron alloy Grinding Balls about one and 

a half times (from 16 to 38 months), which will reduce the cost of maintenance inside the mill.  
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