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The grinding media play an important role in cement industry, and these
balls suffered from severe wear during the grinding process of clinker.
The aim of this investigation is to decrease the wear rate of the grinding
balls used in horizontal cement mills by using nanocoating of tungsten
carbides WC. The samples of white cast iron are prepared according to
standards of ASTM 522 and DIN 1669 German for microhardness test and
wear test (pin on disc). High-velocity oxy-fuel system used to coat the
samples with a thickness of 50, 70, and 80 um with nanoparticles of WC.
The results show that the best coat thickness is of 70 pum that gives good
results and best adhesion with the base material. The presence of nano-
coating on sample surface increases the wear resistance by about 75% and
increases the microhardness by about 14.6% for samples coated with 70
pm layer thickness.

IIrigpyBanbHi cepemoBuina BimirpamoTh BasKJINBY POJb y IeMEHTHill IIPOMIC-
JIOBOCTi, Ta Ii meraji 3i chepUUHOI0 MOBEPXHEIO «CTPAKIAIN» Bil CHIBHOTO
3HOCY B mpoiieci nmuiidgyBanua Kirinkepy. MeTor IbOr0o JOCTiIKEeHHS € ITOHU-
JKeHHS IIBUIKOCTU 3HOCY ILIiyBaJIbHUX KYJIbOK, III0 BUKOPHUCTOBYIOTHCSA B
FOPUB3OHTAJIBHUX [IEMEHTHUX MJIMHAX, 34 JOIIOMOT0I0 HAHOIMOKPHUTTA 3 Kapoi-
IiB Bosab(ppamy WC. 3pasku 6i10ro uaByHY roTyioThes 3a ctaggapramu ASTM
522 i DIN 1669 (HimeuunHa) 1Jis TECTYyBAaHHA Ha MiKPOTBEPHIiCTH i 3HOC (IIIIH-
JbKa Ha OUCKY). BUCOKOIIIBUAKiCHA ra3omojiyMeHeBa CUCTEMa BUKOPUCTOBY-
€ThCA OJA MOKPUTTA 3paskiB Tosmmuoo 50, 70 i 80 MKM HaHOUYACTHHKAMU
WC. PesyibTaTi MOKa3yoOTh, 110 HAWIINIIIA TOBIIMHA HOKPUTTA CTAHOBUTDL 70
MKM, IO Jla€ XOPOIIli pe3yabTaTH Ta HANWJIIIIIe 3UellJIeHHA 3 0a30BUM MaTepi-
anom. HasgBHiCTh HAHOMOKPUTTA Ha IIOBEPXHi 3paskKa 30iJbIlIye 3HOCOCTiii-
KicTp nmpubausuo Ha 75% i 36inbirye mikporBepaicTs nmpubausao Ha 14,6%
UIA 3pas3KiB, MOKPUTHUX TOBIMHOIO mapy y 70 MKM.

Key words: high-chromium white cast irons, tungsten carbide (WC) nano-
particles, HVOF system, wear test, microhardness test.
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KarouoBi coBa: BMCOKOXPOMHCTI 0ii yaByHM, HAaHOYACTHHKHN Kapbigy Bo-
asdhpamy (WC), BUCOKOIIBUAKICHA Tra30IoJI)yMeHeBa CHCTeMa, TECT Ha 3HOC,
TecT Ha MiKpPOTBepJiCTh.

(Received 27 August, 2020)

1. INTRODUCTION

Cement grinding process takes place in horizontal mill that contains
from two-compartment, the first part with coarse grinding com-
partment 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 microanaly-
sis and wear-resistant studied. The wear resistance improved up to
59% after the addition amount of TiN is 2% [2].

Bhattacharjee et al. investigated the wear performance of the dry
sliding of WC reinforced cast iron matrix composites carried out at
25°C. Three sets of specimens consist of powder of cast iron (of 3%
wt.) and size range from 5 to 15 um. The WC reinforced cast iron
(of 3% wt.) and nanosize of 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 by 2.5 times as 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 nanoparticles of 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 M,;C; in the hard facing alloy with 0.278% wt. nanoparticles in-
creased by 26% than that of the hard surface alloy without nano-
particles. The microhardness of the hard surface of specimens’ na-
noparticles was of 710 HV. The hardness of the hard facing alloy
with 0.278% wt. nanoparticles reached to 720 HV. The wear rate of
the hard facing alloy with 0.278% wt. nanoparticles was decreased
by 20% than the hard facing alloy without nanoparticles [4].
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Santos et al. studied the effects of tungsten carbide (WC) nano-
particles on mechanical properties of the AISI 1020 standardized
steel. The heat treatment process done by tempered and quenched
with a WC nanoparticles’ coating. Abrasive wear and micro hard-
ness tests are done according to the ASTM (G99-17) specification.
The results shows that the micro hardness of the AISI 1020 in-
creased by 5.4%. The abrasive wear resistance increase by 122%
compared with uncoated specimens [5]. This investigation tries to
find a technique to improving the wear resistance of metallic grind-
ing balls.

2. GRINDING BALL

The mill rotation causes the charge that consisting of grinding ball
and feed material to be lifted over some distance by friction be-
tween the media and the lining. In Figure 1, grinding media is
shown 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.

3. THE MATERIAL USED
3.1. High-Chromium White Cast Iron (HCWCI)

In the form of castings, heat-treated alloy is used to improved wear
resistance and equipment longevity [7]. High-chromium white cast
iron used in (impellers and casing, piping components, parts ex-
posed to high wear such as bends, elbows, reducers, breaker screens,
wear liners, nozzle inserts, and cyclones). Table 1 shows the chemi-
cal composition of high-chromium white cast iron.

3.2. Tungsten Carbide (WC) Nanoparticles

The nanoparticles of tungsten carbides have the physical properties
as follow: black hexagonal crystals; melting point 2870°C + 50°C;
boiling point 6000°C; dissolved in mixed acid of nitric acid and hy-
drofluoric acid, also in the aqua region; insoluble in cold water; the
relative density of 15.63; strong acid resistance; high hardness;
high elastic modulus [8]. The tungsten carbides may be used for
production of various alloys, producing high ability nanocrystalline
or superfine horniness alloy, hard-face abrasion-resistant spraying
and petrochemical cracking catalyst; chip less forming tools; cut-
ting tools; mining tolls; wear-resistance coatings; corrosion-
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Fig. 1. Microhardness with coating thickness.

TABLE 1. Chemical composition high-chromium white cast iron.

Element|C,% | Si,% [Mn,%|P,% |S,% |Cr,% |Mo,% | Ni, % |Al,% [Co,% |Cu,% |Fe,%

HCCI 2.3 0.867 0.67 0.030.04 17 0.1 0.194 0.03 0.18 0.15 Bal.

resistant coatings; wear-resistant parts [9].

4. EXPERIMENTAL WORK

The materials used in the production of the surface layer using a
thermal coating technique by flame spraying technology. The
equipment used in the coating process and the practical method
used in coating samples of high-chromium white cast iron There are
three axes of practicality manufacturing models manufacturing
thermal coating system and examination of models.

4.1. Assembly the Thermal Coating System (HVOF) and Coating
Method

The High-Velocity Oxy-Fuel (HVOF) system assembled in the Labor-
atory 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 of 10 cm. Figure 2 shows
HVOF system [10].

4.2. HVOF Thermal Spray Technology

High-Velocity Oxy-Fuel (HVOF) thermal spray technologies allow
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Fig. 2. HVOF system.
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Fig. 3. Process of coating with HVOF technique.

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 6000 F (3300°C).
Powder particles are injected into the high-pressure gas stream cre-
ated by the combustion and accelerated down the barrel of the spray
gun at several times the speed of sound. At these speeds and tem-
perature conditions, semi-molten particles adhere to the substrate
with superior bond strength exceeding 69 MPa (10.000 psi) [11].
During coating application, the product rotates methodically in
front of the HVOF thermal spray gun until the coating builds to the
specified thickness of 50, 70, and 80 um. This process creates the
strongest bond and highest hardness value as compared to any other
thermal spray process. Figure 3 shows the process of a coating by
HVOF system.

5. PREPARING OF WEAR TEST (PIN ON DISC) SAMPLES

The samples of wear are preparing according to ASTM (G99-17)
[12], with dimensions according to the dimensions set in standard
specification, shown in Fig. 4 for disc samples. The material of pin
samples made from white cast iron (Gx-26-Cr 27) by Silvana Turk-
ish Company. The chemical compositions of pin materials tested in
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Fig. 4. Samples of discs.

Fig. 5. Samples of pins.

AL-Karama General Company in Baghdad as indicated, shown in
Fig. 5 with steps: 1—lathing of the samples to reach the required
dimensions according to ASTM G99-04; 2—the surface of the sam-
ple smoothed to make the smoothness required for coating and test-
ing 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 ther-
mal 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 80
um, respectively; 9—heat treatment where the samples heated to
1100°C and with 60 minutes’ fixation time to make sure adhesion
and homogeneity of the coated layer indicating the spray coating
rules.
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6. WEAR TEST (STANDARD TEST)

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 Cr 17) according to ASTM G99-17. The disc di-
ameter is of 50 mm with 10 mm high. Figure 6 shows disc samples
coating, and Fig. 7 shows disc samples divas test.

The specimen was weighed after the test, the weight difference
was calculated (w, — w,), and then, the wear rate is calculated using
the relation

Wear rate =d, /S, [g . cm"l] , (1)
where d,—the weight difference [g]:
Aw =w; — w,. (2)
The sliding distance [mm] is calculated using the relation:

S,=2nrn. 3)

7. RESULTS AND DISCUSSION
7.1. Wear Test

This test carried out according to ASTM G99-17 for 12 samples

Fig. 6. Disc samples’ coating. Fig. 7. Wear test device.
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without coating as indicated in Table 2 and Fig. 8 with angular
speed of 400 and 600 r.p.m. and a load of 20, 40, and 60 N with
test time of 10 min. The samples weighed before and after tests; the
weight loss was calculated. The best of average weight loss percent-
age in samples without coating is 0.003798% at 400 r.p.m. by 20
N, while the average best weight loss ratio in samples with coating
thickness of 70 um is 0.0020855% at 400 r.p.m. by 20 N.
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Fig. 8. Force and weight loss ratio for
specimens without coating.

TABLE 2. Wear test without coating.
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Fig. 9. Force-weight loss relation for
specimens of 70 um coat thickness.
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1 20 72.2023  72.1995 0.0028 0.003877993
2 20 72.6177  72.615  0.0027 0.003718102
3 400 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  173.4511 0.0077 0.010482066
7 20 72965  72.9612 0.0038 0.005207976
8 20 72.75 72.7463  0.0037 0.005085911
9 600 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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Figure 9 presents force—weight loss relation for specimens with
70 um coating thickness and this improvement in wear resistance
due to the nanocoating layer that gave more strengthening for the
surface. The coating thicknesses of 50 and 80 um neglected because
the weak thickness for 50 um and there is an ablation and flacking
for coating layer of 80 um with low adhesion with base material.

Table 3 shows the results of wear test for samples with coat
thickness of 70 um at different angular velocities (400, 600 r.p.m.)
and loads (20, 40, and 60 N) with test time of 10 min, the best im-

TABLE 3. Wear test for samples of 70 um coating thickness.

FEEEN ) 1]
. = =gV 2w -
3 . - N < . =
z | £ 7| d8 | g% | 24 4 £3
© & 3 z 3 2 g z 2 - s
e & e — o — = h= T &
= R o 85 88 < 8 oo =
= z | = 28 28 S 8 5 8
@ 58 R S = =
1 20 73.526  73.5285 73.5269 0.0016 0.002176
2 20 75.183 75.1855 75.184 0.0015 0.0019951
3 400 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 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
600
10 40 74.4006 74.4031 74.4009 0.0022 0.0029569
11 60 75.4218 175.4238 75.4211 0.0027 0.0035798
12 60 76.2344 76.237 76.2344 0.0026 0.0034104
TABLE 4. Wear test result (weight loss).
. . With With With
§ - Without coating coating (50 pm) coating (70 um) |coating (80 pum)
o 400 600 400 400 400 600 400 600
r.p.m. | r.p.m. | r.p.m. r.p.m. | r.p.m. | r.p.m. |r.p.m. | r.p.m.

20 0.00275 0.00375 0.00155 0.0017 0.00127 0.00147 0.00115 0.00127
0.0016 0.00177 0.0013 0.0014
60 0.00465 0.0081 0.00195 0.00265 0.0018 0.00205 0.00157 0.00165

40 0.00365 0.00595

0.00175 0.0021
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provement in wear resistance reach to 76% for coated sample with
70 um, as show the coating layer gave more stiffness for metal sur-
face and made it more strength for external effects.

Table 4 shows the wear rate for different coat thickness samples
at different load and different angular velocity, and can notice the
improvement in wear resistance when increasing the coat thickness
and largest value of improvement for sample with coat thickness of
70 um, as the nanocoating gives more resistance for surface to pen-
etrating and removal of materials from surface.
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Fig. 11. Microhardness with coating
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TABLE 5. Microhardness HV.
2 2 2 2
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S S 3 £ Se 98 SELE SEZE
g 5<%8 SERS | 2842 5842
s S5 S =588 = °382 =°88
4 n B O BCEY | pBSE- N BE™
T T T T
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
Average 555.775 584.8375 673.3375 739.3
Improvement in 0 5.9 14.67 33

hardness HV, %




IMPROVING WEAR RESISTANCE FOR GRINDING BALLS OF CEMENT MILL 569

7.2. 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 of 50, 70
and 80 um at coating time of 5, 10 and 15 sec, respectively, and the
relation between the spray time and coat thickness is shown in Fig.
10.

The micro hardness test of samples carried for 8 samples as indi-
cated in Table 5 and Fig. 11 with coating thickness of 50, 70 and 80
pm. The used load was of 4.905 N during 10 sec.

7.3. Microstructure of Coated Samples

The SEM photography done to calculate the thickness of the coating
layers for specimens for different coating time of 5, 10, and 15 sec,
this test done for several specimens for each coating time and show
the thicknesses of 50, 70, and 80 um, respectively.

8. CONCLUSION

The Nano coating by using of spray flame on the surface of cast
iron high chromium grinding balls will increased resistance to me-
chanical wear of the surface by 75% for coat thickness of 70 um.
As the thickness of the nanocoating increases, there is an increase
in microhardness reach to 14.6% for the coated samples at a thick-
ness of 70 um of the nanocoating. The high temperature of the
flame used in the coating process to melting part of the surface lay-
er of the base metal at certain points. That leads to increasing the
bonding of the metal coating with the base metal. The coating layer

Fig. 12. SEM morphology of layer thickness.
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of 80 um thickness subjected to flaking and debonding after some
time so that it is not prefer to use as coating layer.
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