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Investigating the effect of lubrication on the wear
behavior of WC-12Co coating applied by HVOF method
on steel substrate

Shayan Adlimoghadam', Hamid Khorsand""*

1- Faculty of Materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran

Cemented carbides of the WC-Co family are one of the most popular

materials for use in industry. Despite its high hardness, WC-Co has the
appropriate toughness for applications where wear resistance is required. In this study,
WC-12Co coating was deposited on a 304 steel substrate using the HVOF thermal spraying
method. Microstructural examination of the cross-section of the applied coating and the coating
surface was performed using a scanning electron microscope (SEM). Then, X-ray diffraction
(XRD) analysis was performed on the deposited coating surface. Mechanical property tests
including: hardness testing, surface roughness, fracture toughness, and porosity of the obtained
coating surface were also performed. Also, the coatings deposited on the steel surface were
subjected to pin wear tests on the disk with loads of 20 and 40 N, in dry and wet environmental
conditions (using deionized water as alubricant) and using a 52100 steel counterpart. The scratched
surfaces were imaged using SEM. The test results showed that the applied coating reduced the
friction coefficient, reduced weight, and had a lower scratch penetration depth than the uncoated
sample. It was further determined by adding lubricant to the contact surface between the coating
and the scratch, that the uncoated and coated samples experienced a lower friction coefficient
and weight loss compared to their dry state. Also, the penetration depth in the sample in wet
conditions was lower than in its dry state.
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Tablel. HVOF coating process parameters.

Parameter Value
Oxygen Flow 1086 L/min
Kerosene flow rate 32 L/hour
Carrier Gas Flow Rate 24 L/min
Spray Distance 35 cm
Spray Velocity 1200 m/s
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Table2. Sliding wear test parameters.

Parameter Condition
Apply Load 20,40 N
Counter Part 52100
Enviroment Dry, Wet (DI water)
Distance 500 m
Temprature Room
Round 140 r/min
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Figurel. SEM image and EDS analysis of the powders used in the

deposition process.
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Figure2. XRD analysis results of the feedstock powder.
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Figure3. Microstructural image of WC-12Co coating. A) SEM image of the applied coating surface B) SEM image of the applied coating
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cross-section C) MAP analysis of the applied coating cross-section.
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Figure4. XRD analysis results of the applied coating surface.
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Table3. WC powder decarbonization steps.

Equations

2WC—W, C+C

W, C—2W+C

2C+0,—2C0(gas)
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Mechanical Properties Value
MPa\/m)Fracture 4.58
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Roughness (Ra, pm) 4.75
Porosity (%) 1.9
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Table4. Mechanical properties of WC-12Co coating.
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Table5. Coding of worn samples according to changing wear parameters.
Code Al A2 A3 A4 Bl B2 B3 B4
Sample Coat Coat Coat Coat Bare Bare Bare Bare
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Table6. Friction coefficient curve in worn samples. :'lj
Sample Al A2 A3 A4 Bl B2 B3 B4 i
Avg. COF 0.51 0.62 0.29 0.32 0.70 0.73 0.33 0.35 S
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Figure6. SEM image of the worn surface of WC-12Co coating. a) 20 N load in dry condition b) 40 N load in dry condition ¢) 20 N load in

wet condition d) 40 N load in wet condition.
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Figure7. SEM image of the worn surface of the Bare sample. a) 20 N load in dry condition b) 40 N load in dry condition ¢) 20 N load in

wet condition d) 40 N load in wet condition.
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Table7. The amount of weight loss of the samples.

Sample Al A2 A3 A4 Bl B2 B3 B4
Weight Loss | 0.0008 0.0013 0.0002 0.0007 0.0092 0.0375 0.0008 0.0045
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Figure8. Depth of penetration of samples due to sliding wear in dry and wet conditions.
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Table8. . Maximum penetration depth in samples subjected to abrasion in dry and wet conditions.
Sample Al A2 A3 A4 Bl B2 B3 B4
(nm)Wear 0.0008 0.0013 0.0002 0.0007 0.0092 0.0375 0.0008 0.0045
Depth




ol el 9ol pll g Ladised 035 S0l lipe =
by g Sdigel & Cund ks (sladige b o3l
ol aSGskay oly L 0g3 1) (g eS” Cond 4 (59 LialS
AW Al (B o alie bulyd 53 oy plals S
2 0is R Glie (6) gy Ll )5 sy arliie Laulyd 5
il Ghals Caba pb dged ogasdl o g diged den
ML (hls b e diged 4 Comd o Jb plores Jo
25 g3k

o3laiuwl b diged dad jd odimd ily5 38 Gos (liue oy p =Y
Sl g3 5 )0 A8 asde & b (g Sojluil jtasldy ol |l
395 j 1y (558 D58 Bos Pl K90l &y Capud I3 gy diged
& Cand YD by dged yidur Cuoglie odimd jlis a8 ol L
Sl o plB diged

Mise el oadod L5 A Jds 9 A S 5 4 jslailen
G Cuns YL 398 Bes (GpSedn sk Rbe (eb
«.'_',«.a9l.3.a oD uL\M) FUERHIN u’w’ 395 )‘I )\Jui‘..;.i}% Lgl_mdu'?oj
Dby Ol diged 4 Cuwd Jh by diged YL Sl 4
Jsas g T @ Ve 3] Jlash b ke el b adl s
ORIl 55 Glal 3985 os dadiges b o oled o 133
DRl e g 398 Bes e o sl lyie b
ol S yglar 3j] Conty ol cod sladiges 5 (i
sialS e b ontitans dbasly iole 3485 ses 5l sdelcunda
Uil b aS xe ol thyls iale oyge3l Job )3 e 59
sy oo 393 e dindiy 4 8 dged ()i phalS dgd Bes
el Lol gg0jl 53 Ky, oleie 4 ossges O 5l ool
Sldigel > oy 4 dadiges il 3980 Bes pSeuis LialS
b.").w JEl 4.)9.&3@ oo 45 )3]00‘&.0: ..)9.«:36.0 ¢um»94 U?‘b
Slrdiges 4 bgypo 3o oy yiddi « Sl Loyl o Ao 35 5
@ G SPARe 9 S e 3,Sdes iy (ladiges

W LS 05 5l Gibe 9 (sladiges

S 5 4o €

L HVOF g, b WC-12C0 aslow 305 o idss =)
A plol V¥ Y6 4 5 (9, 2 Culidga

elojls ol HVOF b 015 gyl WC-12C0 iy —Y
Ceglio Lislidl slp 1y e LB oo & sl Co s WC
Jlasl Sy Jad 3 gy bl S oo wal S Jlale &
SHe Ngn & Ad pastie g 4V 5 b 255 4 g pS]ye
aY pj 4 Jlail 1) e wrew (Se5ygllie Bon 4 Cus
S o i)

b (i YA HV 5w 9,500 a5 a1 5505 b dunlde ;o -V
GMBL &S 55 L 1, WY HV o Al o iudgy dges
s pl w903 by (g et

WC-12C0 yiiss (glp «Siand (59 o oiwlw 50l 0 =¥
Sl cops Gials cel b 5l edlaiwl a8 0b jascine
Slg, 5l o2kl ioman sl 0 iude (g Hged & Cupnd
ups Ol cel by Goh g BuRSe ladises
4 Vlg o &S Cawl ob S bl il b dwslie ) SKlaol
25 il (i (el el o]

Ol (il p3lSe sdas i odly L diges g3y > —D

bl oo gmalienST (ol pilSe dlga (S 5> g LSS

o

5

951 sole

Sl g0

i

3
o\
%

(VE-¥—8) £ Cpss slaoid

Yor



= i ek e

—

&3

552

Sl 5o

s

3
%

(Ve-Y-£) €4 (p s slagtd

Yov

&‘).o -0

[IT T. K. Mishra, A. Kumar and S. Sinha,
Experimental  investigation and  study of
HVOF sprayed WC-12Co, WC-10Co-4Cr and
Cr3C2-25NiCr coating on its sliding wear behaviour,
International Journal of Refractory Metals and Hard
Materials, vol. 94, p. 105404, 2021.

[2] J. Nerz, B. Kushner and A. Rotolico,
Microstructural evaluation of tungsten carbide-cobalt
coatings, Journal of Thermal Spray Technology, vol.
1, pp. 147-152, 1992.

[3] T. K. Mishra, A. Kumar, S. Sinha and S. Sharma,
Investigation of sliding wear behaviour of HVOF
carbide coating, Materials Today: Proceedings, vol.
S, pp- 19539-19546, 2018.

[4] M. S. Zoei, M. H. Sadeghi and M. Salehi, Effect
of grinding parameters on the wear resistance and
residual stress of HVOF-deposited WC—-10Co—4Cr
coating, Surface and Coatings Technology, vol. 307,
pp. 886-891, 2016.

[5] S. Houdkova, F. Zahalka, M. Kasparova and L.-
M. Berger, Comparative study of thermally sprayed
coatings under different types of wear conditions for
hard chromium replacement, Tribology Letters, vol.
43, pp. 139-154, 2011.

[6] H. S. Sidhu, B. S. Sidhu and S. Prakash, Wear
characteristics of Cr3C2-NiCr and WC-Co
coatings deposited by LPG fueled HVOF, Tribology
International, vol. 43, pp. 887-890, 2010.

[7] C.-J. Li, A. Ohmori and K. Tani, Effect of WC
particle size on the abrasive wear of thermally
sprayed WC-Co coatings, Materials andManufactur-
ing Processes, vol. 14, pp. 175-184, 1999.

[8] A. Dent, S. DePalo and S. Sampath,
Examination of the wear properties of HVOF sprayed
nanostructured and conventional WC-Co cermets
with different binder phase contents, Journal of
thermal spray technology, vol. 11, pp. 551-558, 2002.
[9] Q. Yang, T. Senda and A. Ohmori, Effect of
carbide grain size on microstructure and sliding wear
behavior of HVOF-sprayed WC-12% Co coatings,
Wear, vol. 254, pp. 23-34, 2003.

[10] S. Pourmorad Kaleybar and H. Khorsand,
Investigating the microstructure and phase analysis of
high entropy alloy CoCuFeMnNi made by vacuum
induction furnace, Founding Research Journal, vol. §,
pp. 117-124, 2024.

[11]S. Pourmorad Kaleybar and H. Khorsand, Effects
of Annealing Temperature on the Microstructure and

Mechanical Properties of the As-Cast Dual-Phased
CoCuFeMnNi High Entropy Alloys Fabricated
by Vacuum Induction Melting Method, Journal of
Materials Engineering and Performance, pp. 1-11,
2024.

[12] H. Chen, C. Xu, J. Qu, I. Hutchings, P.
Shipway and J. Liu, Sliding wear behaviour of laser
clad coatings based upon a nickel-based self-fluxing
alloy co-deposited with conventional and nanostruc-
tured tungsten carbide—cobalt hardmetals, Wear, vol.
259, pp. 801-806, 2005.

[13] R. J. Wood, Tribology of thermal sprayed WC—
Co coatings, International Journal of Refractory
Metals and Hard Materials, vol. 28, pp. 82-94, 2010.
[14] A. R. Govande, B. R. Sunil and R. Dumpala,
Tribological Characteristics of  WC-12Co
Coatings Sliding Against SiC and Si3N4 Counter Balls,
Silicon, vol. 15, pp. 3671-3680, 2023.

[15] A. R. Govande, S. Tailor, B. R. Sunil and
R. Dumpala, Effect of inert environment on the
sliding wear behaviour of the HVOF sprayed
WC-12Co  coating,
Refractory Metals and Hard Materials, vol. 111, p.
106109, 2023.

[16] R. Mishra, T. K. Mishra and M. Krishna, An
experimental study on abrasive wear behaviour of
WC-12Co and WC-20CrC3-7Ni coatings, Materials
Today: Proceedings, vol. 56, pp. 489-496, 2022.

[17] N. Vashishtha, R. Khatirkar and S. Sapate,
Tribological behaviour of HVOF sprayed WC-
12Co, WC-10C0-4Cr and Cr3C2— 25NiCr coatings,
Tribology international, vol. 105, pp. 55-68, 2017.
[18] A. Evans and T. R. Wilshaw, Quasi-static solid
particle damage in brittle solids—I. Observations
analysis and implications, Acta Metallurgica, vol. 24,
pp. 939-956, 1976.

[19] J. Yifu, K. Weicheng, S. Tianyuan, Z. Ruihong
and K. Dejun, Effect of load on friction-wearbehavior
of HVOF-sprayed WC-12Co coatings, Journal of
Materials Engineering and Performance, vol. 26, pp.
3465-3473, 2017.

[20] Y.-Y. Wang, C.-J. Li and A. Ohmori, Influence
of substrate roughness on the bonding mechanisms of
high velocity oxy-fuel sprayed coatings, Thin Solid
Films, vol. 485, pp. 141-147, 2005.

[21] A. Mazouzi, A. Rezzoug, B. Cheniti, S. E. L.
Lebouachera, D. Miroud, A.-R. Boukantar, et al.,
Impact of wear parameters on NiCr-WC10Co4Cr and
WC10Co4Cr HVOF sprayed composite coatingsus-
ing response surface methodology, The International
Journal of Advanced Manufacturing Technology, vol.
114, pp. 525-539, 2021.

International  Journal of



[22] R. Kumar, S. Sharma, J. P. Singh, P. Gulati, G.
Singh, S. P. Dwivedi, et al., Enhancementinwear-re-
sistance of 30MNCRBS5 boron steel-substrate using
HVOF thermal sprayed WC-10% Co—4% Crcoat-
ings: a comprehensive research on microstructural,
tribological, and morphological analysis, Journal
of Materials Research and Technology, vol. 27, pp.
1072-1096, 2023.

[23] D. Stewart, P. Shipway and D. McCartney,
Microstructural evolution in thermally sprayed WC—
Co coatings: comparison between nanocomposite
and conventional starting powders, Acta Materialia,
vol. 48, pp. 1593-1604, 2000.

[24] A. L. McKie, Carbon enriched thermal
sprayed hard metal coatings used in PCD sintering:
University of the Witwatersrand, Johannesburg
(South Africa), 2012.

[25] P. Chivavibul, M. Watanabe, S. Kuroda and
K. Shinoda, Effects of carbide size and Co content
on the microstructure and mechanical properties of
HVOF-sprayed WC-Co coatings, Surface and
Coatings Technology, vol. 202, pp. 509-521, 2007.
[26] U. Selvadurai, P. Hollingsworth, I
Baumann, B. Hussong, W. Tillmann, S. Rausch, et al.,
Influence of the handling parameters on residual
stresses of HVOF-sprayed WC-12Co coatings,
Surface and Coatings Technology, vol. 268, pp.
30-35, 2015.

[27] W. Tillmann, L. Hagen, D. Stangier, M.
Paulus, M. Tolan, R. Sakrowski, et al., Microstructur-
al characteristics of high-feed milled HVOF sprayed
WC-Co coatings, Surface and Coatings Technology,
vol. 374, pp. 448-459, 2019.

[28] A. Avci, The Influence of Load and Ball on the
Sliding Wear Characteristics of HVOF-Sprayed WC-
12Co Composite Coating, Coatings, vol. 15, p. 9,
2024.

[29] Y.-K. Zhou, J.-J. Kang, W. Yue, X.-B. Liu,
Z.-Q. Fu, L.-N. Zhu, et al., Sliding wear proper-
ties of HVOF sprayed WC-10Co04Cr coatings with
conventional structure and bimodal structure under
different loads, Journal of Tribology, vol. 144, p.
014501, 2022.

[30] H. Khan, J. S. Gill, A. Bansal and V. Singh,
Slurry abrasion and dry sliding behavior of
high-velocity oxy-fuel (HVOF) sprayed WC-12Co
and WC-10Co-4Cr coatings on EN8 tillage material,
Journal of Thermal Spray Technology, vol. 33, pp.
1526-1543, 2024.

[31] J. Pirso, M. Viljus and S. Letunovits$, Friction
and dry sliding wear behaviour of cermets, Wear, vol.
260, pp. 815-824, 2006.

[32] W. T. MIPB and F. YE, Influences of the
compositions and mechanical properties of
HVOF spray edbimodal WC-Co coating on its high
temperature wear performance, International Journal
of Refractory Metals and Hard Materials, vol. 69, pp.
158-163, 2017.

[33] P. Shipway and L. Howell, Microscale
abrasion—corrosion behaviour of WC—Co hardmetals
and HVOF sprayed coatings, Wear, vol. 258, pp. 303-
312, 2005.

[34] D. G. Bhosale, T. R. Prabhu and W. S.
Rathod, Sliding and erosion wear behaviour of
thermal sprayed WC-Cr3C2-Ni coatings, Surface and
Coatings Technology, vol. 400, p. 126192, 2020.
[35]1Y.-k. Zhou, J.-j. Kang, W. Yue, Z.-q. Fu, L.-n. Zhu
and D.-s. She, Wet Sliding Wear of HVOF-Sprayed
WC-10Co4Cr Coatings in Simulated Seawater
Drilling Fluid, Journal of Thermal Spray Technology,
vol. 30, pp. 2174-2186, 2021.

[36] X. Cheng, Z. Jiang, B. Kosasih, H. Wu, S. Luo
and L. Jiang, Influence of Cr-Rich oxide scale on
sliding wear mechanism of ferritic stainless steel at
high temperature, Tribology Letters, vol. 63, p. 28,
2016

o

5

95

Sl g0

i

3
)
%

(VE-¥—8) £ Cpss slaoid

YOA



