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Abstract This study investigates the effects of spray distance (250, 300, and 350 mm) and gun traverse speed (4, 7, and
10 mm/s) in the High Velocity Oxygen Fuel (HVOF) process on the microstructural, crystallographic, and mechanical
properties of WC-10Co0-4Cr coatings. The WC-Co-Cr feedstock powder consists of agglomerated 1~2 um primary particles,
which inherently promotes the formation of partially molten and unmelted particles during spraying due to heterogeneous
internal and external melting behavior. When the spray distance was reduced to 250 mm at a gun traverse speed of 7 mm/
s, the shortened particle flight time resulted in insufficient melting, leading to an increased fraction of unmelted particles
and interfacial delamination (9.48 %). As a consequence, poor inter-splat bonding caused a reduction in Almen/bending
thickness (90 pum) and an increase in residual stress (0.35 mm). In contrast, at a spray distance of 350 mm, the extended
flight time increased particle exposure to oxygen, resulting in a higher defect content (0.872 %). Despite this, stabilization
of the jet flow improved particle impact angle and lamellar stacking, yielding the highest bonding strength (77.3 MPa) and
hardness (1,400 Hv). Variations in gun traverse speed significantly altered the surface thermal history and splat
solidification behavior. Compared with the reference condition (300 mm, 7 mm/s), both slower (4 mm/s) and faster (10
mm/s) traverse speeds produced denser lamellar structures and enhanced splat continuity. At 4 mm/s, localized re-melting
and increased binder fluidity reduced porosity but slightly degraded bonding strength due to excessive thermal input.
Conversely, at 10 mm/s, suppressed surface overheating and reduced particle scattering led to a more uniform splat
structure, accompanied by a slight increase in W,C relative peak intensity and improved bonding strength (74.1 MPa).
Overall, spray distance and gun traverse speed are critical parameters governing particle melting, cooling, flight stability,
and binder continuity, which collectively determine splat morphology, defect distribution, decarburization behavior, and
mechanical performance of WC-Co-Cr coatings.
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Fig. 1. Surface microstructure of amperit 558 powder.
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Fig. 2. Phase analysis: (a) feedstock powder and (b) HVOF-sprayed coating (spray distance: 300 mm, gun traverse speed: 7 mm/s).
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Fig. 3. HVOF-coated specimen (baseline condition: spray distance 300 mm, gun traverse speed 7 mm/s): microstructural and compo-
sitional analysis at (a) 10 kx, (b) 50 kx, and (c) elemental mapping.
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Fig. 4. Schematic illustration of (a) shock diamonds, (b) shock diamonds with turbulent mixing, and (c) the turbulent jet region
formed during the HVOF process.
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Fig. 5. Trends of (a) bonding strength, (b) hardness, (c) Almen/bending specimen thickness, (d) residual stress, (¢) Defect area frac-
tion, and (f) unmelted particle/interfacial detachment ratio as a function of spray distance.

Table 2
Mechanical properties of coatings according to spray distance

Bonding Almen/bending . . . Unmelted particle/
strength z{}ir/;iness specimen if:;g%illm) g;clgz/rlfc()g/o; 1ty interface detachment
(MPa) thickness (um) ¢ ratio (%)

Decreased (250 mm) 73.8 1,356 90 0.35 0.872 9.48

Standard (300 mm) 71 1,360 126 0.33 0.767 3.81

Increased (350 mm) 713 1,400 90 0.34 0.958 7.33
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Fig. 6. XRD patterns of the coatings deposited at different spray distances: (a) 250 mm, (b) 300 mm, and (¢) 350 mm (d) overlap.
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Fig. 7. Microstructures of the coating layer as a function of spray
distance: (a) Decreased spray distance (250 mm), (b) Standard
condition (300 mm), (c) Increased spray distance (350 mm).
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Table 3
Point-wise compositional analysis of Fig. 8(b)
o A e 0 o Co W
ot

Spectrum 1 5424 158 425 1522 2471
Spectrum 2 64.65 220 1.15 4.99 27.00
Spectrum 3 2769 3544 1097  7.02 18.89
Spectrum 4 1857 46.66 2148  4.09 9.19
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Fig. 8. Oxide microstructure of the coating deposited at the increased spray distance (350 mm).
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Table 4
Mechanical properties of the coating layers as a function of gun traverse speed
Bonding Hardness Almen/bending Residual Oxide/porosity Unmelted particle/
strength (Hv) specimen stress (mm) fraction (%) interface detachment
(MPa) thickness (um) o ratio (%)
Decreased (4 mm/s) 68.2 1,282 95 0.36 0.488 7.3
Standard (7 mm/s) 71 1,360 126 0.33 0.767 3.81
Increased (10 mm/s) 74.1 1,284 100 0.34 1.144 5.7
(a) Spray Distance: 300 mm © WC (b) Spray Distance: 300 mm O wWcC
Gun Traverse Speed : 4 mm/s Gun Traverse Speed : 7 mm/s W.C
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Fig. 10. XRD patterns of the coatings deposited at different gun traverse speeds: (a) 4 mm/s, (b) 7 mm/s, and (c) 10 mm/s (d) overlap.



2 A =Fo] T, oldl wet dAF B AEF9]
A7rge] gk Akt wkgo] HXE R sMHrt
[10]. webx] & Aol B ATE (%) S/t
715 71l &gk Aol ozl AskE |4 STl 7]
Qg Axfoltt, S A §8=9 AR <l F7E &
& e YA SIVsA Ha, olell whet Fig. 9(c) %
Table 49} 7] AlmenMid Al F7= 100 pm= 7+
A5, ol 4 mm/s 24 71 219 FF 0l
o Axe] A9e 8% A= Qlal W,C B0
T 7 s Belal 71 e 4Rt SR sl
1,284 HvZE 7]& ZZHT 22 3g H3lorn, #¥
o] gl7] wiZel getst 9 Akl whgo] SA|Eo] &
AT 741 MPaZ 71F tiH] &% 718t o=
gun °]F HFLoM YA} FE HET YR FA|H
A|RE &5 Astet wlA| 71E S71= 18l Splat 7F A%t
o] FE3] FFEA] Kg ZoF sMEr). I 899
7%, Fig. 9(c) & Table 49} 7ro] 4z Wzhe] k=t
ulA| 71F STl 9gt 88 sl a3yt Al 2Hg-sie
0.34 mmZ #AF AZl: 300 mm, gun °olF HF%: 7
mm/s 2713 FARE S YeERYL AEoE 10
mm/s 271 B8 S8% Aslel AF a8 A= AUs|
mMZE A Ajte] SUtele AYdS Holal, old et
Axet A% A= AsHAN A1 AF Y
A2 s Eg7re] & ke fle Zo= sME

Figure 10 gun °o|% &ko e AWF] A4
W32 Folal7] 98] XRD A4S =83 24 7%
olglo|th. BE ZZolA WCS W,C7F 8 41
2 AR om, AAAA A P A =24 7
ztolE HolA| 9iSktt. o= HVOF FAIx WC
o] 374 2% He WellA gl dslE A
A37] witell gun ©lF &xo] WSt A g
= G| must AL onlsich

4 mm/s 2L 71E 213 BadS of week w,C
vl=e] g e B ZolA Fonlgk wishrt AR
ettt o] A= =& olF Hxrt =l w
2 ARt vy F WiztEE AR 7 fARIRIRE
st A/ Algke]l Aojxd #EFol St & Utk
TR = B3 XRD #4014 WC —» W,C29] 4
H3to] 1% A3 fAe), ol gekslt FEEo
2 Wit ets 2% WslE Wis] =ud Jr=
AYE) A= &S AlAFSHE ¥HH 10 mm/s 270014
= W,C 929 A Aert 71& 21 oie] &% S0t
e A4S Holth o gun °o)F £RU) FUIEREE
Y X e A7k @b gAste], BAF 34
% F4E W,C ol IZHZF Yo djFez wo| B
Z57] o2 sINEY. 4, 7 mm/s 2= EH
Hd 2 Aggol 23] ¥ w7t tE B3 dslkE

f B

F

S

N

]

o o
2 Jo (2 U o

]

Fig. 11. Microstructure of the coating layer as a function of
gun traverse speed: (a) decreased speed (4 mm/s), (b) standard
condition (7 mm/s), and (c) increased speed (10 mm/s).

AATE, 10 mm/s ZZME T I
oz 7adle] o BE W,C Aol #

Figure 11 gun °]& &=l wWe I”39 nAl+
ARleln), WAl Wlal A Fig. 11(b) 713 27 thy)
(a) 4 mm/s, (c) 10 mm/s A Aoz 7]y
X7} A4S Co-Cr vIRIE Q] Splat 371 Ko} A%
A FHE AFEe 2SRl 5 U Ve =24
A= mEg YA} Splat Al FAHE BAEH 7]
FEo| B ExohH, A% WEFeRE JHH 7
&=t Splat Zte] A e T o= 7lE
Z704 o] sl =EHe € 2 5 2o F
T &5 HEsol EFE Yl A
2 3AEg. vhd 4 mm/s ZAMAME
Tt ZHAagel] weh o) WA g By
7¥ekal, Y AA7L sl =EEE A
= 7kl ASEs Splate] WA <
=, old] wE} o WSl d&EHOE 3
mm/s 2719 749, Y 7 2R

BN

—_—

t

ol F ok
EE ﬂtl)l Fj
=) - 2
oo
= oy

E’
©
o
=
2o
S o o oy i [o

s

=
oL
Y
i

T
N oy
ofd it
yi



48 Sang-In Kim, Tae-Hyeon Kim, Su-Han Bae, Chang-Hun Hwang, Jong-Ho Kong, Jeong-Hong Lee and Se-Yun Kim

gl F2rt dadke A%e EAd ole gun o) &
b 3RS B 9R6) dide] wEEE A7kl
sl wet @ FFo] A=, ol wet g8
ey, ol fEAel @@ Co-Cr vk
He] a7k goo] AlHY] WEer sidnt
AFHOZ 4, 10 mm/s =7 EF Oerlikon Metco
gk A 22 e wAlRZe] o ZdEEtaL
#Y3 F2E AFS Jepith. o) Splae] E <
g FAd ofg dApe] vk 3 Co-Cr
Hlold 17k gl ofAlel e @Qlge] HypHo=
288 A7 FErh. tE gun ol £wrt 71E
27004 Blojd 79, Splat 4% Aol 23|18 74
2 5 98 AR,

4.4 E

B AFodEsE WC-Co-Cr 233} EEs tio=
HVOF(High Velocity Oxygen Fuel) 382 A} 7z
(250, 300, 350 mm) ¥ gun ©|¥% £%(4, 7, 10 mm/s)
Wb A Ze] A AR R, 7IAIA B4 H]A|
FEFS BT 2 A 7 34 e WC )
Y3 &85, v F g 4, 45 =28,
Splat 729] AEKAEL Aujste] HF I dsol 4
A JFgS vA = FAoz et

AN AR Wsle Ak €2 dluAet §8EE
Ao 72 Aottt 250 mmollAE Fe v|d A7k
o2 Qlal &8=rt BdsA w88 UAH9.48 %)t
718(0.872 %)°] Z71slom, ol wil wre dro
Splat 7%} % ZH¢ $¥(0.35 mm)o] FAH= AT
W 350 mmolAE G5 ksl o FEo]
o]Folx] 7P4 #Z3 Splat TX7F FAEJLL, ool
wl EY7bE(77.3 MPa)et Z%(1,400 HvyF 7H8 =
< S UERTh A A" Wil mE AR
WC % W,CE FYaH FA=ENeH, W,C &t F=

o] Wshk= ®AF ARl S7HAAC wE FEE dds)
HEe] AolE HATH

Gun °o]% &xo| Wsh= ¢ H|g) MU= Y
¥ A =4 w9} Splat A5 AES 2HeE
ZH9S Felskith. 4 mm/s 2= FE 2 e
Aogo] WAYsIe] Splat 7F AEAdo] A= vE-§ Y
2H7.3 %)t =2 FF $8(0.36 mm)yS H wHA
10 mm/s Z7AdAME € =4 A= 28] ] 4dst

N
]
B

Splat 739} Wlw A w2 Aot xS Holw, 7]E

A o] B9 (74.1 MPay’t 2% FFEATE. XRD
EAoM= gun ©]F =0 WPyl ARl & IF
S FA &= Aoz yehou, 10 mm/s 27104

W,C Ha7F &% 7k S w29 34 A
A" W,O7E w2 W@zte] ofs) HlwA RERE Y
gRlskTt.

FPH o2, HVOF F4oI4 WC-Co-Cr ZHe| 2
© w QAp} ol dpEAF A% BAE dE
2hge) o3l AAHH, £ dAde 38 24 AZHEE
A% AAH 71FS AT 53] 350 mm A} A

2 d7e SIS RAEHY] SarId7EY
ANEHR&D) AFA (RS-2024-00414247)2] A9 wto}
FREACH, ool ZAtg Tt

References

[1] A. Wank, B. Wielage, H. Pokhmurska, E. Friesen and G.
Reisel, “Comparison of hardmetal and hard chromium
coatings under different tribological conditions”, Surf.
Coat. Technol. 201 (2006) 1975.

[2] G Bolelli, R. Giovanardi, L. Lusvarghi and T. Manfred-
ini, “Corrosion resistance of HVOF-sprayed coatings for
hard chrome replacement”, Corros. Sci. 48 (2006) 3375.

[3] D. Cheng, G Trapaga, J.W. McKelliget and E.J. Lavernia,
“Mathematical modelling of high velocity oxygen fuel
thermal spraying of nanocrystalline materials: an over-
view”, Model. Simul. Mater. Sci. Eng. 11 (2002) R1.

[4] D.E. Crawmer, “Thermal Spray Processes”, in Hand-
book of Thermal Spray Technology, J.R. Davis, Ed.,
(ASM International, Materials Park, OH, 2004) p. 54.

[5] E. Need, “Overview of chromium and cadmium alterna-
tive technologies”, Surf. Modif. Technol. 1 (2002) 1.

[6] J. Yuan, Q. Zhan, J. Huang, S. Ding and H. Li, “Decarburi-
zation mechanisms of WC-Co during thermal spraying:
Insights from controlled carbon loss and microstructure
characterization”, Mater. Chem. Phys. 142 (2013) 165.

[7] D. Naha, S. Chatterjee, M. Ghosh, J.D. Majumdar and
A. Majumdar, “HVOF sprayed WC-CoCr coating on
mild steel: microstructure and wear evaluation”, IOSR J.
Appl. Phys. 8 (2016) 47.

[ 8] A. Dolatabadi, J. Mostaghimi and V. Pershin, “Effect of
a cylindrical shroud on particle conditions in high veloc-
ity oxy-fuel spray process”, Sci. Technol. Adv. Mater. 3
(2002) 245.

[9] V. Katranidis, S. Gu, B. Allcock and S. Kamnis,



[10]

[11]

Effects of spray distance and gun traverse speed on the microstructure and mechanical properties of WC-Co-Cr coatings ...... 49

“Experimental study of high velocity oxy-fuel sprayed
WC-17Co coatings applied on complex geometries. Part
A: Influence of kinematic spray parameters on thick-
ness, porosity, residual stresses and microhardness”,
Surf. Coat. Technol. 311 (2017) 206.

M. Jadidi, S. Moghtadernejad and A. Dolatabadi, “A
comprehensive review on fluid dynamics and transport
of suspension/liquid droplets and particles in high-veloc-
ity oxygen-fuel (HVOF) thermal spray”, Coatings 5
(2015) 576.

V. Katranidis, S. Gu, T.R. Reina, E. Alpay, B. Allcock
and S. Kamnis, “Experimental study of high velocity
oxy-fuel sprayed WC-17Co coatings applied on com-
plex geometries. Part B: Influence of kinematic spray
parameters on microstructure, phase composition and
decarburization of the coatings”, Surf. Coat. Technol.

[12]

[13]

[14]

328 (2017) 499.

Y.Y. Santana, P.O. Renault, M. Sebastiani, J.G. La Bar-
bera, J. Lesage, E. Bemporad, E. Le Bourhis, E.S.
Puchi-Cabrera and M.H. Staia, “Characterization and
residual stresses of WC-Co thermally sprayed coat-
ings”, Surf. Coat. Technol. 202 (2008) 4560.

T.C. Totemeier and J.K. Wright, “Residual stress deter-
mination in thermally sprayed coatings—a comparison
of curvature models and X-ray techniques”, Surf. Coat.
Technol. 200 (2006) 3955.

P. Bansal, PH. Shipway and S.B. Leen, “Residual stresses
in high-velocity oxy-fuel thermally sprayed coatings-
Modelling the effect of particle velocity and tempera-
ture during the spraying process”, Acta Mater. 55
(2007) 5089.



