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The coatings produced with high-velocity oxygen fuel spraying technology can greatly improve wear and corrosion
resistance. In this study, WC-12% Ni coating was applied on the lamellar graphite cast iron substrate. Morphologies and
structures of uncoated samples and sprayed coatings were analyzed with light microscopy, scanning electron microscope,
energy dispersive spectrometry and X-ray diffraction. Although their micro-hardness, porosity, abrasion and corrosion
properties were studied, wear experiments were performed at normal atmospheric conditions (under room temperature and
30% humidity) in the reciprocating wear testing machine. The corrosion resistance of the coatings was measured using
potentio-dynamic polarization. The results revealed that the microstructure was porous, had micro-cracks, and contained
some inhomogeneous structures such as carbide. Energy dispersive spectrometry analysis revealed that the presence of
phases indicated the success in coating process. It was found that the WC-12% Ni coating exhibited lower potential and
lower corrosion current density compared to those of the uncoated sample.
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1 Introduction

Mechanical components in various industrial
applications operate under very heavy conditions
including high temperature, load, speed, and
hazardous chemical environment. Surface damages
caused by wear and corrosion are a serious problem in
many machine components in the aircraft,
automobile, and metallurgical industries'”. In general,
component distortions occur on the surfaces.
Therefore, surface resistances with different methods
are necessary to protect against various distortions.
Ceramic coatings produced by thermal spraying
techniques are one of the common methods of
protection against wear and corrosion in these
applications®. High-Velocity Oxygen Fuel (HVOF)
is one of these technologies that involve depositing
molten or semi-molten dust droplets onto a substrate
to form a coating®. Surface coatings with sufficient
mechanical properties can be deposited using the
HVOF spraying process. Compared to other thermal
spraying processes, the HVOF technique provides
high bonding strength between the substrate and
deposited coating particles as it uses a low
temperature and relatively very high kinetic energies’.
The coating of WC and cermet using HVOF
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technique are widely used to improve the durability of
materials in wear and corrosion environments or to
repair worn components®'’, while additives like
Ni can be used to increase protection''. For this
purpose, the coating of NiCrBSi/WC-Ni'2Z, WC-Ni'*18,
WC-(W, Cr),C-Ni'’, WC-CrC-Ni*'* WC-20%Cr;C,-
7%Ni’,  WC-10Nil”™*',  WC-12Ni**,  WC-
NiMoCrFeCo*, 93(WC—Cr3C2)—7Ni25 with dust cover
microstructure using HVOF method, mechanical
properties, wear and corrosion properties have been
investigated. In principle, the best performance for
such operations can be achieved with a
microstructural  optimization®. Accordingly, this
study aimed to investigate the effects of the lamellar
graphite cast iron surface coated with WC-12%Ni
(GTV 80.77.1) powder using the HVOF technique on
the microstructure, wear and corrosion behavior.

2 Experimental

2.1 Materials preparation

Cast iron, in the size of 50 mm x 50 mm x 10 mm
GGL, was prepared as the substrate. The preparation
procedure of the coating has been reported in detail in
our previous studies’”". Briefly, A powder mixture of
WC-12% Ni by weight was used to coat the surface of
a lamellar graphite cast iron plate. The powder
wasdeposited on the substrate using the HVOF spray
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gun (OerlikonMetco). The coating thickness was
about 250-300 pm. The elemental composition of
uncoated lamellar graphite cast iron sample and the
coating material are shown in Table 1 obtained by
spectrometer (THERMO NITON XL3t 98).

In the study, the specifications of powder used are
listed in Table 2. The surface morphology of WC-
12%Ni carbide ceramic-metal composite powder is
shown in Fig. la. Powders produced by sintering
exhibit a spherical or ellipsoidal morphology. As seen
in Fig. 1a, surfaces of the powder particles are formed
by agglomerated loose and porous micro particles.
The size (15-45 um)of the particle was shown in
Table 2, and Fig. la. Energy dispersive spectrometry
(EDS) results showed that the powder composition is
atomically composed of 66.86%W, 22.66%C and
10.48%Ni Fig. 1b. These powders are frequently
preferred in places where abrasion and corrosion
resistance are desired with the HVOF method.
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used in manufacturing, the bonding layer is
commonly used for providing improved thermal
expansion compatibility between the coating and the
substrate® ' . Depending on its structures, the cast
iron thermal expansion coefficient is reported to be
the range of 10.8 and 18.7 x 10° K'. In addition,

Table 2 — The properties of the powder used in the coating.

Parameter Property/Value
Powder name WC-12wt%Ni
Powder trade name GTV 80.77.1
Inter-linker Ni5SAl
Inter- linker trade name Metco 450NS

Manufacture process

Agglomerated and sintered

Morphology Spherical

Density 4.92 g/em®
Particle size 15-45 pm

Service temperature 500 °C

Table 3 — HVOF spraying process parameters.

Parameter Property/value
The coating qléeglis‘ay is significantly affected by  Guntype JP-500HP
coating parameters™ . Therefore, HVOF parameters,  Spray distance (mm) 350
which were optimized by the manufacturer of the  Spray angle 90
coating, Senkron Engineering, Istanbul, Turkey, are =~ Oxygen pressure (Bar) 10
listed in Table 3. LNG pressure (Bar) 8,5
Nitrogen pressure (Bar) 4
2.2 Coating procedure Cooling pressure (Bar). 3-5
HVOF spray method was used since it is most ~ OxYgen flow rate (Vmin) 330
. . Oxygen fuel rate (£) 1.1
commonly used technique to prepare ceramic - .
fi cticularl £ ith hich d Carrier gas(N,) flow rate(l/min) 10
coatings, particularly on surfaces with high wear an Combustible gas LNG
corrosion resistance. In the HVOF coating application Spray speed (g/min) 60
Table 1 — Elemental composition of GGL sample and coat material.
The composition of Fe C Si Co Mn P S Cr Mo Ni Cu Ta Ti W V Mg
elements (%)
The GGL sample 93.56 3.61 1.81 - 0.586 0.025 0.023 0.116 0.021 0.033 0.005 - 0.015 - - 0.003
The coating material® 0418 42 - 0494 - - - 0326 - 22,62 - 0258 0.12 7547 0.069 -
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Fig. 1 — (a) SEM images of WC-12% Ni powder and (b) EDS analysis.
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Ni5SAl (Metco 450NS) material as the inter-linker was
used and its thermal expansion coefficient is in the
range of 12.2 to 15 x 10 K™' 337 again depending on
its structures. The thermal expansion coefficient of
W,C-12%Ni material is reported to be between 4.64
and 15,5 x 10° K" *". Since there are physical thermal
expansions coefficient differences between metallic
cast iron and the coating material containing hard and
brittle oxide structures, Ni5Al intermetallic interlayer
was used to create good bond strength. When the
powder particles dissolved in the HVOF flame with
high chemical activity strike substrate surface, the
surface energies of these particles are converted to
deformation and thermal energy. When sprayed, Pre-
alloy Ni-Al powders react exothermically to form
nickel aluminide which improves the coating
substrate structure. Along with its application to the
wear, it is also used as a bond coating of ceramic
materials. Therefore, Ni and Al-based coatings with
HVOF spray technique transfer the heat to the surface
and help to have good wetting capability™®.

2.3 Characterization methods

While a light microscope (LM) (OLYMPUS
PME 3) and scanning electron microscope (SEM)
(JEOL-JSM 5910-LV) were used for assessing
microstructures of lamellar graphite cast iron
sample and the coated sample, EDS (OXFORD
INDUSTRIES INCA X-SIGHT 7274) was used for
elemental composition analysis. X-ray diffraction
(XRD) phase analysis was performed with a Bruker
D8 ADVACE with DAVINCI XRD (Cu-Ka
radiation, L = 1,5406 A in the range 10° < 20 < 90°
operated at 40 kV and 40 mA) with secondary beam
graphite monochromator. The phase analyses were
characterized by the data obtained from the Diffract
EVA software and the International Centre for
Diffraction Data (ICCD).

Micro-hardness measurements along the cross-
section of coated and uncoated samples were
conducted with the help of the Vickers hardness
measurement device (Wolpert). The 1.96 N (200 g)
force which is commonly used for thermal spray
coatings, was applied to the surface with the Vickers
diamond pyramid tip. Hardness values were collected
from 10 different points and averaged to the final
value.

Under normal atmospheric conditions (at room
temperature and 30%  humidity and using
AlyOsabrasive ball), wear tests of coated and uncoated
cast iron substrate were performed at different loads

including 10N, 15N, 20N and 25N and at the slip
speeds of 0.0128, 0.0245, 0.0375 and 0.0567 M/s. The
total gliding distance in the wear test was 40 m.

Following to the ASTM standards (G1-03, G5-94)
criteria, electrochemical tests of the samples were
performed in a 200 ml glass cell at room temperature.
Experiments were conducted using the Gamry model
PCI4/300 mA device with DC 105 corrosion analysis
software, in a 3.5% NaCl electrolyte solution
environment by weight, according to the traditional
three-electrode  technique. = Samples  prepared
according to standard metallographic techniques were
cleaned ultrasonically for 5 minutes in a pure water
environment before and after the experiment and
dried completely after rinsing with alcohol. Samples
with a fixed surface area of 0.20 cm” were used as a
working electrode, 6 mm diameter carbon electrode
and reference saturated calomel electrode (SCE),
counter electrode. The reference electrode was placed
very close to the working electrode, while the carbon
electrode and working electrode surfaces were fixed
mutually. The variation of the corrosion potentials
between the working electrode and the reference
electrode as mV was measured for 45 minutes,
starting from the immersion of the electrolyte into the
solution, as a function of the immersion time. The
system was enabled to reach a fixed open circuit
potential. Then the potentio-dynamic polarization
curves were polarized between -0.25 and 1.0 V and
plotted by scanning the potential from the cathodic to
the anodic direction at a scan rate of 1 mV/s.
Corrosion potential (E.,,) and corrosion current
density (I.or) were calculated using the Tafel
extrapolation technique.

3 Results and Discussion

3.1 Microstructure featur es of samples

The XRD results of the coating prepared with the
HVOF spray method are shown in Fig. 2. In thermal
spray coatings, forming both amorphous and different
phase structures is inevitable since some of the
powders partially melt down due to the high
temperature during the coating process. Then, the
molten part rapidly cools down when it moves away
from the high temperature area, causing the formation
of the amorphous structure. Based on the XRD peaks,
it can be said that WC-12% Ni coating powder and
Ni5Al intermediate binder melt at high temperature
and phases such as W and W,C, Ni, Al, C, NiC, Ni;C,
NiAl, Niz;Al, W4Ni,C are formed (Fig. 2). As seen in
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Fig. 3, WC 1is the main phase due to the
decarburization of WC to W,C. XRD patterns also
showed that the HVOF sprayed WC based cermet
coating was able to effectively inhibit the formation
of the decarburization phase due to its relatively low
temperature and high flame velocity. It is likely that
more carbide phases would form on the surface in
accordance with the EDS analysis of the coating
powder. Al-containing phases may have penetrated
from the intermediate linker to the surface by
diffusion.

Critical components of machine and automobile are
commonly produced using lamellar graphite cast iron
with perlitic structure thanks to its high thermal
conductivity properties. Fig. 3 shows 100x LM
images of graphite lamellae of the cast iron sample
polished with standard methods and etched using 5%
HNO;+95% CH;0H.
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Fig. 2 — Typical XRD pattern of WC-12%Ni coating on cast
iron.

Lamella Graphite

Fig. 3 — A typical LM micrograph of the GGL sample surface
at 100x magnification which shows both porosity and lamella
graphite.

Decked with the HVOF method using NiSAl
intermediate connector and WC-12%Ni powder, the
lamellar graphite cast iron base is shown in Fig. 4
below with the LM image from cross-section at 500x
magnification. The perlitic structure, in the main
material, lamellar graphite and pores are observed. In
the decoupled lamellar and porous structure, oxide
residues are generally observed in the border areas.
Tremendous mechanical interaction and a certain
level of the porous structure are observed in the
coating layer. Low levels of fully molten powder
particles are found.

HVOF is suitable for carbide coatings depending
on the atmosphere of carbide and the high speed of
flames. With the HVOF technique, the powders were
injected through a hot flame at a temperature of about
3500 °C and a speed of 1000 m/s. The powders were
melted or partially melted in a 0.1-1 ms spray, as
shown in Fig. 4 and Fig. 5" '°.

A 200x magnified SEM micrograph from the
cross-section of the Ni5SAl inter binding and coating
layer with the HVOF method on the cast iron base
material is shown in Fig. 5a. EDS analyses of the cast
iron material, intermediate linker, and coating region
taken from the points indicated in this micrograph are
given in Fig. 5 (b, ¢ & d). EDS Analysis of the first
spot at the SEM image reflects the typical structure of
the base material cast iron. Fe, Mn, Si, and C within
the structure are consistent with standard values. It
was determined in EDS analysis at the second spot;
Al was found to be 14% in quantity atomically at Al
level. The elements Fe, Mn, and C are considered to
be involved in the structure through diffusion,
especially due to the high heat from the base material

Coating layer

Binder coating

Porosity

Lamella graphite

Cast iron disc

ok e

Fig. 4 — A typical LM image of the coated sample cross-section
at 50x magnification which shows the coating layer, undercoat
material, and cast iron substrate.
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Fig. 5 — (a) The SEM image of WC-12%Ni coated sample x200 and (b) The corresponding EDS analyses for the 3 specific points that

marked in Fig. 4 a, b, c, d.

and coating material. From EDS Analysis of the third
spot, it is observed that the coating layer contains as
much as 12%Ni and 8% C atomically rich in W.

When the morphology and microstructures of the
magnified micrographs in 2000x and 5000x from the
coating surface shown in Fig. 6 (a & b) were
examined, it is possible to observe that white-colored
molten and semi-molten tungsten carbides formed a
good bond by settling regularly and intensively into a
light gray nickel matrix. In Fig. 6 (¢ & d), SEM
micrographs with 500x and 2000x magnification are
given from the cross-section of the coating. In these
micrographs, it was observed that because the
Tungsten carbide particles were very small in size,
they were embedded in the NiAl interlinking in the
HVOF spraying method and formed a perfect bond by
diffusing into the cast iron decking.

The phase of W,C can be formed with the
oxidation of WC particles in the coating powder
exposed directly to the oxidizing HVOF
atmosphere™. Bright shells surrounding WC particles
(Fig. 6 (a, b & d)) were thought to represent W,C as
stated in previous studies®. The particle size of the
powder used in the coating is small as seen in the
SEM micrograph in Fig. 1. The smaller the particle

size in HVOF coatings is, the greater the product
temperature is. Accordingly, the level of carbide
phases containing decarburization and W,C also
increases. However, the formation of new carbide
phases containing W,C has been slowed down due to
the low solubility of W and C in NiAl which was used
as an interconnecting agent. Therefore, it is seen to be
compatible with XRD results where Ni precipitation
was achieved. Additionally, the HVOF atmosphere
reduces interaction between particles with the effect
of high velocity, reducing carbide decomposition and
oxidation. HVOF flame can cause solid preservation
of carbides within the molten metal or alloy matrix. In
our study, the temperature of the working flame is
low and the particle size of the WC-12%Ni coating
powder is small. Therefore, it was seen from
micrographs that the Ni matrix fragments were
dissolved and deposited, while some tungsten carbide
particles remained solid. This condition is thought to
form a good bond by switching smoothly with the
interconnector.

It is observed from the SEM micrographs, inter-
linker and main material wet each other well. This is
because, in accordance with the literature*'**, the
NiAl intermetallic interlinker used in coating provides
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a good mechanical grip. Additionally, during the
coating process, the NiAl interbonding undergoes an
exothermic reaction. This reaction gives additional
high energy to the flame temperature. This
concentrated high energy melts the surface and
coating layer of the interconnector without causing
unwanted deformation in the main material. It can
also be said that the resulting energy also forms a
chemical bond through micro diffusion.

The porosity was estimated by image analysis from
the optical images using imageJ software. There were
about 2-3% pores in the coatings. Previous studies
stated that there is a certain amount of pore in thermal
spray coatings”**. The NiAl bond layer was used
because of its good adhesion, as well as thermal
elongation between the coating and the substrate
material and reduced the difference in elastic
modulus. Metallurgical bond is provided in regions
where the heat released as a result of exothermic
reactions that oxidize nickel and aluminum; from
nickel-oxide and alumina forming nickel aluminide.
Furthermore, Ni-Al's being a ductile material has
reduced the effect of thermal elongation and elasticity
modulus differences between the coating and the cast
iron base material®.

cakht s BE e 18 mm
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Undercoat material

3.2 Hardness behavior of samples

Overall hardness value in this study was measured
between 200 to 1000 HV,, which is associated with
the various thickness of the coating layer. The
hardness value of the coated sample was measured as
747 HV while the value for the uncoated sample was
measured as 245 HV (Fig. 7). The hard carbide phases
that make up the coating layer increased the coated
sample's hardness almost three times compared to that
of the cast iron sample. Since the coating hardiness is

—a— WC-12% Ni

—a— GGL
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Fig. 7 — Vickers micro hardness 200g, GGL and WC-12%Ni
samples.

xS, 008

Fig. 6 — SEM images from the GGL sample coated with WC-%12Ni by HVOF spray technique at different magnifications (a) 2000x
magnification at the surface, (b) 5000x magnification at the surface, (c) 500x magnification at the cross-section and (d) 2000x
magnification at the cross-section; showing coating, porosity, shrinkage cavities, as well as undercoating and substrate material.
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much higher than that of grey cast iron, the grey cast
iron of the coated ceramic composite layer can protect
against corrosion and wear. The coating hardness
elevates with spray temperature, ceramic powder
morphology, and coating parameters™*.

3.3 Wear behavior of samples

In mechanical equipment, there are different surface
contact interaction processes in the elements working
with two or more material groups. At this time, various
wear mechanisms occur inevitably*”*. During this
process, different combinations of wear happen
simultaneously, with one wear mechanism triggering
another one. These wear mechanisms are closely
related to the friction properties of the material. The
interaction between the frictional pairs of materials
damages the surface and sub-surface layers of the
material, meaning a degradation in material, shortening
of service life and even economic loss*”*®. Thus, wear
test was carried out to identify the wear mechanisms
and friction properties of the samples. The amount of
wear under the 10N load of the coated sample was
found to be lower compared to the uncoated sample
(Fig. 8), indicating the excellent bond structure of the
coating with the Ni5Al Decker, and the high wear
resistance of the carbide structure supported by the
metal-based Ni, W, and C in the coating. Besides, due
to low micro-cracks and pores on the coating layer,
inevitably, the lubrication mechanism also affects.

Figure 9 (a & b) show the change in wear rates of
coated and uncoated samples, depending on load and
slip speed. When the load was increased from 10N to
15N, the coated sample showed higher wear
resistance (Fig. 9a) since the load also increases both
contact pressure and contact area. Thus, the increased
contact area decreases the wear between the coating
and the abrasive sphere through rapidly flattening the
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contact peaks, resulting in the decreased rate of

Compared to the gliding rate, the coated sample
showed a higher wear rate when the gliding rate
increased when compared to the uncoated sample
(Fig. 9b). When gliding speeds increase under certain
loads, the amount of wear may decrease. Further wear
of the coated specimen due to increased gliding speed
suggests that it affects the tribological properties of
structures such as microfractures and porosity in a
negative way. It is understood from the graphic data
that the amount of wear is affected by the gliding
speed and the forces applied. The carbide-based
coating, which has a high hardness property, showed
almost the same wear rate as the uncoated sample in
total.

3.4 Corrosion behavior of samples

Phase transformations, porosity, cracks, and
tribological properties can significantly affect the
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Fig.8 — The weight loss of GGL and the HVOF sprayed
WC-%12Ni coatings under 10N load, suggesting a higher wear
rate in the coated sample.
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Fig. 9 — (a) The Comparisons of wear rate change in GGL and WC-%12Ni coated sample suggest lower wear rate in the coated sample
depending on loads and (b) comparisons between wear rate change in GGL and WC-%12 Ni coated sample suggest lower wear rate for
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mechanical properties of the coating. The corrosion
resistance of the coating can be decreased through
pore and cracks’™. Meanwhile, the increasing
temperature in the coating process leads to increased
amorphous-nano-crystalline  phases  (factor  of
increasing corrosion resistance) and porosity (factor
of decreasing corrosion resistance), which are the two
main determinants. As a result, corrosion resistance is
determined by the dominant property. To achieve the
desired mechanical, metallurgical and tribological
properties, it is important to determine the correct
process parameters, particle temperature, and specific
thermal spraying requirements. The high thermal
spray temperature accelerates the oxidation of the
surface. Accordingly, shape-shifting phase structures
occur. This may cause an undesirable amount of
porosity to increase when high corrosion resistance is
required™.

Therefore, the uncoated sample reached electrolytic
equilibrium in a shorter period. The E.,, measurement
was conducted to study the chemical stability of
coatings and the properties of the corrosion process,
as a function of the immersion time. However, 2-3%
porosity, inclusions, molten particles, carbides and
micro-cracks in the sample's structure affected the
formation of the open circuit potential (OCP) curve.
These parameters that triggered the corrosion caused
the increase of residual stresses by disrupting the
homogeneous structure.

Econ-t curves of the WC-%12Ni coating and cast-
iron sample tested in an electrolyte solution (3.5%
NaCl) are shown in Fig. 10a. The OCP value of the
coating was -400 mV while the cast iron sample was

INDIAN J ENG MATER SCI, FEBRUARY 2021

surface. The potential was then gradually reduced
before equilibrium potential was obtained in both
samples. This behavior can be explained by the less
porous structure of the NiSAIl intermediate-binding
metallic coating compared to ceramic coatings.
Besides, for corrosive systems, a carbide structure
supported by corrosion-resistant metal-based Ni, W,
and C can create a more corrosion-resistant structure
than cast iron. Higher OCP dispersion and decreased
over time in the coated sample indicate that the
coating is more inert.

Based on the potential current density chart
(Fig. 10b), the coated sample reveals that it has better
corrosion resistance with more noble potentio-
dynamic polarization values than the cast iron sample.
The corrosion potential of the WC-%12Ni coating
(-480+4 mV) is more positive compared to the cast
iron sample (-680+8 mV). The coated sample and the
uncoated sample revealed a similar polarization
variation. Polarization behaviour is consistent with the
records of OCP curves. In other words, the corrosion
potential of the WC-12%Ni HVOF spray coating has
shifted to more positive potential values that protect
the cast iron from corrosion. Based on potentio-
dynamic polarization curves, the I, value of cast
iron is higher than the coating. In line with the results
obtained from E.,, measurements, the coating
exhibited a higher corrosion resistance trend
compared to cast iron (Table 4). Better corrosion
means lower i, and higher E..

Table 4 — The corrosion potential and current density values of
the HVOF coated and uncoated material.

measured as -675 mV. The high corrosion potential Sample (Teor) (Ecor)
value at the start of immersion suggests that the 1(x10° A/em?) (mV)
solution has found time to reach up to the substrate as Cast Iron 8.27 -680
it diffuses through microfractures and pores on the WyC-%12Ni 6.2 -480
0 1000
50] —+—GGL  ——WC-12%Ni a ] "8G, WC-12% Ni b
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Fig. 10 — (a) OCP curves of GGL and the HVOF sprayed WC-%12Ni coated samples and (b) potentiodynamic polarization curves of
GGL and the HVOF sprayed WC-%12Ni coatings in 3.5% NaCl solution.
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4 Conclusions

In this

study, WC-12%Ni cermet composite

powder was coated with the HVOF technique on the
surface of lamellar graphite cast iron. Based on the
data obtained, our main results are:

(@)

(1)
(iii)
(iv)

With the HVOF technique, WC-12%Ni cermet
composite powder treatment was performed
successfully on the surface of the cast iron with
lamellar graphite.

The hardness of the coated surface was three
times higher than that of the uncoated surface.
Coated and uncoated samples were found to
have almost samedegree of wear resistance.

The coated sample showed lower i, and higher
E.or than the uncoated sample and tended to
have higher corrosion resistance.
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