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Abstract. Mechanical equipment operated in a water dam environment is at risk of erosion-corrosion. To
address this issue, thermally sprayed cermet coatings are an adequate solution for increasing resistance to
corrosion and wear in hydro turbines, especially with high river sedimentation loads such as those in
Cirata and Jatiluhur dams in Indonesia. In this study, WC-based cermet coatings with WC-10Co-4Cr and
WC-12Co respectively were coated on AISI 1030 steel substrate and evaluated in media simulating the
Cirata and Jatiluhur water dam environments, as well as in simulated seawater conditions. The
morphology and structure of the sprayed coating were analyzed by SEM and XRD, and microhardness,
porosity, and surface roughness were also studied. The corrosion resistance of the coating was evaluated
using potentiodynamic polarization. More importantly, erosion-corrosion resistance in seawater
simulations studied by Closed Flow Loop System (CFLS) equipment utilizing coupon tests was also
explored. The results showed that the WC-10Co-4Cr coating has good electrochemical corrosion
resistance with less erosion-corrosion compared to the WC-12Co coating, at 0.06-0.15 mm/year and 0.16-
0.26 mm/year, respectively. Coatings with Cr content show a lower corrosion rate due to the formation of
stable WCr2Os and W1sO49 oxides, making them a good choice for coating hydro turbine components.
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1. Introduction

Corrosion is a phenomenon encountered in every
aspect of life. Corrosion can change the properties of a
material, decreasing its quality and reducing its service life
[1-3]. Erosion-corrosion is the phenomenon of surface
damage caused by high-velocity fluid and fluid pressure
fluctuations, usually as the result of a shock or impact on
components in contact with the fluid [4, 5]. It is a
mechanism of damage encountered in hydro turbine
components, causing material losses [6].

On the other hand, mechanical wear also greatly
increases the corrosion rate. With increasingly severe
working conditions, metal components may interact and
become exposed to chloride (Cl) and even SO4%* ions
and other corrosive media. Under similar erosion
conditions, these media can cause more severe corrosion
degradation [7, §].

The solution to these problematic phenomena is to
increase the thickness of a material by surface
modification or coating deposition. Phase changes and
changes in feedstock particle sizes can be modified as
desired so that the coated material is protected and its
service life increased [9, 10]. By combining coating
processes and surface modifications on materials, their
mechanical, physical, and chemical properties can be
improved. Therefore, for this research achievement, a
coating method known as thermal spray coating (TSC)
was chosen in order to modify the metal surface by
increasing its mechanical, physical, and chemical
properties. High velocity oxy fuel (HVOF) spraying was
used because the low porosity level of the obtained
coatings provides good quality of spraying results [9, 11]

The most studied and applied cermet systems are
coatings based on WC (WC-Co, WC-CoCr, WC-Ni) and
CtCy (Cr3Co-NiCr, Cr3Cy-Ni), due to their synergy and
high levels of hardness and toughness. Carbide provides
wear resistance, and resistance to impact. The application
of tungsten carbide (WC) has been widely recognized as
a reinforcement material with high wear resistance and
low coefficient of friction. It has also been shown that
some composite powders can produce coating deposits
with unusual properties by optimally combining several
material components|12-14]. Ludwig et al. showed that
the WC-CoCr coating sprayed by the HVOF process
increased erosion resistance under all test conditions

because the HVOF coating increased wear resistance [12].

Compared with plasma spraying, HVOF spraying
has a higher flame speed and lower flame temperature
characteristics. Thus, the decomposition of WC can be
reduced because the use of HVOF as a coating medium
for WC-Co-based cermet powder will be better at dealing
with erosion - corrosion in hydro turbine applications.
Consequently, the use of cermet and HVOF applications
is the best choice to mitigate these risks [15, 10]. In terms
of coating microstructure and characteristics, HVOF
provides a number of benefits that lead to increased
performance in a variety of applications. This is especially
true for coatings made of metal or cermet. HVOF have

an outplay specific characteristics compared to other
TSC technologies, for instances: particle velocity up to
800 m s, relatively high bond strength, oxygen content
in coatings between 1 to 5%, and low porosity level
below 2%. Due to obvious improvements in
characteristics, HVOF coatings are used today in a wide
variety of industries. The main areas of application ate
industries where coatings are used to protect against wear,
friction and corrosion [17, 18].

This study focuses on measuring the cotrosion rate
with mass loss using the coupon test method, and
analyzing the severity of electrochemical corrosion for
the WC-Co-based cermet coatings tested in dam water
media and artificial seawater (NaCl 3.5%). While this
kind of analysis has never been reported, knowledge of
the corrosion rate and the mechanism of damage due to
erosion-corrosion and its weight loss results could be of
practical importance in the hydroelectric sector. In
addition, electrochemical studies were carried out by
water simulations of the Cirata Dam and Jatiluhur Dam
for important hydroelectric power generation — systems
in West Java, Indonesia.

The substrate material chosen in this study is AISI
1030 steel. This material has been used for parts like
shafts, gears, dowels, and other things where high
strength is needed, but ductility also plays a crucial role in
how well they work over time. Because of its superior
hot formability features and cold forming capabilities, it
has also been utilized for heavy-duty parts like pistons.
This makes it appropriate for complex geometries when
forming operations are required during the production
process so that they can also be fabricated into drive
shafts, axles, transmissions, and other hydro turbine parts.

2. Model and Method
2.1. Materials and Coatings

This research used two different coatings materials,
WC-10Co-4Cr and WC-12Co, which were thermally
sprayed. The powder used was a commercial, spherical,
agglomerated, and sintered material from Praxair labeled
1350 VM for WC-10Co-4Cr, and Castolin Eutectic
labeled 55588N for WC-12Co. The catalog of powders
declared the nominal particle size distribution in the
range of 11-16 pm, with the chemical composition of the
spray shown in Table 1.

Table 1. Chemical composition (wt%) of cermet
materials.
Coating WC10Co4Cr WC12Co
Chemical 86% WC- 10%Co- 88% WC-
Composition 4%Cr 12%Co

TSC was deposited on AISI 1030 substrate, which
chemical composition (according to the supplier) is
shown in Table 2. The sample was cut from the plate
shape to a size of 40 mm x 25 mm x 4 mm for erosion-
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corrosion testing. For adhesion tests, sample was a AISI
1030 round bar with 25.4 mm in diameter and 38.1 mm
in height. The sample was fabricated according to ASTM
C633 standard.

Table 2. Chemical composition of the AISI 1030
substrate (wt.%0).

Chemical Composition (wt.%o)

Fe Mn S C p
98.6 - 0.27 - = 0.04
99 1 06-09 =0.05 0.34

The carbon steel substrate was sandblasted with
aluminium oxide (AlOs) #16 grit prior to coating.
Facilities from PT. Techno Spray Metalindo were used
for thermal spraying of WC-CoCr and WC-Co cermet
powders, while the equipment used for the HVOF
thermal spray process was a HipoJet 2700 HVOF gun,
with propane (CsHsg) and oxygen as fuel. The spraying
parameters are shown in Table 3. In all cases the
orientation of the spray gun was perpendicular to the
substrate (90°). The coating thickness was controlled in
the range of 250-300 um.

Table 3. Spraying parameters employed in the HVOF
process

Parameters Value
Spray distance (mm) 300
Pre-heating temperature of 100
substrate (°C)
Speed of the feeder (rpm) 6.54-7.1
Gun tilt (°) 90
Fuel pressure C3Hs (kg cm2) 75
Oxygen pressure (kg cm?) 150
Air pressure (kg cm?) 75
N2 gas carrier (kg cm?) 60
Thickness of coating (um) 250-300

2.2 Characterization of the Coating

Microstructural analysis was carried out to study
porosity, grain morphology, and oxide inclusions. The
samples were prepared as follows: the cross section of
the coating sprayed on the carbon steel substrate was cut
and fixed in the epoxy resin. After that, the sample was
sanded with silica paper with 80, 320, 800, and 1200
mesh. The sample was also polished with 6 um diamond
particles. Oxford X-act scanning electron microscope
(SEM) Zeiss Evo 10 with energy dispersion spectroscopy
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(EDS) was used to evaluate the microstructure of
sprayed coatings after corrosion testing treatment.
Porosity levels were estimated by analysis using a 200x
SEM micrographs in Image-] software version 1.8.0 with
different levels of color contrast to distinguish the results
of cermet deposits and porosity. The aim of the
measurement was to determine the volumetric porosity
levels (in %) in accordance with ASTM E2109-01
standard [19]. The softwate was able to calculate the
volumetric porosity levels statistically. The powder phase
characterization of HVOF coatings after corrosion
testing was carried out using X-ray diffraction (XRD) by
the analytical diffractometer Rigaku MiniFlex.

Microhardness was measured on a polished cross
section of the thermal sprayed coating using the Vickers
microhardness test instrument ZwickRoell Indentec
under a load of 300 gf with dwelling time 10 seconds in
accordance with ASTM E384. As many as 3 points for
each type of coating were collected and averaged for
hardness values. The adhesion test followed the ASTM
C633 standard with 5 pair of samples glued using FM-
1000 adhesive. FM-1000 adhesive cured in the furnace at
a temperature of 250 °C for 1 hour. The sample was
mounted on a jig and tested on Hung Ta (HT-8503)
hydraulic tensile test machine capacity 100 kN.

2.3 Corrosion Test

The corrosion tests were performed by
potentiodynamic polarization experiments in a three-
electrode corrosion cell with a silver/silver chloride
electrode (Ag/AgCl, sat KCl) as the reference electrode
(RE). In otder to obtain uniform current distribution, a
platinum (Pt) rod counter electrode was inserted into the
cell. The samples were prepared as follows: a rectangular
sample sheet was cut to size 1 cm x 1 cm, chemical
cleaning was carried out in accordance with ASTM G1
Standard  Practice for Preparing, Cleaning, and
Evaluating Corrosion Test Specimens, which the
backside of the specimens was covered with protective
resin. The results were plotted in the Tafel diagram (log /
- E). The corrosion potential (E,,) and corrosion current
density (j.) were determined according to Tafel equation
and calculation of the corrosion rate followed ASTM
G102 Standard Practice for Calculation of Corrosion
Rates and Related Information from Electrochemical
Measurements.  Measuring  instrument  CorrTest
Electrochemical and Corrosion Studio 5 was used to
generate the polarization curve. Extrapolation of
potentiodynamic polarization curve was used to obtain
the j.» and E,,. of the coating, indicating thus a severity
of the corrosion process in artificial seawater (NaCl 3.5%)
and dam water to simulate the conditions in both
conditions. The open-circuit potential (OCP) of the
samples was monitored for 15 min (enough time to
stabilize the potential) followed by a dynamic change of
polarization potential in the potential range of -300 mV
OCP to +1200 mV versus OCP. versus reference
electrode (RE), at the scan rate of 1 mV s,
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Erosion-corrosion tests for both coatings were
carried out with a closed flow loop system (CFLS)
equipment in accordance with standard NACE RP 0775.
Figure 1 shows the schematic of the CFLS. The sample
was fixed using a holder, and the erosion-corrosion test
was carried out in simulated artificial seawater (NaCl
3.5%).

The CFLS test utilized fluid flow system with a speed
of 0.0278 L hour!, flow regime stratified, and
temperature at £45 °C. The measurement was done for
each parameter, L.e., pH, Eunm, jorr for every 24 hours over
5, 10, and 15 days. The samples were cleaned thoroughly
after the test according to ASTM B117 using warm water
and weighed after drying to quantified the weight loss.

The weight loss was calculated as the corrosion rate in
mm year! following the ASTM G1. Then the corrosion
characteristics were investigated throughout 15 days of
observation, with additional analysis carried out using
SEM, and XRD to determine the morphology and the
coating phase. The corrosion rate may then be obtained
as follows:

(KxW)
CR= ——=— 1)
(AXTXD)
where CR is corrosion rate (mm year!), Kis constant,
is mass loss in grams, 4 area in cm?, T is time exposure
in hours, and D is material density in g cm-3.

g

Fig. 1. Erosion-corrosion test simulation (a) Equipment of Closed Flow Loop System Testing (b, ¢) Internal condition
with the arrow indicates the direction of the fluid and the specimen is in the holder with the orientation of the coating

material facing the direction of the fluid.

3. Results and Discussion

3.1. Morphology and Microstructure Charactetization of
HVOF Thermal Spray Coatings

The coating thickness measurement of the WC-10Co-
4Cr sample resulted by an average of 295.7 um, while
thickness measurement of WC-12Co by an average
thickness of 289.72 um. The measurement of coating
thickness indicated several differences in the cross-
section which could be caused by some factors, such as
instability of spraying distance, velocity of the propelled
materials, and the spraying angle [20, 21]

The micrographs showed that the splat patterns are
similar to those found in previous research [22]. This
indicates that with continuous spraying, the cermet
droplets will impact the surface of the substrate and form
a layered morphology distributed on the surface, and

solidified into a lamellar structure. The un-melted
particles were also identified, showing that their presence
is strongly influenced by the parameters of the coating
process, such as decline of combustion temperature,
melting insufficiency of cermet powder during the
combustion, inconsistency of propelled particle rate
towards to the substrate, and rapid solidification of the
particle along the transfer from spray gun to the surface.
Oxide is also presented in minor amount.

The inconsistency of particle rate also greatly affects
the melting of the feedstock powder when it propelled
from the spray gun towards the substrate, so that it was
solidified earlier before its strike the surface. A small part
of the oxide also appears to form on the coating
structure. All microstructure types of TSC commonly
feature both melted and un-melted particles, as well as
porosity as shown in the coating morphology (Fig. 2).
The presence of porosity cannot be avoided during TSC
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processing. Porosity has been caused by the air
involvement supplied from fuel gas expansion and
propelled the melted feedstock into splat. A relatively
small part of free oxygen is involved in powder feed
system, being trapped between the contact surfaces and
causing porosity [23]. Detrimental effect of porosity in
the coating is the reduced corrosion and erosion
resistance [23, 24|, bond strength of coating adhesion
[26], and micro hardness [27]. Percentages of porosity of
the two types of coatings, WC10Co4Cr and WC12Co,
were 0.295% and 1.557%, respectively. In addition to the
spraying process parameters, the existence of porosity is
caused by large, globular cermet particles during the
coating build up. When the cermet particles are large and
globular, the thin droplets propelled from the spray gun
break up on the surface and form a thin lamellar
structure, stacked, and porosity created at each end of the
lamellar particles [28].

Based on the surface hardness examination tesult,
Table 4 shows that the WC-10Co-4Cr has a higher
hardness value compared to WC-12Co. This explains
that the addition of 4 wt% Cr to WC-10Co-4Cr will
increase the hardness value of the coating material. It can
be seen that the microhardness value of the WC-10Co-
4Cr coating has a value of 937.45 HV and WC-12Co has
a value of 909.16 HV, which is respectively 529.16% and
510.17% greater than the substrate’s hardness. This is
mainly associated with coating buildup and the presence
of large number of two kinds of tungsten carbide phases
WC and W>C [29].

—

50 pm

©

Coating—

Substrate

Coating |

Substrate’
=
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Both WC-10Co-4Cr and WC-12Co show the
presence of WC and W>C hard carbide phases, and the
results showed higher percentage value of W>C than WC
phase. This is because WC will decompose at high
temperatures into W and C, forming the semicarbide
phase (W>C). At high temperature as a result of the
HVOTF spraying process, the following reactions will take
place [30]

2WC > W,C + C ©)
WaC + 12 02 > W2 (C, O) 3)
W, (C, O) > 2W + CO )

Wood e al. 2018 [31] showed a decrease in the value
of hardness of the WC-Co coating material with
increasing levels of Co in the alloy. This is because the
stability of the phase in the WC-Co phase equilibrium is
increasing and the WC phase is decreasing, and therefore
the level of hardness will decrease. This correlates with
the WC-10Co-4Cr coating material. Also, the XRD
results of the WC-10Co-4Cr coating material show that
the WC and W>C hard phases formed a total of seven
peaks compared to the WC-12Co coating with only five
peaks of the W-C hard phase formed. Thus, the hardness
value will be proportional to the formation of metal
catbide. Table 4 summarizes the characteristics of
coating quality including thickness, roughness index,
hardness, porosity, and adhesion.

Un-melted

Un-melted
3 P

(@)

Fig. 2. Cross-section after HVOF TSC on AISI 1030 Steel 500x and 5000x Magnification. (a) & (b) WC-10Co-4Crt. (c)

& (d) WC-12Co.
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Table 4. Summary of quality characteristics data of HVOF thermal spray coating of WC-10Co-4Cr and WC-12Co

coatings.
- H -
Coating Cf)at1ng ardness value. Porosity Royghness Adhesion
specification thickness Substrate Coating level index (MPa)
(pm) (HVN) (HVN) (7o) (pm)
WC-10Co-4Cr 295.7 149 937,45 0.295 11.91 2213
WC-12Co 289.72 149 909,16 1.557 10.49 21.36
3.2 Potentiodynamic Corrosion and Erosion- reaction (anode). In the oxidation reaction (anode) the

Corrosion Test by CFLS Method

The metal polarization curve consists of two reactions,
namely a reduction reaction (cathode) and an oxidation
reaction (anode). When the metal potential value
becomes negative than the corrosion potential (Ecor)
value, the metal undergoes a reduction reaction (cathode).
Meanwhile, if the metal potential value becomes more
positive than the Ecorr, the metal undergoes an oxidation

1.5
12 Co Jatiluhur Dam 6+
L] 12 Co Jatilhur Dam 4+
CoCr Jatiluhur Dam 6+
. CoCr Jatiluhur Dam 4+

CoCr NaCl 3,5% +6

04 L] 12 Co NaCl 3,5% +6
CoCr NaCl 3,5% +4

. 12 Co NaCl 3,5% +4

T e e

Table 5. Results of Tafel curve data processing

metal is oxidized or releases electrons. Ecorr and jeor Wete
extracted from the curve by the Tafel extrapolation
method [9, 24]. Tafel diagrams generated from
potentiodynamic polarization testing can also show the
possibility of the formation of a passive layer above the
oxidation potential value as shown in Fig. 3 where in
every corrosion test and Table 5 describes the results
obtained from Tafel curve processing,.

12 Co Cirata Dam 4+

L] 12 Co Cirata Dam 6+

10 CoCr Cirata Dam 6+
. CoCr Cirata Dam 4+

Fig. 3. Tafel polarization curves of cermet coatings in different test media: (a) Cirata Dam Water, (b) Jatiluhur Dam
Water, (c) artificial seawater (3.5% NaCl).

Specimen test

Tn‘izgi;g Parameters WC-10Co-4Cr WC-12Co
Valency +4  Valency 46 Valency +4  Valency +6
Anodic Tafel slope Ba (mV dec'!) 23.582 12.454 63.999 47.534
. Cathodic Tafel slope Bc (mV dec) 14.87 10.022 72.667 67.421
C“g(t/a Dam i (MA cm?) x 107 2.9254 2.0788 9.8273 8.7331
ater Eey 25, Ag/AgClL (mV) 146021 56051  -531.715 1538.82
Corrosion rate (mm year") 0.13 0.07 0.43 0.26
Anodic Tafel slope Ba (mV dec'!) 18.82 5.242 58.335 65.919
) Cathodic Tafel slope Bc (mV dec) 21.702 6.818 72.918 44.994
Jamluwh“f Dam o (A e x 109 1.7781 2.1436 7.8781 5.6405
ater Eey 25. Ag/AgClL (mV) 47747 48173 -548.18 1548.18
Corrosion rate (mm year') 0.08 0.06 0.34 0.16
Anodic Tafel slope fa (mV dec) 30.774 36.887 14.8 10.081
Artificial Cathodic Tafel slope Bc (mV dec) 80.429 42.508 17.621 6.011
seawater NaCl Jum (A cm?) x 103 4.0851 3.2611 5.2199 5.8581
3.5% Ee,, v5. Ag/AgCl, (mV) -556.92 -556.93 -618.6 -661.03
Corrosion rate (mm year”) 0.19 0.15 0.23 0.18
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As shown in Table 5, the Ecor of the WC-10Co-4Cr
coating material was more positive than the WC-12Co
coatings in both dam waters and artificial seawater (NaCl
3.5%). In conclusion, the WC-10Co-4Cr coating has
proven to be nobler than WC-12Co coating, having more
positive corrosion potential, and lower corrosion current
density compared to WC-12Co coatings. This indicates
that in both dam water conditions and in the artificial
seawater (NaCl 3.5%), the corrosion process is more
susceptible to WC-12Co coatings [6].

As depicted in Table 5 and Fig. 4, WC-12Co coating
showed a greater corrosion rate compared to the WC-
10Co-4Cr coating in each of corrosion test medium. This
was generally expected, because the presence of Cr is
favourable for the formation of thin oxide films, which
increase corrosion resistance [32]. Therefore, these
results indicate that the addition of Cr would increase the
corrosion resistance of WC-10Co-4Cr coating, making it
a suitable choice for hydro turbine components coatings
from the electrochemical point of view. At the other side,
WC-12Co coating is more susceptible to oxidation and
corrosion than WC-10Co-4Cr, which would be limiting
for its application in dam waters. Unlike the oxides
formed on WC-12Co coating, the Cr2Oj; protective oxide
layer formed on WC-10Co-4Cr acts as a barrier against
corrosion. Possible oxide formation reactions are
occurring according to the following equations:

Cr + H,0 D CrO + 2H* + 2¢ )

2CtO + HyO > Cry05 + 2H* + 2 (6)

0.43
034
0.26
0.19
0.16 0.15
0.13
0.08
] iﬂé

WC-10Co-4Cr  WC-12Co

14
=
@

" W, Tungsten +4

B W, Tungsten +6

0.23
Iﬁ

WC-10Co-4Cr  WC-12Co
NaCl 3.5%

Corrosion rate (mm/year)

o o o
e P s i 2 Ly I
= i & @ a S

1=
=Y
@

<

WC-10Co-4Cr  WC-12Co

Cirata Jatiluhur

Fig. 4. Effect of different test media on corrosion rate of
WC-based coatings generated from potentiodynamic
polarization experiments.

Chrome-based oxide layer was also shown to appear
in the XRD taken after corrosion test results in Fig. 5.
Diffractogram of WC-10Co-4Cr coatings after the CFLS
simulation (Fig. 5a) show the dominant formation of the
WigO49 compound. Lee ¢f a/. in their research [33] stated
that this compound has an attractive structure as an
efficient ion carrier and more importantly, with the
formation of these oxide compounds, high corrosion
resistance to acidic environments is attained at lower
potential values. The WC-12Co coating after the CFLS

DOI:10.4186/¢j.2023.27.11.1

simulation (Fig. 5b) showed dominant result in the
formation of WOs3 oxide, the possibility of the main
reaction that occurred from dissolved tungsten oxidation
for WC-10Co-4Cr coating was +4, or in a maximum
state of corrosion. In contrast, the WC-12Co coatings
was more in the possibility of dissolved oxidation being
+6, or in a minimum state of corrosion. The passivation
reactions are defined as following oxidation reactions

[33]:

Co + H0O = CoO + 2H* + 2¢ @)
2W + 80OH- + O, = 2WOs + 4H,0 + 8¢ (8)
3Co0 + H:0O 2 Cos04 + 2H* + 2¢- 9)

2WC + 30, + 80H = 2CO; + 2WO; + 4H,O + 8¢ (10)

The Pourbaix diagram of tungsten in Fig. 6 shows
that WO42 state indicates a state of corrosion, while
WOs, Ws5014, WisO4g9 and WO: are states of the passive
layer formation that provide a protective barrier to the
substrate.

Unlike potentiodynamic polarization test, the CFLS
refers to the weight loss method for calculating the
corrosion rate by monitoring differences of the coupon
test specimen weights. Figure 6 shows that the WC-
10Co-4Cr coating exhibits superior erosion-corrosion
resistance compared to the WC-12Co coating in artificial
seawater (NaCl 3.5%). First, it can be explained that the
hardness of the WC-10Co-4Cr layer is greater than that
of the WC-12Co layer because the hardness has a great
influence to increase erosion-corrosion resistance [9].
Second, the low dissolution rate or solubility of the
tungsten oxide coupled with Cr in the formation of the
passive film of the WC-10Co-4Cr layer will inhibit
erosion-corrosion damage due to the solubility resistance
of the passive layer, although the film stability of the
passive layer and the re-passivation ability for the WC-
10Co-4Cr layer and WC-12Co layer are both reduced
under these conditions of severe erosion [6, 10, 21]. In
addition, high hardness values result in high elastic
modulus values and the fracture toughness layers with
both WC-10Co-4Cr and WC-12Co is very important for
increasing wear and erosion resistance, as shown by other
researchers.

The value of fracture toughness is described in the
research of R. Wood ¢ a/. [31] which correlates to the
hardness value of a coating material. The previous
discussion regarding the hardness WC-10Co-4Cr has the
highest hardness value. The higher the hardness value of
the coating material, the lower the fracture toughness
value compared to WC-12Co, which has better fracture
toughness due to a lower hardness value. However, the
initiation of damage and propagation on the surface of
the two coatings is the main failure mechanism in the
erosion-corrosion process.

During erosion-corrosion, the fluid will hit the layer
and cause the area around the specimen to have a
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turbulent flow orientation (turbulence), with the
possibility of the formation of water bubbles
continuously impacting the surface of the layer, resulting
in stress and plastic deformation with defects such as
pores in the coating. When stress reaches a certain level,
micro-cracks may occur, and defects such as pores allow
the formation of craters in the layer, thereby initiating

mwWC ®Co <©Cr,0;
* * WCr,0; AW,30,
]
A * WC-10Co-4Cr
| 'Y ® L | +* After CFLS
A @ A simulation
]
3
o ] |
o
=
<
|
" * WX
| o f lo | © As coated
o | A AL L we-toco4cr
0 10 20 30 40 50 60 70 80 S0 100

Diffraction angle 26

(@)

erosion-corrosion. In the resulting layer exfoliation,
cracks from different directions merge, as was confirmed
in the studies of Liu e al [5] and Hong er al. |21].
Therefore, lower porosity increases the corrosion
resistance of the coating. As seen in Table 4, the WC-
10Co-4Cr coating has a lower percentage of porosity
compared to the WC-12Co coating,

EWC ®Co
* *W,C  SWO,
.o u - WC-12Co
® +*. After CFLS
He * * i simulation
5 *
2 °
o
o
<
[ ]
L ]
* | |
u * As coated
o m WC-12Co
0 10 20 30 40 50 60 70 80 90 100

Diffraction angle 2e

(b)

Fig. 5. Diffractograms of thermally sprayed coatings taken at two conditions as-coated and after CFLS simulation: (a)

WC-10Co-4Ct, (b) WC-12Co.

2

Potential (V)
o

Fig. 6. Pourbaix diagram for tungsten system [34].

Pitting and crater formation were detected in the
SEM observations at the cross-section of the layer in Fig.
8, after two cermet samples being exposed in artificial
(NaCl 3.5%) for 15 days (360 hours),
confirming that mass loss begins at the micro-end and
continues to expand until crater formation occurs. This
phenomenon is in accordance with the results reported
by other researchers [5, 29].

Figure 9 and Fig. 10 reveal SEM micrographs of TSC
deposited WC-10Co-4Cr and WC 12 Co with back
scattering feature which is capable to distinguish
chemical elements of the coating after CFLS simulation.
Figures show formation of a fairly high oxygen element
content in both coatings at around 15+4 wt.%; whereby
the tendency of tungsten to bind to oxygen is quite high
compared to chloride in a NaCl environment so that the
formation of tungsten oxide is shown as previously
described [10]. NaCl has the opportunity to produce free
chloride (Cl) because of the small size of the chloride
atom so that it can diffuse into the coatings, causing
pitting corrosion. the electrochemical test of the artificial
seawater (NaCl 3.5%) has proven that chloride does

seawater

diffuse in the coating system. This fluid flow-based test
results in a higher corrosion rate due to the interaction of
fluid flow loading with coating material so that the
corrosion rate increased linearly. The results from the
CFLS test in Fig. 7 indicate that the WC-10Co-4Ct
coating has a lower erosion-corrosion rate than the WC-
12Co coating.

0.600 y =0.0358x +0.0033
R?=0.9834
%0528
/0459
y=0.039x - 0.0934
R?=0.9245

0.500

/
0.400 0389,
0.361 0
/
0300 y

/
/

0.200 p
0.169

B WC-10Co-4Cr

Corrosion rate (mm/year)

0.100 + WC-12Co
®0.0e9

0.000
0 5 10 15 20
Immersion time (day)

Fig. 7. Corrosion rate of cermet specimens with respect
to immersion time in 3.5% NaCl solution.

Therefore, the relative corrosion rate was rated 0.459
mm year! (Good) for the WC-10Co-4Cr coating up to 15
days of treatment, while the WC-12Co coating was rated
at the same level (0.389 mm year). This correlates to the
results of electrochemical potentiodynamic polarization
testing, where WC-based coatings with the addition of Cr
showed a better effect on corrosion resistance and
erosion-corrosion under environmental simulation tests.
Therefore, it makes sense that WC-10Co-4Cr coatings
should be used as an alternative protective coating for
materials in hydro turbine applications because they have
demonstrated better erosion-corrosion  resistance,
whereas WC-12Co coatings have limitations in this
application. Table 6 classifies corrosion resistance based
on the corrosion rate ranges.
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Table 6. Relative corrosion resistance [35].
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Relative corrosion resistance

Mils.yr! mm.yr-! pm.yr-!
Outstanding <1 <0.02 <25
Excellent 1-5 0.02-0.1 25-100
Good 5-20 0.1-0.5 100 — 500
Fair 20 - 50 05-1 500 — 1000
Poor 50 — 200 1-5 1000 — 5000
Unacceptable 200+ 5+ 5000+

()

Fig 8. SEM images of WC cermet coatings after erosion-corrosion tests for 15 days in artificial seawater: (a) WC-
10Co-4Cr 200x magnification (b) WC-10Co-4Cr 10,000x magnification (c) WC-12Co 200x magnification (d) WC-

12Co 5000x magnification.
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Fig 9. EDS test areas on SEM images (200x magnification) of WC-10Co-4Cr coating after corrosion test, showing
distribution of elements in color form: (a) tungsten, (b) carbon, (c) cobalt, (d) chrome, (e) chloride, (f) iron, (g) oxygen.

Co L series

O K series

Cl K series Fe L series
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Fig. 10. EDS test area on SEM Results images (200X Magnification) of WC-12Co coating after corrosion test,
showing distribution of elements in color form: (a) tungsten, (b) carbon, (c) cobalt, (d) chloride, (€) iron, (f) oxygen.
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4. Conclusions

HVOF thermally sprayed WC-based cermet coatings
(WC-10Co-4Cr and WC-12Co) important for hydro
turbine application, increase resistance to erosion-
corrosion process. The present research on WC-10Co-
4Cr and WC-12Co coatings formed on AISI 1030 steel,
has been conducted in order to study corrosion
resistance, and erosion-corrosion  reaction  using
potentiodynamic  polarization and CFLS method,
respectively. The following are the main conclusions that
can be drawn:

1. Cermet WC-10Co-4Cr and WC-12Co coatings were
successfully deposited by the HVOF technique. The
coatings were uniform, adherent, free from cracks,
and with minimum porosity less than 2%.
Microhardness values were 937.45 HVN and 909.16
HVN, respectively.

2. Referring to the properties and characteristics of the
second layer of cermet sprayed on AISI 1030 steel,
WC-10Co-4Cr is found better than WC-12Co
coating in all aspects of hardness, porosity, and
corrosion resistance. This is because the addition of
Cr in WC-10Co-4Cr has been shown to have a
major effect on improving mechanical properties
and corrosion resistance properties. Corrosion rate
value of WC-10Co-4Cr is 0.06 - 0.15 mm year! was
better than WC-12Co (0.16 - 0.26 mm year).
Corrosion rate based on  potentiodynamic
polarization measurements proves that corrosion
phenomenon that occurs in WC-10Co-4Cr coating
material has an Exvellent corrosion resistance level
and the corrosion rate tested for WC-12Co is Good.

3. Erosion-corrosion rate based on CFLS proves that

WC-10Co-4Ct Good
performance compared to WC-12Co. XRD has

coating  material  has
been identified to have an oxide passive layer
WCr20¢ and WisOy9 was formed on both coatings.
However, due to the formation of the passive layer,
the coatings were not optimal due to operational
conditions involving dissoluble sedimentation of
particles in the solution. Consequently, it is evident
from the results of CFLS testing that the erosion-
corrosion can reach a maximum level of 15 days of
WC-10Co-4Cr is 0.459 mm year!, and 10 days of
WC-10Co-4Cr is 0.389 mm year.

Opporttunity for improvement could be recommended
by employing a post-spray treatment process such as
sealing application and heat treatment to improve both
mechanical properties and erosion-corrosion resistance
of the coatings.
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