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Abstract

Alkali chloride attack on boiler pipe walls is considered the main problem of corrosion in the waste-
to-energy (WTE) industry, even though uses superalloy. Electrophoretic deposited (EPD) yttria-stabilized
zirconia (YSZ) coating is carried out to protect the Inconel 625 substrate. YSZ is deposited directly
both on the Inconel 625 substrate and NiCo-Inconel 625. Corrosion resistance was conducted using
the 3.5% NaCl electrochemical test and the hot salt corrosion test at 600°C in alkaline salt media
such as NaCl, KCl, and CaCl.. The potentiodynamic polarization curve shows that the YSZ coating
deposited on the substrate (single-layer) has a corrosion rate of 0.065 mm-y !, lower than that deposited
on NiCo coating (double-layer). The double-layer, NiOz is formed in the NiCo layer due to the NaCl
solution being trapped. Meanwhile, in hot salt corrosion at 600°C, CaCrOs is formed as a protective
oxide layer. Furthermore, in the double-layer, an imperfect oxide layer is formed causing spallation
and coating failure. The corrosion rate for single-layer hot salt corrosion for 40 h is 0.310 mm-y~'.
As aresult, the corrosion resistance of the single-layer is increased by the presence of the Cr203 oxide

layer formed during sintering.

1. Introduction

Waste is an urgent matter in the world. Global waste can grow by
up to 70% in 2050 as urbanization and population increase. (https://
www.weforum.org/). Therefore, waste-to-energy (WTE) technology
is increasingly being used to process waste into energy sources such
as electricity or heat through combustion. However, burning waste
can cause severe corrosion in boilers due to the presence of HCI and
alkali salt contaminants as well as heavy metals in the waste [1].
The chemical attack caused by deposits that form on the walls of
boiler pipes is considered to be the main cause of corrosion in the
waste-to-energy (WTE) industry [2]. Conventional boilers are designed
with high steam conditions ranging from 450°C to 540°C [3]. However,
the WTE corrosion environment can become very aggressive when
raising the vapor temperature above 500°C even for corrosion-resistant
superalloys [4,5]. High corrosion rates occur especially when the
deposit is melted [6]. Therefore we need a material as a boiler that
is resistant to hot corrosion in extreme environments.

Ni-base alloys and coatings are widely accepted for increasing
corrosion resistance at high temperatures, especially for protection in
chlorinated environments [1]. However, coatings at high temperatures
generally use ceramic as a constituent material. One of the ceramic
materials often used is Yttria-Stabilized Zirconia (YSZ), which is
zirconia stabilized by yttria.
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YSZ ceramic coating is known for high-temperature applications
such as the thermal barrier coating system (TBC system), also applied
to fuel electrolyte cells [7,8] because it has low thermal conductivity,
durability which is high enough to be able to withstand large loads,
has a relatively small temperature gradient [9], and is resistant to
corrosion [8].

Various methods are used to deposit YSZ ceramic coatings,
including Air Plasma Spray (APS), High-Velocity Oxy Fuel (HVOF),
Electron Beam Physical Vapor Deposition (EB-PVD), and Electro-
phoretic Deposition (EPD). EPD is considered a method with good
universality for different materials and can adapt complex structures
with simple equipment [10] and short coating times.

Therefore, this study studied YSZ coating with electrophoretic
deposition method which was deposited directly on Inconel 625
substrate compared to YSZ coating which is deposited on NiCo coating
with Inconel 625 substrate for corrosion resistance in extreme salt
environments with a mixture of NaCl, KCl1, and CaCl; at 600°C.
Potential Dynamic Polarization (PDP) test at 3.5% NaCl to determine
the coating performance. NiCo bond coat was chosen because adding
cobalt to nickel can increase corrosion resistance. After all, it has
good adhesion with the formation of a passive layer of NiO or
Ni(OH)2 on the surface [11]. In addition, previous research found
that Nickel coating with the addition of Co can increase its hardness.
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2. Experimental
2.1 Sample preparation

Inconel 625 with dimensions 15 mm x 15 mm x 1.2 mm as substrate.
The substrate was polished using various grits of SiC paper for up to
#1200. Then the preparation is continued by cleaning and degreasing
the substrate into DI water and acetone in an ultrasonic bath for 180 s.
In this study, the NiCo coating for the bond coat used the electro-
plating method and the YSZ coating used the electrophoretic deposition
(EPD) method. Ni - 5% Co was electro-plated using Ni-strike solution
for 20 s and Ni-watt solution for 2 h with a current density of 20 A-cnm2.
The composition of Ni-strike solutions and Ni-watts has been described
in previous publications [12]. Whereas, the YSZ solution has also been
described elsewhere, which uses 3YSZ powder (3 mol% Y203, > 99%,
Kanto, Japan) [13]. The EPD process and the sintering method used
the gradient method, 20 V fo 60 V for 12 min for EPD and 750°C
followed by 1200°C each held for 2 h for sintering. After the electro-
plating process is followed by the EPD process, this coating is called
a double-layer. As a comparison, the substrate was directly coated
with the EPD process, hereinafter referred to as a single-layer. Hot
corrosion testing was carried out by burying samples in silica sand
with the addition of NaCl 0.4 wt%, KC1 0.4 wt%, and CaCl2 0.2 wt%.
Pure water was added to the mixed salt, then milled for 5 h at a speed
of 100 rpm, then dried using a hot plate.

2.2 Testing and characterization

To determine the corrosion resistance of the double and single-
layers that have been formed, corrosion testing was carried out in
a mixed salt environment of NaCl, KCl, and CaClz at 600°C for 40 h.
The corrosion rate was calculated by weight loss method, with the
Equation:

_ KxW
R paaxT

CR: Corrosion Rate (mm-y™")

K: Constant (8.76 x 10*)

W: Mass loss (mg)

D: Density (g-cm™)

A: Exposed area (cm?)

T: Time of exposure (h)

An electrochemical test was carried out in 3.5% NaCl solution at
room temperature. Three electrode cells were used for measurements.
The Ag/AgCl is the reference electrode, platinum is the counter
electrode, and samples are the working electrode. The potentiodynamic
polarization was acquired for +250 mV potential range and at a scan
rate of 0.1 mV-s!. Rate and potential corrosion were obtained through
Tafel extrapolation using the Zive-5 Instrument. The equivalent weight
(EW) of single-layer and double-layer samples used was 25.57 g-eq!,
and 27.96 g-eq!, respectively. The density of the single-layer and
double-layer used 8.44 g-cm™, and 8.9 g-cm™

The microstructure before and after corrosion was evaluated using
a field emission scanning electron microscope (FESEM JEOL,

, respectively.
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JIB4610F), element distribution using an energy dispersive X-ray
spectroscope (EDX detector, Oxford, X-MAXS50), phase identification
using Cu-Ko radiation, wavelength, 1.5405 A for 20 from 10° to 90°
(Rigaku SmartLab).

3. Results and discussion

3.1 Phase composition and microstructure before corrosion

Figure 1 shows the single and double-layer sample’s X-ray
diffraction patterns after sintering. Both samples were detected as
monoclinic and tetragonal ZrO> phases. A monoclinic percentage of
65 + 4% and 35 + 4% tetragonal. In the double-layer, around 9% of
the nickel phase is detected. The transition from a raw powder or
a green body which is mainly tetragonal to mainly monoclinic can
have negative effects on zirconia restorations [13,14]. The monoclinic
phase is considered to hurt the tolerance of the Thermal Barrier
Coating due to microcracking caused by the volume expansion from
the t-m transformation during heating and cooling [15]. The addition
of 3 mol% yttria is not sufficient to stabilize the t-ZrO: phase during
sintering above 1000°C, where temperature changes are the dominant
factor that can cause phase transformation in this coating.

It has been suggested that YSZ undergoes spinodal decomposition
of Y-depleted material after sintering [16]. Yttria in YSZ serves to
stabilize the tetragonal phase. Undoped zirconia has a monoclinic
structure, but with yttria doping, it becomes a tetragonal or cubic
structure [17,18]. The yttria (Y203) dopant precipitates in the nanoscale
region within the tetragonal matrix, which cannot be detected by
X-ray diffraction due to its small size [16].
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Figure 1. Diffraction patern after sintering 1200°C (a) single-layer, and (b)
double-layer.

Figure 2. Surface microstructure (a) single-layer, (b) double-layer.
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Figure 2 shows the surface microstructure of single-layer
(Figure 2(a)) and double-layer (Figure 2(b)). The grain size of the
double-layer looks smaller than the single-layer. In calculations using
image J, the grain size of the double-layer averages around 0.32 um,
and the single-layer reaches 0.46 um. Double-layer and single-layer
porosity are 2.3% and 1.9%, respectively. Possibly due to the higher
porosity, this causes the Ni phase in the double-layer to be detected
by X-ray diffraction even though it is low.

The EPD process involves the attraction and deposition of
charged particles dispersed in a liquid medium onto a conductive
substrate, due to the flowing DC electric current [19]. The electrophoretic
movement of particles stops by the substrate, and the particle density
continues to increase there due to accumulation [19]. When using
the gradient method in the EPD process, small particles usually
deposit at a lower voltage, followed by large particles deposit as the
voltage increases [20]. When the electrical conductivity of the substrate
is high, the current density becomes higher, forming a potential for
gradient deposition at the start of the coating to occur more quickly.
As the deposition time increases, at the end of the EPD, the current
density becomes lower due to the increasing thickness of the deposited
layer, which acts as a resistance layer too quickly [21]. This has the
potential for double-layer samples which have a smaller grain size and
are porous on the surface, caused by a faster decrease in current density
at the end of deposition because the YSZ coating is deposited on
top of the NiCo coating which is more conductive than Inconel 625.

Figure 3 In the elemental line analysis, it is clear that the chromium
oxide (Cr20;) layer is formed in the single-layer sample due to sintering.
The formation of Cr20:s is certainly very beneficial because this layer
can function to increase corrosion resistance. The double-layer does not
form a thermally grown oxide (TGO) as in the single-layer, although
it is already visible that there is diffusing outward of the Cr element
from the substrate to NiCo coating. Even though the YSZ layer in the
double-layer sample has a higher porosity, allowing more oxygen to
diffuse into the layer, the presence of a NiCo coating with a thickness
of approximately 60 pm prevents the diffusion of oxygen to Inconel
substrate, so that the Cr203 layer is not formed like in the single-layer
sample, where the Cr element in the Inconel composition diffusing
outward and reacted with oxygen to form Cr20s.

Substrate

The chemical composition of Inconel 625 shown [22] in the
Table 1.

HSC Chemistry Software version 9.8.1.2 [23] is used to confirm
the Gibbs free energy (AG) at a temperature of 1200°C is as follows:

2 Nig + O29 = 2NiO),  AG= —215,755 k] )
2 Crs + 1,5 O2i¢) = Cra039, AG = —758.578 kJ )
2 Fe + 1.5 O2) —> FexOss, AG = —443.567 kJ 3)
Moxs) + Oz2(¢) = MoOxs), AG = —326.566 kJ 4)
Nbys) + Oz2¢) = NbOzs), AG= -537.160 kJ )
2 Al + 1.5 Oz = ALO3), AG = —1205.414 k] ()

Even though AG AL2Os is more negative than Cr203, Cr growth
is faster because the composition of Cr is much more than Al in
Inconel 625, consequently promoting Cr203 formation instead of
AlL2O3 as a TGO layer in a single-layer system.

Table 1. Chemical composition of Inconel 625.

Element %

Nickel 58.0 min.
Chromium 20.0 to 23.0
Iron 5.0 max.
Molybdenum 8.0 to 10.0
Niobium (plus Tantalum) 3.15t04.15
Carbon 0.10 max.
Manganese 0.50 max.
Silicon 0.50 max.
Phosphorus 0.015 max.
Sulfur 0.015 max.
Aluminum 0.40 max.
Titanium 0.40 max.
Cobalt* 1.0 max.

°If determined
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Figure 3. Elemental line analysis (a) single-layer, and (b) double-layer.
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3.2 Electrochemical test
3.2.1 Potentiodynamic polarization

Figure 4 The Potentiodynamic curve of the single-layer and the
double-layer, from the potentiodynamic curve, the corrosion parameters
such as anodic Tafel slope (Ba), cathodic Tafel slope (Bc), corrosion
potential (Ecorr), corrosion current density (Jcorr) and corrosion rate
(CR) were determined using the Tafel extrapolation method. The results
as presented in Table 2. Where single and double layer, 0.065 mm-y~!
and 0.105 mm-y ', respectively. This is the possibility of diffusion of
ions from NaCl through the pores of the surface of ZrO: coating in
the double-layer and then trapped in the NiCo coating, resulting in
local corrosion of the layer. It is different in the single-layer where
the ions from NaCl that enter through the pores of the ZrO2 surface
layer are blocked by the Cr203 oxide layer, making it difficult to react
with NaCl at room temperature conditions. The Gibbs free energy
(AG) Cr203 with NaCl at 873 K is 176 kJ-mol™ as in a study conducted
by Hiraide, 2009 [24]. This shows that metal reduction is difficult
because of the presence of Cr203 which can counteract the diffusion
of Na*" and CI" ions into the substrate.

3.2.2 Microstructure after electrochemical at 3.5% NaCl

Figure 5 shows the cross-section after the potentiodynamic
polarization test. It shows that in the single-layer there is no change,
it's just that the layer above is visible, it is a silver paste that is used
as a conductor for electrochemical tests. In the double-layer, it is seen
that there is a layer that is thought to be NaO2 which is probably
formed from the result of the NaCl reaction in the form of a solution

= Silyer paste

50 pm Substrate

50 pm

as in reactions 7 to 9, trapped in the NiCo layer, which causes local
corrosion of the NiCo coating. In the potentiodynamic polarization test,
the water in the electrolyte breaks down which causes the evolution of
oxygen, where the water can decompose and release oxygen [25,26].

NaCl) + H2Og)y — Na'*(ag) + Clag) 7
2H200) — 4H (aq)+ O2(g) + 4&~ ®)
Na*(ag) + O2(g) — NaOxs) )
0.1+ B
O [ -
-
2 -0.1r -
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=
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S —02r .
)
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Figure 4. Potentiodynamic curve of single and double-layer.

25pm

e | 25 pm

Figure 5. Cross-section and EDS mapping FE-SEM image after potentiodynamic polarization test (a) single-layer, and (b) double-layer.

Table 2. Corrosion parameters resulting from the Tafel extrapolation method.

Coating Ecarr (mV) icarr (HA'cm_z) ﬁanodic (mV) ﬁcalhodic (mV) CR (mmpy)
Single-layer (YSZ) ~166.35 6.60 35.45 57.50 0.065
Double-layer (YSZ/NiCo) —194.08 10.18 40.97 48.79 0.105
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Figure 6 shows the line analysis of the double-layer, it can be seen
that there is a reduction in Co elements in the NiCo coating. The more
negative reduction potential will corrode preferentially to the nobler
or higher reduction potential metal, the Co is 0.03 V more negative
than Ni, where Ni is about —0.25 V and Co —0.28 V. In an electrolyte
environment, the Cr element that diffuses from the substrate as seen
in Figure 3(b), forms Cr ions as in reaction 10, then reacts with
oxygen to form a Cr20s layer as in reaction 11. So in the double-layer,
a layer is seen that is thought to be Cr203 which can be seen in the
cross-section EDS mapping FE-SEM Figure 5(b).

Cr(s — Cr¥*ag+ 3e”

(10)

2Cr**agq) + 4.502(2) — 3Cr203s) an

All Element

Figure 6. Elemental line analysis of double-layer after potentiodynamic
polarization test.
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Figure 7. X-ray diffraction after hot salt corrosion (a) single-layer, and (b)
double-layer.

3.3 Phase composition and microstructure after hot corrosion

Figure 7 Shows XRD after hot salt corrosion, ZrO2 monoclinic
and tetragonal phases are still detected which showed that zirconia
was able to act as a barrier and was difficult to react with salt at
a temperature of 600°C. However, Cr20s reacts very easily with CaClz
to form CaCrOs4, as reported by S. Karlsson, 2016, CaCl: used as
a corrosive agent is very fast to form CaO at a temperature of 600°C,
Ca element also very easily reacts with Cr element [27].

The reaction that occurs is shown in the reaction Equation (12)
and Equation (13).

2CaClygs) + O2g— 2CaOgs) + 2Clag) (12)

2Ca0gs) + Cr203(s) + 1.502(g) — 2CaCrOxs) (13)

In addition, it was detected as K3Na(CrOs)2, K2CrOs, Na2CrOs,
NaClOs, and NiO phases. Reaction Equation (14-18) show the
reactions that occurred.

2Ca0gs) + Cr203(s) + 1.502(g) — 2CaCrOx(s) (14)
Cr203(s) + 4NaCls) + 2.502(g) — 2NaxCrO4)+ 4Clagy  (15)
3K2CrO4s) + NazCrO4s) — 2K3Na(CrO4)a(s) (16)
NaCls) + 1.502(g) — NaClOss) 17)
2Nis) + O2(g) — 2NiOgs) (18)

However, the phases detected on the surface area as seen in Figure 8
are not evenly distributed.

In contrast to CaCrOs which is in the form of a layer. The CaCrO4
protective layer formed on single and double-layer surfaces. CaCrO4
has the same melting point as ZrOz which is about 2700°C. So it is
possible to be able to inhibit corrosion. However, in the double-layer,
when viewed from the corrosion rate, the corrosion of hot salt for
40 h was higher than that of the single-layer, namely 1.725 mm-y™'
and 0.310 mm-y~ respectively. This is calculated as mass loss up to
40 h as in the mass reduction curve in Figure 9.

It turns out that the SEM cross-section (Figure 10) shows that
the double-layer sample after hot salt corrosion (Figure 10(b)) is
a very complex layer. The EDS confirmed the oxide scale of Cr203
and Al2Os layers had not formed completely and that there are gaps
along the interface area which can cause coating spallation. During
the initial hot salt corrosion, Cr203 oxide is formed, then reacts quickly
with Ca to form CaCrOs, due to the sluggish diffusion of Al from
the substrate to the surface. Although Al exhibits higher reactivity
towards oxygen compared to Cr and Ni, its diffusion rate is not
sufficient to sustain the exclusive formation of the a-Al2Os scale
[28]. The CaCrOs is only found above the NiCo coating.

This is different from the case of the single-layer sample (Figure 10(a))
where CaCrOs4 is formed and replaces the position of the Cr203 oxide
layer that was formed before hot salt corrosion. CaCrOs is also found
in the surface layer and between layers of peeled ZrOz to protect
against further corrosion. CaCrOs4 is an inhibite corrosion [29].

J. Met. Mater. Miner. 34(2). 2024
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10 um
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Figure 8. Surface microstructure and EDS mapping FE-SEM image after of
hot salt corrosion (a),(b) single-layer, and (c),(d) double-layer.
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Figure 9. Mass change curve after hot salt corrosion
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Figure 10. Cross-section and EDS mapping FE-SEM image after hot salt corrosion 40 h (a) single-layer, and (b) double-layer.

4. Conclusions

The corrosion behavior of YSZ (single-layer) and YSZ/NiCo
(double-layer) layers deposited on Inconel 625 has been studied.
In the electrochemical test of 3.5% NaCl, the corrosion rate of the
single-layer was 0.065 mm-y~!, lower than the double-layer, this
happened because the double-layer corrosion had occurred in the
NiCo layer and formed NiOz which was caused by the NaCl solution

J. Met. Mater. Miner. 34(2). 2024

diffusing and being trapped in the NiCo layer. In hot salt corrosion at
600°C with NaCl, KCl, and CaCl, media for 40 h, a protective oxide
layer of CaCrOs is formed on both of them, due to a reaction of Cr203
and CaO, where CaCla easily forms CaO at a temperature of 600°C.
In the single-layer, the corrosion rate based on mass loss is 0.310 mm-y!
which is lower than the double-layer. In the double-layer, spallation
and layer failure occur because the Cr203 and AL2O;3 oxide layers that
are formed are incomplete and form gaps along the interface area.
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