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In this study, the corrosion resistance of uncoated and coated Ferro Nickel-based superalloy (Fe-Ni)
strengthened by the precipitation of the ordered fcc y” Nis(Al, Ti) was evaluated by cyclic hot corrosion
testing. Fe-Ni was coated with CrsC2-20NiCr and NiCrAlY by high-velocity oxy-fuel thermal spray
coating and then tested with a mixture solution of 75 wt.% Na>SO4 + 25 wt.% NaCl at 900 °C for 50
cycles. Scanning electron microscopy combined with energy dispersive spectroscopy and X-ray
diffraction were performed to investigate the corrosion products and mechanisms. The kinetics of
corrosion was evaluated by measuring the mass changes. The experimental results show that the
uncoated superalloy with precipitation strengthened in the substrate suffered by spallation and sputtering
of the oxide scale. The presence of CrsC.-20NiCr and NiCrAlY coating layers could significantly
improve the hot corrosion resistance with the NiCrAlY layer showing a better protection performance
than CrsC2-20NiCr. A precipitation-strengthened Fe-Ni superalloy with NiCrAlY coating reduced the
overall weight gain, which could be attributed to the formation of protective oxide of chromium, nickel,
aluminum, and their spinel. The lower corrosion performance of the superalloy coated with CrzC>-20
NiCr layer was due to the presence of chlorine element, which increased the corrosion attack through
chlorination.

Keywords: Hot corrosion, thermal spray coating, superalloys, NiCrAlY coating, Cr3C,-20 NiCr coating.

1. INTRODUCTION

Many power plant components are made of Fe-Ni-based superalloys due to their high resistance
to oxidation, wear, and creep and good thermomechanical properties at high temperatures. The Fe-Ni
superalloy used in this study is similar to the A286 alloy, which is widely used in the gas turbine industry
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due to its high strength and excellent corrosion resistance at intermediate temperatures [1-2]. This alloy
is strengthened by the precipitation of the ordered fcc y’ Ni3(Al, Ti) [2-4], which mostly referred to the
acid environments such as sulfuric acid, chlorine, and good hydrogen service environment [5-6]. The
presence of these elements in the alloy contributes to its excellent hot corrosion resistance than semi-
austenitic precipitation hardened stainless steels, which can be attributed to the structural hardening by
precipitation of the ordered y’ phase [2,7].

Degradation due to hot corrosion is the main failure in high-temperature environments of boilers,
gas turbines, power plant superheaters, industrial waste incinerators, metallurgical furnaces, and marine
engines. This is caused by the thin deposits of molten salts, especially alkali metal sulfates, chlorides,
and salt mixtures (e.g., NaxSOs4, NaCl, V20s, NaVO). The impurities absorbed from the atmosphere or
fuel react to form Na>SO4, whereas NaCl enters the system with intake air. Na>xSO4 is obtained when
NaCl in the air reacts with SOs3 (i.e., partially oxidized from SO> during the combustion of fuel) and
water vapor at the combustion temperature [8-11]. The presence of NaCl in the molten salts creates a
more aggressive environment compared with pure Na>SOs4, which only provides corrosion protection
when Al203 is formed, and Cr203 is not able to protect the substrate against the hot corrosion induced
by chlorine [12-15].

Coatings can add value to products by providing corrosion resistance of the substrate material to
improve the life of the components. Overlay coating performed better in aggressive environments from
hot corrosion that can be deposited by thermal spray technologies like high-velocity oxy-fuel (HVOF),
cold spray, plasma spray, electron beam physical vapor deposition, arc spray, and detonation gun [16-
18]. HVOF spray is a cost-effective thermal spray system that provides a hard, less porous, and dense
coating that can adhere to the substrate [19-24]. To protect certain components in harsh conditions, some
thermal spray materials such as NiCr, Cr3Cz, and NiCrAlY have been utilized to improve the
performance in hot environment [25-29]. In this study, the presence of films created by HVOF thermal
spray coating could greatly improve the corrosion resistance of Fe-Ni superalloys in hot environments,
with NiCrAlY coating material providing higher corrosion protection than the Cr;C2-NiCr layer.

2. EXPERIMENTAL DETAILS

Ferro Nickel-based superalloy was used as a substrate. The chemical composition of the
superalloy is shown in Table 1. The alloys were casted by using a direct current electric arc furnace to
produce the desired y’-NizAl in 45 min. Then, a homogenization process on horizontal furnaces was
conducted in an inert environment. The homogenization process in the experiment was carried out at
1150 °C for 5 h. All samples were subjected to solution treatment at 980 °C for 1 h followed by water
quenching. Then, the samples were isothermally aged at 840 °C for 4 h to obtain the desired
microstructure.

Table 1. Chemical composition (wt.%) of Fe-Ni based superalloy

Alloy Fe Ni Al Cr Ti Mo
Fe-Ni alloy balance 26 0.8 15 2 0.25
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The specimens were cut to 15 mm x 15 mm x 3 mm by using a wire cutter. All surfaces were
ground with 60, 100, 120, 1000, 1200, 1500, 2000, and 5000 grid SiC papers and then cleaned with
acetone to remove the oxide scale. The specimen weight was measured by using a precision balance with
an accuracy of 10 g. Furthermore, samples were grit blasted with alumina paste to increase the surface
roughness, which improved the adhesion. To ensure the cleanliness of the substrate surfaces, the sample
was rinsed using distilled water and acetone. The Cr3C2-20%NiCr and NiCrAlY powder were deposited
onto the superalloy material by using HVOF thermal spray coating. The parameter used for the thermal
spraying process is shown in Table 2.

Table 2. Parameter for the HVOF thermal spraying process

Parameters Values
Oxygen pressure 8 bar
Oxygen flow rate 270 L/min
Propane pressure 5.5 bar
Propane flow rate 62.4 L/min
Nitrogen pressure 5 bar
Nitrogen flow rate 8 L/min

Air pressure 6.2 bar
Spray distance 250 mm

Cyclic hot corrosion evaluation was performed on the uncoated Fe-Ni superalloy and superalloy
coated with Cr3C2-20%NiCr and NiCrAlY layers by using molten salt of 75 wt.% Na>SO4 + 25 wt.%
NaCl for 13 cycles. Each cycle consisted of 1 h heating at 900 °C in the muftle furnace followed by 20
min cooling at room temperature. The specimens were heated up to ~230 °C (30 min) in the oven to
achieve good adherence of the salt layer. The salt solution was applied on the warm polished specimen
(3-5 mg/cm?) by using a brush. The salt-coated specimens were dried at 110 °C for 2 h. After drying,
the sample weight was measured again. The samples were placed in a porcelain crucible during the
weight measurement. Thereafter, the porcelain crucible with samples was placed inside the furnace for
1 h at 900 °C. During the hot corrosion testing process, the weight of the crucible containing the sample
along with the spalled material fallen, was included in weight measurement at the end of each cycle to
ensure the corrosion kinetics. After completing the hot corrosion tests, the phase was identified by X-ray
diffraction (XRD, RIGAKU Smartlab 3kW 2080B212 type) and the result was conformed with match
application. The cross sections, surface morphology, and compositions of corrosion products were
investigated by scanning electron microscopy (SEM)/energy dispersive spectroscopy (EDS) (SU3500,
Hitachi High-Tech America).
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3. RESULTS AND DISCUSSION

Fig. 1 shows the cross-sectional optical images of Fe-Ni superalloy coated with Cr3C>-NiCr and
NiCrAlY by HVOF thermal spray coating (Figs. 1(a)—(b)). As shown in the figure, Cr3C>-NiCr and
NiCrAlY materials could be successfully deposited onto the Fe-Ni superalloy by HVOF thermal spray
coating. The Cr3;C2-NiCr and NiCrAlY layers were uniform and adhered to the substate material with
thicknesses of approximately 63.72 and 72.04 um, respectively. However, some micropores emerged in
the deposited Cr3C2-NiCr layer (Fig. 1(a)).

Figure 1. Cross-sectional optical microstructure of Fe-Ni superalloy coated with (a) CrsC2-NiCr and (b)
NiCrAlY by HVOF thermal spray coating.

Fig. 2 shows the SEM images of the uncoated Fe-Ni superalloy and the superalloy coated with
Cr3C2-20%NiCr and NiCrAlY by HVOF thermal spray coating after cyclic hot corrosion in the molten
salt environment (75 wt.% NaxSO4 + 25 wt.% NaCl) for 5-50 cycles at 900 °C. As shown in the figure,
the surface scale of the Fe-Ni superalloy coated with Cr3C»-20%NiCr and NiCrAlY was an adherent
oxide scale without crack (Figs. 2(a)—(f)). It indicates that the coated materials deposited by HVOF
thermal spray coating could be well deposited onto the substrate. Further evaluation on the surface
morphologies of the Fe-Ni superalloy coated with Cr3C»-20%NiCr (Figs. 2(a)—(c)) and the uncoated
superalloy (Figs. 2(g)—(i)) under hot corrosion showed tiny granular structures. Meanwhile, the surface
morphologies of Fe-Ni superalloy coated by NiCrAlY layer showed an angular structure (Figs. 2(d)—
(f)). This indicates that the presence of Al>O3 in the superalloy coated by NiCrAlY can act as a protective
oxide, which is beneficial in improving the corrosion resistance. The size of the surface morphology
structure increased with increasing cycle number of hot corrosion testing (Figs. 2(a)—(1)).
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Figure 2. Surface morphologies of the oxide scales formed on the specimen after exposure to molten
salt for 5, 25, and 50 cycles. The Fe-Ni superalloy coated with Cr3C>-NiCr exposed to (a) 5, (b)
25, and (c) 50 cycles; the Fe-Ni superalloy coated with NiCrAlY exposed to (d) 5, (e) 25, and (f)
50 cycles; the uncoated Fe-Ni superalloy exposed to (g) 5, (h) 25, and (i) 50 cycles.

Fig. 3 shows a cross-sectional image with points of which the elemental composition were
measured by using EDS of the uncoated Fe-Ni superalloy and the superalloy coated with Cr3Cs-
20%NiCr and NiCrAlY layers at some points of near scale, HVOF coating, interfacial layer, and
substrate after hot corrosion treatment of 50 cycles (900 °C) in molten salt environment. The elemental
composition quantities of the tested points of EDS shown in Figs. 3(a), (b), and (c) are shown in Figs.
3(d), (e), and (f), respectively. As can be seen, Ni, C, and Fe elements are present in large quantities
(point 1). The quantity of Ni and C elements decreased at the tested points, which farther from the
uppermost of the surface (Fig. 3(d)). At the tested point of the interfacial region (point 3), the quantity
of chemical compositions was relatively similar to that of the substrate of superalloy material (point 4).
The cross-sectional SEM images show no cracks in the deposited coating structure. The cross-sectional
corroded of Fe-Ni coated with NiCrAlY (Figs. 3(b) and (e)) shows that the oxide scale is mostly
homogeneous and that the adherent scale mainly consists of O, Al, and Cr elements, which indicates the
formation of Al2O3 and Cr20s. In the subscale region of point 2, the contents of Fe and Ni elements are
increased, whereas those of O, Al, and Cr are decreased (Fig. 3(e)). The quantity of O element is
decreased at the tested points, which farther from the uppermost of the surface (Figs. 3(d), (e), (f)). Figs.
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3(c) and (f) show the cross-sectional image and EDS point analysis of the uncoated Fe-Ni superalloy. As
can be seen, the chemical composition mainly consists of Ni and Fe elements. Point 2 shows that the Ni
and Fe elements decrease with O and Cr elements are relatively stable (Fig. 3(f)). On the other hand, the
quantity of O element decreases up to point 4 (Fig. 3(f)).
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Figure 3. Cross-sectional images and elemental composition of the superalloy coated with Cr3C>-NiCr
(a, d), superalloy coated with NiCrAlY (b, €), and uncoated Fe-Ni superalloy (c, f) after exposure
to the molten salt environment at 900 °C (50 cycles).
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Figure 4. X-ray mapping of cross-sectional Fe-Ni superalloy coated with Cr3C2-NiCr after hot corrosion
test in 75 wt.% NaxSO4 + 25 wt.% NacCl for 50 cycles (900 °C).

Fig. 4 shows the X-ray mapping of Fe-Ni superalloy coated with Cr3Cz2-20%NiCr after hot
corrosion treatment in 75 wt.% Na>SO4 + 25 wt.% NaCl for 50 cycles at 900 °C. As can be seen, the
composition mainly consists of O, Fe, Ni, and Cr elements and small amounts of corrosion product such
as S, Na, and Cl elements. Mattews et al. [30] reported that Cr might react with O as follows:

Cr+ 03 — Cn03

Ni reacts with alumina, Fe, and Cr to generate NiCr.O4 and NiFe>O4 spinels, as shown in the
reactions below [31]:

Ni + 2Cr + 202 — NiCr204

Ni + 2Fe + 202 — NiFe204

The synthesis of Cr203, NiCr204, and NiFe;O4 spinels in the scale can be linked to the coated
Fe-Ni superalloy’s hot corrosion resistance. The growth of these oxides along the splat boundaries and
within the open pores of the coating may act as a diffusion barrier for corrosive species [27]. The volatile
metal chlorides FeCl,, NiCl,, and CrCls, which are formed when chlorine from NaCl reacts with Fe, Ni,
and Cr to generate FeClo, NiClo, and CrClz, may cause cracks in oxide scales [32]. Sulfur from Na>;SO4
reacts with alloying elements to generate metal sulfides FeS, Cr2Ss, and NiS, which can segregate at the
oxide scale—substrate interface, causing fast oxidation [33]. This indicates that chlorination and
sulfidation mechanisms increase the rate of corrosion.
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Figure 5. X-ray mapping of cross-sectional Fe-Ni superalloy coated with NiCrAlY after hot corrosion
test in 75 wt.% NaxSO4 + 25 wt.% NaCl for 50 cycles (900 °C).

Fig. 5 shows the X-ray mapping of cross-sectional Fe-Ni superalloy coated with NiCrAlY after
hot corrosion in 75 wt.% NazSO4 + 25 wt.% NacCl for 50 cycles (900 °C). As can be seen, the composition
mainly consists of O, Al, and Cr elements and small amount of corrosion products such as S, Na, and ClI
elements. Protective oxides such as Al,O3 and Cr.O3 may partially slow the oxidation of the substrate
material by limiting the diffusion of reactive species toward the substrate alloys, as evidenced by the
high concentrations of O, Al, and Cr [34]. These oxides are beneficial to the Fe-Ni superalloy by

protecting it from the intense corrosive environment.

Figure 6. X-ray mapping of cross-sectional uncoated Fe-Ni superalloy after hot corrosion test in 75 wt.%
NaxSO4 + 25 wt.% NacCl for 50 cycles (900 °C).



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221231 9

Fig. 6 shows the X-ray mapping of uncoated Fe-Ni superalloy after the corrosion test. It mainly
consists of Cr, Ti, Al, O, and S elements and small amount of corrosion products. A small amount of Fe
was observed in the coating zone, which could be confirmed by the diffusion of Fe from the substrate
material (Figs. 3(a), (d) and (b), (e)). The oxide protective layer of Cr.O3 does not allow the corrosion
products to react with coating alloying elements, resulting in better corrosion resistance.
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Figure 7. XRD spectra of (a) the uncoated Fe-Ni superalloy, Fe-Ni superalloy coated with NiCrAlY (b),

and (c¢) Cr3C2-20%NiCr after exposure to 75 wt.% Na>SOs + 25 wt.% NaCl for 50 cycles at
900 °C.

Fig. 7 shows the XRD pattern of the uncoated Fe-Ni superalloy and the coated superalloy by HVOF
thermal spray coating after hot corrosion test with molten salt of 75 wt.% Na>SO4 + 25 wt.% NacCl for
50 cycles at 900 °C. The major phases of the uncoated superalloy are Fe,Os, Al>O3, FeS, and NiCr2Os4,
with NiFe>O4 and NiO as the minor peaks (Fig. 7(a)). On the other hand, the major peaks of the hot
corroded Cr3C2-20%NiCr coated specimen are spinel NiCr204, Cr203, Fe;0s3, and AlOs, with NiO,
NiFe>Oy4, FeS, and NiS as a minor phase (Fig. 7(c)). In the case of Fe-Ni coated with NiCrAlY, Al,Os,
Cr203, Fe»03, and spinel NiCr2O4 are the major peaks, and NiO and FeS are the minor peaks (Fig. 7(b)).
In the XRD spectra of the uncoated Fe-Ni superalloy, NiCr204, FeS, Fe;O3, and Al,O3 are the major
phases. In the oxide scale of corroded CrzC2-20%NiCer, the spinel NiCr2O4, Cr203, Fe2O3, and AlLO3 are
the major phases. In the Fe-Ni superalloy coated with NiCrAlY, Al,O3, Cr203, Fe2Os3, and spinel NiCr204
are the major phases. Fe2Os3 is the minor phase on the surface of hot corroded Cr3;Cz-20%NiCr and
NiCrAlY, indicating the diffusion of Fe from the substate during hot corrosion of specimens at 900 °C
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[28]. The XRD result shows the presence of metal sulfides such as FeS, CrS, and NiS in the uncoated
and coated superalloys as minor phase. This is due to the fact that metal sulfides like NiS, Cr»S3, and
FeS are created when sulfur from Na>SO4 reacts with alloying elements like nickel, chromium, and iron
in a reducing environment. Additionally, these sulfides might separate at the point where the oxide scale
and substrate meet, which would trigger quick oxidation [27]. At 400 °C, chlorine may dissolve the oxide
scales and cause further cracking of the oxide scales. O and CI permeate through the fissures and react
with the substrate alloying components Cr, Ni, and Fe to produce the volatile metal chlorides CrCls,
NiCl, and FeCl, [11,27,35]. On the oxide scales, cracks could be caused by the development of volatile
chloride. The cracks could then be caused by thermal cycles due to variations in thermal expansion
between the substrate material and the oxide scale [36].
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Figure 8. Weight gain after hot corrosion test with molten salt 75 wt.% Na>SO4 + 25 wt.% NacCl for 13
cycles. (a) Weight gain measurement of the (1) uncoated Fe-Ni superalloy, (2) superalloy coated
with Cr3C>-NiCr, and (3) NiCrAlY. (b) Parabolic constant calculated from the data in Fig. 8(a)
of (4) the uncoated Fe-Ni superalloy and superalloy coated with (5) Cr3C2-NiCr and (6) NiCrAlY
obtained by HVOF thermal spray coating.
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Fig. 8(a) shows the thermogravimetric analysis (weight gain/unit area) as a function of cycle
number of the uncoated Fe-Ni superalloy and the superalloy coated with Cr3Co-NiCr and NiCrAlY
thermal spray layers by exposing these layers with molten salt of 75 wt.% Na>SO4 + 25 wt.% NaCl for
13 cycles. The weight gain of Fe-Ni superalloy coated with NiCrAlY layer is lower than that of Cr3Ca-
20% NiCr layer and the uncoated Fe-Ni superalloy. This indicates that the presence of films provided by
HVOF thermal spray coating was able to significantly improve the corrosion resistance of Fe-Ni
superalloy in hot environments, with NiCrAlY providing a better corrosion protection than the Cr3;C»-
NiCr layer. In general, the hot corrosion behavior of the uncoated and coated Fe-Ni superalloys follows
a nearly parabolic rate law. The parabolic constants (k, in 10> g? cm™ s!) are listed in Table 3. The
parabolic constant k, was calculated by a linear least-squares algorithm to a function in the form of
(AW/A)? = kpt, where AW/A represents the weight per unit area (g/cm?) and t indicates the hot corrosion
time in seconds (Fig. 8(b)).

Table 3. Parabolic rate constant (kp)

Sample kp (10°g?cm™s?)
Fe-Ni superalloy coated with CrzC2-NiCr 7.09
Fe-Ni superalloy coated with NiCrAlY 4.9
Uncoated Fe-Ni superalloy 4.3

As shown in Fig. 8(b), the weight gain curves indicate that all specimens show a relatively high
corrosion rate in the first few cycles due to the formation of rapid oxide scale [28, 37]. From the
thermogravimetric chart considering the weight loss and the weight gain cycles, the coated superalloys
in all cases show much lower weight gain than the uncoated superalloy in the given molten salt. Minor
weight gain was observed due to the sputtering of oxide scales outside of the alumina crucible. During
the course of hot corrosion experiments, the cumulative weight gain of the uncoated Fe-Ni superalloy,
superalloy coated with Cr3C2-20%NiCr, and NiCrAlY layers are 25.5678, 17.6659, and 15.6338 mg/cm?,
respectively, and the parabolic constants (k) of the uncoated Fe-Ni superalloy, superalloy coated with
Cr3C2-20%NiCr, and NiCrAlY layers are 7.09 x 107, 4.9 x 103, and 4.3 x 107 g?cm™s™!, respectively.
It clearly indicates that the presence of NiCrAlY and Cr3Cz-20%NiCr coatings successfully reduces the
overall weight gain compared with the uncoated Fe-Ni superalloy (Fig. 8). The NiCrAlY film has the
best performance for hot corrosion resistance as indicated by the lowest weight gain.

4. CONCLUSIONS

The HVOF thermal spray coating process was successfully used to deposit CrzC2-20%NiCr and
NiCrAlY coating materials onto Ferro Nickel based superalloy (Fe-Ni) substrate. The presence of Cr3C»-
20%NiCr and NiCrAlY materials on the superalloy significantly improved the corrosion resistance as
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indicated by a lower weight gain than the uncoated superalloy. The maximum weight gain of the
uncoated superalloy, superalloy coated with Cr3C2-20%NiCr, and NiCrAlY is 25.5678, 17.6659, and
15.6338 mg/cm?, respectively. The corrosion rates of the uncoated Fe-Ni superalloy, superalloy coated
with CrsC2-20%NiCr, and NiCrAlY layers are 7.09 x 10°, 4.9 x 10°, and 4.3 x 10° g? cm™ s!,
respectively. The results show that the Fe-Ni superalloy coated with NiCrAlY has better corrosion
resistance than the uncoated superalloy and superalloy coated with CrzC>-20%NiCr in NaCl molten salt
environment, which can be attributed to its tendency to form a protective dense oxide of Al2Os. In the
uncoated Fe-Ni superalloy, the corrosive element of sulfur increased the rate of corrosion attack through
sulfidation mechanism. In the superalloy coated with CrzC»-20%NiCr, HVOF thermal spray material
shows that the corrosive element of chlorine increased the rate of corrosion attack through chlorination
mechanism. The mechanism formation of corrosive elements from segregates toward the oxide film-
corrosive and diffusion of molten salts.
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