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Role of Temperature in Na,SO,~K,SO, Deposit Induced
Type Il Hot Corrosion of NiAl Coating on a Commercial

Ni-Based Superalloy

Yaping Wang,* Rishi Pillai, Elena Yazhenskikh, Martin Frommherz, Michael Miiller,

and Dmitry Naumenko

The life span of gas turbine coatings may be restricted by type Il hot corrosion
when exposed at elevated temperatures in aggressive environments during
service. Herein, the temperature dependence of corrosion morphologies and
kinetics of NiAl coating on a second-generation single crystalline Ni-based
superalloy is studied to provide an insight into the possible corrosion mecha-
nisms. A series of tests are performed at 600-800 °C in air-300 ppm SO,
atmosphere with Na,S0,—20% K,SO, salt mixture as deposit. Severe attack is
observed at both 700 and 750 °C after 24 h exposure, whereas at 600 and 800 °C,
only a minor attack is found. The results indicate that the corrosion rate is
strongly governed by Na,SO,—NiSO, liquid formation, and temperature affects
the attack rate of the outer coating (mainly B-NiAl phase) primarily by changing
the required minimum SO; partial pressure to stabilize this liquid. The influence
of temperature and pso, on phase equilibrium of the salt and oxide mixture is

atmospheres in the presence of alkali
and alkaline sulfate-containing deposits.!"!
Such rapid degradation induced by sulfate
deposit is defined as hot corrosion, 2!
which has been extensively investigated
by numerous researchers in the past
decades. Depending on the exposure tem-
peratures and the melting point of the
deposit, hot corrosion can be further cate-
gorized as high-temperature hot corrosion
(type 1) and low-temperature hot corrosion
(type 11).°! Compared with type 1 hot
corrosion, type II is less extensively inves-
tigated and the corresponding mecha-
nisms remain unclear.

Most of the conventional hot corrosion

calculated with an in-house developed thermodynamic database. The predicted
minimum pgq, for liquid formation calculated with the database is consistent

with the experimental results.

1. Introduction

Uncoated and coated (overlay or aluminized) structural Ni-based
superalloys are widely used in gas turbine and jet engine com-
ponents due to their excellent mechanical properties and oxida-
tion resistance. These materials undergo accelerated oxidation
during service at 600-1000 °C in aggressive sulfur-containing
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investigations were performed using
Na,SO, as the deposit.*® However, in
practice, other sulfates, e.g, MgSO,,
CaS0O,, and K;SO,, are frequently identi-
fied on the surface of turbine compo-
nents.!! Their presence might play a
positive or negative role in the hot corrosion attack. In this
regard, K,SO, is usually categorized as aggressive due to its sim-
ilar chemical properties as those of Na,SO,. According to the
work on hot corrosion of iron-aluminum alloys by Shi et al.””
the addition of K,;SO, into Na,SO, deposit did not change the
corrosion mechanism, but shortened the incubation period
and accelerated the following attack, due to the formation of
lower melting temperature sulfate mixtures.

In most of Na,SO,-induced hot corrosion studies, the acceler-
ated attack was only observed in the presence of molten salt. It is
thereby generally agreed that liquid formation is a prerequisite
for the occurrence of severe low-temperature (type II) hot
corrosion. For Na,SO4-induced hot corrosion of Ni- and
Co-based superalloys, the major mechanism of the attack is
the Na,S0,-NiSO,/CoSO, liquid formation, which results from
the reaction between Na,SO,, NiO/Co,0;, and SOs, and there-
fore is a function of pgq, and temperature. Luthra*®*! estimated
the minimum pgq, required for CoSO,~Na,;SO, and NiSO,.—~
Na,SO, liquid formation based on the phase diagrams of binary
sulfates. In Luthra’s work, the activity of CoSO, in the liquid
solution was estimated based on the assumption that the melt
consisted of molecular species, which does not agree with the
ionic Ni/Na sulfates liquid solution in reality. Misra et al.'>** opti-
mized the liquid solution mode by introducing a random
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distribution of cations and calculated the minimum pgo, required
for the liquid formation in NiSO,~Na,SO, system. However, in
Misra’s work, the effect of components’ composition and temper-
ature on the interaction energy parameter w;, which is important
for Gibbs energy calculation, was not considered. The w; was
assumed to be constant and was determined based on the
measurements of NiSO, content in the molten salt, which could
introduce potential experimental errors. Nevertheless, this dilute
solution approximation is not reliable at lower temperatures, due
to much higher content of NiSO, in the salt.

Although hot corrosion rate of Ni-based superalloys and coat-
ings is mainly governed by the NiSO,~Na,SO, liquid solution
formation in the early stage, it is also affected by the presence
of other alloying elements which could subsequently oxidize,
dissolve into the molten salts, and sulfidize. Various alloying
elements are generally known to be present in the aluminide
coatings due to interdiffusion processes during the coating
manufacturing (aluminizing)."*"! Some important elements
for type II hot corrosion investigations are Al, Cr, Co, W,
Mo, etc.!*®1*71¢ They are oxidized or sulfidized during exposure
to oxygen- and sulfur-containing environments. First of all, the
formation of sulfides consumes sulfur, alters the pgq, at the
oxide/salt interface, and thereby affect the NiSO,~Na,SO, liquid
formation process.'”"'®) Moreover, these alloying elements oxi-
dize and dissolve into the deposit by reacting with Na,SOy,
change the SO; content of the salt, and therefore, change the
acidity of the salt.**'*7'%1 The dissolution of oxides into the salt
can be categorized as two types according to the acidity of the salt.
Considering the dissolution of Al,O; into Na,SO, as an example,
if the salt is acidic, Al;(SO4); will be produced, and the relevant
dissolution is called acidic fluxing. Conversely, if the salt is basic
for Al,O; dissolution, NaAlO, will form, and the dissolution is
therefore called basic fluxing.”

The complexity of the problem limits the hot corrosion
research mainly to a phenomenological testing of different
alloys."?! Research directed toward a theoretical understanding
of the reaction mechanisms to identify the factors governing the
corrosion rates and to develop predictive methods for evaluation
of hot corrosion is essential. As the reactions are complex, it is

(a) (b)

Outer coating
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time consuming to experimentally vary all the main parameters,
especially pgo, and temperature. Thermodynamic calculation is
therefore an essential method to assist the study. In many hot
corrosion studies, the stability diagrams from Luthra*®% and
Misra et al.®™") are used to predict the conditions for the occur-
rence of hot corrosion. However, due to the reasons discussed
earlier, it is necessary to further verify the NiO-SO3;-Na,SO,
stability diagram using newly assessed thermodynamic data.

In this work, we will report type II hot corrosion behavior of
NiAl coating on a second-generation Ni-based superalloy at various
exposure temperatures with a salt mixture of Na,S0,~20% K,SO,.
Different to previous studies with high SO, contents,"*!
air-300 ppm SO, was used in this work to find out the critical
conditions of liquid stabilization and subsequent initiation of hot
corrosion. In addition to experiments, the stability diagram of
Na,SO,~NiO-SO; and the phase equilibria as a function of
temperature and pgo, were calculated and compared with the
literature data, thereby reassessing the calculations in the studies
by Misra et al®'” Based on the experimental and calculated
results, the effect of temperature and alloying elements on corro-
sion rate and morphology was then extensively discussed.

2. Experimental Section

2.1. Materials

A Ni-based second-generation single crystalline superalloy
SC2000 was used as the substrate in this study. It was aluminized
by an industrially used chemical vapor deposition (CVD) method.
The diffusion coating is with a thickness of around 60 pm and can
be divided into two parts with respect to the microstructure, as
shown in Figure 1a. Referring to our previous study!®! and
Figure 1, the outer coating consisted of p-NiAl with a composition
of around 50 at% Al, 5 at% Co, and 1at% Cr and Cr-rich precip-
itates along the grain boundaries. The precipitate phases in the
inner coating were identified as MgC (M =W, Cr, Mo, Co) and p
phase A¢B; (A =Ni, Co and B =W, Mo), whereas the y (Ni solid
solution) and y’ (Ni3Al) were identified as the substrate phases.

N
Crorich, -
“precipitates

Figure 1. a) Back scatter electron (BSE) image and b) corresponding elements distribution maps obtained by energy-dispersive X-ray spectroscopy (EDS)

of the cross section of the as-coated material.
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2.2. Experimental Procedure

Rectangular coupon specimens of 20 x 10 x 2 mm?® were used
for hot corrosion tests. 82 wt% dry salt powder was added into
a special solvent, which consisted of 95wt% terpineol and
5wt% ethyl cellulose, to produce a deposit slurry. The dry
salt mixture was 80 mol% Na,S0O4~20 mol% K,SO, (short for
Na,S0,-20% K,SO,) and the melting temperature of this com-
position is 830°C according to Na,SO,~K,SO, phase dia-
gram.[zz] The binary salt mixture of Na,SO, and K,SO, is
one of the standard mixtures used by the jet engine industry
to evaluate the hot corrosion behavior of candidate materials
for turbine blades. It was therefore chosen for this experimental
program to evaluate the role of individual salt components in
hot corrosion induced by complex deposits. This slurry was
applied on one surface of the samples by painting, whereas
an area of about 4 x 10 mm” at one sample end remained
unpainted as a reference for the coating thickness loss measure-
ments after corrosion tests. Prior to the hot corrosion tests, the
painted samples were dried at 60 °C for 12 h. The final compo-
sition of the deposit after removing the solvent by drying was
99 wt% salt mixture + 1 wt% cellulose. Samples were weighed
before painting and after drying. Around 30 mgcm ™2 salt mix-
ture was applied onto the samples. The painted samples were
then placed into alumina crucibles and exposed in a horizontally
arranged furnace. A duplex reaction tube made of quartz (outer
part) and sintered alumina (inner part) was used. The specimens
were placed in the furnace at room temperature. The furnace was
evacuated, filled with synthetic air-300 ppm SO,, heated up to the
specific temperature (600-800 °C), held for 24 h and cooled down
to room temperature. Afterward, the furnace was filled with
normal air and the specimens were taken out for subsequent
investigation. Synthetic air-300 ppm SO, (SO; was produced by
the reaction between O, and SO,) gas flowed through a platinum
honeycomb catalyst before flowing over the specimens to estab-
lish the equilibrium gas composition. The heating and cooling
rate were 10 and 2°Cmin ™", respectively.

After exposure, all samples were mounted, ground, and
polished to 0.25 pm surface finish using an oil-based solution to
preserve any water-soluble species. The cross sections of the cor-
roded samples were analyzed by scanning electron microscope
(SEM) and energy dispersive X-ray spectroscopy (EDX) to charac-
terize the distribution of main elements. The attack depth was
determined by measuring the difference between the original
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coating and the remaining coating thickness after exposure. As
the initial coating thickness varied slightly from specimen to spec-
imen, it was measured individually in the cross-section SEM
images of the unpainted part. The remaining coating thickness
was obtained by stitching multiple images with a length total
of 10 mm in the cross section and measuring the distance between
the attack front and the coating/substrate interface. As the attack
front is irregular, 2000 values were gathered for each sample with
a step of 5pm in the sample surface direction. Maximum and
mean values of the attack depth were calculated by comparing
the coating thickness in the specimen part without deposit and
remaining coating thickness affected by hot corrosion.

2.3. Thermodynamic Calculations

In this work, calculations were performed with software
FactSage 7.2.7>?* A thermodynamic database for sulfates system
including Na,SO, was in-house developed[25 261 and  was
presented earlier.””) NiSO, was subsequently implemented into
the database by modifying the description of solid and liquid
solutions and adding Ni-containing compounds into it. The mod-
ification of the database is based on NiSO,—Na,SO, phase dia-
gram and thermodynamic properties of relevant compounds.
The extended database was used for the present calculation.

3. Experimental Results

3.1. Type Il Hot Corrosion Morphology of B-NiAl Coating

The morphology of the specimen after exposure at 700 °C in air-
300 ppm SO, for 24h with Na,S0O,-20% K,SO, deposit is
shown in Figure 2. A uniform corroded layer formed on the
surface of the coating. Figure 2a shows both the specimen part
covered by the salt mixture and the salt-free part. The salt-free
part remained unattacked indicating that the -NiAl phase was
oxidation and sulfidation resistant in the current exposure
condition, which is consistent with the literature.””®! To identify
the corrosion products, EDX maps were obtained from the
cross section, which are shown in Figure 3. A uniform alumi-
num-rich oxide layer penetrated by Na and K sulfates was
observed as the main corrosion product (Figure 3d-h). It was
found that Ni and Co not only dissolved into the sulfate, but
also reprecipitated at the gas/scale interface as a thin oxide layer

Figure 2. BSE images of the cross section of aluminized Ni-based superalloy after hot-corrosion testing at 700 °C in air-300 ppm SO for 24 h: a) overview

and b) hot corrosion morphology.
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Na, K sulfate penetration

Figure 3. a) A SEM-BSE image and b-i) EDX—elemental maps of the cross section of the aluminized Ni-based superalloy after hot-corrosion testing at

700 °C air-300 ppm SO, for 24 h: corrosion products.

(Figure 3a,b). An Al-depleted zone was found to form beneath
the scale (Figure 3g), which is attributed to the consumption of
Al during the hot corrosion reaction. Moreover, sulfide particles
were also observed in the Al-depleted zone (Figure 3f). To fur-
ther identify the sulfide phase, EDX maps were performed at
the Al-depleted zone. The maps in Figure 4 show that the par-
ticles are most likely Cr-rich sulfides.

3.2. Hot Corrosion Behavior of -NiAl Coating at Different
Temperatures

Figure 5 and 6 shows the attack morphology and depth of type II
hot corrosion of the p-NiAl coating induced by Na,SO,-20%
K,SO, in air-300 ppm SO, for 24 h at different temperatures.

The NiAl coating underwent negligible attack during exposure
at 600°C for 24h, as shown in Figure 5a,b. Continuous
Al-rich oxide layers were found both at 700 and 750 °C but no
frontal attack was virtually observed at 800°C, as shown in
Figure 5c—f. Both the mean value and the maximum value of
the attack depth increased with increasing temperature and then
dropped at 800 °C, as shown in Figure 6. It demonstrates again
that the studied kind of gas-induced acidic fluxing is very
sensitive to exposure temperature.

Cr-rich precipitates were observed throughout the thickness of
the as-received coating. As discussed in Section 2.1, this is typical
for aluminide coatings, produced by high Al-activity CVD pro-
cess. These precipitates are also found after the corrosion test
at 800 °C in the inner part of the coating (Figure 7e). In the outer
coating part, the preferential grain boundary attack occurred at

Figure 4. a) a SEM—BSE image and b,c) EDX-elemental maps of the cross section of the aluminized Ni-based superalloy in the Al-depleted zone after
hot-corrosion testing at 700 °C air-300 ppm SO, for 24 h: chromium sulfide particles.
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Figure 5. BSE cross-sectional image of studied aluminized Ni-based superalloy after hot-corrosion testing at a,b) 600°C; c) 700°C; d) 750°C; and

e,f) 800°C in air-300 ppm SO, for 24 h.
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Figure 6. Attack depth of aluminized Ni-based superalloy after hot-
corrosion testing at 600, 700, 750, and 800 °C in air-300 ppm SO, for 24 h.

800 °C after 24 h exposure, as shown in Figure 5e,f. The Cr-rich
precipitates at grain boundaries, participated in corrosion reac-
tions, which can be seen by comparing S, Na, Cr, and O maps
along the corroded grain boundaries (Figure 7b,c,e,f). The initi-
ation of grain boundary attack thus may result from the basic
dissolution of transient Cr oxide into the sulfate. The detailed
mechanism will be discussed in Section 5.2.

4. Thermodynamics of Na,SO,~NiO-SO; System
The experimental results indicate that the severest attack

occurs at 700 and 750 °C, but not at 800°C. To explain these
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observations, extensive thermodynamic assessment of the
Na,S0,~NiO-SO3 system was performed in this work.

4.1. Reactions for Liquid Formation in the Na,SO,~NiO-SO;
System

It is generally accepted that a liquid deposit is necessary to
initiate severe type II hot corrosion although in some cases,
considerable corrosion may result from solid deposits.*!
For Na,SO,-induced hot corrosion of Ni-based alloys (the effects
of alloying elements are excluded in this section to simplify
the reactions), the liquid phase forms via the reactions shown
in Equation (1)—(4)

S0,(g) + 7% Oz(g) = SOs(g) (1)
NiO (s) 4+ SO3(g) = NiSOy(s) (stoichiometric compound)  (2)

NiSO,(s) = NiSO,(s.s) (dissolution into Na,SO, solid solution)
3)

NiSO,(s.s) = NiSO,(1) (dissolution into Na, SO, liquid solution)
Reactions (2)—(4) can be combined as Equation (5) )

NiO (s) + SOs(g)

5
= NiSO,(1)(dissolution into Na,SO, liquid solution) )

If the activity of NiO (s) is assumed to be 1, the Gibbs energy
change of reaction (5) can be written as

Oxiso

° i

AG)y = —RTIn (—4) (6)
SO,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) A SEM-BSE image and b—f) EDX—elemental maps of the cross

at 800°C in air-300 ppm SO, for 24 h.

where R is the gas constant and ay;s(, is the activity of NiSO, in
molten NiSO,~Na,SO, mixture.

The effect of temperature and SOj; partial pressure on liquid
formation can be estimated by Equation (6) based on the knowl-
edge of the Gibbs energy change (AGES)) and the activity of
NiSO, in the molten salt (ay;so,)-

4.2. Calculation of Na,SO,~NiO-SO; Stability Diagram

In this study, thermodynamic calculations were performed using
the computational package FactSage.”? An in-house-developed
oxide database combined with the commercial database for pure
substances SGPSP was used for the equilibrium calculations
under defined conditions. All available phase relations were
considered by calculation: the Gibbs energy of a system is
minimized to find the equilibrium state. The melting point of
pure NiSO, and the entropy of melting were determined experi-
mentally recently by Kobertz and Miiller®" and included in the
database. The stability phase diagram of Na,SO,~NiO-SO;
system as a function of temperature and SO; partial pressure
was calculated by FactSage using the Phase diagram module.
To represent the experimental conditions, O,, SO,/SOs, and
inert gas (Ar) were chosen as gas constituents. The total gas
pressure was set as 1atm. The partial pressure of O, was fixed
at 0.21 atm, and the SO; partial pressure varied from 107 to
0.1atm. About 0.62 Na,SO4+ 0.38 NiO was defined as the
composition of the condensed phase, which is the eutectic

Adv. Eng. Mater. 2020, 22, 1901244 1901244 (6 of 9)

section of the aluminized Ni-based superalloy after hot-corrosion testing

composition of Na,SO,~NiSO, system according to the binary
phase diagram.*? It should be noted that the results are obtained
for equilibrium conditions only, and potential kinetic effects
are not considered. Moreover, the calculation results should be
validated for such complex system with respect to the reliability
of implemented thermodynamic data mainly due to the assump-
tions made during the development of the thermodynamic
database in view of the lack of experimental data.

The calculated stable phases are shown as a function of tem-
perature and SO; partial pressure in Figure 8a (solid blue
curves). It shows that only solid phases are stable, when the
temperature is lower than the eutectic of NiSO, and Na,SOy,,
namely 671°C. In the temperature range between NiSO,—
Na,SO, eutectic and the melting point of Na,SO,, as pso,
increases to a certain level, the stable liquid starts to form. To
compare the experimental data to the calculation results, SO;
partial pressure for air-300 ppm SO, as a function of temperature
was also calculated by FactSage Equilibrum module and superim-
posed on the data in Figure 8a,b (green dashed lines). The mini-
mum pgo, required for liquid formation (bottom blue line in
Figure 8a) increases with increasing temperature; however, the
equilibrium constant of reaction (1) for SO; production from
SO, decreases at the same time (green dashed line in
Figure 8a,b) as is well known from literature.’! It is therefore
inferred that the formation of NiSO,~Na,SO, liquid is suppressed
at the higher temperatures (but below the melting temperature of
the deposit) in a given atmosphere with a fixed ratio of oxygen to

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Stability diagrams of Na,SO4~NiO-SO; system superimposed with pso, as a function of temperature in fixed po, =0.21 and
Pso,/so, =300 ppm atm. (green dashed curve): a) calculated using an in-house-developed database by FactSage (blue solid curves); b) Calculated

by Misra et al.'"! (orange solid curves).

sulfur. Occurrence of the attack at 800 °C is therefore not favored
according to the stability calculation.

4.3. Comparison of the Stability Diagram to that Calculated
from the Literature

The stability diagram calculated by Misra et al.'! is also shown in
Figure 8b (orange solid curves) for comparison. It is found that
the minimum pgq, for liquid stabilization predicted by the pres-
ent calculation (bottom blue line in Figure 8a) is substantially
lower than that calculated by Misra (bottom orange line in
Figure 8Db). Such discrepancy can be attributed to the following
reasons: 1) The activity of NiSO, in the liquid solution was esti-
mated in Misra’s work using a regular solution model with an
interaction energy parameter w;, which was assumed to be
independent of temperature and composition. However, below
827°C, using w; may not be a good approximation, because
at lower temperatures, the concentration of NiSOy in the liquid
is relatively high, and the solution cannot be regarded as a dilute
solution. In this work, the interaction between NiSO, and
Na,SO, in the liquid was calculated considering the effect of
temperature and composition for all temperatures; 2) In
Misra’s study, the standard Gibbs free energy change of reac-
tion (5) at lower temperatures was obtained by the extrapolation
of the high-temperature (827-900 °C) values, apparently associ-
ated with significant errors. The melting point and the enthalpy
of NiSO, fusion estimated by Misra based on his proposed model
were 1306 K and 32.8kJ-mol™" (7.84kcal-mol™), respectively,
which are substantially lower than the values recently reported
by Kobertz and Miiller®" based on more accurate measurements
(1483 4+ 3 K and 44 + 2kJ-mol ", respectively).

5. Discussion

Type II hot corrosion behavior of coated commercial Ni-based
superalloys under mixed sulfate deposits is very complex, not
only because of complex reactions between Ni, salts and the
gas, but also due to the fact that different alloying elements
and salt components may get involved into the reactions.
In addition, the main reactions between the alloy and salts

Adv. Eng. Mater. 2020, 22, 1901244 1901244 (7 of 9)

are very sensitive to the gas composition and the exposure
temperature.

5.1. Comparison between Corrosion Experiments and
Thermodynamic Predictions

To simplify the system and better understand the mechanisms,
the effect of temperature on the reactions between Ni, Na,SOy,
0,, and SO,/SO3 was studied from the thermodynamic point of
view in this study. As shown in Figure 8a (the bottom blue
curve), the minimum SOs partial pressure required to stabilize
the Na,SO,~NiSO, liquid solution increases with increasing
temperature between ~670 and 820°C. At the same time,
Pso, in the studied air-SO,/SO; atmosphere decreases with
increasing temperature (Figure 8a,b). Therefore, the overall ten-
dency to form Na,SO,—NiSO, liquid decreases with increasing
temperature in the investigated temperature range. According
to our thermodynamic calculation (Figure 8a), Na,SO,~NiSO,
liquid is expected to be stabilized by 300 ppm SO, at 700 °C but
not at 800 °C. In these experiments, a pronounced frontal attack
was observed at 700°C but not found at 800°C after 24h
exposure (Figure 5c,e,f), which is in excellent agreement with
the calculations in Figure 8a. It can be concluded that the initi-
ation of the attack is strongly governed by the NiSO,~Na,SO,
liquid stability and therefore by the gas composition and the
exposure temperature, even for such a complex coated material.
At 750°C, pronounced attack was observed, as shown in
Figure 5d; however, the calculated SO; partial pressure in
the atmosphere is slightly below that necessary to stabilize
the liquid phase. The reasons for the variation between the
experimental and calculation results at 750 °C will be discussed
in Section 5.2.

5.2. Possible Mechanisms of Hot Corrosion Reactions at
Different Temperatures

5.2.1. 600°C

Although 600°C is below the eutectic temperature of NiSO,—
Na,SOy, a minor corrosion attack was found after 24 h exposure

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Figure 5a,b). Cobalt oxide was found in the corroded layer at the
gas/deposit interface after exposure at 600 °C (not shown here),
as well as at 700°C (Figure 3c). The eutectic temperature of
Na,S04~C0S0, and K,S0,~CoSO, are 565 °C* and 540°C>’!
respectively. Thus, the attack at 600°C may result from the
presence of Co in the coating and Na,SO,/K,S0,~CoSOy, liquid
formation. In addition, Kistler et al.”®! recently proposed a new
solid-state model for hot corrosion at temperatures below 700 °C.
They found a metastable-phase Na,NiSOs at the interface
between Na,SO, and NiO and at the grain boundaries of the
Na,SO, deposit, which provided short-circuit paths for Ni
outward diffusion, thereby accelerating the corrosion process.
According to their study, a similar compound was also found
when K,SO, was used as the deposit. Such solid-state reaction
and diffusion of Ni could also explain the minor hot corrosion
attack observed at 600 °C in this study.

522 700°C

In this study, NiO was found on the surface of the corroded layer
(Figure 3b), which demonstrated the outward diffusion of nickel
ions in the molten salt and the reprecipitation of NiO on the very
surface. A similar phenomenon was also observed in several
Ni-based alloys by other researchers.'®?** However, in pure
nickel case, the dissolution of NiO into the salt was found to stop
once the melt was saturated, thereby hindering NiO reprecipita-
tion on the surface of the salt.™ As the solubility of NiO
displayed a positive gradient toward the gas/salt interface, there
was apparently no driving force for outward diffusion of Ni ions.
But the acidity of the melt and the solubility of NiO in it can be
substantially modified by addition of alloying elements. This
effect was attributed to the synergistic dissolution of various
oxides, e.g., NiO, Co,03, Al,03, and Cr,0;.1%3%1 For hot corro-
sion of a commercial alloy or a complex coating, at the salt/oxide
interface, as SO; was consumed by oxidation and sulfidation dur-
ing exposure, the basicity of the salt was claimed to increase
locally, which allowed the basic fluxing of Al,O; and Cr,0s3,
and released SOs. The localized acidity of the salt will thus in
turn be increased, resulting in the increase in the solubility of
NiO and Co0,0; in the salt. Therefore, with the assistance of
Al,03 and Cr, 03, continuous NiO dissolution, transport to the
surface, and reprecipitation can occur. Al,03 and Cr,O; will most
likely precipitate locally at the sites where the basic fluxing is no
longer satisfied, as demonstrated in this study by the porous
Al-rich oxide layer in Figure 3g.

5.2.3. 750°C

Severe uniform attack was found at 750 °C after 24 h exposure
(Figure 5d), whereas stable Na,SO,~NiSO, can barely form
under the exposure condition according to the thermodynamic
calculation. One possible reason for this discrepancy is the pres-
ence of various alloying elements in the coating. Co oxide is
found on the surface of and within the corrosion products after
exposure at 700°C (Figure 3) and 750°C (not shown here).
Na,S0,~CoSO, and K,S0O,~CoSO, liquid may form at 750 °C
in the presence of lower SO; partial pressure. In addition, the
synergistic oxides’ dissolution mechanism, as is discussed for
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700 °C may also applicable for 750 °C. Finally, the addition of
K;SO, into the deposit may also alter the minimum pgo,
required for NiSO,—Na,SO, liquid formation by other reactions.
A thermodynamic verification of the influence of K,SO, addition
is not possible now due to the absence of thermodynamic data.

5.2.4. 800°C

After 24h exposure at 800°C, no frontal attack was found.
The main reason is likely to be that no stable NiSO,~Na,SO,
liquid can form at 800 °C in the present experimental condition.
In addition, the tendency of protective alumina formation
increase at 800°C compared with lower temperatures.
Nevertheless, preferential grain boundary attack was found at
800 °C (Figure 7). Apart from Ni and Co, other alloying elements
may also form liquid phases together with the deposits and
cause basic fluxing when the basicity of the salt allows. One
particular important element in this study is Cr. Referring to
the Na,SO,—Na,CrO,~K,S0,~K,CrO, phase diagram,pﬁ] the
minimum melting temperature of this system is 752°C, and
the melting point of Na,CrOy is 792 °C. It is therefore inferred
that the grain boundary attack may be attributed to the oxidation
of Cr-rich precipitates followed by the basic dissolution of Cr,03
into the Na,SO,—K,SO, solid solution resulting in the local salt
melting. Further studies are necessary to verify this assumption.

6. Conclusions

Na,S0,-20% K,SO, slurry was applied on the surface of an alu-
minized second-generation single crystalline Ni-based superalloy
and then the samples were exposed to 600-800°C with air-
300 ppm SO,. Phase stabilities were calculated in the system
Na-Ni-S-O by FactSage using an in-house-developed database.
Based on the experimental and calculation results, following con-
clusions can be drawn: 1) The reaction morphologies between
600 and 750 °C are similar. The primary and main characteristics
are the formation of a thick aluminum-rich porous oxide layer
with Ni- and Co-rich oxides above Na and K sulfates penetration
inside, Al-depleted layer containing sulfide particles underneath
it; 2) Much more severe attack occurred at 700 °C compared with
those at 600 and 800 °C after 24 h exposure, indicating that the
corrosion rate is strongly governed by Na,SO,~NiSO, liquid for-
mation. The test temperature affects the attack rate of the outer
coating (mainly B-NiAl phase) by changing the minimum
Pso, necessary to stabilize this liquid; 3) The experimental
observations at 600, 700, and 800 °C correspond well with the
thermodynamic calculations. At 750°C, high corrosion rate
was observed contrary to the thermodynamic predictions show-
ing no liquid phases forming in the prevailing SO; content.
This might be related to the effect of K,SO, or that of alloying
elements such as Co and Cr in the coating; 4) No frontal attack
was observed after 24 h corrosion testing at 800 °C most likely
because the Na,SO,~NiSO, liquid is unstable at the test condi-
tion. However, at the coating grain boundary, a local attack was
identified. The enrichment of Cr at grain boundaries might
promote the attack by reacting with the deposit; 5) The stability
diagram of Na,SO,~NiO-SO; was calculated by FactSage using
an in-house-developed database. The trend of calculated pgo, and
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temperature dependence for liquid formation corresponds well
with the literature but the minimum pgq, for stabilizing the
liquid phase predicted by the present calculation is substantially
lower than that estimated in the previous studies. Due to an
improved liquid solution model and updated thermodynamic
properties, the current calculation showed a better quantitative
correlation with the experimental observations.
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