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Aerosols deposited on the surfaces of alloys and coatings used in high-tem-
perature applications react with the protective thermally grown oxide (TGO)
and accelerate component degradation. Understanding how the TGO compo-
sition effects these reactions is essential to develop corrosion-resistant mate-
rials. This work studies the corrosion of Haynes-214 alloy, which forms a
bilayer Ni(Cr,Al);O4 (spinel) + Al,O3 TGO, exposed to complex oxide and
sulfate deposits to understand how the Cr and Ni oxides affect the corrosion
mechanisms. The deposit compositions were systematically varied to under-
stand the effect of anion makeup (mixed oxides, oxide-sulfate, and sulfates).
The results are compared to a FeCrAlY alloy that forms a simple Al;O3 TGO.
On the Haynes-214 alloy, deposits containing mixed oxides (with or without
sulfates) have limited corrosive effect. In contrast, a pure CaSO, deposit reacts
aggressively with the TGO to form calcium chromate and aluminate reaction
products (RP) that substantially increase the TGO + RP thickness compared
to that on the FeCrAlY alloy. Surprisingly, a deposit composed of a mixture of
sulfates caused less severe corrosion than the CaSO4 alone since magnesium
chromate formation appears to limit aggressive reactions involving Ca. The
results are discussed in the context of opportunities for corrosion-resistant

alloy design.

INTRODUCTION

The alloys and metallic coatings utilized in aero-
space, marine, and land-based turbines are pro-
tected against oxidative atmospheres at high
temperatures by forming a dense, adherent ther-
mally grown oxide (TGO)."? The protection afforded
by the TGO can be degraded when aerosols (such as
salts, ashes, dust, etc.) are ingested and subse-
quently deposited onto component surfaces. Species
in these deposits can react with the TGO or the alloy
components forming reaction products that disrupt
the TGO and ultimately accelerate the oxidative
degradation of the alloys. The alloy composition,
which determines the TGO composition, structure,
and ability to re-passivate after the TGO is
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disrupted, affects the reactions with the deposits
and is an important parameter to consider while
studying deposit-induced hot corrosion mechanisms
to enable the design of more durable alloys.

Most prior work on deposit-induced degradation
of alloys has focused on temperatures < 950°C
where NaySO, is the primary corrodent.>'* That
work identified important effects of alloying ele-
ments, such as the fact that molybdenum (Mo) and
tungsten (W) increase the corrosion intensity by
altering the fluxing mechanisms®®'” while chro-
mium (Cr) can mitigate corrosion.”®° The exam-
ination of ex-service turbine components in
conjunction with the laboratory experiments indi-
cates that, at higher temperatures, deposits with
more complex chemistry (such as multi-cation sul-
fate, sulfate-oxide, and sulfate-oxide-chloride mix-
tures) accelerate oxidation via a variety of
mechanisms.?*?® Related work showed that CaO-
and CaSO,; in such deposits are particularly
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important corrodents that convert the protective
TGO into less protective calcium-aluminate and
-chromate products* and can initiate alloy sulfida-
tion. 63234737 Studies performed on the Ca-based
corrosion of - and y-phase NiCoCrAlY show that
the composition and fraction of § (Al-rich) and y (Cr-
rich) phases affect the degradation intensity. Specif-
ically, single-phase f§ alloys performed best, while
the Cr-rich y promotes forming calcium chromate on
reaction with CaO that reduces the ability of the
alloy to re-passivate by the formation of a thin
alumina layer.? That work suggests that increasing
the Cr content has a detrimental effect due to the
formation of low-melting temperature chromate
species. Gheno and Gleeson also observed that
y-rich NiCoCrAlY bond coats are susceptible to
internal oxidation and nitridation in the presence
of mixed oxide and mixed oxide + NaySO,4 type of
deposits.?’

Understanding how the interplay among the
oxidation conditions (temperature, atmosphere),
the alloy and TGO composition, and the deposit
constitution influences the corrosion intensity is
critical to the development of next-generation cor-
rosion-resistant alloys. Our prior investigation of
the effect of multi-component deposit composition
on the corrosion of alumina-forming alloy demon-
strated that while the sulfates attack the TGO and
form aluminate reaction products, deposits based on
mixtures of oxides or oxides and sulfates produced
limited, localized attack.>®3° The difference
between the behavior of oxide-sulfate and the
sulfate deposits was attributed to reactions with
the oxides that accelerated sulfate decomposition
and lowered the calcium activitg by forming Ca-
containing aluminosilicates.>®**° It was also
observed that while Na,SO, in the multi-cation
mixed sulfate deposit fluxed the deposit, the under-
lying TGO-deposit reactions formed products that
were similar to the specimen exposed to CaSO,
alone.

There are many open questions about how Ni and
Cr affect the corrosion mechanisms for alloys
exposed to complex deposit chemistries. In particu-
lar, this study focuses on the following questions:

e Do Ca-containing deposits based on mixtures of
oxides or sulfates react with the TGO to form
calcium chromates to the same extent as pure
CaS04 deposits?

e Can reactions caused by a complex deposit

*There are multiple intermediate compounds in both the AlyO3-
Ca0 and CaO-Cry0O; systems.?°3% Reaction products formed
during alloy oxidation under Ca-containing deposits often contain
aluminate or chromate compounds that are not always easily
distinguishable. Furthermore, there are some inconsistencies in
the reported equilibrium phases in the CaO-CryO3 system.?%32
We adopt the nomenclature CaAl,O, and Ca,Cr,O, to refer
generically to calcium-aluminate and -chromate reaction prod-
ucts.
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chemistry disrupt a pre-existing TGO? If so,
how severe is the attack on the exposed alloy?

e How different are the deposit-induced degrada-
tion products or reaction pathways for an alloy
that forms a TGO containing Ni and Cr oxides in
addition to alumina compared to an alloy that
forms a pure alumina TGO? Are these products
different for deposits containing mixtures of
oxide, oxides, and sulfates or just sulfates?

To address these questions, we analyzed the oxida-
tion behavior of Haynes-214 alloy, a Ni-based
superalloy that forms a dual-layered
(Ni(Cr,AD)204 + Al;03) TGO, in the presence of
deposits comprising mixtures of oxides, oxides with
sulfates, and mixed sulfates. Image analysis was
used to quantify features including the reaction
product thickness and the alloy/TGO interface
roughness. These results are compared to prior
work on an Al,Os-forming FeCrAlY alloy. The work
offers new insights into the role of TGO composition
and structure on alloy degradation while also
generating datasets for future data-driven materi-
als discovery efforts.

APPROACH AND METHODS
Deposit Selection and Preparation

Table I lists the six deposit compositions studied;
the rationale for selecting these compositions and
details of the synthesis approach are provided
elsewhere.?**® In brief, the compositions are
derived from a master cation stoichiometry
Cl3N10K1M11F11A14S40 with varied anion makeup
including mixed sulfates (—S), mixed oxides (—0O), or
mixed oxides and sulfates (—OS). Variants were also
tested with and without the more volatile and lower
melting Na and K components. The oxide-sulfate
mixtures are formulated with Ca, Mg, Na, and K
added in a 1:2 sulfate-to-oxide ratio, whereas the
other cations (Fe, Al, and Si) were added only as
oxides since their sulfates are not stable under the
relevant conditions.**™® The mixed sulfate
CNKM — S was formulated with just the sulfate-
forming cations (Ca, Na, K, and Mg) in the same
ratios as the master stoichiometry. The deposits
were synthesized from individual oxide and sulfate
components, > 99% pure, procured from either Alfa
Aesar (Ward Hill, MA) or Acros Organics (Morris
Hill, NJ) using a sequential mixing and heat
treatment approach to facilitate pre-reaction
between the oxide components without decomposing
the sulfates.

Oxidation Testing

Tests were conducted on Haynes-214 alloy
(Ni(bal.)- 16Cr-4.5A1-3Fe-2Co, wt.%) (Haynes Inter-
national, IN). When oxidized in a clean environment
at temperatures > 850°C, this alloy forms a dual-
layered TGO with an inner a-Al,O3 layer and outer
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Table I. Summary of deposit compositions (mol.%)*

ID and cation stoichiometry Cl5M12F12A1(;S45 013N10K1M11F11A14S40 C37N28K3M31 CIOO
| Component CMFAS-O CMFAS-O S CNKMFAS-O CNKMFAS-O S CNKM-S CaSO0O,
AlO; 5 16 16 14 14 - -
CaO 15 10 13 9 - -
FeO; 5 12 12 11 11 - -
KOy 5 - - 1 0.7 - -
MgO 12 8 11 7 - -
NaOOA5 — — 10 7 — —
Si0, 45 45 40 40 - -
CaSOy4 - 5 - 5 37 100
K(SO4)o 5 - - - 0.3 3 -
MgSO, - 4 - 4 28 -
Na(SO4)0_5 - - - 3 31 -

*Single cation cement chemistry notation C = CaO, N = NaOg 5, A = AlO; 5, S = SiO,, S = SO, etc. Adapted from Ref.38.

Ni(Cr,Al),0, spinel layer.***® Coupons, approxi-
mately 12 mm long and 8 mm wide, were cut from
a 1.75-mm-thick plate by wire EDM. The surfaces
were polished using SiC abrasive papers and dia-
mond polishing suspensions to a 1 uym diamond
finish and then ultrasonically cleaned sequentially
in a 2 wt.% microorganic soap solution, 200 proof
ethanol, and acetone. The specimens were mea-
sured and weighed before and after each heat
treatment. Before the deposit-induced degradation
experiments, each specimen was pre-oxidized for
100 h in dry air (< 6 ppm H50, 0.2 /min, 30 mm
OD, 27 mm ID fused quartz tube) at 1025°C (10°C/
min heating, 8°C/min maximum cooling rate).

The powdered deposits were applied on a portion
of the specimen using a stencil to achieve a ~ 25
mg/cm?® loading over a ~ 4-mm-diameter circle.
After application, the deposit powder was lightly
compacted against the specimen surface using a
cylindrical steel punch to improve contact. Then,
the specimens with the deposit were placed in
alumina boats (Coorstek Inc., Golden, CO) and
annealed for an additional 100 h at 1025°C in dry
air using the same conditions as the pre-oxidation.
To avoid cross-contamination, separate furnace
tubes and boats were utilized for each deposit type.
A baseline sample was generated by heat-treating
the alloy under the same conditions without a
deposit.

Characterization

The specimen surfaces were visually inspected to
determine the degree of deposit adherence, melting,
and spreading. Photo-stimulated luminescence
spectroscopy (PSLS) and Raman spectroscopy tech-
niques were used to confirm the presence of ¢-Al;03
and Ni(Cr,Al)2O4 spinel, respectively, in the TGO
using a 532-nm Nd:YAG laser on the Witec Alpha
300R confocal Raman microscope. Polished cross

sections were characterized by scanning electron
microscopy (SEM, Hitachi SU8230) and energy
dispersive x-ray spectroscopy (EDS, Thermo-Noran
Vantage on a JEOL JSM 6500 SEM). The specimens
were cut, ground, and polished using water-free
lubricants to prevent loss of water-soluble deposits
and reaction products. Back-scattered electron
(BSE) micrographs were recorded across the entire
cross section at a sufficiently high magnification to
identify details of the TGO and TGO-alloy interface.
These BSE images were merged and analyzed to
quantify the thickness of TGO and conformal reac-
tion products (TGO + RP) layer and the local
roughness of the TGO-alloy interface using a previ-
ously reported method.?®

RESULTS AND DISCUSSION

The general observations regarding the appear-
ance of the specimens and the surface characteri-
zation are discussed first followed by a discussion of
the reaction mechanisms for each deposit type.
Finally, data from image analysis are used to
discuss the prevalence of important degradation
features and compare them to previously reported
results for the deposit-induced degradation of
FeCrAlY,**3? which forms a single-layered o-Al,O5
TGO.

Baseline Behavior Without Deposits

Figure 1 shows the cross section of the TGO for
the baseline specimen oxidized for 100 h without a
deposit after the initial 100 h pre-oxidation. Absent
a deposit, the Haynes-214 alloy formed a layered
TGO with Ni(Cr,Al);O, spinel atop «-Al;O3 and a
total thickness of ~ 4 um. The spinel layer was
porous with increasing Al content moving inward
towards the Al,Os. Occasional NiO nodules were
observed in the Ni(Cr,Al);O4 layer. The Al,O3 was
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Fig. 1. Analysis of the oxidation products formed on the Haynes-214 baseline specimen. (a) BSE micrograph of a representative region and (b)

corresponding EDS micrograph of the highlighted region.

thinner and denser than the spinel. A very limited
number of oxide intrusions** into the alloy were
observed and are attributed to alloy defects or
surface contamination.

General Observations and Surface
Characterization Following Deposit Exposure

Figure 2 shows the PSLS and Raman spectra for
the specimens in regions away from the initial
deposit locations. All the specimens exhibited the
characteristic doublet of 0-Al;O3 in the photolumi-
nescence (PL) region. The shift in the «-Al;O3
doublet on the alloy relative to the «-Al;O3 powder
standard is due to the residual growth stresses in
the TGO.*5*7 It is expected that the residual stress
and the magnitude of the shift increase with TGO
thickness. The «-Al,O3 doublet for the baseline
sample shows the greatest leftward shift (highest
stress) and the thickest TGO in the subsequent
analysis. The reduced shift for the CMFAS-O sam-
ple could imply that there had been partial spalla-
tion in the representative location selected for the
analysis. The Raman spectra confirm the presence
of a Ni(Cr,Al);O, spinel;**° shifts in the peak
positions for different specimens are due to the
differences in Al content in the spinel or the residual
growth stresses in the TGO.?*? -

All the deposits except the CNKMFAS — OS and

CNKM - S shrank but remained solid and adhered

to the specimen surfaces. The CNKMFAS — OS
deposit formed a small fraction of melt due to the
presence of low melting NasSO,. This melt spread to
a region extending ~ 1 mm outside the initial
deposit location. However, subsequent characteri-
zation showed no significant reaction of that melt
with the TGO. The CNKM-S formed a large fraction
of melt that spread across the complete specimen
before the NasSO, evaporated. Photos of the spec-
imens before and after the heat treatment are
provided in Figure S1 in the supplementary
material.

**We define an oxide intrusion to be oxide connected to the TGO
that extends at least 1.5x deeper into the alloy than the average
local TGO thickness.
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Fig. 2. (a) Photo-stimulated luminescence spectra (PSLS) and (b)
Raman spectra in the Ni(Cr, Al),O, spinel region for the Haynes-214
specimens after heat treatment in the presence of deposits. The top
line in (a) is from an «-Al,O3 powder standard.

Influence of Deposit Composition on Local
Reactions

Reactions with Mixed Oxide Deposits

Figures 3 and 4 show representative cross sec-
tions of the specimen exposed to the CMFAS — O
and CNKMFAS — O mixed oxide deposits, respec-
tively. Away from the deposit, both specimens
showed behavior like the baseline sample. The
microstructures of the TGO under the two deposits
were also like one another. The continuous alumina
layer was intact and remained protective, but
cracking or detachment of the outer spinel layer
was more common than in regions away from the
deposit. Where the outer spinel layer was still
present, it tended to be more porous than the
baseline (cf. Fig. 1 with Figs. 3b and 4b). Occasional
particles of the residual deposit remain loosely
attached, as shown in Fig. 3b. These comprise
mixtures of the deposit components, e.g., Ca-rich
silicates also containing some Mg, Fe, and Al, and
some particles also contain Cr, typically with Mg,
Al, and Fe. This suggests that the Cr from the spinel
layer of the TGO reacted with components from the
deposit. The implication is that the oxide deposits
may locally adhere and increase the porosity in the
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Fig. 3. BS-SEM micrographs and EDS analysis of the oxidation/corrosion products formed on the alloy exposed to CMFAS-O. (a) Region outside
the initial deposit. (b) Region under the deposit. The upper left sub-panels show BSE images, and the remaining sub-panels show EDS maps of

key elements overlaid on the BSE images.

(@) Outside CNKMFAS-O Deposit Location

(b) Under Initial CNKMFAS-O Deposit Location

Alloy

Fig. 4. Analysis of the oxidation/corrosion products formed on the alloy exposed to CNKMFAS-O. (a) Region outside the initial deposit. (b)
Regions under the deposit. The top row in each panel shows BSE images, and the bottom row shows EDS maps of key elements.

spinel layer and its tendency to crack and delami-
nate, but the deposits do not appear to accelerate
alloy oxidation. Furthermore, the addition of Na
and K as oxides does not noticeably change the
behavior.

Reactions with Oxide-Sulfate Deposits

Figures 5 and 6 show the typical behavior of the
specimens exposed to the oxide-sulfate deposits. The
general characteristics were similar to the mixed
oxide deposits except, as elaborated below, there

was increased adherence of the Na-containing
oxide-sulfate deposit compared to the other samples.
The appearance of the TGO under the CMFAS — OS
deposit (Fig. 5b) was similar to the CMFAS — O
specimen suggesting that the presence of Ca and Mg
as just oxides (CMFAS — O) or as a mixture of
oxides and sulfates (CMFAS — OS) does not signif-
icantly change the reactions with the TGO.

The addition of Na and K as a mixture of oxides
and sulfates in the CNKMFAS — OS deposit
increases the reactions with the TGO, leading to



4112

Chikhalikar and Poerschke

(@) Outside CMFAS-OS Deposit Location

(b) under Initial CMFAS-OS Deposit Location
Residual Deposit N

NiO Nodule N Ca, Mg Silicate ™

Fig. 5. Analysis of the oxidation/corrosion products formed on the alloy exposed to CMFAS-O S. (a) Region outside the initial deposit. (b)
Regions under the deposit. The top row shows BSE images, and the bottom row shows EDS maps of key elements.

Outside CNKMFAS-OS Deposit Location

Fig. 6. Analysis of the oxidation/corrosion products formed on the alloy exposed to CNKMFAS-O .S. (a) Region outside the initial deposit. (b)
Regions under the deposit. The upper left sub-panels show BSE images, and the remaining sub-panels show EDS maps of key elements

overlaid on the BSE images

adherent reaction products and residual deposit
(Fig. 6b). Some portions of the adhered material
contained only components from the deposit (e.g.,
Ca- and Mg-rich silicates). Other portions contain
elements from the spinel TGO (e.g., mixed Ni, Mg,
Al oxides, and occasional Mg- and Cr-rich particles

intermixed with the spinel) surrounded by a con-
tinuous Na- and Ca-rich silicate. No sulfur was
detected in these reaction products. The interpreta-
tion is that the NaySO,, which melts during the
initial heating, drives reactions that partially dis-
solve the spinel TGO layer. Subsequent reactions
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with the oxide components in the deposit convert
the Nay,SO, into a mixture of Na-containing sili-
cates. Despite these reactions, the underlying
a-AloO3 TGO remains intact, and there is no
evidence of accelerated alloy degradation compared
to the oxide deposits.

The overall similarity between oxide and oxide-
sulfate deposits reemphasizes that the presence of
the oxides in mixed oxide-sulfate deposits acceler-
ates the sulfate decomposition into oxides,>®4°
thereby limiting the propensity for the more severe
sulfate-induced degradation described in the subse-
quent sections. The one notable difference is

between CNKMFAS — O and CNKMFAS — OS,
where the latter shows evidence of melt-mediated
reactions. Previously reported thermodynamic cal-
culations showed that both deposits have an equi-
librium solidus temperature of 1065°C,*® which is
above the melting temperature of 884°C for
Na,S0,4'® and 650°C for the MgS04-Na,S0,4-CaSO,
eutectic.”® The difference is ascribed to the fact that
in the equilibrium calculations, the sulfates are
predicted to decompose via reactions with the oxides
before reaching the sulfate melting temperature.
However, related calculations in which the sulfate
decomposition is temporarily suppressed by limiting
the rate of removal of gaseous SO, and SO3 showed
that a transient melt could form at or below
1025°C.*° The observed formation of melt in the
current experiments suggests that these reactions

are not fast enough to prevent transient melt
formation upon heating the mixed deposits.

Reactions with CaSQ,4 Deposit

Figure 7 shows representative cross-section BSE
micrographs and EDS maps of the specimens
exposed to CaSO4. Regions away from the deposit
retained the dual-layered o-Al;Os; and spinel TGO
with no evidence of reaction with the CaSOg4
(Fig. 7c). Under the deposit, the TGO reacted with
CaSO4 to form a mixture of reaction products
divided into several layers. The outer layer con-
sisted of CaO, CaSO,4, and Ca,Cr,0O,, similar to
those reported in Refs. 32 and 33. Moving inward,
calcium chromate becomes the primary phase with
occasional inclusions of NiO and Ca-rich aluminates
(likely Ca3Al;0g and C15Al;4033 based on semi-
quantitative EDS and comparison to the binary
phase diagram??3%3?). The next layer consists pri-
marily of calcium aluminates, transitioning from
C12A114033 to the Ca-lean CaAl,O, adjacent to a
thin Al,O3; layer. These observations align with
previous reports of the CaSO4-induced corrosion of
other Ni-containing, Al,O3-forming alloys.*"*® The
Al5Os3 is relatively continuous and appears protec-
tive along most of the alloy/TGO interface, although
internal oxidation was evident in some places (Fig.
7a and b-I).

At a few locations the CaSO, caused a more
aggressive attack producing thicker nodules of
mixed Ca,Cr,0,, Ca,Al,0,, and NiO (Fig. 7a and

(a) BS-SEM Micrograph Under the Deposit

Fig. 7. Analysis of the oxidation/corrosion products formed on the alloy exposed to the CaSQO, deposit in (a, b) region under the deposit with (a)
showing the BS-SEM merged micrographs and (b) showing the EDS maps of key elements in the highlighted regions and (c) region outside the

deposit. Parts (a) and (b) are at the same magnification.
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b-II and III)). A continuous layer of Ca,AlO,
products forms between the thick, mixed nodules
and a discontinuous layer of Al,O3 at the alloy/TGO
interface. Where the Al,O3; was disrupted, a CryO;
layer formed at the alloy/RP interface. Internal Al
oxidation was often evident in such locations. No
internal sulfidation was observed, even at locations
with more aggressive attacks.

The predominant behavior (Fig. 7b) is explained
by reactions between the spinel layer and CaSO,
that convert the spinel to less-protective Ca,Cr,O,.
The CaAl,O, inclusions in the Ca,Cr;O, layer are
likely formed from the Al dissolved in the spinel; the
NiO from the spinel does not react with the CaSO,
and instead forms NiO inclusions. As Ca diffuses
inward it reacts with the Al,O3 to form the contin-
uous Ca,Al,O, layer. The mechanism leading to the
variations in the degree of reaction may be attrib-
uted to a combination of local variations in the
initial spinel thickness or transient melt formation
that disrupts the initial Al,O3 TGO layer. For
instance, the presence of excess Cr in a thicker
spinel layer could push the system into the 1022°C

Chikhalikar and Poerschke

eutectic reaction between CagCrgOss and

ﬁ-CaCr204.32

Reactions with CNKM-S Deposit

Figure 8 shows the cross-section BSE and EDS

maps of the specimens exposed to CNKM — S. Since
the deposit melted and spread, there was significant
reaction with the TGO in regions away from the
initial deposit location. Based on the comparison of
the EDS data with reported stable phases,?%:334-57
the predominant reaction products consisted of
mixed Ca.CryO0,, MgCr,O, (either MgCryO4 or
Mg-saturated Cry03), and Ca,Al;O,. In regions
outside the initial deposit location (see Fig. 8a),
the reaction products consisted of a mixture of
Ca,Cry0,, Mg,Cr,0,, and Ca,Al;O,. At some loca-
tions, the RP layer mainly consisted of Mg.Cr,O,
and CayAl;O,, with detached Ca,Cr,O, products
suggesting that the spinel was dissolved by the
transient melt and reprecipitated as RPs. Ni did not
participate in the reactions and segregated out as
NiO nodules, similar to the specimen exposed to the
CaSOy deposit.

Outside CNKM-S Deposit Location

v NiO

R R ST L

. caléium sulfo -
/_aluminate (CAS.)

Fig. 8. Analysis of the oxidation/corrosion products formed on the alloy in region under the CNKM — S deposit. (a) Region outside the initial
CNKM — S deposit. (b) Regions under the CNKM — S deposit. The upper left sub-panels show BSE images, and the remaining sub-panels show

EDS maps of key elements overlaid on the BSE images.
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In regions under the deposit, the outer portion of
the reaction layer consisted of calcium sulfoalumi-
nate (approximately CasAlgO1250,), followed by a
thick layer of Ca,Cr,0,, Mg,Cr,0O,, and mixtures of
CaAl;O,. Below these reaction products, the Al,Og
at the alloy interface continued to protect the alloy.
The Mg,Cr,O, layer was often observed adjacent to
the Al;O3; layer. The reaction layer architecture
suggests that the Mg in the deposit reacts prefer-
entially with Cr to form the dense, relatively
continuous Mg,Cr,O, layer while reducing the
tendency to form the less protective CaCr,O,.
Additionally, the presence of Mg,Cr,O, adjacent to
the Al;O3; layer reduces the reaction between Ca
and Al to form the Ca,Al,O,, thereby limiting the
RP layer thickness and alloy recession.

In the deposit layer adjacent to the RP, MgO
nodules were observed suggesting that MgSO,4
decomposed during the melting and spreading and
precipitated out as MgO predominantly in the
region under the initial deposit (see Fig. 8b). Na
and K were not observed in the reaction products or
in the residual deposit. This suggests that even
though the Na and K salts facilitated the melting
and spreading of the deposit (and the subsequent
partial dissolution of the spinel), they ultimately
volatilize rather than forming reaction products
with components from the TGO. A key distinction
compared to the experiments with the oxide-sulfate
deposits is that the sodium does not persist in this
case; it only stabilized in the residual deposit and
reaction product layer in the presence of silicates.

Quantitative Analysis of Degradation
Features

Effect on the TGO + RP Thickness

Figure 9 shows the TGO and TGO + RP thick-
nesses as a function of position across the cross
section for each specimen. Except for occasional
spikes in the TGO + RP thickness, which represent
the oxide intrusions in the alloy, the TGO thickness
was relatively uniform for the baseline specimen
(Fig. 9a) and for specimens exposed to the oxide
(Fig. 9b, c¢) and oxide-sulfate (Fig. 9d, e) deposits.
Comparing the thickness outside and under the
initial oxide and oxide-sulfate deposit location, we
observe the TGO + RP thickness under each deposit
is slightly lower than outside of the deposit. This is
attributed to the increased cracking and delamina-
tion of the spinel layer under the deposits. No
significant increase in the oxide intrusions was
observed under these deposits.

In comparison, the formation of calcium chro-
mates and aluminates upon reaction with CaSO,4
roughly triples the TGO + RP thickness across the
area under the initial deposit location (Fig. 9f). The
local increase in the TGO + RP thickness represents
the oxide intrusions in the alloy, whereas the broad
regions with TGO + RP thickness substantially

higher than the average behavior correspond to a
location with aggressive attack shown in Fig. 7a and
bII and III. Since the solid deposit did not spread,
the TGO + RP thickness away from the initial
deposit location is close to the baseline behavior.
Figure 9f shows the increased TGO + RP across the

entire specimen caused by the molten CNKM — S
deposit. In contrast to the CaSO, deposit, the attack

in the presence of CNKM — S was more uniform
with a lower frequency of the deep oxide intrusions
into the alloy and comparatively lower TGO + RP
thickness. This behavior is likely due to the forma-
tion of MgCr,O,, which shields underlying Al,O3
TGO from forming thicker Ca,Al,O, and CaCr,0,
and prevents the associated alloy recession. The

attack of the CNKM — S deposit diminishes towards
the specimen edges, possibly due to the depletion of
reactants as the melt spreads.

Table II summarizes the average (+ standard
deviation) and median TGO + RP thickness for each
specimen region. The median TGO + RP thickness
in the presence of the deposits is generally lower
than the average owing to the presence of many
locations with TGO + RP thickness greater than the
mean, with few regions of TGO spallation. The

uniform reaction of the molten CNKM-S deposit
across the alloy increased both the average and
median TGO + RP thickness in both the sample
regions as compared to the baseline. Vigorous
reaction of the CaSO, deposit at specific locations
led to higher average TGO + RP thickness under
the deposit as compared to the median value.

The position specific TGO + RP thickness data
are plotted as cumulative probability distributions
(CPD) in Fig. 10. The shaded baseline region (see
Fig. 10a) was defined by performing an experiment
without deposits and the knowledge of typical
variation in the TGO thickness as a function of
minor changes in the sample positioning in the
furnace.®® Except for the specimen exposed to

CNKM — S deposit, the region outside the initial
deposit location exhibited narrow thickness distri-
butions falling within the baseline region. The

spreading of the molten CNKM — S drove the
reaction in regions outside the initial deposit loca-
tion leading to an increase in the TGO + RP thick-
ness, thus shifting the CPD curve to the right. The
CPDs under the mixed oxide and oxide-sulfate
deposits fall in the baseline region but have slightly
shifted towards lower thickness compared to the
regions outside the deposit because of the increased
delamination of the spinel layer (see Fig. 10b). The
CPD for the region under the CNKM — S is similar
to that away from the initial deposit since it spread
and reacted uniformly. The shape of the CPD for the
region under the CaSO, deposit changes relative to
the other specimens since the reactions to form
CaxCr,0, and Ca,Al,O, significantly increase the
TGO + RP thicknesses.
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Table II. Average (+ standard deviation) and median TGO + RP thickness (in yum) on the Haynes-214 alloy

after exposure to different deposits

Outside initial deposit

Under initial deposit

Deposit Average
None (baseline) 33+11
CMFAS-O 2.7 +£0.98
CNKMFAS-O 2.8 +1.2
CMFAS-O S 26=+11
CNKMFAS-O S 26+ 1.1
CaSOy, 3.0+ 1.3
CNKM-S 44+ 13

Median Average Median
3.3 - -
2.5 2.7+ 1.0 2.5
2.1 2.14+0.8 2.0
2.5 2.1+0.9 2.0
2.3 2.4 + 0.98 2.3
2.8 20.3 + 26.3 11.8
4.2 54+13 5.3

To understand the effect of the reactions involv-
ing Cr on the total TGO + RP thickness, Fig. 10c, d
compares the CPD for the Haynes-214 and FeCrAlY
alloy®®*? exposed to CaSO, and CNKM — S. The
baseline CPDs for FeCrAlY and Haynes-214 are
similar, although the FeCrAlY curve is steeper and
generally to the left of that for Haynes-214 because
of the added thickness and variability in the spinel
layer in the latter. The CPDs for both the specimens
away from the CaSO, deposit fall close to the
respective baseline curves. Under the CaSO,

deposit, both shift towards a higher TGO + RP
thickness but the shift for the Haynes-214 alloy is
more than a factor of two greater than FeCrAlY.
The last 20% of the distribution on Haynes-214 is
extremely broad, extending up to 130 um, because
of the regions with aggressive degradation. These
observations highlight the important role of Cr in
the TGO in accelerating hot corrosion by CaSOy,. In
contrast, for the specimens exposed to CNKM — S,
the CPD curves for the regions under the deposit
are nearly coincident for the two alloys. Outside the
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initial deposit location, the CPD for FeCrAlY is
shifted towards higher thickness than for Haynes-
214. This observation supports the hypothesis that
the formation of Mg,Cr,O, due to the presence of
Mg in the CNKM — S deposit prevents the interac-
tion of Al,O3 with CaSO,4 and reduces the severity of
the corrosion on Haynes-214.

Effect on the Interface Roughness

Figure 11 shows variations in the alloy-TGO
interface position as a function of location across
the cross section of each specimen. Higher ampli-
tude variations correspond to increased interface
roughening. The calculated average (R,) and root
mean squared (E,) roughness are shown in Fig. 12;
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the error bars correspond to the maximum and
minimum R, and R, values respectively in a set of
20 random subsets each containing 25% of the cross
section length in respective regions. For all the

specimens except the one exposed to CNKM — S, the
relative interface height in the region outside the
initial deposit location was uniform and comparable
to the baseline behavior. For the specimen exposed
to mixed oxide and oxide-sulfate deposits, the
relative interface height under the deposit did not
change as compared to the area outside the initial
deposit location (Fig. 11 b—e). Similarly for the
specimens exposed to the mixed oxide and oxide-
sulfate deposits the R, and R, values are compara-
ble to the baseline. Under the CaSO, deposit, the
interface roughness increased compared to the
region outside owing to the formation of less pro-
tective calcium chromates and aluminates. Sharp
increases in the interface roughness > 4 um corre-
spond to the regions of aggressive attack with
significant alloy recession. The sharp increase in
the interface heights in regions of aggressive attack
also increases the R, and R, values and their
variation as shown by the error limits. The interface
roughness was uniform across the specimen exposed

to the CNKM — S but greater than the baseline
behavior.

CPDs for the interface roughness data are plotted
in Fig. 13a, b for regions outside and under the
initial deposit respectively. A curve with a shallower
slope and wider distribution is associated with
increased interface roughness. In areas outside the

deposit, all specimens except CNKM — S closely
follow the baseline distribution ranging from — 1.5

um to 2 um. The CNKM — S specimen shows
increased roughness (by 59% compared to average
baseline roughness) because of the reactions with
the molten deposit outside the initial deposit
location.

The CPDs for regions under the mixed oxide and
oxide-sulfate deposits (see Fig. 13b) also mimic the
baseline behavior. In comparison, the formation of
thick, less-protective reaction products in the pres-

ence of the CaSO4 and CNKM — S deposits produced
rougher interfaces (240% and 78% increase, respec-
tively, compared to average baseline roughness),
broadening the CPD. The specimen exposed to
CaS04 was skewed towards higher roughness due
to either variation in the spatial oxidation rate or
generation of growth stresses as a result of the
formation of thicker reaction products.

Figure 13c, d compares the CPD for Haynes-214 and

FeCrAlY alloys exposed to CaSO, and CNKM — S
and their respective baselines. Haynes-214 has a
higher interface roughness than FeCrAlY alloy in
the baseline specimens. This difference is magnified
by the reactions with the deposits, with the Haynes-
214 specimens showing a more significant increase

in interface roughness under the CNKM — S and
CaSO, deposits compared to FeCrAlY. The implica-
tion is that the extensive reactions with the TGO on
Haynes-214 to form thick chromates and alumi-
nates also increase the roughness of the alloy
interface under the intact Al,O3 TGO layer.

Implications for the Deposit-Induced Degradation
of Alloys

The results provide quantitative information
about the effect of TGO structure and composition
on the hot corrosion and TGO reactions. The oxide
and oxide-sulfate deposits do not react with the
TGO on the Haynes-214 alloy except for localized
reactions with the spinel layer that promote its
delamination. The effect was particularly evident

for the CNKMFAS — OS deposit where the tran-
sient presence of low melting sulfates facilitated
local reactions with the spinel. The implication is
that the presence of oxides in the deposit reduces
the corrosive effects of the sulfates in mixed oxide-
sulfate deposits. Therefore, the most severe compo-
nent degradation is likely to occur in service condi-
tions where the ingested debris comprises primarily
sulfates such as in regions with high concentrations
of sulfate minerals (e.g., gypsum sands) or sulfur-
rich industrial pollutants.

The results also show that for the deposits that
are rich in CaSQy, the presence of Cr in the TGO
increased the attack intensity as compared to the
FeCrAlY alloy. A major contributing factor is likely
the formation of calcium chromates on reaction with
the spinel TGO on the Haynes-214 alloy. Some
locations under the deposit on Haynes-214 showed
disruption of underlying Al;03 TGO possibly due to
excessive TGO consumption in spinel-rich regions.
The implication is that the presence of Cr-rich TGO
is undesirable in the presence of a Ca-rich deposit;
therefore, alloy designs that achieve good AlyO;
formation with lower Cr content are desirable.

An additional objective of the study was to
understand how the presence of lower melting
sulfates in a CaSOy-based deposit changes the hot
corrosion behavior compared to a solid CaSO,
deposit. The results show that even though the

CNKM — S melted and spread, and therefore
affected more of the overall sample surface, it
formed thinner mixed calcium aluminates, chro-
mates, and magnesium chromate products com-
pared to the thick, less-protective calcium chromate
and aluminate reaction products formed by CaSO,
alone. The reaction layer architecture implies that
Mg in the deposit competes with Ca to form
chromates and that the magnesium chromate layer
limited the interaction of Ca with the underlying
Al5O3 layer. Ni did not take part in the reactions
and segregated in the TGO + RP layer as NiO
nodules or inclusions.



4120 Chikhalikar and Poerschke

(a) Outside the Initial Deposit (c) Outside the Initial Deposit
1 | L] L] L] T L] | T L] L] L]
0.95F .
0.9 —
1 L isssssasadstasesssessiavasssssessdasEssaions g py

0.8f

06 CaSoO,

CNKMFAS-O

'l/ CaSO, -

CNKMFAS-OS Haynes-214

[CMFAS-0OS

Cumulative Probability

0 (expa”dedbe'°W> ........................... £?.XR%09?9.?§'9W.>..§-
01— ; : . : i

005} - 1

Of= . l

(b) Under the Initial Deposit
1 i L] L] L] L]

0.95

0.9

0.8

0.6

04r
— Haynes-214

0.2y CNKMFAS-O

Cumulative Probability

---- FeCrAlY

2 4 o 1 2 2 4 o0 1 2
Relative Interface Height [um] Relative Interface Height [um]

Fig. 13. CPD of the interface roughness (a, c¢) outside and (b, d) under the initial deposit position for the Haynes-214 and FeCrAlY specimens.
FeCrAlY data from Ref. 38.




The Impact of Ni- and Cr-Containing Thermally Grown Oxides on the Intensity of Oxide and 4121

Sulfate Induced Hot Corrosion of an Alumina-Forming Alloy

CONCLUSION

This work utilized a combination of local
microstructure characterization and image analysis
to improve the understanding of the effect of minor
elements in the TGO on the accelerated corrosion in
the presence of oxide, oxide-sulfate, and sulfate
deposits. Key conclusions are:

1. The oxide and oxide-sulfate deposits did not
react significantly with the TGO on the Haynes-
214 alloy but increased the delamination of the
spinel layer under the deposit. The oxide and
oxide-sulfate deposits with Na and K were more
likely to adhere to the TGO and cause the spinel
layer to crack. Although neither the sulfate-free
oxide deposits nor the mixed oxide-sulfate
deposits caused severe attack, there was more
evidence of deposit reaction in the latter due to
the transient Na,SO4 melt.

2. The CaSO, and CNKM — S deposits reacted
more significantly with the TGO than the
oxide-containing deposits. The solid CaSO,4 only
formed RP layers under the initial deposit
location while the molten CNKM — S deposit
spread and reacted with TGO across the entire
surface of the sample.

3. The formation of calcium chromate in the pres-
ence of CaSO4 led to much thicker reaction
product layers than Al;,O3 forming FeCrAlY
alloy exposed to the same deposit significant
reaction. In some locations, the reaction was
sufficiently severe to disrupt the inner Al;O3
layer on Haynes-214 leading to internal oxida-
tion.

4. The presence of Mg in CNKM — S deposit led to
the formation of magnesium chromate just
above the underlying Al;O3 TGO and limited
the formation of calcium chromate. Moreover,
lack of interaction between Mg and Al prevented
Al consumption because of the formation of
calcium aluminates and led to a thinner TGO +
RP layer that did not disrupt the underlying
Al,O3 TGO layer.
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