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Abstract
Alloys and oxidation-resistant coatings utilized in high-temperature applications can 
be degraded by aerosols that deposit onto surfaces during operation. Understand-
ing how the deposit composition influences the hot corrosion mechanisms is essen-
tial to develop more durable materials. This work advances the understanding of 
the effect of complex oxide and sulfate deposits on the degradation of an alumina-
forming FeCrAlY alloy in comparison to reactions with single-crystal sapphire. 
The deposit compositions were developed to systematically understand the effect 
of anion makeup (mixed oxides, oxide–sulfate, and sulfates) and the effect of add-
ing Na and K salts. CaSO4 was used as a control. The mixed oxide and oxide–sul-
fate deposits increased the frequency of thermally grown oxide (TGO) intrusions in 
FeCrAlY but did not produce a noticeable change in the sapphire. Pure CaSO4 and 
mixed sulfate reacted with the TGO and sapphire to form calcium aluminates and 
led to roughening of the specimen–reaction product interface. The primary differ-
ence between the CaSO4 and mixed sulfate deposits was the increased uniformity of 
the attack by the latter due to its tendency to melt and spread. Comparison between 
the change in the degradation features in the presence of CaSO4 and mixed sulfate 
deposits on both types of specimens expands the current understanding of sulfate-
based hot corrosion.
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Introduction

Hot-section components in aviation, marine, and land-based power generation 
turbines are made from alloys that need to withstand mechanical stresses and oxi-
dation under thermal cycling. Oxidation resistance is achieved by forming a pas-
sivating thermally grown oxide (TGO) on the alloy or on an oxidation-resistant 
metallic coating [1, 2]. Unfortunately, deposits formed from aerosol debris can 
attack the TGO, accelerating degradation via various high-temperature corrosion 
mechanisms. Recent reports show that in addition to the well-documented corro-
sion by Na2SO4-based deposits [3–11], deposit-induced degradation of alumina-
forming alloys also occurs at higher temperatures in the presence of CaO- and 
CaSO4-containing deposits that convert the TGO into less-protective calcium alu-
minates and chromates and can drive alloy sulfidation [12–17]. The examination 
of ex-service turbine components and complementary laboratory experiments 
indicates that complex deposits (such as multi-cation sulfate, sulfate-oxide, and 
sulfate-oxide-chloride chemistries) accelerate oxidation over a range of tempera-
tures via varying mechanisms [14, 16, 18–24]. The cation stoichiometries in these 
complex deposits often resemble the CMAS or CMFAS deposits that accelerate 
the failure of thermal and environmental barrier coatings at higher temperatures 
in turbine environments [24–28].

Understanding how temperature and the composition of the alloy, TGO, deposit, 
and atmosphere influence the hot corrosion mechanism and severity is critical to 
accelerating the development of new corrosion-resistant alloys. Recent work toward 
this objective has demonstrated that sulfates in mixed oxide–sulfate deposits decom-
pose more readily than pure sulfates due to favorable reactions with oxides to form 
aluminosilicates [29]. At the same time, the transient presence of Na2SO4 reduces 
the incipient melting temperature of the mixed oxide–sulfate deposits, increasing the 
tendency for the deposit to spread relative to the location where the material was 
initially deposited. Related work applied image analysis to quantify the features rel-
evant to understand alloy degradation by these complex deposits [17]. Those results 
showed that a multi-cation oxide deposit produced only occasional localized attack 
in the form of TGO intrusions into the alloy, while a comparable multi-cation sulfate 
deposit caused a more significant and uniform attack across the alloy. In the latter 
case, the fluxing effect of Na2SO4 in the mixed sulfate deposit facilitated deposit 
spreading, but the underlying TGO-attack mechanism forming calcium aluminates 
was similar to pure CaSO4 [16, 17, 30]. Given the complexity of deposit composi-
tions and the variety of degradation mechanisms, high throughput screening pro-
tocols are needed to accelerate efforts to understand the mechanisms. Toward this 
objective, this study addresses the following questions:

•	 To what extent does the transient presence of volatile, low-melting Na and K 
oxides and sulfates change the deposit-induced corrosion pathway?

•	 What differentiates the behavior of multi-cation oxide vs. multi-cation oxide–
sulfate deposits, considering the fast intrinsic decomposition of sulfates in 
such deposits?
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•	 How do the dynamics of finite TGO consumption, alloy re-passivation, and alloy 
defects influence the corrosion process, compared to deposit reactions with a 
semi-infinite alumina substrate?

The approach decouples these effects by comparing the consequence of system-
atic changes in the deposit composition on reactions with a model Al2O3-forming 
FeCrAlY alloy and single-crystal sapphire. Using image analysis to quantify fea-
tures including the reaction product thickness and the alloy/TGO interface rough-
ness, the work generates datasets to feed future data-driven materials discovery 
efforts, while also extending the fundamental understanding of the variables influ-
encing the deposit-induced degradation behavior.

Experimental Procedures

Deposit Selection and Preparation

Six model deposits (Table  1) were selected to systematically compare the role of 
the anion makeup (just oxides, just sulfates, or mixtures of oxides and sulfates) and 
the presence or absence of Na and K salts. These compositions are based on a mas-
ter cation stoichiometry C13N10K1M11F11A14S40, which was defined in prior work 
based on additions of Mg, Fe, Al, Na, K to a commonly studied, moderate Ca/Si 
ratio CMFAS oxide composition [17, 29, 31, 32]. The CMFAS and CNMKFAS var-
iants study the effect of Na and K, which are known to depress the melting point of 
the corresponding oxide and sulfate mixtures [29][40, 41]. The −O and −OS variants 
compare the behavior of deposits based on oxides ( −O ) relative to an oxide–sulfate 

Table 1   Summary of deposit compositions (mol %)*

* Single cation cement chemistry notation C = CaO, A = AlO1.5, S = SiO2, S = SO3 etc.

ID & Cation 
Stoichiometry

C15M12F12A16S45 C13N10K1M11F11A14S40 C37N28K3M31 C100

↓ Component CMFAS-O CMFAS-OS CNKMFAS-O CNKMFAS-OS CNKM-S CaSO4

AlO1.5 16 16 14 14 – –
CaO 15 10 13 9 – –
FeO1.5 12 12 11 11 – –
KO0.5 – – 1 0.7 – –
MgO 12 8 11 7 – –
NaO0.5 – – 10 7 – –
SiO2 45 45 40 40 – –
CaSO4 – 5 – 5 37 100
K(SO4)0.5 – – – 0.3 3 –
MgSO4 – 4 – 4 28 –
Na(SO4)0.5 – – – 3 31 –
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mixture ( −OS ) formulated with Ca, Mg, Na, and K added in a 1:2 sulfate-to-oxide 
ratio. Other cations including Fe, Al, and Si were added only as oxides based on the 
relative instability of the silicon, iron, and aluminum sulfates relative to their oxides 
[33–35]. The mixed sulfate CNMK − S deposit maintains the relative Ca, Mg, Na, 
and K ratios of CNKMFAS − O using just sulfates. Pure anhydrous CaSO4 was used 
for comparison to other studies.

The model deposits were synthesized from the individual components pro-
cured from Alfa Aesar (AA, Ward Hill, MA) or Acros Organics (AO, Morris Hill, 
NJ). CaO (99.95% pure, AA), MgO (98%, AO), Fe2O3 (99.9%, AA), Al2O3 (99.95%, 
AA), and SiO2 (99%, AA) were utilized as the CMFAS oxide sources. Sodium alu-
minate (tech. grade, AA) and potassium silicate (2.5:1 wt.% SiO2/K2O, AA) were 
used as sources for Na2O and K2O, respectively (with corresponding adjustments 
to the total SiO2 and Al2O3 added), since these compounds are more stable and eas-
ier to work with during processing than pure Na2O and K2O. CaSO4 (99%, AO), 
MgSO4 (99.5%, AA), Na2SO4 (99%, AO), and K2SO4 (99 + %, AO) were used as 
the sources for sulfates. To produce well-mixed, pre-reacted crystalline powders, the 
individual chemicals were mixed and taken through sequential dehydration, calcin-
ing, ball milling, drying and pre-reaction steps. Alumina milling media with ethanol 
as the dispersing agent was utilized for ball milling. The pre-reaction temperature 
for these mixed deposits was determined to prevent incipient melting of the deposit 
or sulfate decomposition prior to the hot corrosion experiments. Additional details 
of the deposit preparation procedure are provided elsewhere [29].

Oxidation Testing

Tests were conducted on two substrate types. Oblong disks 12 mm long, 8 mm wide, 
and 2 mm thick were cut from an alloy rod of nominal composition (wt.%) Fe-22Cr-
5Al-0.1Y-0.1Zr (FeCrAlY, Goodfellow Corporation, Coraopolis, PA). Polished sap-
phire single crystals ( �-Al2O3, Advalue Technology, Tucson, AZ) were cut into rec-
tangular specimens approximately 12 mm by 8 mm. The FeCrAlY specimens were 
polished using SiC abrasive papers and diamond polishing liquid to a 1 µm finish. 
The specimens were ultrasonically cleaned sequentially in a 2 wt.% microorganic 
soap solution, 200 proof ethanol, and acetone. The specimen dimensions and mass 
were measured before and after each subsequent step. The FeCrAlY specimens were 
pre-oxidized for 100 h in dry air (< 6 ppm H2O, 0.2 l/min, 30 mm OD fused quartz 
furnace tube) at 1025 °C (10 °C/min heating, 8 °C/min maximum cooling rate), gen-
erating a uniform α-Al2O3 TGO.

The deposit powders were applied using a stencil to achieve a ~ 25 mg/cm2 load-
ing over a 4 mm diameter circle. The specimens were placed in alumina boats (Coor-
stek Inc., Golden, CO) and annealed for 100 h at 1025 °C in dry air using the same 
conditions as the pre-oxidation. Because initial experiments exposing FeCrAlY to 
each of the six deposits showed minimal reaction between the CMFAS − O and 
CMFAS − OS deposits and the alumina TGO, these deposits were not tested on sap-
phire. To prevent cross-contamination, separate furnace tubes and boats were uti-
lized for each deposit type.



325

1 3

High Temperature Corrosion of Materials (2023) 100:321–344	

Two separate experiments were performed to establish the baseline behavior 
in the absence of deposits. In the first experiment, a single pre-oxidized FeCrAlY 
specimen was further oxidized at 1025 °C for 100 h in the center of the alumina 
boat and at the center of the furnace hot zone without a surface deposit. The sec-
ond experiment (modified baseline) sought to account for (i) the presence of multi-
ple specimens in the boat, (ii) slight deviations from the center of the hot zone (but 
within ± 10 °C of the target temperature), and (iii) changes in gas flow across the 
specimen due to the solid deposit. Three FeCrAlY specimens were pre-oxidized for 
100 h in dry air at 1025 °C in the same boat. The center specimen was centered in 
the hot zone, and the other two specimens were positioned on each side of the center 
specimen. The three specimens were then oxidized for an additional 100 h in dry air 
at 1025 °C in the same boat, but with 4 mm diameter, 2.5 mm tall cylinders cut from 
a four-bore alumina tube placed on each specimen to simulate the presence of a 
deposit. The sapphire baseline specimen was heat-treated at 1025 °C for 100 h with-
out a surface deposit according to the first FeCrAlY baseline experiment format.

Characterization

The annealed specimens were inspected to determine the degree of deposit adher-
ence, melting, and spreading. Photo-stimulated luminescence spectroscopy (PSLS) 
measured using a 532 nm Nd:YAG laser on the Witec Alpha 300R Raman micro-
scope was used to confirm the presence of α-Al2O3 in the TGO. Polished cross sec-
tions 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). To prevent the loss of water-soluble species in the residual depos-
its and reaction products, the cutting, grinding, and polishing employed water-free 
lubricants. Backscattered 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 images were stitched together and analyzed to quan-
tify (i) the thickness of the TGO and reaction product (TGO + RP) layer and (ii) 
the local variation in the TGO-alloy or reaction product/sapphire interface using a 
previously-reported method [17].

Results and Discussion

This section first discusses the general observations regarding the appearance of the 
specimens and the surface characterization. Then the reaction mechanisms for each 
deposit type are discussed. Finally, data from image analysis are used to discuss the 
prevalence and statistical variation in important degradation features.

General Observation and Surface Characterization

All deposits except the mixed sulfates, which melted and spread, shrank but other-
wise remained solid and adhered to the specimen surfaces. The implication is that 
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any melt in those deposits is a sufficiently small fraction to not coalesce the powder. 
The surface of the sapphire was more opaque in a region extending ~ 1 mm away 
from the deposits, although subsequent characterization showed no significant struc-
tural or chemical change. PSLS spectra taken away from the initial deposit location 
(Fig. 1a and b for the FeCrAlY alloy and sapphire specimens respectively) show the 
characteristic doublet peaks for α-Al2O3. The shift in the peak positions recorded 
for the alloy relative to the α-Al2O3 powder standard is due to the residual growth 
stresses in the TGO [36, 37]. The additional peaks in the spectra for the FeCrAlY 
specimen exposed to the CNKM − S deposit are believed to originate from the 
residual deposit layer.

Influence of Deposit Composition on Local Reactions

Reactions with CaSO4

Figure  2 shows cross section BSE micrographs and EDS maps of the specimens 
exposed to CaSO4. Regions outside the initial deposit location showed no evidence 
of reaction products except those due to occasional CaSO4 particles scattered during 
handling or by the airflow. Under the deposits, Al2O3 reacted with CaSO4 forming 
a mixture of calcium aluminates. The top of this layer contained sulfur, suggesting 
that some residual CaSO4 is embedded in the reaction product layer. Based on semi-
quantitative measurements of the Ca/Al ratio, the alloys forms two distinct layers 
containing mixtures of calcium aluminates, abbreviated CxAy. The average Ca/Al 
ratios measured by EDS and comparisons with prior reports [13, 38, 39] suggest that 

Fig. 1   PSLS spectra for the a FeCrAlY and b sapphire specimens after deposit degradation experiments, 
compared to an α-Al2O3 powder standard
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the outer CxAy layer consists of Ca-rich Ca3Al2O6 (C3A) and C12Al14O33 (C12A7) and 
the inner CxAy layer is primarily the Ca-lean CaAl2O4 (CA). A uniform Al2O3 layer 
was present at the alloy-TGO interface (see Fig.  2b). The reactions with sapphire 
produced three distinct layers. The top layer consisted of a mixture of C12Al14O33 
(C12A7) and CaAl2O4 (CA). The second layer is comprised mainly of CaAl2O4. 
Finally, the layer adjacent to the sapphire consisted of a mixture of CaAl2O4 and Ca-
lean CaAl4O7 (CA2) (see Fig. 2d,e).

The solid-state nature of the deposit and the through-thickness reduction in 
Ca concentration through the reaction layer thickness  suggests that the reactions 
involved diffusion of Ca toward the alloy. The CxAy formation increases the overall 
TGO + RP thickness in the region under the initial deposit. As elaborated later, the 
RP thickness varies throughout the region under the CaSO4 deposit for both speci-
mens. This is attributed to the inconsistent contact between the solid (powdered) 
deposit and the specimen.

Fig. 2   Corrosion products formed on the a, b FeCrAlY alloy (adapted from [17]) and c–e sapphire 
exposed to CaSO4. The left column shows BSE images, and the right column shows EDS maps of key 
elements
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Reactions with CNKM − S

Figure  3 shows representative cross sections of the specimens exposed to 
CNKM − S . Because the deposit melted and spread, both specimens were affected 
well away from the initial deposit location. As with pure CaSO4, calcium alumi-
nates (with some intermixed CaSO4) are the predominant reaction products. On the 
alloy, the layer below the S-containing surface layer comprises a mixture of C12A7 

Fig. 3   Analysis of the corrosion products formed on the a, b FeCrAlY alloy (adapted from [17]) and c–e 
sapphire exposed to CNKM− S . The left column shows BSE images, and the right column shows EDS 
maps of key elements
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and CA, followed by a thin layer of Ca-lean CA and then α-Al2O3 adjacent to the 
alloy. The composition of reaction products varied on the sapphire moving from 
under to outside the initial deposit location. Under the initial deposit, the top layer 
consisted of residual CaSO4 with a mixture of porous CxAy products with an inner 
layer comprising a mixture of Al-rich aluminates (CA and CA2). Outside the initial 
deposit, the entire reaction layer was dense with a thin CaSO4 layer on top of mixed 
Al-rich aluminates. Undulations were observed at the interface between the reac-
tion product layers and both substrates. The alloy specimen showed periodic deeper 
oxide intrusions into the alloy, but limited cracking or delamination. Conversely, no 
significant intrusions were observed in the sapphire substrate but there was more 
significant cracking and delamination of the reaction products. It is unclear whether 
the increased cracking in the sapphire specimen was due to differences in the ther-
mochemical/mechanical interactions during the test, or if this is an artifact of the 
post-test specimen preparation. Discrete MgO particles were adhered to the top 
of the calcium aluminate reaction layer. These appear predominantly in the region 
under the initial deposit (see Fig. 3b,d,e). Occasional small Mg-rich inclusions were 
observed toward the periphery. There was no evidence that the MgO reacted with 
the alumina. Na and K were not observed in the reaction products or in the remain-
ing deposit.

The observations can be explained by the following reaction sequence. The 
Na2SO4 depresses the melting point of the CNKM − S deposit. Mixtures of 
MgSO4 and Na2SO4 melt around 700 °C and can dissolve ~ 10 mol.% CaSO4, the 
CaSO4-Na2SO4 eutectic is around 900 ºC, and by 1000 °C 50 mol.% CaSO4 can dis-
solve in the ternary melt [40, 41]. Given its relative instability, the MgSO4 begins 
to decompose during this process leaving MgO particles and a reduced fraction of 
MgSO4 in the melt [29, 42]. This melt spreads over the surface, dissolving Al2O3 
from the TGO or sapphire substrate, and precipitating calcium aluminates. Na2SO4 
volatilization leaves a solid mixture of CaSO4 and aluminates that continue reacting 
for the remainder of the heat treatment.

The primary difference between the FeCrAlY and sapphire specimens is the 
thicker, more porous reaction layer under the initial deposit on sapphire. Several, 
potentially concurrent, reaction mechanisms are plausible. The first is that the ini-
tial, highly reactive melt rapidly dissolves the semi-infinite sapphire, while the 
dissolution of the FeCrAlY TGO is limited by the finite Al2O3 thickness. This 
would produce a thicker initial layer of mixed melt and calcium aluminates in 
the center of the sapphire specimen, which becomes a porous solid layer as the 
Na2SO4 evaporates. An alternative explanation is that subtle differences in the 
TGO chemistry compared to sapphire, e.g., the presence of Cr or Fe oxides from 
the initial transient oxidation, could alter the initial sulfate melting, spreading, 
and evaporation process leading to a more uniform reaction across the specimen.

Reactions with Mixed Oxide Deposits

Figure 4 shows representative cross sections of the specimens exposed to the mixed 
oxide deposits. The FeCrAlY specimens exhibited a uniform, adherent α-Al2O3 
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TGO with occasional oxide intrusions in the alloy. The primary difference between 
the CMFAS − O and CNKMFAS − O deposits is that the latter had an increased 
frequency of intrusions under the initial deposit location. Similar behavior was 
observed by Gheno and Gleeson [23] on NiCoCrAlY coupons exposed to mixed 
oxide (fly ash) deposit. The EDS analysis revealed the presence of Mg, Y, and Zr 
oxides in the local oxide intrusions, and a thin Mg-containing layer at the surface 
across the TGO. These observations are consistent with prior reports, showing 
that even trace Mg impurities in the alloy can produce MgO incorporation into the 
TGO, and that the Y and Zr oxides originate as reactive elements or impurities in 
the alloy [43–45]. Our collective evidence from studies on various alloys and other 
substrates further supports the conclusion that these species originate from within 

Fig. 4   Analysis of the corrosion products formed on the FeCrAlY alloy exposed to a, b CMFAS-O and 
c, d CNKMFAS-O deposits and on the sapphire specimen exposed to e, f CNKMFAS-O deposit. The 
left column shows BSE images, and the right column shows EDS maps of key elements
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the FeCrAlY. In contrast, no intrusions or other reaction products were observed in 
the sapphire specimens exposed to the CNKMFAS − O deposit (Fig. 4e, f). These 
observations suggest that the behavior of the FeCrAlY specimens could be due to 
favorable contact with the deposit and features of the alloy microstructure. However, 
additional studies are required to identify the mechanism leading to the increased 
formation of intrusions.

Reactions with Mixed Oxide–Sulfate Deposits

Figure 5 shows the typical behavior of the specimens exposed to the oxide–sulfate 
deposits. The general characteristics were similar to the specimens exposed to the 
mixed oxide deposits, including a uniform and adhered TGO except for an increased 
presence of local oxide intrusions under the deposit. However, the CNKMFAS − OS 
deposit produced more adherent Na, Mg, and Ca-silicate particles in the residual 
deposit (see Fig. 5d). A likely explanation is the formation of a Na-rich melt during 
the initial heating and reduced Na volatilization due to its stabilization in mixed sili-
cates. Similar to the CNKMFAS − O deposit [17], oxide intrusions in the alloy were 
composed of Mg-rich products as well as bright Y-Al-O and Zr-Al-O phases. Sul-
fur was not observed in the deposit or the reaction products (see Fig. 5d). No reac-
tion products were observed on the sapphire substrate exposed to CNKMFAS − OS 
(see Fig.  5e,f). One explanation for the similarity between the mixed oxide and 
oxide–sulfate deposits is that the presence of SiO2, Al2O3, and Fe2O3 accelerates sul-
fate decomposition [29], converting the sulfates to oxides early in the heat treatment.

Quantitative Analysis of Degradation Features

Variation in the Baseline Behavior

Figure 6 shows the TGO thickness as a function of specimen location for the base-
line specimens described in Sect. "Oxidation Testing". Except for occasional spikes 
representing the intrusions of oxide into the alloy, the TGO thickness is relatively 
uniform for all the baseline specimens.

Figure 7 shows the TGO thickness variation in form of a cumulative probability 
distribution (CPD) for the four baseline specimens. The black curve (single speci-
men baseline) depicts the distribution for the specimen which was oxidized alone. 
The other three curves (modified baselines – left, right, and center) represent the 
distributions of specimens from the modified baseline experiment. The single base-
line specimen has a slightly higher average TGO thickness than the center modified 
baseline specimen, suggesting that the altered air flow due to the physical presence 
of the deposits has at most a modest effect on the oxidation behavior. There is more 
variation in the CPD depending on the specimen location in the furnace hot zone, 
with the left and right specimens exhibiting slightly lower average TGO thickness 
than the center specimen. To capture the expected range of experimental variation 
absent deposits, the portion of the TGO thickness distributions spanning from the 
5% mark of the leftmost CPD curve to 95% of the rightmost CPD curve is defined as 
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the shaded ‘baseline’ region in the subsequent discussion. The CPD curves falling in 
this region for specimens exposed to the deposits would signify minimal corrosive 
effect of the deposits.

Fig. 5   Analysis of the corrosion products formed on the FeCrAlY alloy exposed to a, b CMFAS − OS 
and c, d CNKMFAS − OS deposits and on the sapphire specimen exposed to e, f CNKMFAS − OS 
deposit. The left column shows BSE images, and the right column shows EDS maps of key elements
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Effect on the TGO + RP and RP Thicknesses

Figure  8 shows the TGO and TGO + RP thicknesses as a function of position 
across the cross sections for each FeCrAlY specimen and for the two sapphire 
specimens where reactions were evident. Except for occasional spikes represent-
ing the intrusions of oxide into the alloy, the TGO thickness is relatively uni-
form for the specimens exposed to the mixed oxides (Fig.  8a,b) and the mixed 
oxide–sulfate deposits (Fig. 8c,d). In comparison, the formation of calcium alu-
minates upon reaction with CaSO4 roughly doubles the TGO + RP thickness 
in places where there was favorable contact between the deposit and the alloy 
(Fig. 8e). The reaction product layer formed under the CaSO4 deposit on the sap-
phire is comparable in thickness to the increase in the TGO + RP thickness for 
FeCrAlY relative to the baseline. It is similarly sporadic, presumably due to var-
ied contact with the powdered deposit, and isolated reactions outside the deposit 
are due to the scattering of the CaSO4 particles (Fig. 8g). Figure 8f shows that the 
degradation of the Al2O3 TGO by the CNKM − S deposit, resulting in increased 
TGO + RP thickness and increased frequency and depth of intrusions into the 
alloy, was uniform across the entire specimen. Conversely, the attack of the sap-
phire by CNKM − S (Fig.  8h) was more concentrated in the center and dimin-
ished toward the periphery, possibly due to the depletion of reactants by the more 
vigorous initial reaction. A drop in the RP thickness at multiple locations sug-
gests cracking and delamination of reaction products.

Fig. 6   Plots of the TGO + RP thickness as a function of position across the FeCrAlY specimen for the a 
single baseline specimen and for modified baseline specimens situated toward the b left, c center, and d 
right of the furnace hot zone, as defined in Fig. 7



334	 High Temperature Corrosion of Materials (2023) 100:321–344

1 3

A comparison of the panels in Fig.  8 shows that the primary difference in 
behavior for the specimens exposed to the mixed oxide and oxide–sulfate is the 
frequency of deeper oxide intrusions with the latter being much higher. To quan-
tify this effect, the percentage of points in each region corresponding to either 
twice (2x) or thrice (3x) the average was calculated. The results are shown in 
Fig. 9. Even though reactions are evident on sapphire specimens exposed to sul-
fate deposits, no significant intrusions were observed. Hence, similar analysis was 
not performed for sapphire specimens.

The region outside mixed oxide, mixed oxide–sulfate, and CaSO4 deposit 
locations showed two and three-fold intrusion percentages around 1% and 
0.4%, respectively, roughly similar to the average baseline behavior. Except 
for CMFAS − O , the intrusions under other oxide and oxide–sulfate deposits 
increased at least by twofold compared to the region outside of the deposit. The 
increase in the frequency of oxide intrusions could either be attributed to a tran-
sient melt, favorable contact of unreacted sulfates, increased reactivity following 
the addition of Na and K salts, or just to the presence of deposits at the local 
defect locations causing the intrusions. These results also reinforce the conclusion 

Fig. 7   Cumulative probability distribution (CPD) of the TGO thickness on the baseline specimens
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Fig. 8   Plots of the TGO + RP thickness as a function of position across the a-f FeCrAlY specimen 
after exposure to a CMFAS − O b CNKMFAS − O c CMFAS − OS d CNKMFAS − OS e CaSO4 f 
CNKM− S , and of RP thickness on sapphire specimens exposed to g CaSO4 and h CNKM− S deposits 
at 1025 °C for 100 h
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that the effect of oxide–sulfate deposits, if any exists, is highly localized. The per-
centage of 2 × intrusions under the CaSO4 deposit increased by a factor of two 
compared to the baseline due to the formation of non-protective aluminates. The 
CNKM − S deposit increased the frequency of intrusions across the specimen by 
a factor of three to four compared to the baseline. The percentage of 3 × intru-
sions under both sulfate deposits, even though slightly higher than baseline, was 
lower compared to that under the mixed oxides, and oxide–sulfate deposits in part 
due to the increase in average TGO + RP thickness.

To assess the effect of deposits on accelerating the alloy oxidation (compared to 
simply consuming alumina), the sapphire RP thickness data were shifted by adding 
a thickness equivalent to the average α-Al2O3 growth observed on the corresponding 
FeCrAlY specimens. This shifted sapphire RP thickness represents an equivalent to 

Fig. 9   The prevalence of oxide intrusions either a twice or b thrice the average TGO + RP thickness 
reported as a fraction of the cross section length of the specified region. Regions defined as under or out-
side the initial location of deposits are shown in Fig. 8
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the TGO + RP thickness on an alloy specimen. Cumulative probability distributions 
illustrating this shift for the specimen exposed to the CaSO4 deposit are shown in 
Fig. 10.

Figure 11a,b depicts the distribution of the TGO + RP thickness in regions under 
and outside the initial deposit location for all the FeCrAlY specimens. Except for the 
specimen exposed to the CNKM − S deposit, the regions outside the initial deposit 
location exhibited narrow thickness distribution falling within the shaded baseline 
band. The spreading of the CNKM − S melt drives reactions away from the origi-
nal deposit location, shifting the CPD toward a higher TGO + RP thickness value 
(Fig. 11a). The CPD for the regions under the mixed oxide and oxide–sulfate depos-
its also falls in the baseline band except for the longer tail at high TGO + RP thick-
nesses due to the increased frequency of the deep oxide intrusions (see Fig. 11b).

Owing to the uniform reaction of the CNKM-S deposit with the TGO throughout 
the deposit, the CPD behavior of the region under the initial deposit did not change 
significantly compared to the region outside the initial deposit location. The skew-
ing of the curve at higher TGO + RP thickness values denotes the large fraction of 
deeper oxide intrusion in the alloy. The shape of the CPD for the region under the 
CaSO4 deposit changes relative to the other specimens. The reaction of the CaSO4 
deposit with the TGO to form thicker calcium aluminates shifts the CPD compared 
to the region outside the initial deposit location. The shift for the CNKM-S deposit 
is larger than for CaSO4 in part because the molten deposit accelerated the reaction 
with the TGO.

Figure 11c and d compares the CPD for the FeCrAlY to the modified CPD for 
sapphire exposed to CaSO4 and CNKM − S . The first 20% of the distribution for 
regions outside the initial CNKM − S deposit on sapphire falls to the left of (smaller 
RP thickness)  FeCrAlY due to partial RP spallation on the sapphire. The remain-
der of the distributions are closely aligned. The CPD for the sapphire outside the 
CaSO4 deposit location shows a sharp increase with only a small tail toward higher 

Fig. 10   CPD of the RP thickness and shifted RP thickness (after adding the average α-Al2O3 thickness to 
the RP thickness) on the sapphire under the initial CaSO4 deposit location



338	 High Temperature Corrosion of Materials (2023) 100:321–344

1 3

RP thickness due to reaction with scattered CaSO4. Approximately 40% of the area 
under the CaSO4 deposit on sapphire doesn’t show evidence of a reaction product, 
leading to the sharp jump at the start of the CPD in Fig. 11d. The FeCrAlY exhibits 
a similar steep rise, although normal variability in the TGO thickness spreads the 
distribution slightly. Thereafter, the two CPDs follow a similar trend but the CPD 
for the sapphire is shifted to the left of the CPD for the FeCrAlY, possibly due to a 
slight increase in the oxidation rate under the CaSO4. Under the CNKM − S deposit 
on sapphire, there are some instances of reaction product cracking and delamination 
shifting the first 10% of the distribution to the left of the equivalent FeCrAlY distri-
bution. Then the CPD for RP depth under CNKM − S  on sapphire passes FeCrAlY 

Fig. 11   CPD of the TGO + RP thickness a,b for all deposits on FeCrAlY and c,d comparison of 
FeCrAlY and the shifted sapphire data a,c outside and b,d under the initial deposit
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toward a higher RP thickness value. This supports the hypothesis that the Al2O3 res-
ervoir on the sapphire leads to greater dissolution initially when the deposit melts. 
These observations also suggest that the effect of the TGO reaction products to 
increase the oxidation rate is modest since most of the increase in TGO + RP thick-
ness relative to the baseline can be attributed to the increase in volume as CaO is 
incorporated in the reaction products.

Effect on the Interface Roughness

Figure 12(a,b) shows the interface height CPD for the region outside and under the 
initial deposit location of each of the FeCrAlY specimens. In these plots, a shal-
lower slope and wider distribution corresponds to increased interface roughness. 
The corresponding relative interface height plot as a function of location is provided 
in Supplementary Information – Appendix A. All the baseline specimens had a nar-
row distribution ranging from − 1.5 to 1.5 µm, indicating limited interface rough-
ening and hence only a single representative baseline CPD is plotted. The regions 
outside the initial deposit locations have similarly narrow roughness distributions 
(Fig.  12a) except for CNKM − S , which shows increased interface roughness due 
to reactions with the melt spreading outside the initial deposit location. The CPDs 
for the regions under the mixed oxide and oxide–sulfate deposits (Fig. 12b) are also 
similar to the baseline behavior. In comparison, the formation of aluminate products 
in reaction with the CaSO4 and CNKM − S deposits increased the interface rough-
ness, broadening the CPD.

Figure  12(c,d) shows the CPD for the reaction layer-sapphire interface posi-
tions. For equivalent deposits, the CPDs for the sapphire specimens are nar-
rower than the FeCrAlY counterparts. The distribution for the baseline speci-
men, with approximately 98% of the distribution within ± 200 nm, indicates the 
minimum sensitivity of the specimen preparation and measurement technique. 
Apart from CNKM − S , the CPD for regions outside the deposits is similar to 
the baseline behavior, with only slight differences due to occasional surface chip-
ping during the metallographic preparation. Likewise, no change was evident 
under the CNKMFAS − O and  CNKMFAS − OS deposits. Under the CaSO4 
and CNKM − S deposits, the interface roughness increased in comparison to the 
region outside the deposit (see Fig.  12d) leading to the broadening of the CPD 
curve. The extensive reaction of the sapphire via a fluxing mechanism under the 
CNKM-S deposit more significantly increases the interface roughness, further 
broadening the CPD curve (see Fig. 12d).

Implications for Deposit‑Induced Degradation of Advanced Alloys

The results provide quantitative information about the effect of deposit composition 
on alloy hot corrosion and TGO reactions. The first objective of the study was to 
compare the corrosive effects of deposits developed from the mixtures of oxides and 
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Fig. 12   CPD of the interface roughness a, c outside and b, d under the initial deposit position for the 
FeCrAlY and sapphire specimens
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oxide–sulfate salts. The results show that because of the rapid decomposition of the 
sulfates in the oxide–sulfate deposits and the formation of stable silicate products, 
there was little difference between the oxides and oxide–sulfate deposits except for 
an increase in the frequency of TGO intrusions under the sulfate-containing depos-
its. This is true even for the Na-containing deposits where sodium silicate formation 
traps the Na adjacent to the alloy. The fact that intrusions were not observed on the 
sapphire specimens could imply that it was the combination of alloy composition, 
microstructure, and deposit contact that drove the attack rather than just the TGO-
deposit reactions.

The second objective of the study was to compare the behavior of a solid 
(CaSO4) deposit and a CaSO4-based low-melting deposit ( CNKM − S ). The 
results show that both the specimens formed thick, layered calcium aluminates 
with similar thickness distribution. The variation in the degree of contact between 
the deposit and the specimen surface affected the thickness of the reaction prod-
uct layer. On the other hand, the presence of melt in the CNKM − S deposit led to 
the dissolution of the Al2O3 and subsequent reprecipitation of aluminate products. 
The results show that the sapphire formed thick and porous products whereas the 
reaction product layer on the alloy was thinner and denser. The implication is that 
the dissolution kinetics on both the specimens varied either due to the presence of 
a semi-infinite supply of Al2O3 on the sapphire as compared to the limited Al2O3 
thickness on the alloy, or due to the presence of transient Cr and Fe oxides along 
with Al2O3 on the FeCrAlY alloy. On both the specimens, MgO was observed 
above the reaction layer primarily under the deposit and less often around the 
periphery of the reaction layer. This implies that the MgSO4 decomposes during 
the heat treatment and does not participate in the reactions. The TGO + RP thick-
ness distribution on both the specimens exposed to just sulfates suggests that the 
increase in the rate of oxidation due to the formation of aluminate reaction prod-
ucts is modest and the shift in TGO + RP thickness is majorly due to the incorpo-
ration of CaO into the TGO.

A final implication is that although tests on sapphire substrates can decouple the 
alloy effect from the TGO-deposit reactions to accelerate understanding of the effect 
of large sets of variables on the deposit-induced degradation process, the semi-infi-
nite alumina changes the reactions in some cases, especially those involving tran-
sient melts.

Conclusions

Using a combination of local microstructure characterization and image analysis, 
this work improved the understanding of how oxide, oxide–sulfate, and sulfate 
deposits change the oxidation of FeCrAlY alloy and react with sapphire. Key con-
clusions are:



342	 High Temperature Corrosion of Materials (2023) 100:321–344

1 3

1.	 The frequency of oxide intrusions into the FeCrAlY increased under the deposits 
compared to the baseline specimens. This effect was more pronounced for depos-
its containing Na. Equivalent local reaction product intrusions were not observed 
on the sapphire specimens.

2.	 The corrosion behavior for the mixed oxide–sulfate deposits was similar to the 
initially sulfate-free mixed oxide deposits.

3.	 The CaSO4 and CNKM − S deposits both formed layers comprising primarily 
calcium aluminate reaction products. The reaction layer under the CaSO4 was 
less uniform than under the molten CNKM − S due to variations in the degree 
of contact between the solid CaSO4 particles and the TGO or sapphire surfaces. 
The reaction layer was thicker under the initial CNKM − S deposit on sapphire, 
likely due to the fast initial dissolution reaction.

4.	 Analysis of the TGO and RP layer thicknesses suggests that although the effective 
TGO thickness increases on exposure to the sulfate deposits, this is due primarily 
to CaO incorporation in the TGO and that the aluminate products have a modest 
effect on increasing the oxidation rate.
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