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a b s t r a c t 

Turbine engines ingest atmospheric aerosols that include multi-cation oxide-sulfate mixtures, which de- 

posit onto surfaces within the engine. These deposits are often implicated in hot corrosion of alloys and 

bond coats and can accelerate thermomechanical failure of ceramic coatings through reaction and infiltra- 

tion mechanisms. Understanding the intrinsic stability of oxide-sulfate deposits, including the tendency 

for sulfate decomposition, is important to identify efficient testing protocols. This work addresses that 

need by integrating experiments and computational thermodynamics models to systematically analyze 

the effect of deposit composition and temperature on the sulfate decomposition and melting behavior 

of five model mixed-anion deposits. Mass loss analysis and energy dispersive x-ray spectroscopy show 

that sulfate decomposition occurs much faster in the mixtures compared to pure calcium sulfate. The 

thermodynamic computations show that reaction pathways forming ternary and quaternary silicates ac- 

celerate sulfate decomposition faster than those forming binary reaction products. The results also show 

that multi-cation mixtures can suppress the evaporation of sodium and potassium sulfates, retaining the 

sulfate-bearing liquid to higher temperatures. The results can be used to differentiate the behavior of 

sulfate-, sulfate-oxide-, and oxide-based deposits, and to guide the discovery of new high temperature 

alloys and coating materials. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Materials in turbine engines must withstand cyclic high temper- 

tures and mechanical stresses while resisting oxidation and cor- 

osion in the combustion environment. The accumulation of cor- 

osive deposits formed from ingested aerosols (salts, dusts, ashes, 

tc.) causes premature failure by accelerating oxidation and ampli- 

ying thermo-cyclic stresses. Mitigating this degradation is a core 

hallenge driving the development of advanced coating materials 

nd architectures to protect alloys and ceramic composites. 

Historically, deposit-induced degradation has been divided into 

wo categories. The first is hot corrosion (HC) of alloys by Na 2 SO 4 -

ased deposits, which predominates in the range 600 °C to 950 °C. 
round 850 °C, Na 2 SO 4 melts and fluxes the protective thermally 

rown oxide (TGO), accelerating oxidation and sulfidation of the 

lloy (Type-I HC) [1] . At lower temperatures (around 700 °C), high 
O 3 partial pressure (p SO3 ) can stabilize eutectic melts between 

a 2 SO 4 and (Co,Ni)SO 4 , leading to severe alloy pitting (Type-II HC) 

2–4] . Above 950 °C pure Na 2 SO 4 doesn’t condense (or evaporates), 
∗ Corresponding author. 

E-mail addresses: dpoersch@umn.edu , poerschke@umn.edu (D.L. Poerschke) . 
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iminishing its role in alloy oxidation and corrosion. Thus, the in- 

rinsic oxidation kinetics of the alloy, rather than deposit-induced 

orrosion, are often thought to dominate at higher temperatures. 

ot corrosion research has traditionally focused on understanding 

he influence of alloy composition and atmosphere chemistry, with 

ess emphasis on variations in the deposit composition. 

The second category comprises degradation induced by oxide- 

ased calcium-magnesium-iron-aluminosilicate (CMFAS 2 ) deposits 

5–10] . Because the CMFAS deposits don’t typically melt below 

150 °C, they are a more significant threat to ceramic thermal and 

nvironmental barrier coatings (TBC, EBC) operating at higher tem- 

eratures than to the underlying alloys or composites. The CM- 

AS melts infiltrate porous TBCs, leading to loss of coating compli- 

nce and higher thermal stresses on cooling [11] . They also react 

ith EBC materials to produce reaction products with less desir- 

ble thermal properties [12–15] . The research community study- 

ng CMFAS degradation has identified important effects related to 

hanges in the CaO:SiO ratio and the presence of secondary com- 
2 Deposit compositions are abbreviated using modified cement chemistry nota- 

ion wherein the first letter of the cation symbol is used to denote oxides using 

ingle cation formulae (C = CaO, A = AlO 1.5 , S = SiO 2 , etc.) and S̄ denotes the sulfate 

nion. CMFAS, rather than CMAS, captures Fe as an important cation constituent. 

https://doi.org/10.1016/j.actamat.2022.118184
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118184&domain=pdf
mailto:dpoersch@umn.edu
mailto:poerschke@umn.edu
https://doi.org/10.1016/j.actamat.2022.118184
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Fig. 1. Model deposit compositions were chosen to vary the cation contents to 

monitor the effect of the Ca:Si ratio, Mg, Al, Fe ion content and Na, K ion content. 
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onents (e.g., MgO, Fe 2 O 3 , Al 2 O 3 , Na 2 O, K 2 O, etc.) on deposit melt-

ng and reactivity [ 5 , 7 , 16–21 ]. Some reports show that these oxide

eposits can also accelerate alloy oxidation by reacting with the 

l 2 O 3 TGO to form less-protective oxides [ 22 , 23 ]. However, much

f this research has focused on deposits comprised entirely of ox- 

des. 

There is growing evidence that multi-cation sulfate and 

ixed sulfate-oxide deposits, hereafter termed ‘complex’ deposits, 

hreaten material durability via new mechanisms across a wide 

ange of temperatures [24–29] . Many reports involve deposits con- 

aining CaSO 4 , which may be ingested as gypsum or could form 

ithin the engine. Importantly, CaSO 4 accelerates alloy oxidation 

t temperatures above the typical Na 2 SO 4 hot corrosion regime via 

eactions that convert the α-Al 2 O 3 TGO into a mixture of non- 

rotective calcium aluminates [29–32] . Accelerated alloy corrosion 

as also been observed in ex-service hardware in the vicinity of 

eposits containing a combination of cations including Ca, Al, Mg, 

nd Si [32–34] . Similar effects have been confirmed in laboratory 

nvestigations of alloy oxidation in contact with mixed-oxide and 

xide-sulfate-chloride deposits [24–26] . CaSO 4 has also been impli- 

ated in the infiltration and stiffening of TBCs operating at higher 

emperature [ 35 , 36 ]. 

Despite the apparent importance of complex deposits in ma- 

erials performance, there are many unanswered questions about 

ow and when reactions within mixed-anion deposits act either to 

ccelerate or retard material degradation. For instance, if Na 2 SO 4 

romotes melting of CMFAS-type oxide deposits, TBC infiltration 

ould occur at lower temperatures. The same mixed oxide-sulfate 

elt could also suppress Na 2 SO 4 evaporation, extending alloy hot 

orrosion to higher temperatures. Likewise, CaSO 4 and MgSO 4 are 

ore likely than Na 2 SO 4 to decompose into the corresponding ox- 

de and gaseous SO 2 and SO 3 (collectively SO x ) [37–43] . Decompo- 

ition of the sulfate has the benefit of removing sulfur from the 

eposit, potentially decreasing the tendency for alloy sulfidation, 

ut the transient elevation in p SOx near the alloy surface could ac- 

ivate other degradation pathways. 

Developing the ability to differentiate when the sulfates in a 

omplex deposit will decompose into their constituent oxides from 

cenarios in which the sulfates will be retained in the deposit is 

mportant to understand this degradation mechanism and to de- 

elop materials solutions. Within a turbine, the rate of sulfate de- 

omposition is controlled by the equilibrium p SOx above the de- 

omposing sulfate and the rate at which saturated gas is diluted 

r swept away. Increasing the temperature accelerates sulfate de- 

omposition by increasing the equilibrium p SOx . Reactions between 

aSO 4 and the TGO or oxide deposit components can also accel- 

rate sulfate decomposition by producing reaction products with 

ower free energy than CaO. Prior work has shown that mixtures 

f CaSO 4 with SiO 2 , Al 2 O 3 , or Fe 2 O 3 exhibit higher p SOx than pure

aSO 4 [40] , likely driving faster decomposition. However, the spe- 

ific reaction pathways and multi-cation oxides have not been sys- 

ematically elucidated. The current work addresses that need by 

ntegrating experiments and computational thermodynamics mod- 

ls to understand how temperature and deposit constitution influ- 

nce the sulfate stability. 

. Methods 

.1. Selection of representative mixed oxide-sulfate deposits 

Eleven representative deposit compositions were selected to 

rovide direct and systematic comparisons about the role of cation 

onstitution and anion makeup (oxide and sulfate) on the deposit 

haracteristics and reactivity. The three main parameters consid- 

red while defining cation ratios for the mixed deposits were: (i) 

a:Si ratio, which is known to influence apatite formation dur- 
2 
ng CMAS reaction [ 5 , 17 , 18 , 20 , 44 , 45 ], (ii) total combined Mg 2 + ,
e 2 + /3 + and Al 3 + content ( 

∑ 

MFA ) , which are known to influ- 

nce the melt properties and diversity in the crystalline reac- 

ion products [ 5 , 18 , 19 ], and (iii) the Na + and K + content ( 
∑ 

NK )

hich are important in marine environments. Based on these pa- 

ameters and knowledge from the CMFAS oxide literature, five 

aster cation ratios were defined ( Table 1 , Fig. 1 ). The compo- 

ition C 31 M 9 F 5 A 12 S 43 is based on observations of field hardware 

y Borom et al. [46] and has served as the basis for many syn- 

hetic laboratory deposits. C 10 M 5 F 5 A 10 S 70 and C 20 M 5 F 5 A 10 S 60 were

riginally defined by Summers et al. [47] to explore the effect of 

educing the Ca:Si ratio relative to C 31 M 9 F 5 A 12 S 43 . While keep-

ng the Ca:Si ratio fixed, C 15 M 12 F 12 A 16 S 45 doubles the 
∑ 

MFA rel- 

tive to C 20 M 5 F 5 A 10 S 60 , and C 13 N 10 K 1 M 11 F 11 A 14 S 40 adds Na 
+ and

 
+ ( 

∑ 

NK ) approximating the Na:K ratio in seawater [ 4 8 , 4 9 ]. 

Two sets of deposits were synthesized using these 5 cation ra- 

ios. One set comprises just oxides (denoted - O ) and the other set 

ontains mixed oxides and sulfates (denoted - O ̄S ). For the mixed 

 ̄S deposits, Ca 2 + , Mg 2 + , Na + , and K + were added in a 1:2 sulfate-

o-oxide ratio and the Fe 2 + /3 + , Al 3 + , and Si 4 + were added only 

s oxides. This constitution was based on the relative instabil- 

ty of iron, aluminum, and silicon sulfates relative to their oxides 

 38 , 50 , 51 ]. Thus, the latter cations are more likely to be present

s oxides than sulfates in a turbine deposit. Indeed, studies of 

x-service shipboard and aircraft engines have identified oxides 

nd sulfates of Ca 2 + , Mg 2 + , Na + , and K + in the deposits whereas

e 2+/ 3 + , Al 3 + , and Si 4 + were present only as oxides [ 33 , 35 , 36 ]. An-

ydrous CaSO 4 was used as a control. 

.2. Deposit synthesis and stability experiments 

Given a wide range in melting and decomposition temperatures 

or the various constituents, a multi-step approach was developed 

o synthesize the mixed deposits ( Fig. 2 ). The oxide mixtures were 

re-reacted just below their incipient melting points, which are 

bove the sulfate decomposition or melting temperatures. First, 

alcia (99.95% pure, Alfa Aesar (AA), Ward Hill, MA)), magnesia 

98%, Acros Organics (AO), Morris Hill, NJ), alumina (99.95%, AA), 

nd silica (99%, AA) were dried, calcined at 1100 °C, weighed in 

heir required proportions, and mixed with iron(III) oxide (99.9%, 

A). This oxide mixture was ball milled using alumina jars and 

illing media with ethanol as a dispersing medium. The CMFAS 

xide mixtures were then pre-reacted for 24 h at either 10 0 0 °C 
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Table 1 

Summary of mixed deposit compositions. 

Deposit Name Ca:Si Ratio 

∑ 

MFA or 
∑ 

MFANK 

(mol%) Sulfates in O ̄S T solidus for −O T solidus for −O ̄S 

C 10 M 5 F 5 A 10 S 70 
∗ 0.14 20 CaSO 4 , MgSO 4 1186 °C 1186 °C 

C 20 M 5 F 5 A 10 S 60 0.33 20 CaSO 4 , MgSO 4 1136 °C 1177 °C 
C 31 M 9 F 5 A 12 S 43 0.72 26 CaSO 4 , MgSO 4 1220 °C 1136 °C 
C 15 M 12 F 12 A 16 S 45 0.33 40 CaSO 4 , MgSO 4 1186 °C 1186 °C 
C 13 N 10 K 1 M 11 F 11 A 14 S 40 0.33 46 CaSO 4 , MgSO 4 , 

Na 2 SO 4 , K 2 SO 4 

1065 °C 1065 °C 

CaSO 4 – 0 CaSO 4 – –

∗ Corresponds to cation stoichiometry (mol%) 10Ca:5Mg:5Fe:10Al:70Si. 

Fig. 2. Synthesis approach for the mixed anion deposits. 
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3 Within the FactSage setup interface, 0.1 g of the condensed components were 

defined in the desired molar proportions. The results are presented on a normalized 

molar basis, thus the actual amount doesn’t change the final calculation outcome. 
4 Recognizing that the p SO2 and p SO3 are defined by SO 2 + ½ O 2 � SO 3 and 

p SO2 :p SO3 is fixed at a given temperature at constant p O2 , the results focus on p SO2 , 

which predominates for the conditions studied. For all calculations air was defined 

by adding N 2 with sufficient oxygen to maintain p O2 = 0.21. 
nd 1100 °C, depending on the incipient melting temperature iden- 

ified in preliminary experiments. Sodium aluminate (tech. grade, 

A) and potassium silicate (2.5:1 wt.% SiO 2 :K 2 O, AA) were used as 

ources for sodium oxide and potassium oxide, given the reactive 

nd corrosive nature of pure sodium and potassium oxides. These 

ere dehydrated at 250 °C, added to the pre-reacted CMFAS oxide 

ixture, ball milled, and dried, followed by pre-reaction at 600 °C. 
or the oxide-sulfate mixtures, calcium, magnesium, sodium and 

otassium sulfates (CaSO 4 (99%, AO) MgSO 4 (99.5%, AA), Na 2 SO 4 

99%, AO), and K 2 SO 4 (99 + %, AO)), were dehydrated at 300 °C, 
ixed with the pre-reacted oxides, ball milled, dried, and then 

re-reacted at 300 °C. 
To understand the intrinsic sulfate decomposition and melting 

ehavior of the mixed O ̄S deposits and CaSO 4 , samples were sub- 

ected to 10 h isothermal heat treatments in dry air ( < 6 ppm

 2 O) at 50 °C increments between 725 °C and 1225 °C. (The ac- 
ual temperatures are expected to be within ±1% of these setpoints 

or the calibrated tube furnaces). The pure oxide deposits were an- 

ealed for 10 h at 1225 °C as a baseline. A separate sample was

sed at each temperature, so the results represent the behavior at 

hat temperature rather than cumulative behavior. Cold-pressed 6 

m diameter pellets weighing approximately 100 mg were placed 

n individual platinum foil cups within an alumina boat in a sil- 

ca furnace tube. The samples were heated to the test temperature 

t 10 °C /min, held for 10 h, and cooled at a maximum rate of 8

C /min in dry air flowing at 0.2 L/min. Separate furnace tubes and 

lumina boats were used for the O and O ̄S samples, and those with 

r without Na and K to prevent cross-contamination. The pellet 

asses were recorded before and after each heat treatment using 
3 
 balance with an accuracy of ± 0.2 mg. Dehydration heat treat- 

ents at 300 °C were used to account for post-synthesis hydration 

f the sulfates during storage or handling. In several cases, multi- 

le pellets of the same composition were tested in separate runs to 

nsure repeatability; the average of these runs is reported. The as- 

repared mixtures and the samples tested at 1125 °C were charac- 

erized using energy dispersive X-ray spectroscopy (EDS: Thermo- 

oran Vantage system). The EDS analysis was performed on pow- 

ered samples and data was collected from several area scans to 

onfirm the analysis was capturing the average characteristics of 

ach sample. However, given challenges analyzing light elements 

he data was analyzed by comparing the normalized intensity of 

pecific characteristic energies rather than by attempting full com- 

osition quantification. 

.3. Thermodynamic calculations 

Computational thermodynamics models were used to interpret 

he experimental results and to provide deeper insights into the 

oupled roles of temperature and deposit composition on the de- 

omposition of sulfates in mixed oxide-sulfate deposits. To match 

he experiments, calculations for mixed oxide-sulfate compositions 

sed a 1:2 sulfate-to-oxide ratio for Ca 2 + , Mg 2 + , Na + , and K + ,
nd Fe 3+ , Al 3 + , and Si 4 + were added only oxides. Additional cal- 

ulations described below used other combinations of oxides and 

ulfates to understand specific reaction pathways. The calcula- 

ions employed the FactSage software package (FactSage Software, 

hermfact/CRCT, Montreal, Canada) with the FTOxid and FactPS 

atabases [ 52 , 53 ]. This combination of databases includes the rel- 

vant phases and gaseous species to predict the behavior of the 

ixed oxide-sulfate deposits. It was also used to calculate the de- 

osit melting temperatures listed in Table 1 . 

Building on a previously described approach [54] , the calcula- 

ions were performed at 1 atm total pressure with the oxygen ac- 

ivity (p O2 ) fixed at 0.21. After the temperature and the compo- 

ents of the oxide and sulfate mixture were defined, 3 the equilib- 

ium phases, phase fractions, component activities, and gas phase 

onstitution were calculated and recorded for subsequent analy- 

is. To determine the initial equilibrium p SOx above each mixture 

i.e., the p SOx prior to sulfate decomposition), only enough air was 

dded to stabilize the gas phase in equilibrium with the mixture. 4 

Then, to capture the transient nature of the sulfate decompo- 

ition, which is influenced by the equilibrium p SOx and the rate at 

hich SO x is diluted or swept away, the calculations were repeated 

or progressively larger air-to-deposit ratios. To present the results, 
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Fig. 3. Photos of mixed oxide + sulfate ( O ̄S ), CaSO 4 , and mixed oxide samples be- 

fore and after selected 10 h heat treatments in dry air. 
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his reaction variable (i.e., the moles of air saturated with SO x at 

he equilibrium p SOx ) is normalized based on the number of moles 

f sulfur in the system. This parameter, denoted χ air/S with units 

bbreviated mol./mol., is a geometry-independent proxy for the re- 

ction time in a flowing system given that the sulfate decompo- 

ition rate (or time) is proportional to the product of the time- 

ntegrated instantaneous saturation concentration and the molar 

ow rate. In other words, the time required for sulfate decomposi- 

ion scales with χ air/S if the molar flow rate is kept constant. The 

ndividual calculations within FactSage and the subsequent analy- 

is were repeated to explore the effects of temperature, composi- 

ion, and gas volume. This stepwise calculation approach reveals 

ow the consumption of one or more of the reactants changes the 

ecomposition driving force and the reaction pathway as sulfate 

ecomposition proceeds. 

Using these methods, three sets of calculations were performed: 

1. Initial p SOx and reaction dynamics calculations for the five rep- 

resentative mixed-anion deposit compositions, which provide 

direct comparison with the experimental results. 

2. Reactions between CaSO 4 and individual oxide components in 

proportions corresponding to common reaction products identi- 

fied in (1). These calculations reveal how specific reaction path- 

ways influence the driving force for decomposition. 

3. Systematic studies of the effect of the (i) Ca:Si ratio, (ii) the 

relative proportions Al, Fe, and Mg at fixed 
∑ 

MFA , and (iii) the ∑ 

NK added to the deposit on the sulfate decomposition dy- 

namics. 

The calculations in set (1) studied the range of temperatures 

elevant to the experiments. Most of the calculations in sets (2) 

nd (3) were performed at 1025 °C, which coincides with signifi- 

ant acceleration of the sulfate decomposition rates in the experi- 

ents. In all cases, pure CaSO 4 decomposition was used as a base- 

ine for comparison. 

. Results and discussion 

.1. Experimental determination of sulfate stability and decomposition 

Fig. 3 shows the appearance of the CaSO 4 and O ̄S samples as- 

ressed and after representative heat treatments, and of the ox- 

de samples after the 1225 °C heat treatment. Aside from mod- 

st shrinkage, the pellet appearance is unchanged up to 1025 

C. With increasing temperature, the samples darkened, devel- 

ped a glossy appearance, and then melted. Samples with a 

lossy appearance while retaining the cylindrical shape are pre- 

umed to have a small melt fraction. More significant morpho- 

ogical changes including spreading or dome formation were as- 

ribed to a larger melt fraction or complete melting. Composi- 

ions C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S and C 20 M 5 F 5 A 10 S 60 - O ̄S showed ac-

elerated shrinkage beginning at 1075 °C and 1125 °C, respectively, 
ndicating their approach to the incipient melting temperature. 

y 1175 °C the C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S , C 15 M 12 F 12 A 16 S 45 - O ̄S , and

 20 M 5 F 5 A 10 S 60 - O ̄S had melted, and C 31 M 9 F 5 A 12 S 43 - O ̄S melted by

225 °C. The C 10 M 5 F 5 A 10 S 70 - O ̄S shrank significantly and showed

ndication of initial melting but retained its pellet shape at 1225 °C. 
he lower melting onset for C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S is consistent

ith the presence of the lower-melting Na and K oxides and sul- 

ates. The trends in relative melting temperature are generally con- 

istent with the calculated values in Table 1 . However, the high ex- 

erimental melting point for C 31 M 9 F 5 A 12 S 43 - O ̄S is more consistent

ith the calculated T m for the oxide rather than O ̄S deposit shown 

n Table 1 . As confirmed in later results, this behavior suggests that 

he sulfate decomposes fast enough that the O ̄S deposit behaves as 

hough it only contains oxides after heating to a high temperature. 

imilar melting behavior was observed for the oxide samples that, 
4 
xcept for C 10 M 5 F 5 A 10 S 70 -O were significantly molten at 1225 °C. 
aSO 4 showed no change in physical appearance other than densi- 

cation. 

Each heat-treated sample mass was normalized to the start- 

ng sample mass after accounting for dehydration at 300 °C. The 
esults are shown in Fig. 4 . The O ̄S samples begin to lose mass 

bove 725 °C. The retained mass decreases with increasing anneal- 

ng temperature until reaching the expected mass in the case that 

he sulfates decompose into the corresponding oxides. Conversely, 

he oxide samples retain their initial mass to 1225 °C except for 
 small ( ∼2 %) mass loss for C 13 N 10 K 1 M 11 F 11 A 14 S 40 -O. The pure

aSO 4 is stable below 1075 °C, and even after 10 h at 1225 °C its
etained mass remains well above the relative mass corresponding 

o complete sulfate decomposition. Based on the collective results, 

t is reasonable to assume that the mass loss in the O ̄S samples is

rimarily due to sulfate decomposition and SO 2 volatilization. 

The inferred fraction of sulfate decomposed in each experiment 

 F ) was then calculated by dividing the normalized mass loss by 

he theoretical mass loss corresponding to complete sulfate decom- 

osition. The experimental values of the fraction of sulfate decom- 

osed are shown in Fig. 5 . Experimental uncertainty from the mass 

easurements arising from the finite balance precision and modest 
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Fig. 4. Normalized mass retained of the O ̄S samples (filled circles) and oxide sam- 

ples (open circles) after 10 h heat treatments in dry air. Some error bars are smaller 

than the symbols. Most O ̄S samples plateau near the mass corresponding to com- 

plete sulfate decomposition (indicated by horizontal dashed lines) by 1025 °C. 

m
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Fig. 5. Assumed fraction of sulfate decomposed after 10 h isothermal anneals in 

dry air e, calculated assuming that all mass loss above 300 °C is attributed sulfate 
decomposition. The effects of changing the Ca:Si ratio are illustrated in (a) while the 

effect of increasing the MFA(NK) content is illustrated in (b). Data for pure CaSO 4 
and C 20 M 5 F 5 A 10 S 60 - O ̄S samples are shown in both panels for comparison. 
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SOx 
ass gain due to hydration during sample transfer and weighing 

as propagated through this calculation to generate the error bars. 

mall deviations above F = 1 at high temperatures in Fig. 5 are 

ikely due to measurement uncertainty or unaccounted moisture 

n the initial samples. The curve fits in Fig. 5 are based on a gen-

ralized logistic function 

 ( T ) = 

1 
(
1 + e −A ( T −B ) 

)C (1) 
5 
here the fitting parameters A, B, and C reflect the rate of 

emperature-dependent accelerated decomposition, the tempera- 

ure midpoint of the decomposition process, and the skewness 

oward faster decomposition at higher temperatures, respectively. 

he key observations include: 

1. For the O ̄S samples, there is modest sulfate decomposition after 

10 h at 725 °C and 775 °C. Sulfate decomposition accelerates 

as the temperature increases, and most of the sulfate is decom- 

posed after 10 h at 1075 °C. Conversely, minimal decomposition 

of pure CaSO 4 occurs in 10 h below 1075 °C, and the CaSO 4 only

partially decomposes in 10 h at higher temperatures. 

2. Fig. 5 (a) compares the results for C 10 M 5 F 5 A 10 S 70 - O ̄S ,

C 20 M 5 F 5 A 10 S 60 - O ̄S and C 31 M 9 F 5 A 12 S 43 - O ̄S to illustrate the effect

of changing Ca:Si ratio. The three compositions show similar 

trend, but the curve for the higher SiO 2 C 10 M 5 F 5 A 10 S 70 - O ̄S com-

position is shifted to lower temperatures. (Note: the crossover 

in the fit lines for C 20 M 5 F 5 A 10 S 60 - O ̄S and C 31 M 9 F 5 A 12 S 43 - O ̄S is

due only to the change in relative position for the points in the 

1025 °C experiment, which is likely doesn’t correspond to a 

different overall trend for the C 31 M 9 F 5 A 12 S 43 - O ̄S composition). 

3. Fig. 5 (b) shows the effects of changing the MFA(NK) content. 

The C 15 M 12 F 12 A 16 S 45 - O ̄S composition shows the broadest tem- 

perature range for decomposition. The accelerated mass loss at 

lower temperatures could be associated with the higher frac- 

tion of the less-stable MgSO 4 compared to CaSO 4 or as elab- 

orated below, the activation of a reaction pathway producing 

higher equilibrium p in the initial stages of the reactions. 
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Fig. 6. EDS spectra in the vicinity of sulfur-K α1 characteristic energy for the as- 

synthesized and 1125 °C O ̄S sampled and the corresponding oxide sample. 
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4. Adding sodium and potassium oxides and sulfates 

(C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S , Fig. 5 (b)) narrows the tempera-

ture range for sulfate decomposition. The mass is essentially 

unchanged until 825 °C, with a rapid increase in sulfate de- 

composition at higher temperatures. However, the results for 

this composition reach a plateau slightly below F(T) = 1 at 

higher temperatures. The implication is that a small fraction (5 

to 10%) of the sulfate is retained even at higher temperatures. 

EDS was used to confirm that sulfur was removed from the an- 

ealed samples. Portions of the spectra in the vicinity of the sulfur- 

 α1 energy (2.307 keV) are shown in Fig. 6 for the as-synthesized 

xide and O ̄S samples ( Fig. 6 (a-e)), and CaSO 4 ( Fig. 6 (f), with CaO),

nd the 1125 °C heat treated samples. Prior to plotting, the EDS 

pectra were normalized to the intensity of the primary cation, i.e., 

i K α1 for O ̄S samples and Ca K α1 for CaSO 4 and scaled to produce

quivalent initial S K α1 peak intensity. Each of the as-synthesized 

before) sulfate-containing samples shows a clear S K α1 peak. The 

ixed oxide samples (but not pure CaO) do not have intensity 

bove the Bremsstrahlung at 2.307 keV but do have a low in- 

ensity peak near 2.26 keV. This intensity is thought to originate 

s a secondary signal generated by SiO 2 , not by sulfur. The spec- 

ra for all the 1125 °C O ̄S samples except C 13 N 10 K 1 M 11 F 11 A 14 S 40 -

 ̄S were nearly coincident with the corresponding oxide curves, 

onfirming that the sulfur had been eliminated. A small residual 

ntensity around 2.307 keV for C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S suggests

hat a small fraction of sulfur remains. For CaSO 4 , the S K α1 peak

ecreases slightly after heat treatment at 1125 °C but a signifi- 
ant fraction of the sulfur remains. This semi-quantitative EDS data 

ligns well with the retained mass data, which showed that the 

125 °C O ̄S samples except C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S should have

ost all of their sulfate, the C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S should have

 small fraction of retained sulfate, and the CaSO 4 sample should 

ontain ∼90% of the original sulfate. 

.2. Sulfate decomposition pathway calculations 

The first calculations compared individual sub-reactions in- 

olved in sulfate decomposition in complex deposits. Fig. 7 (a) 

hows the p for the decomposition of the individual pure sul- 
SO2 

6 
ates. At 1025 °C the relatively high p SO2 for MgSO 4 decompo- 

ition (0.3 atm) limits the transport-based kinetic hindrance for 

gSO 4 decomposition. The p SO2 above CaSO 4 is considerably lower 

3 × 10 −6 atm), consistent with the limited decomposition ob- 

erved at this temperature. The decomposition p SO2 for Na 2 SO 4 

nd K 2 SO 4 is even lower, suggesting that these sulfates are unlikely 

o decompose if retained in the condensed deposit at this temper- 

ture. 

Fig. 7 (b) shows the equilibrium p SO2 for reactions between spe- 

ific sulfates and oxides in equimolar ratios. In each case, the p SO2 
bove the decomposing sulfate increases compared to the pure 

ulfate. The magnitude for the increase when adding oxides to 

aSO 4 is significantly greater than when adding oxides (e.g., SiO 2 ) 

o MgSO 4 , given that the latter already has a high equilibrium p SO2 .

eacting CaSO 4 with Al 2 O 3 or SiO 2 at 1025 °C increases the p SO2 by
pproximately 2.5 or 3.5 orders of magnitude due to the driving 

orce to form CaAl 2 O 4 or CaSiO 3 , respectively. Adding Fe 2 O 3 with 

iO 2 increases p SO2 slightly for reactions forming calcium ferro sil- 

cates (CFS) like Ca 3 Fe 2 Si 3 O 12 . Adding MgO along with SiO 2 has

 more pronounced effect in increasing the p SO2 by forming cal- 

ium magnesium silicate (CMS), CaMgSi 2 O 6 . The p SO2 above CaSO 4 

t 1025 °C is highest when Al 2 O 3 and SiO 2 are both added, stabiliz-

ng the calcium aluminum silicate (CAS) anorthite, CaAl 2 Si 2 O 8 . One 

mplication is that the decomposition rate would be maximized for 

eposits containing sufficient quantities of multiple oxide reactants 

o convert the sulfate into a mixture of ternary silicates. However, 

he complete consumption of one reactant could then significantly 

educe the p SO2 as the decompositions proceed. 

Fig. 7 (c) shows the initial p SO2 above O ̄S deposits studied exper- 

mentally at 1025 °C. They are significantly higher than pure CaSO 4 

consistent with the faster O ̄S decomposition) and cluster near the 

enter of the range for the individual binary and ternary reactions 

hown in Fig. 7 (b). The p SO2 for the individual deposits spans ap- 

roximately an order of magnitude, and the relative positions are 

enerally consistent with the rate of decomposition observed in 

he experiments. 

.3. Calculated sulfate decomposition pathways for oxide-sulfate 

eposits 

Fig. 8 (a) shows the calculated fraction of sulfate decomposed 

rom the five O ̄S deposit compositions and pure CaSO 4 as a func- 

ion of the amount air introduced at 1025 °C. These results cap- 
ure the effect of changes in the reactions as the sulfate decom- 

osition proceeds. The results show that the sulfate in the O ̄S de- 

osits begin to decompose immediately, and that between 10 and 

00 moles of air per mole of sulfur must be saturated with SO x 

efore the sulfate decomposes completely. Conversely, virtually no 

aSO 4 decomposition is predicted to occur under the same con- 

itions. This is consistent with the experimental results showing 

o appreciable mass loss in CaSO 4 at this temperature. In fact, 

omplete decomposition of the CaSO 4 would require saturating 

t least 2.5 × 10 5 moles of air per mole of sulfur in the sul- 

ate. A key conclusion is that the reactions between the oxides 

nd sulfates accelerate sulfate decomposition compared to pure 

aSO 4 . 

The rate of sulfate decomposition in the O ̄S deposits is ap- 

roximately linearly proportional to the amount of saturated air 

appearing as an exponential increase on the log-linear axis in 

ig. 8 (a)). Small deviations from the overall trend are due to 

hanges in the reaction pathway as one or more oxide reac- 

ants are depleted. Sulfate decomposition is initially fastest in 

 15 M 12 F 12 A 16 S 45 - O ̄S , driven by MgSO 4 decomposition and forma-

ion of CAS. Beyond χ air/S = 4, the curve is coincident with the 

 10 M 5 F 5 A 10 S 70 - O ̄S due to formation of CMS in both the deposits.

uch behavior is also consistent with the experimental trends. 
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Fig. 7. Equilibrium partial pressure of SO 2 (p SO2 ) for decomposition of sulfates at 1025 °C in dry air. (a) The wide decomposition p SO2 range for the pure sulfates increases 

for (b) reactions involving other oxides. The p SO2 range narrows for (c) the mixed oxide-sulfate deposits studied experimentally. 
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t∑
he curves for C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S , C 20 M 5 F 5 A 10 S 60 - O ̄S , and

 31 M 9 F 5 A 12 S 43 - O ̄S are also clustered due to similar reaction path-

ays within each group. Until χ air/S = 10, all three produce a com- 

ination of CAS, ferro silicate (FS), and magnesium silicate (MS) 

eaction products. CaSiO 3 becomes the dominant reaction prod- 

ct as the Mg, Al, and Fe are consumed, and slight differences in 

he curves arise due to differences in the χ air/S required to reach 

his point. The decomposition rate for C 13 N 10 K 1 M 11 F 11 A 14 S 40 drops

lightly around χ air/S = 100 due to stabilization of the sulfate in 

he small fraction of liquid generated by the low-melting sodium 

nd potassium compounds. 

To capture the temperature dependence of the reactions, cal- 

ulations were repeated over the experimental temperature range. 

ig. 8 (b) shows the significant temperature-dependence in the 

 SO2 , while the relative positions of the p SO2 for each deposit or 

ixture at a given temperature is similar to those shown in Fig. 7 .

o relate the equilibrium calculations to the fixed-time basis of the 

xperiments, the fraction sulfate decomposed was then evaluated 

or each deposit composition at each temperature for a fixed χ air/S . 

he flow dynamics in the furnace tube make it difficult to estimate 

he volume of saturated air in each experiment, especially since 

ultiple parameters related to gaseous flow and diffusion are sen- 

itive to temperature and the position in the reaction boat. Instead, 

 sensible estimate of χ air/S = 100 was adopted for all tempera- 

ures and the results were fitted to generalized logistic function 

 Eq. (1) ) to generate the temperature-dependent, ‘fixed-time’ de- 

omposition curves shown in Fig. 8 (c). 

These curves show similarity to the experimental curves shown 

n Fig. 5 . Comparing the cluster of O ̄S curves with CaSO 4 shows 

he effect of the oxides in accelerating sulfate decomposition at 

ower temperatures. Comparing the trend of C 10 M 5 F 5 A 10 S 70 - O ̄S and

 20 M 5 F 5 A 10 S 60 - O ̄S , which differ only in Ca:Si ratio, suggests that

ncreasing the Ca:Si ratio slows the sulfate decomposition due to 

he reduced availability of SiO 2 as a reactant. Comparing the de- 

omposition trend of C 15 M 12 F 12 A 16 S 45 - O ̄S and C 20 M 5 F 5 A 10 S 60 - O ̄S ,

hich differ only in 
∑ 

MFA , shows how the secondary cations can 

ccelerate sulfate decomposition. The sulfate retained in the liq- 

id in the C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S remains even at higher tem-

eratures, leading that curve to plateau just below F = 1 in 

ig. 8 (c). Although these calculations capture the relative decompo- 

ition order and peak decomposition temperature reasonably well, 

he experiments showed more decomposition at lower tempera- 

ure compared to the calculations. This difference could be due 

o metastable effects (e.g., fast, early decomposition of MgSO 4 in 

he experiments, compared to the equilibrium decomposition of 
7 
Ca,Mg)SO 4 in the calculations) or because the χ air/S value is ap- 

roximate. 

.4. Composition effects determining sulfate decomposition behavior 

Considering the significant effect of deposit composition on the 

ulfate stability, subsequent calculations systematically explored 

ey composition variables including the Ca:Si ratio, the relative Mg, 

e, and Al ratios, 
∑ 

MFA content, and the 
∑ 

NK content. 

.4.1. Effect of Ca:Si ratio 

Two sets of calculations were performed to assess the role of 

he Ca:Si ratio on the sulfate decomposition process. The first is 

ased on the C 10 M 5 F 5 A 10 S 70 - O ̄S and C 20 M 5 F 5 A 10 S 60 - O ̄S deposits,

hich have 
∑ 

MFA = 20. This set was expanded to vary the Ca:Si 

atio from no Si to no Ca; i.e. C 80 M 5 F 5 Al 10 S 0 - O ̄S to C 0 M 5 F 5 Al 10 S 80 -

 ̄S . The results showing the fraction of sulfate decomposed as a 

unction of χ air/S at 1025 °C are shown in Fig. 9 (a). 

The Ca:Si ratio has a profound effect on the rate of sulfate de- 

omposition. The behavior can be divided into four categories. For 

 deposit without Ca 2 + (Ca:Si = 0:80), the MgSO 4 decomposes im- 

ediately at 1025 °C. This result is consistent with the hierarchy 

f reactions shown in Fig. 7 . Adding Ca 2 + (as CaO and CaSO 4 ) in-

reases χ air/S required for decomposition of sulfates. For Ca:Si < 1, 

he sulfates decompose quickly. The curves for Ca:Si = 0.33 (20:60) 

o 1 (40:40) fall atop one another, suggesting a common reaction 

athway. The decomposition rate decreases by orders of magnitude 

or Ca:Si between 1 and 3, signaling a change in the reaction path- 

ay for the SiO 2 -lean deposit compositions. There is a critical min- 

mum SiO 2 content near Ca:Si = 3 (60:20) to drive the accelerated 

ecomposition reactions. For Ca:Si > 3, the sulfate decomposition 

ate is comparable to pure CaSO 4 even though those mixed de- 

osits still contain Al 2 O 3 , MgO and Fe 2 O 3 . 

The calculations shown in Fig. 7 indicate that reactions between 

aSO 4 and Fe, Mg, and Al oxides also increase the p SO2 , and thus

hould accelerate the decomposition. To understand the effect of 

hese constituents relative to the Ca:Si ratio, the calculations were 

epeated for deposits with 
∑ 

MFA = 40, based on C 15 M 12 F 12 A 16 S 45 -

 ̄S . The results, shown in Fig. 9 (b), indicate that in some cases, e.g.,

a:Si = 1:3 and 3:1, the increased 
∑ 

MFA accelerates the sulfate 

ecomposition for an equivalent Ca:Si ratio. The accelerated de- 

omposition on increasing 
∑ 

MFA arises due to greater formation 

f CMS, CFS, and CAS, which have higher equilibrium p SO2 than 

he binary compounds. In other cases, e.g., Ca:Si = 1:1, increasing 
 

MFA retards the sulfate decomposition initially but then follows 
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Fig. 8. (a) Equilibrium sulfate decomposition behavior for the O ̄S deposits studied 

experimentally as a function of normalized air supplied at 1025 °C. (b) Temperature- 

dependent equilibrium p SO2 above specific mixtures and the O ̄S deposits. (c) Equi- 

librium sulfate decomposition behavior for a set of O ̄S deposits as a function of 

temperature at χ air/S = 100 mol./mol in comparison to pure CaSO 4 sulfate decom- 

position under similar conditions. 
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Fig. 9. Equilibrium sulfate decomposition behavior at 1025 °C as a function of 
χ air/S : (a) For a set of CMFAS–O ̄S deposits with varying Ca:Si ratio but fixed 

∑ 

MFA = 

20 mol%. (b) For a group of CMFAS–O ̄S deposits comparing 
∑ 

MFA = 20 mol% vs. 

40 mol% for several fixed Ca:Si ratios. 
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imilar decomposition rate suggesting similar reaction pathways. 

he higher 
∑ 

MFA has no apparent effect on the sulfate decompo- 

ition kinetics for the most SiO 2 -lean compositions. 

.4.2. Effect of relative Mg, Al, Fe content 

Fig. 10 shows results of calculations investigating the effects of 

elative magnesium, iron, and aluminum concentration (M:F:A) on 

he critical χ air/S corresponding to complete sulfate decomposition 
8 
nd the predominant reaction products formed. The calculations 

ere performed at 1025 °C for fixed Ca:Si = 0.33 and for two 

ifferent 
∑ 

MFA concentration. As with the experiments, for these 

alculations Mg 2 + is added with an MgO:MgSO 4 mixture in a mo- 

ar ratio of 2:1. The behavior of deposits with 
∑ 

MFA = 25 mol% 

 Fig. 10 (a)) is divided into three regions. Mg-rich deposits exhibit 

he sulfate decomposition with the smallest quantity of saturated 

ir (i.e., the fastest decomposition in a flowing system) while the 

l-rich deposits require the most saturated air for sulfate decom- 

osition (i.e., the slowest in a flowing system). The relative rate 

f decomposition in Mg- and Fe-rich deposits, which form CFSs 

nd CMSs, respectively, is consistent with the relative equilibrium 

 SO2 values for these reaction products shown in Fig. 7 . The slower 

ulfate decomposition in Al-rich deposits is counterintuitive given 

he high equilibrium p SO2 when CaSO 4 , SiO 2 and Al 2 O 3 react to 

orm anorthite (CAS) (see Fig. 7 ). However, the formation of CAS 

equires an Al:Ca ratio of 2, while Al:Ca for C 18.75 M 0 F 0 A 25 S 56.25 
s only 1.33. Thus, while rapid sulfate decomposition is initially 

riven by CAS formation, the remaining sulfate decomposes by 

orming CaSiO 3 at a lower equilibrium p SO2 This change in reac- 

ion pathway slows the decomposition in Al-rich deposits at low 

o intermediate 
∑ 

MFA content. The change in reaction pathway 

an also be seen via the change in dominant reaction products as 

he relative magnesium, iron, and aluminum concentration is var- 

ed ( Fig. 10 (a)). 

Increasing the 
∑ 

MFA to 40 mol% ( Fig. 10 (b)) significantly ac- 

elerated the sulfate decomposition in the Al-rich deposits, since 
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Fig. 10. The minimum χ air/S for complete sulfate decomposition varys with the 

relative Mg 2 + , Al 3 + and Fe 3 + content for constant Ca:Si ratio for (a) 
∑ 

MFA con- 

tent = 25 mol% (b) 
∑ 

MFA content = 40 mol%. The legends specify the primary 

reaction products calculations at each white point.(MS – MgSiO 3 , CMS - calcium 

magnesium silicates (primarily CaMgSi 2 O 6 ), CS – CaSiO 3 , CAS – calcium alumino sil- 

icates (primarily CaAl 2 Si 2 O 8 ), CFS – calcium ferro silicates (primarily Ca 3 Fe 2 Si 3 O 12 ), 

CMFS – calcium magnesium ferro silicates, CMAS, calcium magnesium aluminosili- 

cates. 
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Fig. 11. Calculated behavior at 1025 °C of a set of mixed oxide-sulfate deposits 

based on C 15 M 12 F 12 A 16 S 45 - O ̄S with varying Na and K. (a) Equilibrium sulfate de- 

composition behavior (b) Fraction of initial sulfate present as gaseous Na 2 SO 4 and 

K 2 SO 4 (c) Fraction of initial deposit existing as a liquid. (d) Fraction of the initial 

sulfate present in the melt. 
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he increased Al:Ca = 2.66 makes anorthite the predominant re- 

ction product until the CaSO 4 is completely decomposed. The de- 

omposition rates for the Mg- and Fe-rich deposits are relatively 

nchanged compared to 
∑ 

MFA = 25 mol%, and the mixed Mg + Fe- 

ich deposits show a slight acceleration in sulfate decomposition. 

his behavior agrees with the distinct reaction pathways observed 

n CAS, CFS and CMS systems as depicted in Fig. 7 . Thus, increas-

ng in the 
∑ 

MFA content accelerates the sulfate decomposition 

y promoting formation of CFSs, CMSs and CASs which form at a 

uch higher p SO2 than the products from decomposition of indi- 

idual sulfates. 

.4.3. Effect of Na + , K + content 
The experiments show that a small fraction of the sulfate in the 

 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S deposit is retained even at high temper-

tures. The preliminary calculations revealed that at higher tem- 

eratures, this sulfate is present in the liquid generated initially 

y the low melting Na 2 SO 4 and K 2 SO 4 . This observation supports 

he hypothesis that a multicomponent ionic liquid could suppress 

a 2 SO 4 evaporation, thereby increasing the temperature range over 

hich Na SO hot corrosion could be active. To further explore the 
2 4 

9 
ole of sodium and potassium in sulfate stabilization, calculations 

ere performed at 1025 °C for a range of 
∑ 

NK up to 25 mol% 

a + according to (C 15 M 12 F 12 A 16 S 45 ) 1-x (N 90.9 K 9.1 ) x . In this sequence,

 = 0.11 corresponds to C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S . 

The results shown in Fig. 11 (a) indicate that increasing 
∑ 

NK 

ecreases the rate of sulfate decomposition and increases the χ air/S 

equired to decompose the sulfates. At x = 0.275, the normalized 

mount of saturated air required to decompose the sulfates at 1025 

C goes beyond that required for pure CaSO 4 . Given their relative 

esistance to decomposition ( Fig. 7 ), Na 2 SO 4 and K 2 SO 4 evapora- 

ion also becomes more important as 
∑ 

NK increases. Fig. 11 (b) 

hows that for x ≤ 0.11, the Na 2 SO 4 and K 2 SO 4 either remain in

he condensed deposit or decompose, leaving behind multicompo- 
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ent oxide reaction products containing Na 2 O and K 2 O. At higher 
 

NK the Na 2 SO 4 and K 2 SO 4 begin to evaporate, but due to their 

epressed partial pressures only between one third and one half of 

hese two sulfates enters the gas phase by χ air/S = 10 6 mol/mol. 

Fig. 11 (c) shows the fraction of the total deposit present as 

 molten phase. No liquid is formed for x = 0 and x = 0.055.

t x = 0.11 (C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S ) a small fraction of liquid

s formed at 1025 °C. Further increasing 
∑ 

NK further increases 

he melt fraction, which remains relatively constant with increas- 

ng χ air/S . Fig. 11 (d) illustrates how the amount sulfate in the 

elt relative to the total amount of sulfate initially present varies 

 function of χ air/S . Once melt begins to form when x = 0.11 

C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S ), the remaining sulfate dissolves into

he melt. With increasing 
∑ 

NK , the fraction of sulfate in the ionic 

iquid phase increases significantly. For x = 0.275, virtually all of 

he sulfate exists initially in the melt. With increasing χ air/S , the 

raction of sulfate starts decreasing and the sulfate components in 

he melt (ionic liquid) decompose to form oxides, along with the 

imited volatilization of Na 2 SO 4 and K 2 SO 4 at 1025 °C shown in 

ig. 11 (b). However, the rate of decomposition is still significantly 

lower than in the deposits which did not form melt. Thus, pres- 

nce of significant amount of 
∑ 

NK content affects the formation 

f the ionic liquid, solubility of sulfate entities in the ionic liquid 

nd thus rate of sulfate decomposition. 

.5. Implications for turbine material performance, design, and 

esting 

The results show that the sulfate components of oxide-sulfate 

ixtures readily decompose in dry air below 1100 °C, even though 
he decomposition of pure CaSO 4 remains sluggish until higher 

emperatures. The accelerated sulfate decomposition is driven by 

eactions between the oxides and sulfates that elevate the equi- 

ibrium p SO2 above the mixture. Thermodynamic calculations sug- 

est that SiO 2 is the primary driver for these sulfate decomposition 

athways. Indeed, the experimental analysis shows that increas- 

ng the Ca:Si ratio from C 10 M 5 F 5 A 10 S 70 - O ̄S to C 20 M 5 F 5 A 10 S 60 - O ̄S

lows the sulfate decomposition and the calculations suggest that 

or Ca:Si > 3 the sulfate decomposition would not be significantly 

ccelerated. Mg, Fe, and Al oxides play a secondary role in acceler- 

ting the sulfate decomposition when present in sufficient quantity 

o drive the formation of ternary and quaternary reaction products 

ith greater equilibrium p SO2 . Na 2 SO 4 and K 2 SO 4 , which individu- 

lly volatilize above 950 °C, are stabilized to higher temperatures 

n multi-cation O ̄S deposits through the formation of melts with 

ubstantial sulfate solubility. This effect partially underlies the de- 

ayed sulfate decomposition in C 13 N 10 K 1 M 11 F 11 A 14 S 40 - O ̄S compared

o C 15 M 12 F 12 A 16 S 45 - O ̄S . 

Given that virtually all reported turbine engine deposits fall 

t Ca:Si < 2 [21] , the implication is that most complex deposits 

orming within an engine would be subject to accelerated sulfate 

ecomposition. Thus, at the temperatures associated with typical 

MAS-type attack of TBCs and EBCs, sulfates in a mixed oxide- 

ulfate debris would decompose fast enough that it is likely un- 

ecessary to differentiate between sulfate and non-sulfate deposits 

hen considering ceramic coating degradation at higher temper- 

tures. Indeed, the results show that the C 31 M 9 F 5 A 12 S 43 - O ̄S com-

osition melts at a temperature closer to that predicted for the 

xides, rather than oxide-sulfate mixture, suggesting that the sul- 

ates may decompose before reaching the melting temperature for 

he oxide-sulfate mixture. Exceptions exist for engines operating in 

ypsum-rich environments, where Ca:Si is more likely to exceed 3, 

nd in marine environments where higher sodium concentrations 

re more likely to stabilize sulfates in a multi-component liquid. 

The findings also have implications for alloy hot corrosion. First, 

he stabilization of multicomponent liquid containing sodium sul- 
10 
ate to higher temperatures could expand the range of sulfate- 

nduced hot corrosion. The observation that the sulfates in sulfate- 

xide mixtures decompose rapidly in the range 900 °C to 1100 °C 
ould reduce the severity of corrosion by removing sulfur from the 

icinity of the alloy surface, while the transient spike in p SOx by 

everal orders of magnitude relative to those typically present in 

he combustion gas could accelerate alloy degradation. These ques- 

ions remain under study. 

Finally, the results highlight the value of thermodynamic calcu- 

ations as part of an integrated material design and testing frame- 

ork. The calculations emerge as an essential tool for understand- 

ng the reaction pathways governing the sulfate decomposition in 

he complex deposits. The approach appears to accurately predict 

oth the temperature-dependent nature of the sulfate reactions 

nd the effect of subtle compositional variations on the sulfate de- 

omposition related to pathways involving multi-component reac- 

ion products. This approach could be adapted to map the compo- 

itional space to identify model deposit compositions expected to 

fficiently assess a wide range of material behaviors. 

. Conclusions 

In this work, experimental and computational tools have been 

mployed to develop a mechanistic understanding of the factors 

nfluencing the intrinsic stability of complex, mixed oxide-sulfate 

eposits. These results are critical to develop an understanding of 

he accelerated deposit induced degradation of alloys, bond coats 

nd ceramic coatings. Furthermore, this approach can be useful for 

efining existing thermodynamics models and toolkits that facili- 

ate data driven materials design. 

Some key conclusions of this study are as follows: 

1 Overall composition of the deposit is critical in determining the 

overall intrinsic stability of the deposit and the rate of sulfate 

decomposition. The presence of mixed oxides leads to rapid de- 

composition of the sulfate in the deposit by forming reaction 

products with high p SO2 . 

2 Deposits with high Ca:Si ratios tend to have slower sulfate de- 

composition rates with pure CaSO 4 showing the most sluggish 

decomposition. 

3 Decomposition of sulfate in deposit compositions with higher 

Mg, Fe, and Al content is quickened by alternate reaction path- 

ways which form CAS, CMS, and CFS products with high p SO2 . 

4 The presence of Na + and K + ions in the deposits tends to form 

low melting mixtures with sulfate solubility. This slows down 

the overall rate of sulfate decomposition. 
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