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EXECUTIVE SUMMARY

The objective of this task is to perform a technical assessment of turbine blading
for advanced second generation PFBC conditions, identify specific
problems/issues, and recommend an approach for solving any problems
identified. A literature search was conducted, problems associated with hot
corrosion defined and limited experiments performed.

(1) The conditions that favor sulfidation corrosion are present in PFBC

turbines. Sulfidation corrosion occurs in industrial, marine and aircraft gas
turbine engines and is due to the presence of condensed alkali (sodium)
sulfates. The principle source of the alkali in industrial, marine and aircraft gas
turbine engines is sea salt crystals. The principle source of the sulfur is not the
liquid fuels, but the same ocean born crystals. Moreover deposition of the
corrosive salt occurs primarily by a non-equilibrium process. Sodium will be
present in the cleaned combusted gases that enter the PFBC turbine. Although
equilibrium condensation is not favored, deposition via impaction is probable.

(2) Accelerated oxidation associated with the presence of chlorine or
chlorides is not anticipated. Marine gas turbines operate in sodium chloride
rich environments without experiencing the accelerated attack noted in coal
fired boilers where condensedchlorides contact metallic surfaces. Gaseous
mixtures of sodium chloride and air are reported to mitigate sufidation corrosion.

(3) Calcium sulfate can be an aoaressive corrodent, The sulfates of calcium
and magnesium are the products of the reactions used to control sulfur. Based
upon industrial gas turbine experience and laboratory tests, calcium and
magnesium sulfates are, at temperatures up to 1500°F (815°C), relatively
innocuous salts. In this study it is found that at 1650°F (900°C) and above,
calcium sulfate becomes an aggressive corrodent.

(4) The ternary sulfates of calcium, magnesium and sodium are very
aggressivecorrodents. Calcia and magnesia are used to capture the oxides _,I
sulfur. The presence of sodium and the formation of sulfates can lead to the
formation of corrosive salts which will attack turbine components.

(5) The anticipated materials for advanced DOE engines are the high
temperature single crystal alloys used in advanced aircraft gas turbines. A



noteworthy observation is that th6 single crystal alloy appears to be more
resistant to the combined calcium-magnesium-sodium sulfate corrosion that the
industrial alloys developed to resist sulfidation corrosion. The resistance of the
current families of coatinas with respect to the mixed sulfatecorrodentis notv

known,

(6) Engine manufacturers establish parameters that relate turbine ai,"foil life
with laboratory data. The data when used to rank materials is generally in
agreement. However, the deposition of the corrosive salt is a non- controllable
variable which differs from machine to machine. Therefore improvements in life
associated with material selection by one manufacturer need not translate to
another manufacturer. Improvements in life are related to the understanding of

• the corrosion phenomena which allows the manuf_.turer to intergrate
operational procedures with the material selection process, lt is therefore
recommended that the work outlined in the continued study which is necessary_
for the orderly delineation of the corrosion mechanism and assessment with

respectto lifetimebased uDonlaboratory_tests, be continue_
"!

' lITERATURE SURVEY

Introduction

Hot corrosion is defined as the accelerated rate of oxidation of turbine materials
associated with the presence of oxidizing agents other than oxygen and
nitrogen. Vanadic and sulfidation corrosion are the terms used to describe the
accelerated oxidation due to the presence of vanadium oxides and alkali salts,
respectively. Alkali salts are present not only in the fuel but are also present in
the air. The presence of vanadium rich oxides is not anticipated in second
generation PFBC equipment and therefore is not considered in this study.

Background

A. Description

Sulfidation corrosion is the rapid oxidation of gas turbine components
associatedwith sodiumsulfate, lt is characterized by the presence of a non-
protective oxide scale separated from the unaffected matrix by a zone
containingsulfideprecipitates. The corrosionis reproducedin the laboratoryby
application of sodium sulfate and subsequent exposure at elevated
temperatures. The corrosion phenomena is readily monitoredfrom periodic
weight changes and can be described in three steps (fig 1). The initial
oxidationbehavior is similarto that of simple oxidationin whichthe specimen



slowly gains weight as if the salt was not present. This is the "incubation

period", (step 1) in which the corrosive salt is separated from the alloy matrix by
a protective oxide scale. Once the scale is penetrated, chemical reactions

occur which results in the rapid gain in weight as the matrix reacts with oxygen
to form oxides. This second step is of short duration and is followed by the third
step in which the rate of oxidation of the salt coated material slowly decreases
with increasing time.

B. Mechanism

The corrosion community initially believed that the accelerated rate of oxidation
associated with sulfidation corrosion is related to the preferential oxidation of
the sulfur rich phases. Danek (1) reported in a review paper that sulfur acted as
the "promotor and propagator" of hot corrosion attack. Hancock (2) related the
attack to the transformation of chromium rich sulfides to nickel rich sulfides,
while Seybolt (3,4) related the accelerated rates of oxidation to the preferential
oxidation of the intergranular sulfides. Davin et al (5), Spengler and
Viswanathan (6) and Erdos (7) examined the kinetics of the gaseous sulfur-
metal reactions as a function of temperature and concentration.

Bornstein and DeCrescente (8) were among the early investigators to
demonstrate that the rapid rate of oxidation associated with sulfidation corrosion
is related to the the inability of the substrate to form a protective oxide scale and
is not due to the oxidation of the sulfur rich phases. Their work demonstrated
that the sulfur rich phase is the signature that sodium sulfate was present, figure
2.

The oxide ion theory first proposed by Bornstein et al was initially modified by
Goebel et al (9). They proposed that the fused alkali salt exhibits both basic
(type 1) and acidic (type 211characteristics which are related to the partial
pressure of sulfur oxides in the corrosion environment. Type 1 is generally
associated with high temperature corrosion while Type 2 is associated with
lower temperature corrosion. Type 2 is most prevalent at temperatures between

1200 and 1475°F (650 and 800°C ) and requires a significant pressure of SO3
in the gas phase. Meier (10) reports that there is general agreement that Type 1
corrosion propagates via basic fluxing. Although, the propagation mode for
Type 2 is still rather uncertain, Hwang (11) most recently reports that even at
1300°F (700°C) the oxide scale dissolves by basic fluxing. This data further
reinforces the original oxide ion mechanism which is shown schematically in
figure 3.

In figure 3, the corrosive salt, in equilibrium with oxide ions (O"), is separated
from the matrix by an alumina rich oxide scale. The oxide ions react with and
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dissolve alumina. This time dependent reaction corresponds to the incubation
period (step 1). Once the oxide is penetrated, another chemical reaction occurs
between the salt and the substrateo The products are oxides, sulfides and more
oxide ions which prevent the reformation of a protective oxide scale, (step 2). In
step 3, the rate of oxidation of the alloy decreases with the dilution of the oxide
ion concentration.

C. Chlorides

Although sodium chloride is the principle constituent of sea salt, and sea salt is
the precursor for sulfidation corrosion; chloride is rarely found in the deposits
associated with sulfidation corrosion. Stringer (12) reports that there is a long
and continuing controversy about the role of chloride in sulfidation corrosion.
Most deposits contain no detectable chloride. Small quantities of chloride have
been reported in the deposits removed from marine engines, however it is
unclear if the source of the chloride is self contamination. According to

,. Tschinkel (13) sodium chloride is not stable under gas turbine conditions. Not
only are the partial pressures of sodium hydroxide and hydrogen chloride much
greater than that of sodium chloride, but sulphation, (the chemical formation of
sulfur compounds), further decreases the stability of sodium chloride, as shown
by the work of Stearns et al (14).

The simultaneous attack of ferrous and nickel base alloys by condensed alkali
sulfates and chlorides is well documented (15,16,17). However the deleterious
effect is almost always associated with reduced or lowered partial pressures of
oxygen, a condition never observed in the highly oxidizing environment of the
industrial, marine or aircraft gas turbine engine.

Few studies have been made on the effect of gaseous halides with respect to
the oxidationof hightemperaturestructuralalloys. Smeggilet al (18) foundthat
sodiumchloridevaporsaccelerate the rate of oxidationof a model nickelbase
superalloy. The same authorsalso reportedthat sodiumchloridevaporsaffect
the g='owthof chromia and aluminascales, the principleoxidesformed on gas
turbinecomponents(19). However sodiumsulfate attenuatesthe corrosivityof
gaseous sodiumchloride. Sodiumchloridevaporswere found to mitigatethe
corrosiveeffect of sodiumsulfate andconversely,the attackof chromiaforming
scales by gaseous sodium chloride was retarded by sodium sulfate. Thf,s,
based uponthe availabledata and currentengineexperience,gaseoussodium
chloride in the presence of alkali sulfates is relatively innocuous. The
conditions necessary to produce condensed sodium chloride in the turbine
section of industrial, marine and aircraft gas turbine engines are not
encountered.
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D. Life Assessment

1. ,_lloys and Coatings

The early materials for gas turbine blading were based on the the heater alloy
Ni-20 Cr. Chromium imparted both strength and oxidation resistance, lt was
soon discovered that the desired mechanical properties of the alloy were
significantly increased by the precipitation of an ordered fcc phase formed by
the addition of titanium and aluminum.In order to increase the concentration of
aluminum and titanium it was necessary to decrease the concentration of
chromium in the alloy. In the period from the fifties to late sixties, efforts were
concentrated on improving mechanical properties and oxidation and corrosion
resistance was achieved through the use of coatings. The introduction of
refractory metals and carbides further increases the strength of the alloys.
Further improvements in mechanical properties were realized through control of
grain boundaries. Weakness associated with grain boundaries were alleviated
by the development of directionally solidification and single crystal alloys. A
comparison of stress-rupture properties of conventional, directionally solidified
and single crystal alloys are shown in figure 4 and the chemical composition of
typical alloys is shown graphically in figure 5.

Coatings are used to extend the useful life of gas turbine components. Coatings
are composed principally of the elements nickel, (cobalt) chromium and
aluminum. Several studies have been made of the oxidation behavior of the

Ni-Cr-AI system and an oxide map (21) is reproduced in figure 6. Alumina is the
preferred oxide for high temperature performance, because it rapidly forms and
slowly thickens. In general chromium in solution decreases the critical
concentration of aluminum necessary to form the alumina scale. Chromia
scales are not satisfactoryat temperatures above 1650°F (900°C) becausethey
tend to volatilize (22). However chromia is the preferred scale for resistance to
sufidation corrosion.

The coatings used to protect the superalloys are generally divided into the
groupings of diffusion and overlay. The aluminides are diffusion coatings and
are based upon the enrichment of the surface of the alloy with aluminum in
order to form the intermetallic compound NiAI. In general the oxidation and hot
corrosion resistance of these coatings are dependent upon the chemistry of the
underlying alloy. Processes have been developed to modify the intermetallic
compound by the addition of precious metals such as platinum, paladium and
rhodium. Theses coatings are more costly than the simple aluminides but often
exhibit improved resistance to sulfidation corrosion. The overlay coatings
typified by the MCrAIY ssries(M= Fe, Co,Ni or combinations thereof) offer a
wider range of flexibility. Oxidation and hot corrosion can be varied to meet
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various requirements. Although few studies have been performed under
rigorously controlled conditions, the curve shown in figure 7 is a compilation-:of
available data (23) which shows the relative resistance to sulfidation corrosion
as a function of chromium content.

2. Salt Deposition

The concept of an allowable alkali content is probably based upon the
assumption that the corrosive sodium sulfate salt is produced from the reaction
between sodium salts and the oxides of sulfur. Sulfur is a constituent of
petroleum base fuels and its concentration can vary from parts per million to
weight percent. Sodium is a principle constituent of the sea-salt crystals born at
the ocean-air interface which enter the gas turbine engine with the intake air.
Based upon meterological studies, sea salt crystals travel inland more than 200
miles on the prevailing winds (24). Salt water is also a common contaminant of
petroleum fuels transported by barge or ship.

DeCrescente and Bornstein (25) were among the first to demonstrate that
gaseous mixtures of sodium sulfate and air are relatively innocuous with
respect to gas turbine engine materials. However the condensed salt is very
corrosive. Numerous studies have been conducted concerning the formation,
vapor pressure, and condensation of sodium sulfate in gas turbine engines (26-
31).

There is sufficient evidence to conclude that the corrosive sodium sulfate salt is

deposited onto gas turbine components by non-equilibrium processes (32, 33).
In a EPRI supported study (34) it is shown that the thin films of salt adhering to
the components of the low compressor are similar in composition to that of sea
salt. However the composition of the salts adhering to the latter compressor
stages is of the same composition as the salts found on the turbine components
that suffer sulfidation corrosion. The principal constituent of the salt is sodium
sulfate, Table 1. Moreover the quantity of salt adhering to the latter stages of the
high compressor increases with stage number as shown in figure 8. In the
same study it is shown that the efficiency of the compressor of an industrial gas
turbine engine decreases after the machine is operated during fog. The
decrease in efficiency is related to the deposition of salts onto compressor
components and the principal constituent of the salt is again sodium sulfate
figure 9. Lastly in tests conducted at Long Island Lighting Company it is shown
that the deposition of sodium sulfate onto turbine components is related to the
sea breezes that bring the salt laden air into the engine figure 10.
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TABLE 1

Analysis of Field Data

Turbine staae Concentration (Ma_
Sodium Chloride Sulfate

9th 0.056 nii 0.1
10th 0.070 0.02 0.09
1lth 0.27 nii 0.12
12th 18.5 0.2 90 + ._
13th 4.4 0.5 92
14th 9.4 0.7 53
15th 10.6 1.0 42
1st Vane 1.01 nii 5

The fuel is also a source of alkali. Field as well as laboratory experience verify
that alkali doped fuels promote sulfidation corrosion. The experimental
evidence from UTC studies supports the conclusion that the deposition of
sodium sulfate from alkali doped fuel occurs via a non-equilibrium process. The
calculated concentration of sodium necessary to promote equilibrium
condensation of sodium sulfate at 900°C and 1 atmosphere is 35 ppm. The
experimental data is summarized in Table 2. The data supports the conclusion
that char formation assists in the deposition of the salt.

TABLE 2
Laboratory Evaluation of Sodium in Fuel

(900°C-atmospheric test)

Time hrs Na infuel (DDm! Observation
11 150 Uniform SulfidationAttack
11 60 Uniform Sulfidation Attack
6 65 UniformSulfidationAttack

11 45 Slightattack
6 45 SlightAttack
6 35 Oxidation-NoAttack

35 10 Oxidation-NoAttack
52 0 Oxidation

11 30* Sulfidation Attack

* lowair/fuel ratioto inducechar formation

In summary the data indicates that an importantsourceof the corrosive sodium
sulfate is the periodic release of the salt that accumulates on compressor
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comF.,gnents. The fuel is also an important source of sodium, however
deposition most probably occurs via a non equilibrium process.

Oxidation/Corrosion Life-prediction

Gas turbine manufacturers have developed laboratory tests designed to
accelerate the oxidation or corrosion phenomena that eventually contributes to
the the demise of a component. Oxidation is the principle degradation
mechanism for aircraft gas turbines. High temperature cyclic oxidation tests are
used to not only rank but also to measure rates of consumption or material loss.
The data is compared to engine performance in order to determine life
predictions.

Improvements in material performance is generally achieved through an
understanding of the rate controlling process. Coatings are consumed through
the loss of aluminum due to the spallation of the oxide scale. Significant
improvements in the life of protective coatings is attributed to the discovery that
certain reactive elements such as yttrium significantly improve oxide scale
adherence.

Sulfidation corrosion is more important in industrial and marine gas turbine
engines. The corrosion attack is induced in the laboratory by the application of
and subsequent cyclic exposure of salt coated specimens at elevated
temperatures. In general corrosion is induced in the laboratory tests within tens
of hours after application of the corrosive salt. The significant improvements in
the life of marine and industrial gas turbine components is once again achieved
through a better understanding of how the corrosive salt deposits onto turbo
machinery, and the process by which the salt defeats the normally protective
oxide scale.

The major gas turbine manufacturers limit the concentration of sodium (and
potassium) in the fuels. Air filtration is used to limit the quantity of air borne
alkalis entering industrial and marine engines. These steps are taken in order
to reduce the rate of deposition of salt onto turbomachinery. However the
efficiency of the filters is dependent upon ma=;yparameters. Moreover filters
tend to periodically release captured solids into the air stream. Therefore the
limits imposed by manufacturers are based more upon operating experience
than calculations.

METC believes that the gases entering the turbine could contain up to 10 ppm
alkali, 33 ppm HCI and 144 ppm sulfur dioxide. The alkali concentration is
significantly higher than the levels established by the major gas turbine



producers. However it does not follow that alkali sulfates will form and
condense. Deposition is a necessary condition for sulfidation corrosion to
occur. Of more concern is the deposition of sulfates associated with the process
used to control sulfur. Alkaline earth sulfates which may also contain alkalis will
be present on METC turbomachinery. The effect that these compounds can
have on turbine materials needs to be determined.

EXPERIMENTAL STUDIES AND RESULTS

A. Rationale

The principal corrosive salt associated with sulfidation corrosion is sodium
sulfate. The principle oxide which forms on the surface of high temperature
components is alumina. The chemical interaction that occurs is reasonably well
understood. However the deposits from the DOE fuel are very rich with respect
to calcium and magnesium. Calcium oxide and dolminite, (a mixture of the
oxides of calcium and magnesium) are used to control sulfur. One micron or
finer particles are not anticipated to perform as an errodent, but are expected to
deposit onto and adhere as a thin film to turbomachinery. Calcia and magnesia
can react with alumina to form a host of compounds. The stoichiometry of the
compounds depends upon concentration as well as temperature. Thus an area
of concern is the integrity of the alumina scale.

Calcium sulfate does not suppress the melting temperature of sodium sulfate,
fig 11a. Magnesium sulfate will suppress the melting temperature of sodium
sulfate fig.11b, however this salt, unlike the sulfates of calcium and sodium,
decomposes in the temperature range of interest to form magnesium oxide.
However a stable ternary eutectic is formed in the system.

The alumina scale is the barrier that separates the hostile environment from the
metallic surface. The life of turbine components is related to the rate of
formation, growth and deterioration of the oxide scale.

B Experimental results

In order to assess the corrosivityof calcium sulfate, a series of laboratory
experimentswere performedin whichthe surfacesof the nickelbase alloy B-
1900 were coated with a thin film of calcium sulfateand tested at 1650, 1900
and 2100°F. This nickelbase alloy is noted for its high temperaturestrength,
good oxidation resistance and poor resistance to hot corrosion. Uncoated
(calciumsulfate free) specimensservedas controls. The chemicalcomposition
of the alloyand typicalmetallographicalcross-sectionsare showninfig 12.
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At 1650°F (900°C), no differences were noted with respect to weight changes,
however the calcium sulfate coated specimens appeared discolored consistent
with the formation of a chromate compound. Moreover metallographic analyses
revealed the presence of sulfide precipitates beneath the oxide scale. At
1900°F (1040°C) and at 2100°F (1150°C) the calcium sulfate coated specimens
experienced considerable losses in weight. The weight loss is reported in
figure 13 as loss in cross-sectional thickness. The sulfide precipitates observed
in the metallographical cross-sections are not consistent with cEassical
sulfidation corrosion. Based upon the results further experiments were
performed with the alloys IN-738, IN-792 and PW-1480.

As previously noted, the first two alloys are representative of the alloys currently
employed in industrial gas turbines, and the third alloy is representative of the
newer family of single crystal alloys used in advanced aircraft gas turbine
engines. Each alloy was coated with, (a) sodium sulfate, (b) c__lciumsulfate and
(c) a mixture of sodium, calcium and magnesium sulfates in the ratios consistent
with eutectic formation. The salt coated specimens were exposed at 1900°F
and the experimental results are summarized in figure 14.

The sulfidation behavior is consistent with published data. The chromium rich
alloy IN-738 is most resistant followed by IN-792 and the least resistant is the
alumina forming, chromium poor single crystal alloy PW-1480. Note also that
the alumina forming PW-1480 alloy is least affected by the calcium sulfate. The
poorer performance of the IN-738 and IN-792 may be related to the formation of
chromate salts which were observed to form on the surfaces.

lt was anticipated that the eutectic salt would be corrosive. However it was not
anticipated to be as aggressive as noted in figure 10. lt appears to be at least
5-fold more corrosive than sodium sulfate. Equally surprising is the observation
that the single crystal alloy PW-1480, which is more sensitive to sodium sulfate
than the equiaxed alloys is, in this test, most resistant to the eutectic salt.

RECOMMENDATIONS

The results of the Grimthorpe tests which evaluated PFBC materials verified that
alkali and calcia salts are corrosive at low temperatures and the experimental
work reported herein indicates that a severe corrosion problem related to the
deposition of the salts will occur as temperatures increase. The program
outlined below assess the role of alkali-calcium rich salts and the magnitude of
the corrosion problem.
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Material Selection

A Alloys

The oxidation and sulfidation behavior, in laboratory tests, of the coatings and
alloys used in industrial and marine gas turbine alloys is known, lt is
recognized that the coating can influence the mechanical properties of the alloy,
and that as a result of interdiffusion, the alloy influences the chemical and
mechanical properties of the coating. Thus selection of a material is based
upon the required mechanical properties of the substrate and the chemical and
mechanical properties of the coating. The nickel base superalloys IN 738 and
IN 792 are noted for both their strength and inherent sulfidation resistance and
are the alloys most widely used in industrial and marine gas turbine engines.
PW 1480 is of the newer single crystal alloys to be used in industrial engines.

B. Coatings

Ali alloys used in the hot turbinesection of industrialand marinegas turbines
are coated. The coatings impart superioroxidationand sulfidationresistance
and therefore prolong the life of turbine components. The recommended
coatings for evaluation are the aluminides as represented by PW 73; the
platinum modified aluminides widely used in industrial gas turbines as
represented by RT-22 and lastly the overlay coating also widely used in
industrialgas turbinesrepresentedby PW 286.

The proposed program is divided into two Phases. The objective of the first
phase is to develop an understanding of the the chemistry involved between the
corrosive salts and the turbine alloy systems. The objective of phase two is to
develop priliminary laboratory burner rig for life prediction calculations. Both
phases of the program will be performed concurrently.

Phase I

The chemistry, and morphology of the sulfidation process for the alloys and
coatings proposed herein is well established and will not be repeated. The
oxidation and sulfidation data base at the Research Center will serve as the
base line.

In Phase 1 the chemistry and corrosion kinetics associated with calcium salts
applied to the three alloys, IN 738, IN 792 and PW 1480, and an aluminide, a

11



precious metal modified aluminide and a overlay coating, exposed in the
temperature range from 1650 to 2100°F, will be determined. The corrosive salts
are (a) calcia, (b) calcium sulfate and (c) the mixture of sodium sulfate, calcium
sulfate and magnesium sulfate which corresponds to the eutectic in the sulfate
system. The data generated from chemical analyses of the corrosion products,
metallographic studies and the interpretation of the kinetic data will be used to
produce the corrosion model which is a necessary step in the orderly process of
material modification for improved corrosion resistance.

Phase II

The burner rig sufidation data in the UTRC system will serve as the baseline for
this program. No additional data is necessary. In Phase II the life of the
uncoated alloys IN 738, IN 792 and PW 1480 and an aluminide, a precious
metal aluminide and an overlay coated alloy will be exposed to the exit flame of
a laboratory burner. The tests will be conducted at 1650 and 1900°F. The salt
solution will contain the sulfates of the elements calcium, magnesium and
sodium in the ratio of the corrosive eutectic mixture. Life assessments will be

determined based upon the comparative results between the specimens and
prior experience.

12
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FIG. 1

SULFIDATION CORROSION
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FIG.2

SULFIDATION STUDIES
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FIG. 3

THE SULFIDATION PROCESS
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FIG. 4

HIGH-TEMPERATURENICKEL-BASEDALLOYS
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FIG. 5

CHEMICAL COMPOSITIONS OF CURRENT ALLOYS
(ATOMIC PERCENT)
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FIG, 6

OXIDE MAP FOR THE TERNARY SYSTEM NI-Cr-AI AT 1000°C
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FIG, 7 .

DEPENDENCE OF RELATIVE RATE OF HOT CORROSION OF MCr-
AIY COATING ALLOYS ON CHROMIUM CONTENT; 1300F BURNER RIG TEST
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FIG. 8

QUANTITY OF Na 2 SO4 MS COMPRESSOR STAGE
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, FIG, 10

DISTRIBUTION OF Na 2 SO 4 VS TIME (SEASON)
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FIG. 11
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FIG. 12

SIXTY HOUR OXIDATION OF CaSO 4 COATED NICKEL BASE SUPERALLOY (B-1900)
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FIG. 13

CaSO_ ACCELERATES RATE OF OXIDATION OF NICKEL BASE SUPERALLOY (B1900)
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1900F LAB CORROSION OF NICKEL BASE SUPERALLOYS
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