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United Engineering Center/ 348 E. 47th St., Naw York N.Y. 10017 / 212 PL 2- 6800

August 2, 1967

3 ASME Research - Corrosion and Deposits from Combustion Gases

Enclosed is a copy of the Second Summary Report of the study of "Forma-
tion of Alkali Iron Sulfates and Other Compounds Causing Corrosion in Boilers
and Gas Turbines." This report covers work performed at Battelle from January 1,
1967 to June 30, 1967. It is sent to you in recognition of your support of the
Committee's work.

The report is arranged so that the '"General Review" section summarizes
the progress made, and the plans for the future, so that the reader can quickly
determine the status of the project. The "Technical Details" section presents
the data and references used in drawing the conclusions that are presented.

! The current project is being carried out on a year-to-year basis, and
the first year ended on June 30, 1967. Early in 1967, the Committee determined
that the work was proceeding satisfactorily enough to justify continuing it
beyond that date. Almost all of the previous contributors responded favorably
to a solicitation to support the additional work, and some new contributors were
obtained. The Committee is appreciative of this continued support of its work.
It is expected that another report will be issued in January, 1968.

We hope that you will find the results reported to be helpful in the
development aad application of means for alleviating the problems due to cor-
rosion and deposits frcem combustion gases. Any comments or suggestions that
you may have will be welcome.

Very truly yours,

C:»V<;£‘{;~“~hﬂl

Gedrge C. Wiedersum

Chairman

ASME Research Committee on Corrosion &
Deposits from Combustion Gases

MEMBER OF ENGINEERS' COUNCH FOR PROFESBIONAL DEVELOPMENT AND ENGINEERS JOINT COUNCIL
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Second Summary Report

on

FORMATION OF ALKALI IRON SULFATES !
AND OTHER COMPOUNDS CAUSING CORROSION

IN BOILERS AND GAS TURBINES

The question of the relative impor--
tance of SO, and of SO; + 05 Iz flue ga~
in forming the complex sulfates that lead
to corrosion has been answered by recent
work with radioactive sulfur as a tracer.
These tests have shown that S0, even in
low concentrations is much more reactive.
Furthermore, additional measurements of
the reaction of S0, + O; on catalytic
surfaces confirm that ample S50, can be
formed at the surface at a low gas velo-
city to account for the formation of the
trisulfates. Such low gas velocities may
exist on surfaces in boiler furnaces and
gas turbines beneath layers of deposits.
Trace amounts of trisulfates now can be
detected by an optical techanique, and
also an electrochemical device has been
developed that appears capasble of indi-
cating the onset of corrosion within a
fev minutes after establishing corrosive
conditions.

GENERAL REVIEW
by

William T. Reid

I defining the exact cond{tions that cause corrcsion of superheaters
and rehecters, one of the most serious gaps {n our knowledge has been the origin
of the high levels of SO, that are necessary for the formation of trisulfates.
Thermodynamic calculations and experimental wvork have agreed that Na,Pe{S0,), and
K,Pe(S0¢); can exist above 1000 F only when the SO, s much higher than the 35 ppm
SOy or so usually present {n the flue gas. Most investigators attribute the re-
quired 50, to "catalysis”, but data on the formation of SO, on surfsces under fur-
nace conditions have been lacking. One of the objectives of the present Battelle
work is to provide such {nformation.
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Efforts over the past year and particularly over the past six months
have beca spent mainly in devcloping the basic knowledge of actions occux.ing on
surfaces that lead to high S0, values snd hence to metsl wastage. Earlier work
that {nvestigated the reactions occurring in flames showed that low excess air
was the only way found to limit the formstion of SOy during combustion. Althcugh
practical with ofl firing, low excess air at the required levels of less than
0.2 percent 0, cannot be achieved at pretent when burning puiverized cosl. Hence,

this investigation has turned to reactions occurring on surfaces themselves as a
guide 1> other methods of corrosion control.

Although {t is still not possi‘ble to describe a corrosion mechanism
that defines with numerical values the steps by which metal is lost from a boiler
or gas-turbine surface, such a definition remains as the objective of the Battelle
study., Knowing precisely the reactions that occur and the effect on them of vary-
ing such faccors as chemical composition and physical effects includiag tempera-

ture and velocity, it will be possible to decide which factors can and must be
controlled, and which can be ignored.

For example, metal wvastage occurs only under deposits, and it has been
known for many years that where such deposits do not form, corrosion does not oc-
cur. Various explanations have been suggested, but most of these are based on
the deposit providing the chemical constituents - such as iron oxides, alkalies,
or SOy - that can then react with the metal surface. An equally plausible explan-
ation can be based on the physical environment provided by a deposit on a heat-
receiving surface. Where deposits do not 'wet" the metal surface, there is & gas
film present between the metsl and the deposit. Combustion gases can diffuse
into this film through the deposit or may flow slowly over the metal through
cracks in the deposit. The characteristics of this gas-metal interface, then,
mey be equally as important as the deposit itself in influencing corrosion.

To provide data on the possible importance of such factors, this study
recently has considered the many reactions that can take place or surfaces. Velo-
city is importent in establishing the 50, concentration in the gas layer over a
catalytic surface exposed to S0; + O, but more data will be necessary to decide
on the importance of velocity in establishiag the pickup of SO3; by that surface.
Also, the presence of alkalies on an iron surface has a great effect on the rate
et vhich SO, is picked up by that surface, again showing the importance of know-
ing the exact conditions that lead to chemical compounds causing loss of metal.

In the coming year, it is hoped that a logical quantitative description
can be provided of the individual steps which culminate as metal wastsge. Then
possible corrective measures can be evaluated most successfully.

RESEARCH ACCOMPLISHMENTS
OVER THE PAST SIX MONTHS

Experimental work recently consisted mainly of surface investigacions
and of tests in the noncatalytic fuel-burning furnace. The surface studies have
been concerned primarily vith surface catalysis and vich radfcactive sulfur as a




tracer to follow gas-surface reactions. Tests in the fuel-burning furnace have
concentrated on means of quickly detecting the oaset of corrosion after corrosive
conditions are established.

Surface Investigations

The importance of the steep gradient in S0; concentration over a cata-
lytic surface was pointed out in the First Summary Report, and measurements were
given of the high SO, levels that can exist immediately over an active surface.
This work has now been extended to include the effect of gas velocity. It shows
that as the boundary layer is thinner, the maximum measurzd SO, concentrations
are markedly less. The data show in fact that increasing the gas velocity by
10 times, from 1,2 fect per second to 12 feet per second, decreases the SO; level
0.005 inch above the catalytic surface from 1600 ppm SO; to 100 ppm SO,. This
minimum experimental distance of 0.005 inch, limited by roughness of the surface,
is still great 2nough to prevent estimates of the SOy level in the molecula:
layer of gases immediately over the surface, but it does {llustrate the effect
of low gas velocity. Such data are expected to be particularly useful in assess-
ing the influence of an overlying deposit, which of course would assure nearly
zero velocity of flue gas over a corrodiang superheater element.

When alkalies are added to an otherwise catalytic surface of Fey0,,
there {s no measureable increase in $0; in the boundary layer. For the present,
it appears that S0, being formed by reaction of SOz and O; on the Fez0, surface
is captured at once by the alkalies or by the alkali-Fe;0; combination so that
none escapes to the bulk gas stream. This will require further checking, but
several experiments thus far have suggested this hypothesis. An interesting fur-
ther point is that some sulfates with a higher S0, content than Na 504 can be
formed when not more than 20 to 40 ppm SO; i{s present in the bulk gas stream,
Although these sulfates may no:t lead directly to the trisulfates at this SO,
level, such SO -rich substances may be a chemical intermediate important in the
overall reactions.

Tests with radioactive SJS, used as a tracer to assess the relative
importance of SO, and SO,, have confirmed that alkalies present in Fe,0, layers
trap large quantities of SO, from gas. For exsample, with Fey;0, alone, the
amount of SO, captured by the surface under a given set of conditions was one-
eighth of that with NagSO, added in a 3:1 mol ratio. Similarly, with SO; and 0Oy,
the amount of sulfur picked up from the gas phase i{s 4 to 5 times more when
NayS0, is present than vhen Fe;0, alone is present.

Probably one of the most significant points here is the high reactivity
of SO; i{n forming complex sulfates compared with SO; and O;. Despite the demon-
strated catalytic activity of Fe;0,, its reaction with SO, and O, was only about
one fourth as much as with SC,. When NayS0, was also preseant with the Fey0,, the
reactivity of the mixture of sulfate and oxide with SO, was at least 10 times
that with SO; and O;. When these dota are rcduced to the SO; and SOy levels of
boiler furnaces, rather than the high SO; concentrations used in these laboratory
messurenents, the proporticnate ratios show that S0; reactivity may be {n the or-
der of 200 tiwmes that of SO, and O;. Such data continue to confirm the importance
of SO; in the corrosion mechanisn.
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A useful laboratory tool was developed during the past six months to
identify trace amounts of the alkali iron trisulfates ir corrosion products.
Based on a measurement of the index of refraction of NasFe(SO.); and K Fe(S0.),
and mixtures of these trisulfates, the system is capable of identifying even in-
dividual crystals of the compounds, Whereas X-ray diffraction methods of anal-
ysis require that at lsast 10 percznt of the sample be the trisulfate for posi-
tive {dentification, this optical method is sensitive enough to show the presence
of trace amounts of trisulfates., Thus it has detected trisulfates in a test
sample held for only 3 hours in & flue zas atmosphere containing normal amounts
of SOy. As much as 100 hours exposure may be necessary to provide enough trisul-
fates for identification by X-re¢y diffraction methods., Use of this index-of-
refraction method i{s expected to add considerably to following the reactions
leading to the trisulfates.

Fuel-Burning Furnace Studies

It is not always feasible {n laboratory tests to operate for hundreds
of hours. Usually, steady-state conditions are attained fairly rapidly, often in
a few hours, but the gradual growth of corrosion products can require 100 hours
or wore to provide eaough material, such as NazFe(SO,)3;, to indicate by conven~
tionzl tests that corrosive conditions have been established. The optical tech-
nique recently devel~ped is & great aid in detecting trace amounts of the trisul-
fates once a test i3 over, but other procedures that can be applied while a test
is ia progress would be even more useful. Hence, to provide a guide for detect-

ing the onset of corrosion, several versions of electrochemical cells were
avaluated,

The first electrochemical cell used here was intended to show simply
the development of a molten phase in the test apparatus exposed to furnace condi-
tions; the latest one not only indicates when corrosjon is occurring but appar-
ently also gives a measure of the rate of corrosion, Complete interpretation of
the data from these electrochemical cells is still open to question. Neverthe-
less, such techniques show a great deal of promise in following corrosion reac-
tions as they take place. There {3 an obvious advantage in such a procedure

over one that siuply, even though more accurately, shows the extent of corrosion
once a test is ove.,

The major purpose in dc 2loping these electrochemical cells was to pro-
vide a means of determining when corrosion occurs in the fuel-fired furnace where
the flue-gas atmosphere closely duplicates that in full-size boiler furnaces., A
successful cell {s now available that indicates when a change in flue-gas compo-
sition or temperature affects corrosion activity. In one case, switching alter-
nately from a sulfur-free fuel to a high-sulfur fuel resulted in a voltage output
that lagged slightly behind the changes in fuel, but that nevertheless clearly
indicated the alternate formation of complex sulfates and their apparent dissoci-
ation as the sulfur content changed.

All the data from the electrochemical cell cannot be interpreted so
easily, One common factor appears in all recent work - as the temperature {is
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increased stepwise, abruptly higher voltage outputs are obtained for periods of

a few minutes, foilowed by a gradually decreasing voltagz. The reason for this
is not at all clear, but at least in one case, following the peak, the rate of
falloff in voltage increased with temperature. This action is observed only
above about 900 F, suggesting that it may be related to the instantaneous forma-
tion and possible later dissociation of complex sulfates. The same effect is not
observed when sulfur oxides are not present in the flue gas. The effect is so
striking and so consistent as to warrant further attention.

Voltage output and current flow through such electrochemical cells is
a direct indication of corrosion, but the scheme is so sensitiive that it is dif-
ficult to collect sufficient corrosion product to identify the complex sulfates
chemically. Yet, in one case, in which a 5.5 percent sulfur fuel oi{l had been
burned for slightly less than 3 hours, with the voltage curve showing the usual
peak followed by a gradual decrease in output, examination of the specimen after
the test by the index-of-refraction method positively identified the presence cf
the trisulfates. The corrosive mi:ture in this case (Figure 1l1) was NaySO, and
K504, and the test temperature was 975 F. A large amount of sulfide was alsc
found on the specimen, suggesting that the trisulfates had been present.

Conclusions thus far from cthe tests with the electrochemical cells in
the fuel-fired furnace are that:

l.. Corrosion 18 occurring between about 900 F a=d 1200 F. The
most rapid change in voltuge occurs at the higher temperature.

Z. Abrupt increases in temperature result in some transient cor-
rosion reaction, not yet i1dentified, which appears to be tied
up with more capid dissociation of some corrodent as the tem-
perature increases.

3. Corrosion occurs in the fuel-burning furnace with flue gas of
normal compositior, even though not under deposits, This may
be attributed to low gas velocity which probably does not ex~
ceed 3 feet per second.

4. The presence of sulfides on most specimens, and the positive
identification of the trisulfate in one specimen, indicates
that corrosion is occurring ir. the electrochemical cell as
the cell output shows.

5. Long periods are not necessary for corrosion to begin. In
essentially all cases, no induction pcriod was observed and
corrosion as indicatcd by voltage output began almost as
soon as the proper conditions were established.

Mechan!sm of Corrosion

Corrosion by sulfidation is particularly evident at high temperature
and 1s a frequent source of trouble in gas turbines. It is also a contributing
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factor on superheaters where FeS 13 an end product of the reaction of the trisul-
fates with tube metal. A further complicating factor is the low melting point of
1490 F for nickel sulfide, NigS,, and, more importantly for superheaters, the
Ni,S5-Ni eutectic that melts at 1193 F. Hence even high-nickel alloys may fail
catsstrophically when sulfides are forwed on their surface.

Except for the case of excessively low excess air, or where locally

reducing conditions may be present as caused by unsatisfactory wixing of oil and
air, the reducing action where sulfides are formed is a fundamental property of
the metal alloyv and overlying sulfate-containing deposits., Unless the fuel can
be desulfurized, or the alkalies removed or complexed with an additive such as
kaolin, the problem appears to be one mainly cf developing alloys resistant to
sulfidation, just as many of the current high-temperature alloys have been devel-
oped to be oxidation resistant,.

1.

2.

3.

b

THE NEXT STEPS

The intent at present is to follow this general plan:

Gradient in SO; over a catalytic surface. Using a micro-
sampling probe, as in past work, does not allow analysis of
the 0,005-inch~thick layer of gas immediately next to a cata~
lytic surface. Other techniques will be sought For sampling
the gas within this nearly stagnant zone, as by inserting the
probe from the back of the specimen through a closely fitting
drilled hole,

Analysis of boundary-layer data. An attempt has been made to
use boundary=-layer theory as a mathematical tool to analyze
the gradient in SO, over a surface, but the results were in-
conclusive., Additional eiforts along these lines will be
made as morz data are available.

Effect of SO; in bulk gas stream on formation of deposits.
Additional data are needed on the pickup of SO; from the bulk
gas stream, compared with SO; formed on a surface by catalysis.
Presently avziiable information needs to be supplemented by
additioral tests to settle the relative importance of SO; + O,
and of initially available SO,.

Radioactive $°°, Based on the excellent results obtained thus
far with $35, additional tests will be made to extend this type
of investigation to include other temperatures than 1100 F.
Lower temperatures to enhance the formation of complex sulfates,
and higher temperatures to dissociate them appear worth
Investigating.

levels of SO,. Earlier work on the formation of sulfates on
surfaces was done with high concentrations of SO; to match

still earlier work and to ease the problem of identifying
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7.

8.
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products. The techniques being used appear now to be at the
point where more realistic levels of SO, can be tried. Plans
are to conduct later tests with no more than 2500 ppm SO; in
the test apparatus,

.

Identification of complex sulfates. The index-of-refraction
method has been gratifying as a means of positively identify-

ing NazFe(S0.)a, K3Fe(S04)3, and mixtures of these two tri-
sulfates. The same basic technique will be applied next to
identifying the chemical products formed as an intermediate
to the trisulfates,

Influence of forms of alkalies on formation of trisulfates.
Little attention has been paid by most investigators to the
manner in which alkalies are deposited on surfaces such as
superheaters and reheaters., Tests are planned for the fuel-
burning furnace whereby alkalies volatilized in the flame
are compared with alkalies physically laid down on test
surfaces.

Corrosion beneath deposits. Experimental measurements need
to be made of the role of deposits in causing corrosion.
Earlier tests, where deposits were formed by compressing fly
ash into slabs, gave little meaningful data. Other tests
will be made now with the better detection schemes available
to learn whether deposits are harmful because they provide a
stagnant gas layer over the metal surface, or because they
furnish the alkalies, the trisulfates, or the SO, that leads
to wastage.

Mechanism of corrosion. Current reviews of the work of other
investigators will be continued, and specific problem areas
will be reviewed from time to time for the guidance of the
Battelle team and as a part of these reports.




SURFACE INVESTIGATIONS
by

He H. Krause and A. Levy

Under usual coal~ and oil-burning conditions in full-sca'e boiler fur-
naces, the sulfur dioxide level leaving the combustiun zone is 2000 to 3Ci{0 ppm
and the SO, level is about 30 to 40 ppw. It has been shown that all of thie SO,
can be produced in the homogeneous combustion zone., However, it is also known
that SO; can be produced catalytically when £0; and O, are in contact with ferric
oxide or other catalytic surfaces. The purpose cf these investigations has been
to determine what occurs when the combustion gises are in contact with hot metal-
lic surfaces such as superheaters and reheaters. More specifically, these sur~
face investigatione hope to explain what reactions occur between SO5, S50;, Oj,
oxidized iron surfaces, and alkaline materials. An effort is being made to de-
fine the types of reactions and the mechanisms leading to the formetion of the
simple alkali sulfates and the complex alkali iron trisulfates. It is these sul-
fates that hold the answer to the corrosion and deposit problem. Hence special
attention to them ie warranted,

Two approaches have been used in this study of surfaces over the past
six months: (1) measurement of the SO; concentration profiles above the surface
of iron oxides, sulfates, and NaOH, and (2) $%® tracer studies to distinguish the
reactions of SO, from those of S0,.

S0, CONCENTRATION GRADIENTS

The study of surface reactions is considered important to this program
because the concentration of SO, in the bulk gas stream is not high enough, nor
can it become high enough in typical boiler flue gases, to explain the formation
or stability of ferric sulfate or the complex alkali iron sulfates found on super-
heaters. As has been pointed out in earlier basic studies, both ferrous and fer-
ric sulfates are unstable at 1200 F. Based on available thermodynamic data,
ferrous sulfate is more stable than ferric sulfate, but even it requires theoreti-
cally that 90 ppm SO, be present in the surrounding atmosphere at 1200 F assuming
it decomposes to form FeO. With ferric sulfate at this temperature, the calcu-
lated equilibrium SO, level is 20 percent. Experimental measurements made by
Corey(l) and his co-workers show that sodium iron trisulfate [Na,Fc(SO‘)al re-
quired 250 ppm SO; at 1100 F. At lower SO, levels, it will dissociate. Under
some conditions, FeSO, may form with the SO; present normally in flue gas, but
only a moderate increase in temperature would cause it to dissociate. Hence, to
develop a logical mechanism for the formation of the intermediate and fi:al pro-

ducts, it i{s necessary to explain why these normally unstable sulfates are found
in corrosion areas,.

It is quite conceivable that metastable sulfates exist uinler certain
boiler conditions, especially if some of the products can be built up beneath a
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coating of fly ash. It is also recognized that SO, and SO, are strongly adsorbed
gases, and it has been shown during the past year in laboratory experiments that
50y concentrations immediately next to the surface can be much higher than those
in the bulk flue gas stream. Further measurements have been made of this S0,
concentration above various surfaces, as an indication of the conditions that
can exist leading to the formation of the relatively unstable sulfates.

Apparatus and Procedure

The experimental apparatus used in this study over the past six months
is that described in Figure 1 of the First Summary Report. It provides a means
of sampling the gas mixture at a carefully measured level above the surface to
be investigated. The distance of the sampling probe from the surface being
studied is measured by a cathetometer, with the probe maintained at a fixed posi-
tion and the furnace adjusted upward or downward as required by a micrometer
screw arrangement. The major changes made during this period were provisions for
varying the gas velocity over a wide range.

Previous Experimental Results

Experimental results obtained during the first six months of the cur-
rent program, as listed in the First Summary Report, showed that:

1. The highest SO, concentrations were found above surfaces of
Feo0, and FeSO,. These SOs concentrations varied from about
200 ppm 0.2 inch above the surface, to 1500 to 2000 ppm at a
distance of 0.005 inch from the surface,

2, When the SO, concentration above a surface of Fey0; was varied
between 1.5 and 6 percent, it was found that the SO; values
at the point of closest approach to the surface were almost
proportional to the square of the SO, concentration,

3. The SO; profile above a 50-weight-percent mixture of Fe 0,
and Fe;0, was found to be similar to that above an oxidized
iron surface, suggesting that the oxidized iron surface also
consisted of Fe;0, and Fe,O, as might be expected. Under
these conditions, Fe;04 has negligible catalytic activity,
providing only 100 ppm SO, compared with upward of 1500 ppa
with Fe;0,.

4. The addition of NaOH or Naj3SO¢ to an Fe, 0, surface substanti-
ally reduced the S0, concentration above the surface. The
S0y concentration at the point of closest approach (0.005 inch)
decreased to 50 to 150 ppm, compared with 1500 to 2000 ppm
with PegOy alone.
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5. Large differences were noted between the SO, concentrations
found above V,0g5 obtained from different sources,

Effect of Flow Velocity on S0, Gradients

Similar measurements have been made recently of the SO, levels above
Fe,0, at greater gas flow rates. The intont was to permit some sort of extrapola-
tion to the velocities {n boiler furnaces. As usual, the Fey0, was supported on
an inert Vycor plate, the temperature was 1100 F, and the gas mixture consisted
of 5.8 percent SO,, 19.4 percent Oz, and 74.8 percent N;. The flow rate was in-
creased from the 40 cc per second previously used to 60 cc per second, thereby
increasing linear velocity from 1.2 feet per second to 1.3 feet per second. In
another experiment, the cross-sectional area of the system was reduced to provide
a linear velocity of 12 feet per second at the same 40-cc-per-second flow rate.

1800 Figure 1 compares the SO,
gradients measured under these relative
velocity conditions of 1 to 1.5 to 10.
The initial 50 percent increase in velo-
city resulted in approximately a 40 per-
cent decrease in SO; concentration near
the surface. Increasing the linear
velocity by a factor of 10 r2sulted in
about a 90 percent decrease in the S0,
concentration 0,005 inch from the sur-
face, the closest approach feasible
with the microprobe under the present
operating conditions. These results
shov that the microprobe i{s measuring
concentrations in the boundary layer,
which i3 greatly affected by the flow
rate of the gas strean. Large differ-
ences in these SO, profiles found for
various surfaces under relatively low-
velocity conditions must be reflecting
what 13 occurring in the part of the
boundary layer in contact with the sur-
face vhere the gas stream has little
motion,
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It should be recognized that
physical limitations of collecting a
gas sample through even the 30-micron-
diameter (0.0012 i{nch) opening in the
- - microprobe prevent getting a true pic-
\‘\~\\~ ture of the 50; concentration within
\\IZthhec N“--j the deposit itself. The abrupt increase
ya in S0, through the boundsary layer even
0 ! 2 3 4 3 at the highest velocity suggests that
Oistonce from Surtfoce, mm the SO, within the surface will be much

FICURE 1. EFFECT OF FLOW VELOCITY ON greater than in the bulk gas stream.
S0, GRADIENT ABOVE Fe,0,

200

0
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Effect of Sodium Salts on SO, Gradients Over Fe, 0,

The SO; levels over surfaces of Fej;0; mixed with either NaCl or NaySO,
also were studied. In both cases, the NaCl and Na;SO, were present in the mix-
tures in a 3:1 mol ratio with Pe;0,, as required to form NajFe(SO.);. Essenti-
ally no SOy gradient existed above the NaCl surface; 20 to 40 ppm SO; was found
at all distances above the surface between 5 millimeters and 0.12 millimeter.
Because 40 ppm SO, was found 5 and 2.5 millimeters from the surface, and 20 ppm
SOy at lesser distances, depletion of the SO, apparently was occurring near the
surface. A qualitative test showed that a large amount of sulfate had been
formed. Scme chloride remained.

In the case of NaySO,, the SO, gradients were compared above two dif-
ferent specimens. The first was a freshly prepared surface; the second had been
reacted with SO, and oxygen at 1100 F for 65 hours. The SO; profiles above these
two surfaces were essentially the same, the S0, concentration reaching a level of
about 150 ppm at the point of closest approach to the surface. Both samples were
analyzed quantitatively and additional sulfate was found beyond that initially
present as Naj;SO,. The total amount of sulfate found in the second sample was
actually greater than that required to convert the sample to NayFe(50,),, but
there 1s some question as to the reliability of the barium chloranilate method
for sulfate analysis at the relatively high concentration found.

The results of these experimzents in which Fe,0; and a sodium salt are
expcead to an S0;-0, atmosphere indicate that the reaction to form complex sul-
fates can occur without any significant amount of SO, appearing in the bulk gas
stream. As rapidly as any SO, forms, it must react to form complex sulfates of
some sort,

In another experiment, the SO, concentration 0.010 inch above a surface
of Fe 05 plus Na,50, (75 mol percent) was measured as a function of time., Samp-
ling was started as soon as the surface reached 1100 P, about 10 minutes. Three
samples taken approximately 20 minutes apart gave the same result of 45 ppm for
the 50; concentration. This result indicates that the reaction to form complex
sulfates on a surface probably begins as soon as some sodium compound is asvail-
able on an Fej;0, surface.

Additional studies were made of the catslytic effects of V;0o surfaces
in the formation of SO,. The commercial V,0y; catalyst which had been studied
earlier was rur again in the form of the original pellets {n which the V,04 is
coated on Al,0;. Alunium cement vas used to hoid the spherical pellets in place
on the Vycor plate., The SO, concentrations found above the whole pellets were
significantly higlier than those found over the crushed catalyst, and the value
at the 0.005-inch distance from the surface was nearly equal to that obtained
vith Pe_ 05. Figure 2 compares these values for the whole catalyst pellets with
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those measured previously for the crushed

‘ pellets and for an off-the-shelf sample
Isﬁﬁﬁg%ggﬂi of V;0s. Lata are also included for a
Gos 748 My | typical Fej0, suvface., It was noted
composition. 194 (5 that the SO, concentration above V04
5.8 SU; remsins relatively low at distances
greater than 1 millimeter from the sur-
face, although this concentration de-
pends largely on the flow conditions of
the experiment. All SOy conceantrations
1200 increase rapidly at distances less than
\ Fep0;5 1 mii'imeter from the surfac2. These

1800

%00

/)‘

profiles gshow that some types of V304
can promote very high S0, at poiuts
quite close to the surface, and probably
can lead to the formation of complex
vanadyi sulfates which have been found
800 in many highly corrosive deposits.

V204 oOn Wide variations in the effect of
A120s different V,0g samples in converting

tﬂ:;:;, SO, to SO, had been noted previously by
\pe_u/m) Vo 0411 %) 41,04 Wickert.(2)

{crushed commer-
\\ c0) catolyst) These SO, concentration pro-

files have shown that relatively large
S0s concenirstions can exist near cata-
Y Y lytic surfsces, and that lsrge differ-
\\>_\\\\\‘>\‘- AN ences exist among the catalytic effects
V>0 of various materials. The presence of
23 sodium salts with {ron oxides has been
demonstrated to be particularly effec-
tive {n reducing the 50, concentration
near the surface to that of the bulk geas
stream, apparentiy by reaction with the
SO; and 0, to form complex alkali sulfates.

§-—
\
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Probe Distonce Above Surfoce, mm
FIGURE 2. SO; GRADIFNTS ABOVE V_0¢
SURFACES

RADIOACTIVE TRACER STUDIES

Radicactive sulfur, Sés, is being used in a series of experiments to
shed further light on the mechanism by which the alkal{ ircn trisulfates and other
corrosive materials can be formed in an environmeat cantaining S0,, SOy, and O;.

As pointed out in the First Summary Report, this study continues the
work of Fletclier and Gibson,(3) who used radioactive sulfur to investfgate the
formation of Na,;SO, by the action of SO, and SO, on XaCl, They demonstrated ef-
fectively that {t was the SO; in the gas stresm that played the larger pasrt in
the conversion of NaCl to Ng3SO,. This formeticn of alkali{ sulfat . in sotflev
systems is generally accepted to be fairly rapid and direct.{(4)




Of primary interest in furnace corrosion is the additional action of
SOz and SOy with alkali sulfates and iron oxides to form the alkali iron trisul-
fates. The goal of this part of the program is to differentiate between the
roles of SO; and SOy as they enter into the reaction by which alkali iron tri-
sulfates are formed. By labeling the SO; or SO; with 335. the participation of
the S0, and the SOy in sulfation reactions can be identified, and ultimately it
should be possible to determine the specific steps taking place in the overall
reaction.

The low-energy beta radiation (0.167 mev) of $3° 1s particularly suit-
able for this type of research, as safety hazards are minimized. The half-life
of this {sotope (6.7 days) also is convenient because it provides a statisti-
cally significant radioactive count over reasonably short periods. The formation
of appreciable quantities of alkall iron trisulfates requires many hours even
under lsboratory conditions, Consequently, the ability to follow the progress
of sulfur through the reaction steps in relatively short experiments requires
detection of very small amounts of material. The use of radioactive sulfur
makes detection at these levels feasible,

Apparatus and Precedure

T:'e reaction system used for the $3® tracer studies i{s the same as that
shown in Figure 7 of the First Summary Report. Desired mixtures of N, 0., SO,
carrier gas, and radiocactive S 0, are provided from gas cylinders. In some ex-
periments, SO, was added to the gas stream by heating sulfuric acid. The gas
mixture used in these runs was the same as that in previous expz.iments -

5.8 percent SOz, 19.4 percent O, and 26.8 percent N;. One liter of -~ , from
the cylinder containing radiocactive S~ 0O, was used during each experiment. The
radiocactive 53503 was cbtained from the Matheson Company,

This amount of 53503 provided 27 microcuries of s°® {a the initial ex-
periments, and by the time the last experiments were carried out the activity was
down to about 9 microcuries. Because the duration of each experiment deggnded on
the time to withdraw one liter of gas from the cylinder containing the S, each
run required 35.5 minutes.

The substrates used in these exper{ments measured 1 inch by &4 inches
and were efther a VWycor plate or a piece of low-carbon steel., Various oxide and
sulfate mixtures to be studied were deposited as a thin film on thesa sudbstrates,
The SO, in the gas stream after psssing over the specimens was trapped out as
sulfuric ccid at 32 F; unreacted SO, was absorbed by hydrogen peroxide solution
in several bubblers to prevent escape of any unrggcted §%° frgg the system.

These hydrogen peroxide bubblers converted the S™ 0, into HyS O, which in later
experiments vas then decomposed at 430 C to provide radiocactive SJBO,.

After each experiment, the specimen plates werc washed with wvater, so
that all soluble sulfate material would be dissolved. This solution was then
diluted to a standard volume for radiocactive counting. In the case of the steel
substrate, any water-insoluble suifur wvhich remeined in the surface slso was
checked by radioactive counting. The SO, trapped out by the ice bath was diluted
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to standard volume and a quantitative sulfate determination was made on it by

the barium chloranilate method. This sample was also counted for radioactivity.
The radioactivity absorbed in the hydrogen peroxide scrubbers was determined as
well, to establish the total amount of S°® that had been used in each experiment.
Radioactivity counting was done in a Packard Tricarb Model 314 AX, using a liquid
scintillator system. Sample volume was 25 microliters, and the counting tim? was
100 minutes, Duplicate sample counts were made. Counting efficiency was deter-
mined by adding 25 microliters of a c'* standsrd. Precision of the radioactive
counting was of the order of 2 to 3 percent.

Experimental Results

Figure 3 gives the results of the experiments wi:h radioactive sulfur.
The reactivity of the surfaces used with both 5350, and §" 0, is shown in this
figure in terms of the radioactive count detected in the surface. Inasmuch as
the ratio of nonradioactive sulfur oxides to that of S°° 0, was of the order of
10'° , the radioactivity detected in the surface represents only a very small
fraction of the total amount of
sulfur oxides that actually re-

Rodiosci:ve Counting Rete, 10° per min acted with the surfgce. Never-
0 % 10 % % 30 % 7o e w oo the less, because S ® behaves
VYCOR SUBSTRATE chemically exactly like the four
stable sulfur isotopes, even this
Fe.O , small quantity gives a precise
273 % measure of how all the sulfur is
reacting.
NOzso‘ —
S £145.000 The data shown in the
Fe, 04+ 7 figure have been corrected for
No, SO, —= € 116 milon radioactive decay and for oxygen
exchange. It was found under
Fe3Qq4 these experimental conditions
that when the radioactive sulfur
STEEL SUBSTRATE was in the SOz, the combined oxy-
gen exchange and oxidation reac-
Oudized 1 £ 73000 tions as represented below amounted
steel NN = - to about 10 percent:
Ondired $°%0, + S0, ~ $°%0, + S0,
steel + = g E 1 2 mitlons
No;50, N $s¥°0, + ¥, - s*%0, .
Key When the radioacsive sulfur was
= 53{)2 in the form of S 0,, the reverse
» oxygen exchange amounted to only
% 5770y ¢ 50, SO, -58% 2 percent:
Y 5*%0, + 50, SOy - 0003%

s¥0, + 50, ~ 5*%0, + s0, .

FIGURE 3. REACTIVITY OF SURFACES iITH
s™° OXIDES




For all of the surfaces studied, reactivity with SO; was significantly
greater than that with SO;. In the case of Fey0;, the reactivity of SO; was about
4 times as great as that of SO,. When Fe;0, was exposed to 33502 in the gas stream,
approximately twice as much of the SO; reacted with the Fez0, as with Fe;0, under
the same experimental conditions., With a surface of Naj504, the reaction with 50,
was almost as much as it was with Fe;0,. However, SO, was much more reactive with
Na_;S0,; approximately 6 times as much SO, reacted with NaySO, as with Fey0;. A
very large increase in reactivity with the surface was observed when a combination
of Fe,0; and Na,SO, was used., In this case, with a 3:1 mol ratio of Na,S0, to
Fe 03 on the surface, about a ten-fold increase occurred in reactivity with SO..
17ith SO, the reaction with this combination of oxide and sulfate was almost 50
times as much as it was with the Fe,03;, and abouc 10 times as much as it was with
Naaso‘ alone.

The oxidized steel surfaces were prepared by heating the low-carbon steel
substrates in an atmosphere of moist oxygen at 1100 F for two hours. The oxidized
steel was then cemented to a Vvcor plate to limit the reactivity to the top surface.
Uith these specimens, the reactivity of the oxidized steel with SO; was greater
than that of Fez0; or Fe;O. When sodium sulfate was coated on the oxidized sieel
the reactivity of the SO; doubled, but this increase was not as striking as that
aoted when sodium sulfate was added to the Fe230; on a Vycor surface. It was evi-
dent that SO; was tremendously more reactive with the oxidized steal surface than
was SO,, the increase being almost ten fold in this case., When Na,S0, was coated
on the oxidized steel, the reaction of SO, was approximately 5 times as great as
that on the oxidized steel alone,

In another set of experimeats, 83502 was mixed with a gas mixture con-
tuining nonradioactive S0;. These runs were made with the oxidized steel surface,
and a decrease was noted in the amount of sulfur dioxide reacting with the surface.
For the oxidized steel alone, only about one third as much of the S0, reacted as
when no SO; was in the gas stream, In the case of the oxidized steel coated with
sodium sulfate, there was about a 20 percent decrease in the amount of reactivity
as compared to that for SO; alone. The results of ihese two experiments emphasize
further the preferential reactivity of SO, over that of SO,.

After all the water-soluble components were removed from the oxidized
steel surfaces, it was found thet some insoluble sulfur still remained in the sur-
face, a8 detected by a small radiocactivity count of the order of 100 to 150 counts
per minute. This inscluble sulfur was found to be present in the form of sulfide,
as was verified by the sodium azide test.(3) This formation of sulfide is the
rzsult of the oxidation of iron and FeO in the surface by the S0, and SO,, and is
indicative of the manner in which Fey0,; continuously becomes available on the
surface,

A1l the-e radicactivity experiments have shown the strong preferential
reactivity o{ SCy for surfaces containing Fe;0,, NaySO,, and particularly mixtures
of these two compounds. The data shown in Figure 3 are the direct count of the
radioactive $°°. Jf these data are converted to a molar baeis, the reactivity of
$0, compared with SO, becomes abcut 1900 times that shown in the figure where the
S0, concentration in the gas stream amounted to 5.8 percent and the SO, concentra-
tion war onlr 30 ppu,
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OPTICAL MICROSCOPY STUDIES

The need has long been recognized for a technique useful in detecting
very smell amounts of the alkali iron trisulfates. A procedure using an optical
method has now been developed at Battelle whereby individual crystals of
NasFe{S0,), and K;Fe(SO4)s; can be identified in a laboratory specimen.

Samples of pure Na,Fe(S0,), and K,Fe(SO,); and a mixture of the two
were prepared in the laboratory for use as standards. These samples of the tri-
sulfates were prepared by mixing the alkali sulfate with Fe,0, in a 3:1 mol ratio
and maintaining the mixture at 1100 F in an atmosphere of SO;, SO,, and oxygen
for about 120 hours. The X-ray diffraction spectra of these products showed
that good samples of the trisulfates hau been formed, the mixture showing the
lines of both compounde. Analysis of the mixture by flame photometry for sodium
and potassium showed that the mixture cunsisced of 65 weight percent of the
potassium salt and 35 weight percent of the sodium salt.

Determinations of refractive index were made on both of the pure samples
and on the mixture, using standard index-of-refraction oils whose index of retrac-
tion is known to four significant figures. The refractive indices of the trisul-
fates wvere determined by a trial-and-error method of matching the index of refrac-
tion of one of the standard oils to that of the sample. When a proper match has
been made, crystals of trisulfates in the sample sn the correct orientation dis-
appear from view and reappear as the stage of the microscope is rotated. Because
these trisulfates form hexagonal crystals, twe values cf the index of refraction
can be determined, one for each axis. The values measuted for Na,Fe(S0,); using
this oil immersion technique were found to be 1.590 and 1.628; those for
K3Fe(S04); were found to be 1.584 and 1.622.

By plotting these values as

| 628 (———n g = ey - .
2 ! ! ! 1/"’;ir a function of composition, as.shown in
1626 - // .{ Figure 4, it is also possible to deter-
-~ mine the relative quantities of these
i - i w0 compounde in a mixture of the tri-
1629 |- A —~  sulfates by measuring the indices of
PR 4 refraction of the unkoown material.
§ 1622 Trisufote mature- | The index of refraction of a mixture
o 65% Ksait | Will change linearly with composition
% 1620 F- 35 %o Ne salt as long as the two materials form a
@ b solid solution. The X-ray spectra of
i the two trisulfates ccmpared with a
§"59° — , mixture of the two indicate that these
- e compounds do indeed form such a :-olid
1588 — //’/ _ solution. Hence, when the index-of-
" \ B~ refraction values for the trisulfate
i/’ mixture were determined, it was found
el ,,—"‘ that the value for the long axis was
-~ 1,624 which falle on the curve as shown
1584 f é) .to 610 ’10 100 in Figure 4, almost in exact agreement
*300 2+ g0 ) o 20 A

Composition, weght percent
FIGURE 4. REFRACTIVE INDEX OF ALKALI
IRON TRISULFATES
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with the predicted value. However, the value for the index of refraction along
the short: axis fell slightly below the line joining the two points for pure
potassium and sodium compounds, indicating that a refinement of the index of re-
fraction values to 5 significant figures may be necessary in this case. The
standard oils available change by steps of two units in the fourth significant
figure, and by mixing these oils intermediate values can be obtained and the
fifth significant figure can be approximated. However, for the purposes of iden-
tifying the trisulfate in a mixture of other materials, the values shown in Fig-
ure 4 have been found to be quite adequate.

This index-of-refraction technique has been applied to samples run in
the fuel-burning furnace, and the presence of the trisulfate has been identified
in some of the specimens at levels which would be much too low for detection by
X-ray diffraction. Experiments were also carried out in which a mixture o{ NaySO,
and Pey04 in a2 3:1 mol ratio was subjected to a gas stream containing SO, and O,
at 1100 F. Under these conditions, the presence of NazFe(S0,); was verified after
65 hours exposure by this index-of-refraction method, The minimum time required
to form the trisulfate under tnese conditions has not yet been determined, although
an experiment of four hours' duration revealed that some crystals had been formed
which were neither Na;50, nor NajFe(SO,);. Apparently they were a reaction inter-
mediate, possibly one of the sodium iron disulfates which have been reported in
the literature. With SO, in the gas stream in addition to SO, and O, very small

crystals of the trisulfate were detected after only four hours of exposure at
1100 F.

This optical technique offers a powerful tool for tracing the course of
the reaction and shedding light on the reaction mechanism, because it caen detect
such small amounts of the trisulfates while early reactions are still occurring.

FUTURE WORK

A further effort will be made to determine the SO; concentration nearer
the surface than 0.005 inch, and, if possible, mathematical extrapolations will
be made to calculate SO, levels in the stationary edge of the boundary layer.
Some experiments will also be carried out with a known amount of SO, added to the
gas stream to provide a more quantitative measure of the amount of SO, taken up
by various mixtures of Fey0; with sodium salts.

Investigations with the radiotracer $°® will be continued, with emphasis
on the effect of temperature., All previous experiments were carried out at 1100 F.
Some data will be obtained at 1000 F and at 1200 F to determine whether or not
there is any change in the relative reactivities of SO, and SO, with temperature,
Additional experiments will be performed with SO; concentrations of the order of
2500 ppu, which are more realistic levels in terms of boiler operation.

An investigation also will be carried out to identify the intermediates
to trisulfate formation which have been detected by optical microscopy. This
study will require the preparation and characterization of some standard samples
of such materials as sodium pyrosulfate, sodium ferric disulfate, and disodium
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ferrous disulfate. With standard samples of these materials available, values
of their index of refraction can be determined, and from these values it will
then be possible to identify whether or not these are indeed the intermediates
to the trisulfates., Reactions of S0; and O, or SO, with these intermediates
will then help to trace the course of the reacticns leading to trisulfate
formation.
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FUEL-BURNING FURNACE STUDIE.
by

R. E. Barrett

These fuel-burning furnace studies are intended to extend the fundamen-
tal studies of reactions occurring at surfaces, and to facilitate the application
of such data to large boilers and gas turbines. Altaough alkali iron trisulfates
appear to be responsible for most superheater corrosion, it is generally accepted
that, at superheater temperatures, trisulfates can form only wher the SO; concen-
tration is many times that available in the bulk flue-gas stream of a boiler fur-
nace. Other experimenters have produced trisulfates in laboratory-scale tests,
but generally at SO, concentrations much gr:=ater than those encountered in indus-
trial equipment. Fundamental studfes of catalysis on surfaces have provided
quantitative data showing that high concentrations of SO, can exist in localized
areas around specimens, even when the 30, concentration in the bulk gas is not
high. Therefore, the fuel-burning furnace has been used to investigate the for-
mation of alkali iron trisulfates an’ corrosion caused by trisulfates when the
S0; in the bulk flue-gas strexm is relatively low - certainly no more than in
full-scale boilers and gas tvrbines.

During this repor‘ period, the major effort with the fuel-burning fur-
nace was directed at development and application of means of detecting corrosion
when it first occurs. The procedures use¢ are based on measurements of voltage
and current in an electrochemical cell. Several versions were tried, the first
being based on detecting the presence of the molten trisulfates by the change in
electrical conductivity provided by a molten salt compared with a solid 'electro-
lyte". The latest ceil shows corrosion by the voltage generated and the current
flow between the test iron electrode and a passive platinum electrode., Initial
results have been encouraging, but the measurements, even though consistent, have
proven difficult to interpret. The studies have not progressed far enough as yet
to describe exactly what is occurring in the electrochemical cell, but results
indicate a close relationship between the conditions established in the fuel-
burning furnace and the ocutput of the cell.

EQUIPMENT AND TECHNIQUES

The oil-fired fuel-burning furnace used for the furnace studies has
been described in detail.(5,6) 1In general, it consists of a stainless steel com-
bustion chamber with its walls at 500 F to prevent condensation of SO, and unwanted
formation of 50, by catalysis which would occur on hotter walls, A pressure-
atomizing nozzle, which has been substituted for an earlier air-atomizing nozzle,
provides a short stable flame at 15 percent excess air. All tests reported here
were made when burning either No. 2 fuel oil normally containing about 0.25 per-
cent sulfur, or No. 2 fuel oil to which sufficient carbon disulfide was added to
produce & 5.5 percent sulfur fuel. The SO, and SO, concentrations of the bulk
flue gas are approximately 3200 ppm and 40 ppm, respectively, duplicating sulfur
oxide levels in large-scale boiler furnaces.
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Jdentification of Alkali Iron Trisulfates

Prior to development of the optical technique, positive identification
of alkali iron trisulfates on specimen surfaces was a difficult problem. Except
for refractive index, it was difficult to find any conveniently determined char-
acteristic of the trisulfates which is not also characteristic of other compounds
that might form during these tests, such as pryosulfate, ferric sulfate, and fer-
rous sulfate. Properties of alkali iron trisulfates considered helnful, but not
positive, for Identification are melting point, pH of an aqueous solution, pH
prints, and evolution of SO3 on heating.

Because some postulated corrosion mechanisms include formation of sul-
fides at the metal surface, occurrence of sulfides at the scale-metal interface
may estsblish that trisulfates had been present during a test, The sodium azide
test(5) has been used here to identify the presence of sulfides, but this test is
not quantitative., It consists of applying a few drops of a mixture of sodium
azide (NaN3) and iodine to the interface while observing the specimen through a
microscope. The reaction between sodium azide and iodine, which occurs only in
the presence of sulfides, releases nitrogen gas which is readily observed through
the microscope as bubbles in the solution. This is an exceedingly sensitive test
for sulfide sulfur, but unfortunately it is not even a qualitative test for tri-
sulfates because sulfides can form from other reactions than the reduction of the
trisulfates by an iron surface. The azide test..nonetheless i{s a useful tool for
examining supposedly corroded surfaces.

Until the index-of-refraction method was developed, only X-ray diffrac-
tion gave a sure indication of the presence of trisulfates after a test., The con-
centration of trisulfates necessary for certain identification by X-ray diffrac-
tion is approximately 10 percent, too high except for test durations probably
longer than 100 hours, Hence, although it gives a sure indication whether or not
trisulfates were formed, X-ray diffraction is not a practical means of indicating
the onset of corrosion except through prolonged tests.

Electrochemical Cell

The electrochemical cell was conceived originally as a detector of tri~
sulfates by using melting point as the measured characteristic. The presence of
a molten electrolyte between the two electrodes would provide a battery to gener-
ate a low, but measurable, voltage. This concept proved workable, but as a result
of further tests, the electrochemical cell developed into a corrosion 'meter"
which can be used to indicate the instantaneous rate of corrosion. Because the
rate of corrosion 18 much greater at temperaturas oi 1000 F to 1200 F with tri-~
sulfates present than when trisulfates are not present, the cell also acts as an
indirect measure of the preaence of trisulfates. However, 1f high corrosion rates
are produced by reactions which do not include trisulfates, these reactions also
would be indicated as a voltage and a current flow. The electrochemical cell can
be most helpful in investigating the corrosion meciianism by measuring the corrosion
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directly, rather than by measuring corrosion indirectly by sensing the presence
of compounds such as the trisulfates. The index~of-refraction method now meets
that requirement.

Cuneqtconducﬁno Figure 5 {llustrates the prin-
motericl ciple of the electrochemical cell. The

7 cell consists of two dissimilar metals
Anode / Cothode
/]

separated by a small gap, with each metal
(lron) (Plotinym)

connected to a high-resistance voltmeter
by a wire of the same material. Vhen a
current-conducting salt (not necessarily
molten) bridges the gap between the
metals, it provides an electrolyte and
the circuit is completed. If the anode
- + corrodes, its neutral metal atoms become
‘2.’ positively charged ions, which migrate
into the electrolyte. The anode remains
;{Sax:::::- electrically neutral because electrons
Potentiometer released in forming the positively
charged metal ions flow from the anode
FIGURE 5. PRINCIPLE OF THE ELECTRO- by way of the attached wire. The con-~
CHEMICAL CELL ducting material also remains electri-
cally neutral because the flow of posi-
tively charged ions going into solution is balanced by the flow of electrons from
the cathode. This flow of electrons in the external circuit produces a measurable
current which, passed through the high-resistance voltmeter, is indicated as cell
voltage. Current flow in the circuit is proportional to corrosion, and by pro-
viding a meter resistance of 100,000 ohms by bridging the input terminals of a
recording potentiometer, currenc flow is related to voltage by the equation:

current = voltage x 10™° ,

so that 0.§ volt in this circuit is equivalent to & x 10”° amperes or 8 microam-
peres flowing through the cell,

Some difficulty was experienced {n arriving at the proper choice of
electrode materials, The two metals must be dissimilar, and the electrode that
corrodes, the anode, should be typical of furnace materfals, Low carbon steel
was selected as the anode material in preference to corrosion-resistant high-alloy
steels because the increased rate of corrosion would be more readily detected.

The cathodes were made initially of stainless sreel or nickel, but the iron:stain-
less steel and the iron:nickel cells produced positive and negative voltages
randomly which were difficult to interpret,

The sign of the initial voltage apparently depends on which electrode
the molten trisulfate first appears. If an alkali sulfate-ferric oxide mixture
18 placed on an iron:stainless steel cell and a molten nodule of trisuifate forms
only on the {ron surface, the iron electrode will corrode more rapidly than the
stainless steel. Therefore, the iron will be at a negative potential (anodic) as
iron dissolves into the electroalyte and elections leave the iron through the wire
as shown in Figure 6a.
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Alkali sulfote - ferric

Molten alkali iron L
oxide mixture

trisulfate

a. Moiten Nodule on Iron Only

Alkali suifate - terric

Moliten alkali iron
oxide mixture

trisuifote

Fe

Stoinless

AN

+ -
2u“
()
b. Moiten Nodule on Stainless Steel Only
FIGURE 6. VOLTAGES GENERATED BY AN

IRON:STAINLESS STEEL
ELECTROCHEMICAL CELL

Platinum wire,
cathode

Alyming NWbe

lron boat,
onode

Iron wire

FIGURE 7. CONFIGURATION OF IRON:PLATI-
NUM ELECTROCHEMICAL CELL

If the molten-trisulfate nodule
forms first on the stainless steel elec-
trode, that spot on the stainless steel
will corrode and it will become the neg-
ative electrode (anodic) as shown in
Figure 6b. This causes the iron elec-
trode to be positive (cathodic) as oc-
curred in some tests. That such nodules
of molten trisulfacte can form is sup-
ported by indications of low pH by a
print-out method on damp pH paper, which
always show that the low-pH material
forms in spots on the surface and not
as a continuous film,

The answer to this problem was
to use iron as the anode and a completely
inert material for the cathode that would
not corrode in the presence of molten
alkali trisulfates. Platinum was selec-
ted as this material for the cathade.

An iron:platinum cell could then be used
to detect the presence of corrosion of
the iron electrode without concern for
the presence of molten trisulfates
slesuhere in the system.

Two tests of cells with iron,
stainless steel, and platinum electrodes
in & common eclectrolyte confirmed the
fact cthat bo* the iron and stainless
steel could be at a negative voltage
relative to the platinum, but at the
same time, the iron could be at a volt-
age either positive or negative relative
to the stainless steel. These tests
confirmed that using metals which can
corrode at furnace conditions for both
electrodes produces {nconclusive results.

Figure 7 shows the configura-
tion of the iron:platinum cell used in
all tests reported here, except for the
test shoun i{n Figure 8. The corrosive
mixture is placed in the iron boat fill-
ing the gap between the boat and the
platinux wire vhich {s wound on an al-
unina tube. In the sysrem shown, the
mixture was about k-inch thick., Tem-
perature of the boat {s measured by an
embedded thermocouple.




RESULTS OF STUDIES WITH ELECTROCHEMICAL CELL

ron;Nickel Oxide Cell

An early test to check conductance as an indication of the presence of
molten trisulfates used a cell made of two electrodes of 3/16-inch diameter rods
of iron and oxidized nickel placed end to end. The rods were cemented on & pore
celain rod with a gap of 0.005 to 0.010 {nch between the two metals, and were set
in the central position of the usual specimen holder shown in Pigure 19 of the
Seventh Summary Report (April 30, 1966). Other conventional 3/16-inch-diameter
tubular steel specimens were placed in the remaining positions in the holder to
duplicate a regular test.

: /) £
S 02 AN 2 &
< I v L :
3 09 *03
300 No 1. 55% | No ; 55% | No | 55% |Fuei ]
salfur 1 sutfur | osulfur  sulfur | sulfur | sulfur loft
1200
“ /
£ noo
3 / J
®
g 1000 £
Z 900
S J X
800 r
1 A 1 1 S 1\
7'000 l 2 3 4 5 6

Time, hours

FIGURE 3. TEST OF IRON:NICKEL OXIDE ELECTROCHEMICAL CELL

Figure 8 shows the voltage developed by this electrochemical cell at
various temperatures vhen the electrodes vere covered with a thin layer of alkali
sulfate-ferric oxide mixture capable of forming the trisuifate. During the inftial
heating period, no vultage was produced in the absence of sulfur oxides {n the flue
gas even though the temperature was raised to 1182 F, showing that no molten phase
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was being produced when no SO, or SO, was present. The temperature was then de-
creased to 947 P.and the sulfur-containing fuel was fired. As the temperature
increased, no voltage was observed unti] the cell reached 1070 F when the voltage
suddenly increased to 0.3 volt, showing that corrosion was then occurring with
about 3200 ppm SO; and 40 ppm SO; in the bulk flue gas. Shortly after changing
back to sulfur-free fuel, the voltage dropped to zero. Obviously, the coating
was no longer corrosive, confirming that the trisulfate must have been converted
back into alkalfi sulfate and ferric oxide at 1200 F when no sulfur oxides were
present in the flue gas. When sulfur-bearing fuel was burned again, 3 hours
after the test had started, the voltage once more increased to over 0.3 volt.
The voltage dropped to zero again when the furnace was switched to sulfur-free
fusl. In all, three such cycles were demonstrated during this test.

These datc showed convincingly that an electrochemical system could in-
dicate variations in apparent corrosion rate depending on the presence of sulfur
oxides, and that corrosion may be occurring long before any metal loss or other
changes can be detected by conventional means. Later problems with reversed
polarity led to discarding this cell in favor of the iron:platinum cell.

Iron:Pl.:inum Cell

Table 1 tabulates all tests conducted with iron:platinum electrochemical
cells. The conditions that have been varied in these tests are:

1. Sulfur content of fuel: 0.25 or 5.5 percent.

2, Initial condition of iron: cleun or oxidized.

3. Corrodent mixture: various alkali, Fe,;0,, and fly ash combinations.
4. Cell temperature: 745 F to 1200 F.

5. ODuration of test: 1.3 to 4.7 hours.

Most tests were conducted at temperatures of 890 F to 1200 F while burning fuel
contsining 5.5 percent sulfur, using initially clean iron specimens coated with
alkali sulfates as the corrodent in the boat. In all cases, Fe 0, was present
either in the corrodent mixture or on the iron surface, #s even the initially
clean iron specimens oxidized rapidly in the flue-gas environment.

Figures 9 through 21 show the cell potential and current and the speci-

men temperatures for Table 1. Tests are shown in the same order as listed in
Table 1.

510,

Figure 9 shows the result of a test with the elo-trochemical cell con-
taining S10, to bridge the gap between the iron boat and -:c platinum electrode.
Its purpose was to cctablish the voltage prodiced b zas--itase oxidation of the
iron with no alkali present. The absence of sny vo'tage usdoubtedly =zhows that
510, was too gcod an electrical {nsulator to provide any current flow even through
& 100,000-chm circuit,
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Alkali Sulfaies

Figures 10 through 15 shou results of a series of tests with the
electrochemical cell containing a 1l:1 moi ratio of sodium sulfate and potassium
sulfate at specimen temperatures of 890 F to 1120 F when burning &« 5.5 percent
sulfur fuel. Flue gas over the cell contained about 3200 ppm of $0, and 40 ppm
of SG3. Peak cell potentials ranged from 0,61 to 0.82 volt with the highest
voltages occurring early in the tests followed »v a gradual lowering to 0.4 vnlt
after about two hours' exposure. Similar results were obtained whether the iron
electrode in the cell was clean or cxidized at the beginning of the test. In each
of these tests, significant sorrosion was indicated at specimen temperatures con-
siderably below. the 1030 F(®) meltin point reported for a mixture of sodium and
potassium iron trisulfate. Others(ag kave also observed this phenomenon.

Figure 16 1s for a test with alkali sulfates in the cell and firing
straight No. 2 fuel oil with no appreciable sulfur oxides present in the flue gas.
Although a cell potential of over 0.6 volt was observed, the initial high peak
voltage did not occur and there was no gradual voltage drop as when a sulfur-
bearing fuel was burned. These data suggest that once alkali sulfates have formed
on a tube, corrosior. mdy occur even though tha temperature is about 500 F below
the melting volat of the salt. No allowance is made here for the normal current
flow in the electrochemical cell as iron oxides are being formed.

Figure 17 shows the results of a test in a cell containing alkali sul-
fates in which step chenges of temperature were made during the test. Again,
except at the lowest temperature of 750 F, each change in temperature was followed
by a voltage peak and then a gradual drop in voltage. The magnitude of the peak
voltage increased slightly as the temperature level was increased, and the rate of
falioff in voltage also was greater as the tempsrature was increased.

Alkall Sulfate-Ferric Oxide Mixture

Figures 18 and 19 show che results obtained with a mixture of alkali
sulfates and ferric oxide in the cell. The mol ratio of the mixture was
1.5:1.5:1.0 Na3804, K350, and Fep0,, respectively. Pesk cell potentials were
only about 0.4 and 0.6 volt. respectively, less than the potentials observed for
the tests with only alkali sulfates present. A gradual drop in voltage was
observed in the test shown in Figure 1. although the initial voltage drop was not
as rapid as with the alkali sulfates alone. The temperature here averaged about
1175 F which should be sufficient for trisulfates to form. About half way through
the test shown in Figure 19, the fuel was switched from doped 5.5-perceat-sulfur
fuel to regular No. 2 fuel vil. No large decrease in voltage was observed in two
hours or firing with the sulfur-free fuel, indicating that any trisulfates that
vere present did not decompose rapidly when the SO, level was reduced. This may
have been due to the thick layer (over 0,25 inch) of alkali sulfate-ferric oxide
mixture placed on the specimen. Enough time probably was not available to
dissociate this reizctively large mass of material.

Fly-Ash Coatings

Figure 20 shows the cell putentials and currents observed in a test when
the cell contained equa! parts of fly ash and a mixture of alkali sulfate and
fervic oxide, in the usual 1,5:1.5:1.0 mol ratfo. A cell potential of only about
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9.1 volt was observed. The fly ash used in this test, described in Table 2,
contains 36.2 perceat Pe 0, and 1.8 percent Ca0 + MgO.

TABLE . COMPOSITION OF FLY ASH SAMPLE USED
IN TESTS SHOWN XN FIGURES 20 AND 21.

[o—=2

Constituent Weight Percent
Si0,
Al,0,
Fe 203
Ca0
Mg0
Na 0
S0,

c

od

W =
NOPPO=-ONE
- . -

3 L]
et O N NONO

Figure 21 shows the results of a similar test with the same fly ash but
with no alkali-.asulfates or ferric oxide added; no voltage was observed during the
entire test, This indicates either that corrosion was not occurring or that the
fly ash was not suificiently conductive electrically to permit electron flow.

Discussion of Results

The high initial peak voltages shown in Figures 10 through 15 and in
Figure 17, which almost by definition mean a high corrosior rate, fall off with
time at a constant temperature even when normal alkali sulfates alone are present.
The rate of decrease in voltage apparently is greater as the temperature is higher,
as is shown quite well in Figure 17. Figure 10 which shows a high rate of falloff
in voltage at 890 F, and Figure 12 which shows a greater rate offalloff at 1125 F,
seem to confirm this postulate when only normal alkali sulfates are in contact
with the iron surface. The same rapid decrease in cell potential was not seen in
Figure 16, when no sulfur oxides were present in the gas stream. Hence, in some
as-yet-uunexplained way, sulfur oxides contribute to the falleff in voltare during
a test. When a mixture of the alkali sulfates and ferric oxide is present, as in
Figure 18, no peak is observed, the total rate of corrosion of the iron electrode
is low, and the rate decreases slowly with time, all suggesting that a reaction
may be occurring in the mixture but that only a minor attack is occuiring of the
iron electrode. It may be that a peak voltage accompanied by a gradually decreas-
ing cell voltage indicates corrosion, but that a constant voltage of about 0.4
volt may represent a contact potential or some other spurious effect.

Swall samples from most of the tests reported above were examined for
the presence of trisulfate by the index-of-refraction method. Trisulfate crystals
were observed only in the sample from the test shown in Figure 11, but the spotty
formation of trisulfates observed on specimens used in earlier tests suggests that
the problem may be one mainly of sampling. Multiple samples will need to be
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examined to increase the chances of observing the particulsr spots where initial
trisulfate formation occurs. The abiliiy of the electrochemical cell to indicate
corrosion when only microscopic areas are involved may magnify this problem., The
fact that trisulfate was definitely observed on one specimen indicates that the
mechanism of corrosion may be similar to that occurring on superheater tubes.

FORMATION OF SULFIDES

An additional check on the presence of sulfides wai made on several
specimens from carlier tests. The specimens exauined were from Tests G 13, G 19,
G 26, and G 19, described in Table 4 and Table 7 of the First Summary Report.
Deposits from Tests G 18 and G 19 had pH values as low as 1.0 and shoucd some
visual evidence of =melting, indicating that trisulfates were formed during the
tests. Trisulfate crystals were obcerved in the scale from Test G 19 by the
index-of-refraction technique. Tests G 24 and G 29 did not yield deposits w.(h
a low pH nor was there evidence of melting, indicating that trisulfates were not
formed.
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Using the sodium azide test described ea:lier, specimens from Tests G 18
ané G 19, where the trisulfates were evidently present, gave strong indication
that sulfides existed beneath the surface laye:. Specimens from Tests G 24 and
G 29 where trisulfates were not detected gave little or no indication of the
pregence of sulfides. The lack of sulfides from Tests G 24 and G 29 indicates
that sulfides are not the result of reaction of the metal specimen with the sulfur
oxides in the gas stream. Hence, these data support the conclusions of Nelson and
Cain(s). that the corrosion reaction can be:

3Fe + SO,” — Fes0y + S™ .

FUTURE WORK

No further development of the electrochemical cell appears necesgary,
and tie present version will be used in studying factors affecting corrosion. It

may be desirable to decrease the volume of corrodent, but the basic design appears
satisfactory.

Two main fields need investigation during the coming year, the influence
of alkalies deposited from the flame, and the effect of deposits on the formation
of trisulfates. B3ased on probe studies in full-scale furnaces, it is generally
agreed that alkalies ccndense readily on cool sgurfaces, but the same action has
not been tried in this investigation. Hence, by adding alkalies to the flame, it
may be possible to deposit 1 layer of Na, SO, on a specimen to serve as the start
of the corrosion process. This is expected to posc uxperimental problems because
the alkaliec will also depogit on the walls of the test furnace and on the speci-
men supports. Some ingenuity may be necessary to devise a practical technique.

One of the earliest objectives of this study was to investigate which
constitueats in fuel ash were involved in corrosion, and to evaluate the overall
effects ot deposits. It {s now certain that the alkalies and sulfur in coal,
together with vanadium in fuel oil, are the priancipal chemical contribitors to
corrosion. iluch less is known about the physical effects of deposits. Hence,
future experimental work in the fuel-burning furnace will be aimed principally at
identifying exactly how deposits influence the formation of trisulfaces specifi-
cally and corrosion generally. If the concept of a deposit acting by providing a
relatively stagnant gas film to allow high concentrations of SO, {s the correct
one, {t should be possible to demonstrate this by relatively shert-durdtion tests.
If aigration of alkalies through deposits is the dominating facter, move troubles
caun be expected experimentally because this wigration occurs slowly. In any event,
the influence of deposits is worth detailed investigation and will be given maior
attention in the fuel-burninz-furnace tests.
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MECHANISM OF CORROSION
by

P, D. Miller

SULFIDATION CORROSION

It has been shown by many investigators that the most severely corroded
areas in operating boilers are those where molten deposits are formed. There has
been considerable discussion of corrosion by sulfate-containing deposits that are
molten at some period during the operating cycle. Such deposits with a sulfate
base have been found to be extremely corrosive to superheaters of coal-fired cen-
tral stations at temperatures of 1000 to 1300 F and in gas turbines at tempera-
tures of 1400 to 1500 F. It is realized that the chemical composition of the
deposits is not the same in the two instances, but the sulfate ion is common to
each.

snother factor common to each is the presence of metal sulfides in the
corroded arecas. It is suggested that information as to how sulfidation takes
place on a superheater will be of value in understanding a similar reaction on a
turbine component. Recent studies reported in the literature concerning sulfida-
tion reactions show the importance of this step in the overall wastage problem.

The Formation of Sulfate-Containing Deposits

Before discussing the properties and action of the sulfates, it is of
interest to consider their made of formation. It has been proposed by several
investigators that the alkali-metal constituents in the fuel (ccnsidering coal
first) are the primary starting materials, These constituents are volatilized
as chlorides, oxides, or hydroxides because of the high temperature in the flame
of at least 3000 F, and are then converted to the simple sulfate salts K;S50, and
Nap804, which enter into the reactions discussed later. Actually, many mechanisms
for the formation of alkali salts have been proposed, and agreement has not been
reached as to the most likely one. How and his associates in CEGB recently Bre-
sented a brief summary of current theories explaining such salt formation,(10)

A fairly detailed treatment has been presented by Jackson.(il) ge pro-
posed an interesting and comprehensive hypothesis in which alkali-metal hydroxides
>r chlorides are the migrating species within porous deposits of fly ash, A pos-
sible sequence of reactions is shown in Figure 22, Reactions are separated ac-
cording to whether the fuel is high or low in chlorine. Reactions at the top of
the figure are¢ those which are thougit to occur at high flue-gas temperatures,
while those at the bottom of the figure are those which occur in the deposits
near the tube surface.
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In the case of turbines, it has been propoged that the sulfate is in
the form of sodium sulfate produced when salt is ingested with ths incowming air.
The reaction is

2NaCl + S0, + 12 0, + uzo ~ Na,S0, + 2HC1. (1)

It should be noted that somewhat different reactions are proposed for NaCl in
Figure 22.

Most investigators now agree that corrosion in coal-fired boilers at
temperatures of 1000 to 1300 F is caused by complex sulfates such as Na Fe(SOQ)3
and K3Fe(soa)3, which are molten under these conditions. The Sixth Summary
Report (October 31, 1965) on the earlier phase of the Battelle work discussed the
alkali trisulfates in some detail and suggested the following cgcl}c corrosion
wechanism patterned after the one proposed by Nelson and Cain €,9 :

9Fe + 2K;Fe(504)3 ~13K;SO, (+ 3Fey0y + 3FeS

A 1 1
. | " |
t
| + } 3502 + F8301‘
| 9‘_3 _j
: 3303 : 202
SO R |

It should be noted that FeS is a product of the above reaction, and
that it is invariably found in corroded sections of boiler tubing.

An alternative and more recent suggestion of the steps that influence
the formation and growth of degosits from combusion products of coal is given by
Plumley and his associates, (12

During combustion, the pyrites, Fesz. and organic sulfur
react with oxygen:

2FeS;_, + 5"1/202 - Fe203 + 4302
RS (organic sulfide) + 0, - S0,
S0, + 1/20; - S04 . 3)

In the high flame temperature, the Na and K in the
clays, shales, etc. react to form Na20 and KZO‘ %)

The NaZO and K,0 then react with SO, either in the
gas stream or after deposition on tae tube.
(Naz or K3)0 + 503 =~ (NaZ or KZ)SO& . (5)

R

S
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Lo - These glkali sulfates, iron oxide, and SO3 then react to
g form the complex sulfate.

3(K2 or Naz)soa + F8203 + 3303 - 2K3Fe(804)3. {6)

5 The complex sulfate in the molten phase chen reacts with
H the tube metal.
| | (7
: 2K3Fe(804)3 + 6Fe - 3/2FeS + 3/2Fe304 + Fe203 + 3K2304 + 32 SO:.

The First Summary Report in this series pointed out that most of the
systems of interest in fuel-ash corrosion are composed of melts which are highly
ionized and have high electrical conductivity. Thus, electrochemical reactions
i can occur freely. Reactions at boiler-tube surfaces are also quite rapid because
. of the high temperature. Furthermore, passive films are not as stable as in
i aqueous systems because of the good solvent properties of fused salts.

It 18 fairly well accepted that electruchemical reactions cause corro-
sion in such systems. Discrete areas on the surface are considered to act as
anodes and cathodes. For example, at the anode, the metal (irom, for instance)
is oxidized, i.e., logses electrons by the reaction

Fe - 3¢ - Fe'**, (8)
Several reactions are pogsible at the cathode as illustrated by

SO, +8 - ST+40, (%)

02 +4e -~ 207 . (10)

Real progress is being made in the field of molten-salt corrosion by
research such as that recently reported by Burrows and Hil1ls(13) along with
Inman and Wrench(14), They explain corrosion in molten-salt systems on the basis
of an oxidation-reduction equilibrium and of an acid-base equilibrium. The
oxidation-reduction potential can be expressed electrochemically as the pressure
buildup of electrons sufficient to cause flow from the metal (construction
material) to the molten-salt system., This flow will continue until a common

potential is reached. The metallic electrode potential for iron in sulfates can
be expressed as

Epo = Efg * %FT- In ag (11)
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where
EM = measured potential

Ey = standard state potential

R = gas constant (1.987 cal/deg mol)

T = abgolute temperature

F = Faraday (23,000 cal/voit equivalents)
a = activity of the Fe'*t ,

The acid-base equilibrium in a melt is expressed by the equilibrium

base acid base
50, = s03 + 0% .. (12)

Concentration of the SO, determines the acidity of the melt and the extent of the
corrosion of the metals”in contact with the melt. Dissociation of the sulfate
ions as noted above will be determined by the value of the dissociation constant,
K, as in
asc .80=
K= —2— | (13)
aso.:f

Values for this constant have not been established for the sulfate systems.
Research to determine then would be of value.

Oxygen-ion activities in fused salts, such as sodium sulfate-carbonate
mixtures can be determined accurately with a platinum electrode in an atmosphere
of oxygen and carbon dioxide, according to Flood(15:16), The method needs to be
carried over to the sulfate-iron system.

Importance of the oxygen ion is further clarified by a congsideration of
the redox potential of a melt containing oxide ions and oxygen gas as given by

e a021/2
E, = EB= + -_— 1n —— * (14)
R F aq

It can be seen that the potential is a function of the ratio of the activities of
the gasecus oxygen to the oxide ions. A metal placed in the melt will react with
the melt if the potential of the mc.al is less than the redox potential of the

melt. Reaction will continue until the two potentials reach the same value, i.e.

L)

Efe = Ig-

Reaction (12) will tend to move to the right if SO, or 05 is removed.
It is suggested that SO3 can be reduced at the cathode by reactions such as

S04 + 2¢ - so3= (15)

or

S0y + 2e ~ 50; + 0= . (16)
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The oxide ion is correspondingly oxidized at the anode as shown by
0% ~ 2¢ ~ 1/202 . X))

Oxide ions will not build up in the melt and reaction {12) will not
reach equilibrium if the oxide is precipitated according to

= +++
It can be seen that sulfur tricxide and oxygen ara important constita-

ents from the corrosion standpoint. Continuing research will be required to show
the quantitative effect of each in the coxrosion reactions.

Mechanism of Sulfidation

Many mechanisms have been proposed to explain sulfidation attack, It
is generaily agreed that the following condirions are present when the attack
occurg in marine gas turbines:

(1) A wolten film primarily containing Nazso4 is formed on the metal
surface.

(2) Protective films, mainly oxide, ou the metal surface are destroyed.

(3) Reaction occurs between the sulfur in the molten film and the netal
surface, which stimulates subsequent rapid oxidation.

Several mechanisms have been proposed for the reaction of sodium
sulfate with metals. Some of the earlier investigators were Simon and his
assocliates. They proposed that reducing agents trigger reactions that can
become autocatalytic and destroy the alloy if sufficient sodium sulfate is present.

Recent research at the Westinghouse Electric Corporation(19) has com-
bined knowledge from field results with that obtained in the laboratory. The
primary concern again was with gas turbines. A high level of alkaline-metal
sulfates is reported with melting points ranging from 1400 to 1550 F in normal
deposits. In most cases, the alkaline metals seemed to come from the incoming
air, vhereas the sulfur was furnished by the fuel or by the air. These authors
suggest, as do others, that alkaline-metal sulfates can react to break down the
protective oxide surface films on the metals.

Interesting and significant results come from electron~beam analyses
made on sulfided sectious of alloys. These analyses show that sulfur reacts
preferentially wich chromium, There is also some reaction with other metals in
the alloys, i.e., aluminum, molybdenum, titanium, and iron, to form complex
chromium sulfides. As a result, the metal adjacent to the chromium sulfide com-
plex becomes impoverished in chromium and aluminum and 3 m>re easaily oxidized.
Figure 23 taken from the Westinghouse report shows graphically an inner layer
containing complex chromium sulfides located next to the base metal. The outer
iayer consists of oxides and porous corrosion products.
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These studies with the electron-beam probe, coupled with more conven-
tional metallogrsphic studies, suggest that the attack proceeds by penetration at
grain boundaries.

It is suggested that the corrosion proceeds by reactions in which frec
gsulfur is formed as in

N32504 +3M - Na20 + 3M0 + S, (19)

<here M is a metal such as chromium, aickel, or iron or some other reducing
agent, i.e., carbon. Then the sulfide is formed by

M+S — MS. (20)
The electron-beam-probe examination of a nickel-base alloy showed thet

this sulfide phase could be a compound such as FeCr,5, with a spinel-type
structure.
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It is postulated further that this sulfide phase reacts with oxygen by
the following:

Ms + 0, - 2MO + 28 (21)
MS + 3/202 -~ MO + 50, (22)
2MS + 50, - 2MO + 38 (23)

In essence, it is proposed that a self-gustaining reaction is possible
once the above cycles have been initiated and that a high level of sulfur in a
gas stream is not required to maintain the reaction. The electron beam has
identified the oxides NiQ, Cr203, and NiCrZO4 in the corroded layer,

Other valuable, recent mechanisms have been tentatively formulated Ly
Cambino ard his coworkers.(Z In oxidation kinetic studies devoted to the svstem
ulckel and sodium sulfate, it was concluded that sodium sulfate reacts with nickel
metal according to the reaction

Na,S0, + 9f2Ni —~ Na,0 + 3Ni0 + 1/2 Ni,S.. (24)
29Y4 2 372

It was proposed that the main function of sodium sulfate is to provide
a reservoir so that the Ni,;S. phase is continuously maintained at the metal
surface by employing the foltcwing two reactions cyclically

Ni3S + 9/20, = 3N{0 + 250, (25)

Na,0 + §0; = Na SO, . (26)

Nickel is considered the reducing agent in Equation (24).

A nickel oxide film on nickel was penetrated by sodium sulfate at
temperatures well below the melting point of sodium sulfate (030 C, 1616 F).
Accelerated corrosion of the nickel was initiated as soon as sulfate reached the
metal surface.

In a companion metallurgical-metallographic program, Seybolt(zo) showed
that nickel and nickel alloys can react directly with either solid or liquid
Naj50, in the absence of another reducing agent.

It was proposed that unalloyed nickel is attacked readily because the
eutectic Ni,S,-Ni i{s formed. This material is molten at a relatively low tem-
perature (625 C, 1190 F) and can easily diffuse down grain boundaries. Thus,
gsulfur {8 readily transported into the base metal. It has been stown that nickel
sulfide-rich arees oxidize more rapidly than the base metal which in turn helps
to explain the catastrophic nature of the attack often encountered. The details
of the oxidation reaction are not yet understood.

Seybolt carried the study to other possible constituents of high-
temperature alloys.
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He points out that the most stable sulfides will form at the expense of
the less stable sulfides. Accordingly, in alloys containing chromium, it would be
predicted that CrS would be formed preferentiully. Ia such alloys, corrosion
proceeds because the chromium sulfide is oxidized more readily than the base metal
and also because in areas adjacent to the Cr3, the chromium has been depleted and
the base alloy is less oxidation resistant,

The importance of the formation of low-melting eutectic compounds appears

to be greatest in the case of nickel since, as can be seen in Table 3, nickel
sulfide melts at a temperature lower than other sulfides.

TABLE 3. MELTING POINTS OF EUTECTICS AND compounps(29)

System Eutectic Compound Melting Point
C F

Ni-§ NiqS,-Ni - 645 1193

- Ni,S, 810 1490

Co-S Co,S4-Co - 877 1610

- CoS 1182 2160

Fe-S FeS-Fe - 988 1811

- FeS 1193 2180

- FeS, 1171 2140

Cr-§ CrS-Cr - 1350 2462

- Crs 1565 2849

Mn-S MaS-Mn - 1580 2876

MnS 1610 2930

Additions of chromium to both nickel- and cobalt-bage alloys improves
corrosion resistance The function of the chromium was suggested to be that of
alding in the formation of a wmore corrosion-resistant surface layer, f.e., a
chromium-rich surface oxide, as well as lmmobilizing the sulfur by forming a rela-
tively stable and inert chromium sulfide.

Shitley(21), in essence, agrees with many of the observations and con-
clusions of the General Electric lovestigators. He points out that a study of
wany samples of high-nickel alloys revesled that sulfur penetration is followed by
oxidation of the chromium-depleted layer. Oxidation of the chiomium aulfide phasé
is not mentioned by Chirley.
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It is pointed out that alkali~-metal salts are wore aggressive to high-
nickel steels, and that calcium salis are more corrosive to carbon steels. Table &
by Shirley is interesting in showing the importance of metal composition on the
attack suffered from contact with various salt mixtures. Note in particular that
mild steel is better than Inconel or Nimonic 80A in the NaZSOA—NaCI mixture.

TABLE 4. EFFECT OF METAL COMPOSITION ON ATTACK BY

9:1 SULPHATE:CHLORIDE MIXTURES AT 700 aND 750 ¢‘%%)

Exposure, 6 or 24 hours in air

Loss in Weight, mgAcm“2 (a)

9:1 NaZSOQ-NaCl 9:1 CaSOa-CaCIZ
Cr, Ni, 700 C 750 C 700 C 750 C
Type percent percent (24 hr) (6 hr) (24 hr) (6 hr)
FI 17 steel 17 - 14, 11 - 75, 85 -
FI 20 ateel 20 - - 9, 2 - 118, 152
Pyrista steel 23 2 9, 6 6, 6 4, 126 104, 129
FCB(T) steel 15 10 11, 9 5, 6 6, 74 47
FV 555 steel 16 10 7, 7 - 12, 183 -
Iamaculate
5 steel 25 2 9, 5 3, 3 54, 31 95, 95
Experimental - 25 - 55, 89 - 60, 64
steels 10 4> 27 - 50 -
20 35 16 - 49 -
Inconel 13 78 30, 14 184, 355 1, ? 2,3
Nimonic 30A 20 74 - 94, 452 - 2, 3
if{ild steel - 143 - 112
Nickel - 7, 6 - 10, 12
Chromi um - 1, S - 10, 12

e [ —— - e

(&) In the absence of sulphate:chloride nixtures weig..t losses of the
following metals, in air at 750 C for 6 hr, were (in mg em™2)

Mild steel 49
25% Ni steel 11
Nickel 7

Others less than 1

An interesting study recently made at the Marine Engireering
Laboratory(zz) attecpted to relate electrochemi _al measurements with sulfidation.
Potentials were cmeasured betuveen a platinum clectrode and an alioy sample immerse!
1 NapS0, and in NapS0; plus NaCl at 1650 F. A sustained rise in potential was
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observed whenever suifidation occurred. Oxide-film thickness had a definite
effect on the elapsed tiwe to the sustained rise in notenti . The results wich
two nickel-base alloys were quite different.

The potential-measurement technique showed that one alloy was attacked
in both Na_S0O, and Nazso /NaCl mixtures, while another suffered sulfidation in
the NJZSOQ;Naal mixture only. It would appea. that the procedure Just described
would be of value in screening experimental alloys for high-temperature service.

The role of Nall in the corrosion process is not at all clear at this
time since conflicting reports have been presented as to its action. It does
appear, however, that it may be important in determining the melting characteris~
tics of the mixture on the surfaces. Figure 24 shows a phase diagram by Danek (17)
indicating that at about 35 percent NaCl the melting point of the Na,50,/NaCl
mixture can be as low as 1150 F.

IGOC\
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00 \

1200~ \/
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-t — —

No SO w© 20 30 4 % & W 80 %0 NoC
weight, percent NoC

FIGURE 24. PIASE DIAGRAM, SODIUM SULFATE - SCDIQM
CHLORIDE(17)

A recent paper by Bergman(JB) indicates that neither chloride salts ror
externally intreduced reducing conditions are nceded for not corresion to occur.
It was also significant that he found that a reduction of sulfur to 0.97 percent
did not climinate corrosion. However, cialoride salts were present in these

axperiuents.
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