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Lower furnace corrosion in kraft

recovery boilers

Part 2: a plan for future research

Douglas Singbeil and Andrew Garner

This detailed review identifies technigques that can best be applied to the study
of lower furnace fireside corrosion in kraft recovery boilers.

In Part 1, the fireside environment in kraft recovery
boilers was reviewed with respect to its effect on corrosion
of lower furnace water-wall tubes (1). Laboratory research
to date was also summarized, with a view towards
identifying gaps in current knowledge. Although progress
has been made towards understanding the nature of
fireside corrosion in kraft recovery boilers, much remains
to be learned. Not enough is known, for example, to predict
the corrosion consequences of evolutionary changes in
boiler operation like high-solids firing, new methods of
sulfidity makeup, and the return of corrosive effluent
streams to the boiler. Moreover, there still does not exist
a simple, cost-effective means of evaluating new corrosion
resistant materials and coatings before they are used in
a boiler.

Experience in other industries with coal-fired boilers,
oil refineries, and coal gasifiers has shown that laboratory-
based research can identify durable construetion mate-
rials with a high degree of confidence (2, 3). Appropriate
operating practices for preventing corrosion and new
understanding of high-temperature corrosion problems
also have come from laboratory-based research. In our
project, test methods for high-temperature corrosion
research were evaluated for their ability to assess
materials of construetion in kraft recovery furnaces and
ranked according to testduration, turnaround time, safety,
cost, and practicality. Results were used to evaluate the
current state of knowledge of recovery hoiler fireside
corrosion and to make suggestions for future research.

We condueted a comprehensive literature survey in the
field of high-temperature corrosion research, primarily in
industries other than pulp and paper. Interviews with
leading experts in the field of high-temperature and
molten-salt corrosion were also conducted, and their advice
sought as to how our industry could best use its research
efforts to solve recovery boiler corrosion problems.

Singbeil and Garner are associate scientist and director,
process physics division, respectively, at Paprican, 570
St. John's Blvd., Pointe Claire, Que. HI9R 3N5, Canada.

Test methods for lower furnace corrosion

Test methods to study high-temperature corrosion
phenomena range from simple visual observations of the
effects of the corrosive environment on the material being
investigated to sophisticated studies on n-situ corrosion
kinetics using laser Raman or UV-visible spectroscopy (4~
6). Not all techniques are appropriate to investigate
recovery boiler fireside corrosion, and only those thought
useful for characterizing materials of construction of the
lower water wall of recovery beilers were assessed. A
complete summary of these technigues can be found
elsewhere (7); what follows is a synopsis of our findings
as they relate to recovery boiler corrosion.

No matter what the technigue, certain factors must be
carefully considered before a test method is used to
evaluate materials for corrosion resistance in a kraft
recovery boiler. These inciude:

¢ The necessity of establishing a mechanistie connection
between laboratory results and corrosion in boilers

o Selection of a test duration suitable for extrapolation of
materials performance to typical boiler lifetimes

¢ Ensuring that the test environment is characteristic of
the environment causing corrosion in the boiler

o The ability to predict materials performance as a
funetion of boiler operation.

Making a mechanistic connection

Without a well-established link between laboratory tests
and corrosion in the boiler, little confidence ean be placed
in the extrapolation of test results to long-term perfor-
mance. It has yet to be conclusively established, for
example, whether the primary corrosion mechanism in the
lower furnaee is due to attack from hot gases, or liguid
phases in the smelt deposits adhering to the walls. In
addition, since chemical equilibria, gas compositions, and
corrosion rates in boilers are strongly temperature
dependent, different ¢orrosion mechanisms may well be
operative in low-pressure boilers than in high-pressure
boilers.

The approach to high-temperature corrosion taken by
other industries has been to combine short- and long-term

October 1989 TappiJournal 133



Corrosion

laboratory investigations with detailed characterization of
deposits, scales, corrosion products, and metal attack from
field exposure (3, 8).

Such an approach has never been part of investigations
of high-temperature corrosion in kraft recovery boilers.
Detailed, microscopic analyses of corrosion produets,
scales, and other deposits from field equipment and
comparison to similar features in laboratory-tested
specimens is the only means by which this vital mecha-
nistic conneetion can be established,

Close examination of components removed from boilers
can also help identify whether a single corrosion mech-
anism is operative in recovery boilers, or whether eorrosion
is being caused by a number of different mechanisms
(sulfidation at lower temperatures and liquid fluxing at
higher temperatures, for example). Once the predominant
mechanism has been established, then experience from
industries such as coal and gas, oil, and utility can also
be translated with more confidence to recovery boiler
operations.

Choice of test duration

Most investigations of fireside recovery boiler corrosion
have limited the test duration to less than 200 h, and many
tests have been as short as 4-6 h (9-19). Such short test
durations are unsuitable for predicting long-term (100,000
h or more) boiler performance, and contrast sharply with
experiments performed to find suitable materials for use
in syngas coolers for the coal gasification industry (2) or
for utility boilers (20), where experiment durations of
between 1000 and 4500 h are most common.

Short- to medium-term tests can be used to rank
potential materials for resistance to the environment or
to establish the initial kinetics of high-temperature
corrosion in recovery boilers, but only if a commen
mechanism can first be demonstrated by means of detailed
metallographic analysis. Such mechanistic connections
have not been made in recovery boiler tests to date, making
materials selection based on short-term test results highly
speculative. For example, it was concluded from long-term
testing of prospective materials for use in syngas coolers
(where the environment closely resembles that found in
recovery boilers) that low-chromium steels (17-19% by
weight) like American Iron and Steel Institute 304
stainless steel are not suitable for use in high-sulfur-
activity gases at temperatures greater than 350°C (660°F),
and that plasma spray coatings of the type now being used
in recovery boilers are only suitable for use as short-term
repair coatings (21). These coneclusions differ markedly
from current state-of-the-art practice in kraft recovery
boilers, which is based primarily on short-term laboratory
tests and ad-hoc testing in boilers.

Characterization of the corrosive environment

The ideal corrosion test, particularly one used for
screening purposes, will incorporate only those elements
of the environment critical to service life. There is no need,
for example, to incorporate the use of molten salts into
a test program if the primary corrosion mechanism in the
boiler is gas-phase attack. In addition, the range of
composition and concentration of corrosive components in
the test program should reflect those found in the bhoiler.
To date, however, the environmental factors causing
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corrosion in the lower furnace of kraft recovery boilers
have not been clearly identified.

The approach taken by most recovery boiler corrosion
research has been to use temperature as the accelerant
in tests, and to fix gas compositions close to the average
bulk values found in the lower furnace (9-19). However,
even for boilers operating at high pressures and corres-
pondingly high water-wall surface temperatures, it is not
clear that the test conditions have been appropriately
selected to represent the worst-case conditions in a boiler.
A concentration of 0.1% by volume H2S was chosen for
early gas-phase laboratory tests (71), and subsequently
adopted by later workers (16, 18), even though analyses
of boiler gases showed average bulk coneentrations as high
as 0.8% by volume, and maximum bulk lower furnace
concentrations of 5.0% by volume (11).

The composition of gases exposed to the water-wall
surface may also not be those of the bulk gas composition
measured in the furnace. In particular, pyrolysis of lignin
trapped in the smelt layer covering the water-wall tubes
may produce significantly different gas mixtures than
found in the bulk composition of the lower furnace (22).
A much more satisfactory and realistic approach to
recovery boiler fireside corrosion testing would be to fix
the test temperature at typical tube temperatures for each
class of boiler (low and high pressure) and modify corrosive
gas compositions until the detailed metallographic
appearance of the test sample matches that of samples
from the field.

Predicting materials performance as a function of boiler
operation

Predicting the influence of changes in boiler operation on
corrosion is extremely difficult, primarily because of the
need to know how operating changes affect the environ-
ment next to the water-wall tubes. In particular, the role
on corrosion played by the layer of frozen smelt covering
the water-wall tubes is still relatively unknown. The smelt
definitely inhibits diffusion of reactive species to the metal
surface, but it is also widely aceepted that the smelt layer
reacts with, and modifies, these species (18-16). One means
of improving the understanding of this process would be
to construet thermodynamic stability diagrams for the
phases present in the lower furnace environment. These
diagrams provide an excellent starting point for antiei-
pating the consequences of changing the composition of
the gas-fired liquor or operating practices in the boiler
{28). Limited applications have already been made of
thermodynamic stability diagrams to operation and
corrosion in kraft recovery boilers (24, 25).

A technical problem related to understanding how the
molten smelt layer affects corrosion is depletion of reactive
salts during laboratory tests. Burner rig tests have
demonstrated the importance of the contaminant flux rate
on corrosion in turbines (26), and the same is likely to be
true in recovery boilers. Even in short-term tests, it has
proven difficult to control the composition of powders and
frozen smelt layers applied to specimens (11, 14, 16).
Depletion of reactive species oecurs rapidly at the smelt-
metal interface or corrosion does not occur until reactions
within the deposit produces species more corrosive than
those originally included in the melt. Homogeneity of the
frozen smelt or powder is also often difficult to guarantee.



1. Methodology for Investigating boiler tube samples

Suggestions for future research

The following suggestions for advancing the state-of-the-
art of recovery boiler corrosion testing are based on
responses from the expert consultants, a review of current
high-temperature investigation techniques, and the
methodology of the experimentation applied in other
industries. The order of presentation corresponds to the
chrenological sequence in which we believe the informa-
tion should be obtained.

Characterization of fireside corrosion

A thorough investigation of recovery boiler fireside
corrosion should be ecarried out so that a mechanistic
connection can be established between laboratory testing
and corrosion in the field. A suggested methodology for
this investigation is given in Table 1. At & minimum, such
examination should include analyses of scales, deposits,
and metal surfaces by means of visual microscopy,
scanning electron microseopy, and electron microprobe
analyses. General appearance, seale porosity, homogeneity
of the scale, and seale adherence should be assessed, along
with elemental distributions throughout the deposit, scale,
and metal surface. Similar analyses of laboratory samples
are also required.

Calculation of thermodynamic stability diagrams

Thermodynamic stability diagrams are used to explain
corrosion behavior and help prediet alloy compositions
resistant to specific corrosive, high-temperature environ-
ments. They can show the phases (e.g., corrosion products,
seales, and metal composition) that are stable under a
given set of environmental conditions (e.g., temperature,
oxygen, and sulfur activities), or alternatively, they can
be used to explain, or predict, the conditions that would
lead to the formation of specific phases. For gas-phage
attack in recovery boilers, the most useful would be those
expressed in terms of sulfur (including organie sulfur-
containing species) and oxygen activities. Some approp-
riate diagrams would be those for iron, nickel, chromium,
and aluminum at temperatures of 300°C (672°F), repres-
enting low-pressure recovery boilers, and 370°C (700°F),
representing high-pressure recovery hoilers. Similar
diagrams can also be constructed to explain corrosion
caused by the presence of molten phases or liquid fluxing
on the tube surface. In these specific ecircumstances, the
stability diagrams could also be expressed in terms of
electrochemical potential and the basicity of the melt.

Testing for gas-phase attack

(Gas-phase attack is the most likely mechanism of corrosion
of water-wall tubes in the lower furnace. Thus, thermo-
gravimetric and ceyclic oxidation testing of steel in mixed
gases is the most appropriate way to bring the worst-case
recovery boiler condition into the laboratory. A suggested
methodology for this testing is outlined in Table II.
Testing should determine wastage rate as a function of
time for periods up to and including 4500 h; tests shouid
include isothermal tesis, as well as cyclic exposure to
alternately high- and ambient-temperature gases.

Exposure of specimens to alternate reducing-oxidizing
gas composition and inclusion of water wash cyeles in an
experimental matrix is also suggested. Tests should focus
on at least two temperatures, namely 300°C (570°F) to
represent low-pressure beilers, and 370°C (700°F) for
high-pressure boilers. Gas compositions should be fixed in
terms of total sulfur activity and total oxygen activity,
rather than being expressed in terms of the concentrations
of the constituent gases. It would be preferable to use gas
concentrations somewhat higher than previously adopted
as “standard;” a 1% H»S plus 1% 02 mixture might
represent a good starting point. Onee proven, these tests
can be further used to establish the influence of operating
variables such as sulfidity and chloride levels on water-
wall fireside corrosion, and to qualify new materials and
repair technigues. As a general principle, such testing
must be validated by detailed metallographic comparison
with field samples.

Testing for the influence of salts on corrosion

Past experience of high-temperature corrosion testing in
the presence of salts has shown that the results are difficult
to assess because of uncontrollable depletion or changes
in the salt composition over the test period. Consequently,
the composition of smelts or deposits are better considered
in terms of their influence on the gas composition at the
surface of the water-wall tubes, rather than in terms of
their overall effect on corrosion. We feel, however, that
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such testing is not likely to provide useful or reproducible
results.

If laboratory corrosion testing of salts is performed, our
judgment is that furnace testing of steel in contact with
powdered synthetic smelt is the least unsatisfactory means
to evaluate the corrosive effects of smelt components in
the laboratory. Powder may be held in a boat with a half-
covered coupon, or alternatively, powder-filled ceramie
pots could be attached to 2 steel plate. Ideally, the furnace
atmosphere should be controlled to a worst-case standard
composition, although it may be necessary to tailor the gas
composition to minimize the volatility of components of
the synthetic smelt. Variables in such a test program
might inelude smelt composition and depth of the
protective smelt layer, Long-term tests could be performed
by periodieally replenishing the powder, but the required
interruptions and handling of the specimen could have
random, unquantifiable effects on test results.

Other methods of applying a smelt layer to test
specimens have generally proven to be unsatisfactory.
Technigues like dipping in a molten smelt pool or spraying-
on a layer of smelt limit the quantity of salt contacting
the metal surface and make renewal of the salt layer
extremely difficult. A better approach to using a powdered
bed of salts would be to dip a cooled probe into a pool of
molten smelt containing the appropriate salts or to suspend
a cooled probe over a bed of smelt containing the salts to
allow high-vapor-pressure salts to sublime on the cool
metal surface. Due to the relatively large volume of salt
in these tests, depletion of reactants would be less of a
problem than with dipping techniques or sprayed-on
layers.

Experience to date, however, has shown that experi-
ments incorporating heat transfer conditions do not give
significantly different corrosion rates than isothermal
experiments conducted with frozen layers of smelt (1), and
the composition of sublimed salts on a cold finger is likely
to be much different than the composition of salts found
at the smelt-metal interface in a boiler. While these tests
could appropriately be used to investigate specific
cireumstances of fireside corrosion, the extra level of
complexity and cost they introduce into the experiment
do not appear to justify their use as general screening tests
for materials or for the effects on corrosion of changes in
the boiler environment. Again, as a general principle, any
salt-phase testing must be validated by detailed metallo-
graphic comparison with field samples.

Field testing with cooled probes

Field testing is a necessary element of any development
program for corrosion resistant materials. From the point
of view of cost and ease of installation, cooled probes are
the best means of collecting data on corrosion resistance
of materials from the field. The drawbacks of nonuniform
heat transfer and poorly characterized environment are
offset by the expense of the only real alternative way to
achieve the same end: in-boiler testing of experimental
water-wall panels. Multiple specimens can be installed on
probes with relatively constant, well-controlled heat
transfer charaeteristics. In all cases, analysis of the
specimens at the conclusion of field testing should parallel
the methodology outlined in the first recommendation. A
major advantage of using insertable probes for field
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testing is the ability to obtain corroded samples with smelt
deposits and scales intact. Long-term testing (at least to
4500 h) may prove to be the only means of obtaining such
samples.

Conclusions

A thorough review of fireside corrosion in kraft recovery
boilers has revealed a number of deficiencies in the
understanding of corrosion mechanisms in recovery
boilers. We propose a five-part plan of action for laboratory
and field research to help strengthen understanding of
these corrosion mechanisms so operation and maintenance
of kraft recovery hoilers can be made safer and more cost-
effective.]
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