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ORNL/CP-9784 On-going results from this project have been documentef 
in a series of progress reports and other publications [3,8-lo]. 
As part of the first task, a state-of-the-art review of composite 
tube cracking which includes details of composite tube and 
boiler manufacture, composite tube use in other industries, 
and a summary of possible cracking mechanisms has been 
published [3]. A large number of cracked tubes was also 
examined in order to develop a broad understanding of the 
characteristics of composite tube cracking [8,9]. The tubes 
came from boilers in both North America and Europe and 
included tubes with exposure times that range from months to 
many years. For comparison, unexposed tubes of 
conventional 304L/CS, as well as a number of alternate 
materials, have been examined. 

Based on the e m a t i o n  of many cracked composite 
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oor tubes, a number of characteristics have been identified. *FOE'V€d enerally, cracks that are easily detectable by dye penetrant 
are fairly wide and transgranular with relatively little 
branching. Often the opposite sides of a crack have matching MAY 1 4 Wg0 features suggesting that the crack was pulled open rather than 

7 1 having had material removed by corrosion. Cracks in the Ofi  
ABSTRACT 

Cracking of coextruded, black liquor recovery boiler 
floor tubes is both a safety and an economic issue to mill 
operators. In an effort to determine the cause of the cracking 
and to identify a solution, ex3ensive studies, described in this 
and three accompanying papers, are being conducted. In this 
paper, results of studies to characterize both the cracking and 
the chemical and thermal environment are reported. Based on 
the results described in this series of papers, a possible 
mechanism is presented and means to lessen the likelihood of 
cracking or to totally avoid cracking of floor tubes are 
offered. 

INTRODUCTION 
Cracking of 304L stainless steeVSA210 carbon steel (CS) 

coextruded black liquor recovery boiler floor tubes was 
reported in Scandinavia by the mid-1980s [l-21, but it was not 
until the early 1990s that it was reported in North America 
[3]. This cracking has been investigated by a number of 
researchers [4-71. Because there was not general agreement 
on the cause or solution for this cracking problem, a project to 
address the problem, fbnded primarily by the U.S. 
Department of Energy, was initiated. The research 
capabilities of the Oak Ridge National Laboratory (ORNL), 
the Pulp and Paper Research Institute of Canada (Paprican), 
and the Institute of Paper Science and Technology (PST) 
were enlisted, and paper companies, boiler manufacturers and 
tube fabricators were invited to provide information and 
samples and serve on an advisory board to oversee the 
direction of the project. The project was divided into five 
tasks: - characterize the cracking which occurs in composite 

boiler tubes, - determine the environment experienced by composite 
tubes, - measure and model the type (tensile vs. compressive) and 
magnitude of residual stresses developed in composite 

' tubes, 
investigate the mechanism of cracking, and - 

' stainless steel layer of composite floor tubes almost never 
continue into the carbon steel. When they reach the stainless 
steel-carbon steel interface, they either turn and run along the 
interface or end at the interface with a corrosion pit that 
spreads along the interface and into the carbon steel. Careful 
examination of the cross section of a cracked tube generally 
reveals a number of short, narrow, transgranular cracks that 
have a limited amount of branching. These cracks are most 
likely not detectable by dye penetrant inspection without very 
meticulous surface preparation prior to inspection. 

Studies to determine the environment experienced by 
composite tubes have focused on characterizing the thermal 
and chemical conditions around the tubes. Key areas include 
measurement of temperature and strain variations on floor 
tubes, characterization of the smelt contacting the tubes, and 
analysis of the water contacting the tubes during water washes 
and shutdowns. 

Due to the relatively large difference in the coefficient of 
thermal expansion of stainless steels versus carbon steel, the 
potential exists for large stresses to develop during thermal 
cycling. Neutron and X-ray diffraction techniques have been 
used to determine the stresses in single tubes from several 
manufacturers and in as-fabricated tube panels. Stress 
measurements have been made on exposed panels with both 
unmcked and cracked tubes, and finite element modeling has 
been used to predict the stresses in e?rposed panels. 
Additionally, modeling has also identified alternate materials 
that are less likely to develop the stresses that are essential for 
cracking to occur. A separate paper describing these stress 
studies is also being presented at this conference [ll]. 

*The submitted manuscript has been authored by a 
contractor of the U.S. Government under contract NO. DE- 
AC05-960R.22464. Accordingly, the U.S. Government 
retains a nonexclusive, royalty-free license to publish or 
reproduce the published forms of this contribution, or allow 
others to do so, for U.S. Government purposes. 
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I Possible cracking mechanisms include stress. corrosion 
cracking (SCC), thermal fatigue, and corrosion fatigue. At 

, the start of this project, no clear consensus existed as to the 
cause of cracking. Consequently, laboratory investigations 
were undertaken to identify the conditions under which these 
mechanisms might occur on composite tubes. Studies of the 
fatigue behavior of composite tubes and other related 
materials and a preliminary report of the investigation into 
stress corrosion cracking studies of composite tubes are 
reported in other papers at this conference [ 12,131. 

As a result of the work accomplished to date, ideas as to 
the cause of the cracking have been formulated, operating 
conditions have been identified that are suspected to promote 
cracking, and certain materials have been identified that are 
eqected to be less likely than 304LKS to e'xperience 
cracking in the environment of a recovery boiler floor. 
Siflicant results from the stress corrosion, fatigue and stress 
measurement and modeling efforts are reported in other 
papers in this conference [ 1 1-13]. The purpose of this paper 
is to collect and document data relevant to this problem which 
have not been otherwise reported, including mill experiences 
with cracking that are unique or exceptional, data on 
characterization of floor tube environments, and residual 
stress measurements and modeling conducted for materials 
other than 304L and Alloy 825. A synthesis of the overall 
project results to date is presented. 

MILL EXPERIENCES 
Since details of the features of cracks have been given 

previously, no further discussion of the characteristics of 
typical cracks will be included in this paper. However, 
several exceptions or unique observations will be described. 

Several years ago, a mill in the south central US. 
e'qerienced signifcant cracking of the 304L/CS coextmded 
floor tubes in their slope-floored boiler. A significant portion 
of the composite floor near the spout wall was replaced with 
carbon steel. A year later, the mill operators elected to install 
five floor panels, each 3 tubes wide by 1.83 m (6 ft) long, of 
alternate materials in front of some of the spout openings of 
this boiler. Materials chosen for the panels included 
coextruded 304L/CS, 309L weld overlay on carbon steel, 
coextruded Sanicro 38 (modified Alloy 825)/CS, coewuded 
Sanicro 65 (modified Alloy 625)/CS, and Alloy 625 weld 
overlay on &on steel. After one year, no cracking was 
found on any of the five panels. However, after the second 
year, the sections containing the coextruded 304L stainless 
and the 309L stainless weld overlay were both extensively 
cracked. These tubes were removed from the boiler floor and 
sent to ORNL for elramination. Examples of cracking in the 
panels are shown in Fig. 1. In both panels, the cracks do not 
go past the stainless steeVcarbon steel interface; instead they 
either terminate at the interface or they turn and run along the 
interface. This mill's experiences are important to note 
because this is the only known case where there is a direct 
comparison of the cracking behavior of tubes of several 
different compositions and fabrication techniques (coextruded 
and weld overlaid). 

One of the few instances of through-wall cracking of a 
304L/CS coextruded tube occurred in another mill in the 
south central U.S. This slope-floored boiler had 304L/CS 
smelt m tubes with studded carbon steel tubes on the 
remainder of the floor. Failure occurred in one of the smelt 

run tubes along the toe of the tube to membrane weld. 
Examination of the failed tube and other tubes in this area 
revealed that the cracking occurred primarily, if not entirely, 
in the curved portion of the floor tubes close to where they 
contact to the spout wall. In total, four adjacent tubes 
(including the failed tube) contained cracks that were very 
similar in appearance. These cracks all apparently initiated at 
the toe of the tube to membrane weld, and they were on the 
same side of each of the tubes. Three of these cracked tubes 
were composite smelt run tubes, while the fourth was the first 
carbon steel adjacent to the smelt run tubes. Several months 
after this floor tube failure, cracking was found in tubes in the 
spout wall very near the location where the floor tube failure 
had occurred [14]. These tubes showed severe overheating. 

Figure 1. Examples of cracking in (upper) 301L stainless 
steel and (lower) 309L stainless weld overlay on tubes 
from a recovery boiler floor tube panel removed after two 
years of exposure. 

Earlier this year, a coextruded Alloy 625/CS smelt spout 
opening was removed after four years of service because of 
cracking that was discovered during an annual inspection 
[lST. Cracks were limited to the Alloy 625, but, contnry to 
the transgranular cracking seen in 304L stainless steel, in this 
case the cracks propagated in an intergranular mode (Fig. 2). 
It should be noted that adjacent smelt spout openings were 
reportedly constructed with coextmded Alloy 825/CS tubing 
and installed at the Same time as the Alloy 625 opening. Only 
light surface cracking was reportedly seen on the Alloy 
825/CS smelt spout opening tubes. This was one of the 
earliest applications of coextruded Alloy 625 tubing in a 



' recovery boiler, and some concern has been expressed about 
fie accuracy of the fabrication and heat treatment history of 

. these tubes. Certainly, further characterization studies need to 
be conducted on these tubes; nevertheless, una proven 
otherwise, this has to be considered valuable information 
regarding the performance of this material relative to other 
coextruded tube materials. 
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Figure 2. Intergranular cracking found in Alloy 625JCS 
smelt spout opening tube after four year exposure. 

Anecdotal reports have been received which suggest that 
no cracking has been seen in composite floors that are not 
e>rposed to water washes. Two Scandinavian mills either do 
not allow any water to contact the floor or immediately 
remove any water if it does reach the recovery boiler floor 
[16-181. Neither reports cracking of the composite floor tubes 
in their boilers. A casual inspection can easily miss cracks in 
composite tube floors, and concern has to be eqressed about 
the degree of floor cleaning that can be achieved if water is 
not used. However, some areas of the boiler floors are 
reportedly cleaned mechanically so that inspections can be 
made for cracks during the annual shutdowns. 

Information regarding composite tubes in Japanese 
recovery boilers indicates that of 17 high-pressure, high- 
temperature recovery boilers delivered by a major boiler 
manufacturer in Japan, none has composite tube floors and 
only two have composite tubes in their walls. Weld overlaid 
tubing is more commonly used, and apparently over 30 
boilers use overlay welding to protect the water wall tubes. It 
was also indicated that about half of the Japanese recovery 
boilers do not use water for cleaning their floors because the 
operators do not want to allow moisture that could promote 
corrosion to reach the floors [ 191. 

CEIARACIERIZATIONOFFT.-OORTUBEEN'VIRONMENT 
Studies have been directed toward measuring, over a 

fairly long term, the floor tube temperatures. Other efforts 
have involved determining the composition of the smelt that 
contacts the floor tubes and the cornposition of the water that 
contacts the floor during water washes and shutdowns. In 
addition, the corrosion rates in synthetic molten smelt have 
been determined for a number of metals that are being used or 
are being considered for use as recovery boiler floor tubes. 

A number of short duration variations in floor tube 
temperatures has been reported [20-221 that indicate the 
temperature can increase significantly above normal operating 
temperature on or very near the crown of floor tubes. For this 
project, temperature measurements have been conducted on 
the floor tubes of a slope-floored recovery boiler at an inland 
Canadian mill. There has been considerable concern at this 
mill about bowing or depressions in certain areas of the floor, 
particularly near the spout wall, and about a deflection of 
several inches in the floor support I-beam nearest the spout 
wall. In an effort to collect information about thermal spikes 
or any phenomena that might be affecting or even causing the 
floor tube and beam deflection, thermocouples and strain 
gauges were installed at five locations on the boiler's 
composite floor. The locations at which thermocouples and 
strain gauges were installed are shown in Fig. 3; these include 
points a short distance in front of three of the four smelt spout 
openings along with positions on tube 50 approximately 91 
and 183 cm (36 and 72 in.) from the spout wall. At each of 
these five locations, a thermocouple was attached to the 
crown of the tube, and a strain gauge was attached to the 
opposite (vestibule) side. A shield over each thermocouple 
was attached to the tube, but it is expected that the 
temperatures indicated may be somewhat higher than actually 
reached by the tube surface because the thermocouples may 
be raised slightly above the tube crown. The strains indicated 
by the gauges provide an indication of when deformation of 
the tube is occurring, but the magnitudes of the indications 
have not been associated with a quantitative indication of 
what is happening to the tubes. 
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Figure 3. Locations where thermocouples and strain 
gauges were installed on floor of an inland Canada 
recovery boiler. 

Strain gauge indications generally occurred at the same 
time that temperature variations were experienced (Fig. 4). 
Many of these temperature fluctuations have a relatively 
small magnitude while others can change by more than 150 C". 
Data coIIected from four locations during the first 5% months 
are given in Table 1, and these data show there were only 41 
fluctuations that had a temperature excursion (AT) greater 
than 100 C" and only 3 which had a AT greater than 150 C". 
Occasionally, a temperature fluctuation is simultaneously 
seen on more than one thermocouple, but even when this 
occurs, it is significantly larger on one thermocouple than on 
the other. 
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Location 1 Location 2 Location 4 
AT Tube 33, in front of Tube 54, in front of Tube 50,3 A from 

spout #2, about 1 A. 
from spout wall 

spout #3, about 1 ft. spout wall 
from spout wall 

10-50 C" 3 5 15 
51-100 C" 7 1s 39 
101-150 Co 1 5 22 
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Figure 4. Typical results from recovery boiler floor tube 
thermocouple and strain gauge showing simultaneous 
indications of changes in temperature and stress state of 
tube. 

There have been periods when a series of low amplitude 
fluctuations continued for many hours as shown in Fig. 5. 
These relatively infrequent series of fluctuations do not seem 
to occur shortly after a boiler startup or within a few weeks 
after a water wash. Less sudden strain changes that may last 
for hours have been seen, and studies of operating logs reveal 
that these changes often begin at the time of a change in the 
number of nozzles being used to provide liquor to the boiler. 

Based on the information accumulated about temperature 
fluctuations, it is suspected that they are caused when the 
frozen smelt layer is damaged, possibly by salt cake falling 
from the upper region of the boiler. Plans call for installation 
of a more extensive thermocouple array to provide more 
information about the association among fluctuations in an 
extended area. 

Tube temperature measurements have been made during 
the period when a boiler is being water washed at the 
beginning of a shutdown. At the same time temperature data 
were being collected, samples of the wash water were 
collected for analysis. Temperature data were collected from 
three mills for the period of a shutdown; results for two of the 
mills are shown in Figs 6-7. In all three mills, water did not 
reach the recovery boiler floor 
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Figure 5. Series of low amplitude fluctuations in 
temperature and strain gauge signal from recovery boiler 
floor tube. 

until the floor had cooled to less than 100°C (212°F). In at 
least one of the boilers, a dry-out fire re-heated the floor tubes 
to a temperature of about 150°C for several hours. These 
observations are relevant to issues that will be addressed later 
in this paper. 
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Figure 6. Temperature of floor and wall tubes memred 
during water wash of recovery boiler in the southeastern 
us. 
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Figure 7. Temperature of floor tubes measured during 
water wash and shutdown of recovery boiler in eastern 
Canada. 

The results of sample analyses of wash water fiom one of 
these mills are presented in Table 2. They are typical of 
analyses obtained from other boilers. The pH was in the 
alkaline range and remained fairly constant during the 
washing, but the solution constituents being picked up from 
the smelt and salt cake decreased. Since the water contains 
salts washed from the walls and superheater, as well as the 
smelt bed, the reported compositions will not reflect the 
proportions found in the residual smelt left in the boiler. 
However, they can be used as a Starting point for salt 
compositions which might result from evaporative 
concentration during a boiler start-up after water washing. 

An issue that is being addressed less successfully is the 
determination of the composition of the smelt that was in 
contact with floor tubes before water contacted the smelt. 
This study was motivated by data reported in Finland 
indicating that smelt that was immediately adjacent to floor 
tubes was often enriched in sulfur, chlorine andor potassium 
when compared to the average smelt composition [4]. 
AnaIyses have been conducted on a smelt sample collected 
before water washing from a decanting-floored boiler in 
western Canada, but no concentration of these elements was 
found near the tube surface. Samples have also been 
collected from other boilers after a water wash but from areas 
where it appears that water did not reach the smelt-tube 
interface. These samples also did not indicate any 
concentration of these elements near the tube surface. 
Additional samples are currently being collected and analyzed 
in Finland, and efforts will continue in North America as part 
of this project. 

The aggressiveness of smelt both of a typical 
composition and enriched in potassium and sulfur has been 
determined relative to several of the alloys currently in use or 
suggested for possible use as recovery boiler tubes. For 
typical smelt, corrosion rates were measured at a temperature 
of 800°C in order to have the smelt molten. The presence of 
additional potassium and sulfur significantly lowered the 
melting point of synthetic smelt such that the second set of 
corrosion tests could be conducted at 580°C. Measured 
corrosion rates are shown in Table 3. In both smelt 
compositions, carbon steel had the highest corrosion rate. 
Alloy 825 had the lowest rate in the typical smelt composition 

while a high chromium experimental alloy and Alloy 625 had 
the lowest rates in the WS enriched smelt. Alloys containing 
a high nickel content performed much better at the lower 
temperature probably because the 580°C test temperature is 
below the temperature of the nickel-sulfur eutectic that occurs 
at about 660°C [23]. 

RESIDUAL STRESS MEksUREMENTS AND MODELING 
In addition to measurements on and calculations for 

coextruded tubes [8-111, stress measurement and modeling 
have been conducted on some of the primary alternates, in 
particular, weld overlay Alloy 625 on carbon steel and 
chromized carbon steel. Neutron diffraction was used to 
determine the through thickness residual stress profile in weld 
overlaid tubes, and the axial results are shown in Fig. 8. 
Tensile stress regions were found not only in the weld metal, 
but also in the heat-affected zone in the carbon steel. The 
maximum tensile stress was located in the weld overlay and 
reached 360 MPa which is about 75% of the 0.2% yield 
strength of the weld metal. In order to lower these stresses, 
the tubes were subjected to a 20 minute 900°C heat treatment. 
Subsequent neutron diffraction measurements revealed that 
residual stresses after welding were essentially eliminated by 
the heat treatment (results also shown in Fig. 8). 
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Figure 8. Axial residual stresses measured by neutron 
diffraction for 625 weld overlay on carbon steel. Results 
are shown for as fabricated tubing and for tubing after a 
900T heat treatment. 

Production of chromized tubing requires that the tubing is 
exposed for an extended time at a temperature in excess of 
1093°C (2000°F) to a gaseous chromium-bearing species. 
The chromized layer provides corrosion resistance to the tube, 
but it also affects lattice parameters and thermal expansion 
coefficients. Typically, the chromized layer has a smaller 
coefficient of thermal expansion, and, as a result, the 
chromized layer is in compression after cooling. Through- 
thickness neutron diffraction has been used to determine the 
residual stress profile in chromized tubing. These studies 
indicate that large compressive residual stresses are developed 
in the chromized layer followed by small tensile stresses at 
greater depths in the tube as might be expected from the 
mismatch in thermal expansion and lattice parameters 
between the chromized layer and the steel substrate. 
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Table 2. Composition of wash water samples fiom a southeastern U.S. mill as a function of 
floor tube temperature. 
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DISCUSSION 
A signifcant volume of information about cracking of 

composite tubes in kmft recovery boiler floors has now been 
collected, both through this project and other research efforts 
around the world. Taken as a whole, these data allow a 
number of conclusions to be drawn about the cause of 
cracking, and probable successll means of preventing further 
floor tube cracking. 

Thermal fatigue is almost certainly not the sole cause of 
cracking of the stainless steel layer on 304UCS ccextruded 
floor tubes. This theory was advanced when little was known 
of the surface temperatures experienced by the floor tubes 
during operation or of the stress state existing on the surface 
of the lubes. Thermal fatigue data collected as part of this 
project fell within the criteria established by the ASME Sect. 
III. Subsect. NH design curve for isothermal fatigue at 427°C. 
For thermal fatigue to result fiom thermal transients that heat 
a tube to 540°C while the tube is fully restrained, the tube 
would have to experience in excess of 10,000 transients. 
Signilicantly more transients would be required if the 
maximum temperature of the transient were less. Over a 
period of approximately half a year, measurements of thermal 
transients experienced by floor tubes from one mill indicated 
that fewer than 50 transients of more than 100 Co occurred 
which is very much less than required according to the design 
code. Furthermore, transmission electron microscopy of 
samples taken from cracked tubes revealed microstructures 
that were characteristic of thermal cycling but not of 
sufficient fiquency to cause thermal fatigue. 

Studies have also addressed the amount of precipitation 
products that would be expected to form on the stainless 
steel/carbon steel interface of samples as a result of the 
elevated temperature e.uposure that would be associated with 
thermal fatigue. These studies predict a far greater amount of 

precipitation than has been seen on the interface of any 
cracked tubes. 

Finally, stress measurements indicate that stresses on the 
surface of a typical coextruded floor tube would be 
compressive at operating temperature. Tensile stresses can be 
developed in the surface of a tube at operating temperature if 
that tube experiences a temporary excursion to a higher 
temperature. However, these tensile stresses are relieved 
when the tube is cooled to room temperature and then heated 
back to operating temperature. 

SCC appears to be a much more likely mechanism to 
explain typical cracking of composite floor tubes. The finite 
element studies predict that tensile stresses are developed 
when the tubes are cooled. These results have been 
confirmed by room temperature measurements on tube panels 
removed from a boiler after several years of operation This 
data led to investigations of environments which could lead to 
SCC when the tubes are in tension In particular, hydrated 
sodium sulfide, by itself, or in combination with sodium 
hydroxide or sodium carbonate, has been shown to cause 
cracking of 304L stainless steel in the 160-250°C temperature 
range. Studies of higher nickel alloys (Alloy 825 and Alloy 
625) in this environment show that cracking apparently 
decreases proportionately with the increase in nickel content. 
Tests to date have not been conducted in a way that allows 
accurate measurement of crack velocities, but the times-to- 
failure in some tests suggest that maximum crack propagation 
rates of much greater than 0.06 mmlhr are possible. While it 
has yet to be demonstrated that hydrated smelt will cause 
cracking of 304L composite tubes, the presence of the 
hydrated species used to cause SCC in these tests is likely 
from the time water contacts the boiler floor during a water 
wash, through a subsequent dry-out or warming ftre, and into 
the start-up afterwards. 
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The finite element model also predicts stresszs will be 
tensile at operating tempera- in a localized area that has 

* experienced a hot spot or temperature fluctuation to higher 
temperature. Combined with residual welding stresses from 
attachment welds, and other mechanically imposed stresses 
on specific tubes, it is also clear that the'sum of these stresses 
is sufficient to induce fatigue cracking, or a combination of 
fatigue and SCC on floor tubes, Cracking of this type has 
been relatively infrequent, but when it does occur, there 
appears to be greater risk of crack penetration through the 
carbon steel layer of the composite tube. The emphasis of the 
project has been on floor tubes, but floor membranes as well 
as spout opening tubes and air port tubes have been examined. 
Although not covered in this paper, it should be noted that the 
cracking in these other components sometimes proceeds into 
the carbon steel, a pattern not typical of recovery boiler floor 
tubes. 

Due to the difficulty of predicting when, or if, the 
mechanism of cracking changes fiom SCC to fatigue, 
proposed solutions to cracking of composite tubes in service 
must accommodate both mechanisms to eliminate the 
possibility of all cracking. Cracking has been seen in both 
304L/CS coextruded and 309L weld overlaid CS tubing 
suggesting that, as far as a propensity for cracking, the 
composition of the surface layer is more important than the 
method by which it is applied. Stress measurements for both 
Alloy 625 weld overlay tubing and chromized tubing indicate 
that the overlay tubing in the heat treated condition and the 
as-fabricated chromized tubing have lower stress levels than 
reported for 304L/CS. The lower stress levels would offer 
some advantages in recovery boiler service compared to 
conventional 304UCS coextruded tubing. Assuming that a 
SCC mechanism is predominant, the greater nickel content of 
the Alloy 625 would also impart a significant advantage. 
However, the recently reported cracking of the Alloy 625 
spout opening tube indicates that a better understanding of 
this alloy's performance is required. Alloy 825 spout opening 
and wall tubes near spout openings have also proven 
susceptible to minor cracking. Significant lengths of Alloy 
825 and Alloy 625 composite or weld overlay tubes are now 
in-service as floor tubes in recovery boilers. Information 
gathered to date indicates that performance of these alloys 
exceeds that of 304L - an expected result. 

CONCLUSIONS AND RECOMMENDATIONS 
Sufficient information is not available to identify a 

specific corrodent, but there is considerable evidence that 
floor tube cracks are almost certainly initiated by a stress 
corrosion mechanism. Sodium suUide, or a combination of 
sodium sulfide and sodium hydroxide or sodium carbonate, 
could be the corrodent. Transmission electron microcopy 
studies indicate that floor tubes experience thermal cycling, 
and this cycling would cause tensile stresses that could help 
initiate cracks and would tend to propagate or open existing 
cracks. 

By minimizing, and preferably eliminating, the thermal 
fluctuations experienced by floor tubes, the development of 
tensile stresses at operating temperature on the surface of 
floor tubes can be avoided. Since one or more components of 
wash water are suspected to be the corrodent responsible for 
stress corrosion cracking, it would be prudent to avoid leaving 
wash water or hydrated smelt in contact with the floor 

especially during periods when the floor tubes are heated to 
temperatures in the 150-175OC range. 

I fcoemded or weld overlay tubes are to be used on the 
floor, an alloy for the outer layer should be selected that has a 
higher yield strength than 304L stainless and a thermal 
expansion coefficient that more closely matches that of the 
carbon steel base material. 
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