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ABSTRACT 

Cracking of the stainless steel layer in coextruded 
304USA210 tubing used in black liquor recovery boilers is 
being found in an ever-increasing number of North American 
pulp and paper mills. Because of the possibility of a tube 
failure, this is a significant safety issue, and, because of the 
extra time required for tube inspection and repair, this can 
become an economic issue as well. 

In a project funded by the U.S. Department of Energy and 
given wide support among paper companies, boiler 
manufacturers, and tube fabricators, studies are being 
conducted to determine the cause of the cracking and to 
identify alternate noaterials and/or operating procedures to 
prevent tube cracking. Examination of cracked tubes has 
permitted characterization of crack features, and transmission 
electron microscopy is providing information about the 
thermal history, particularly cyclic thermal exposures, that 
tubes have experienced. Neutron and x-ray diffraction 
techniques are being used to determine the residual stresses in 
as-fabricated tube panels and exposed tubes, and finite 
element modeling is providing information about the stresses 
the tubes experience during operation. Laboratory studies are 
being conducted to determine the susceptibility of the co- 
extruded 304USA210 tubes to stress corrosion cracking, 
thermal fhtigue, and corrosion in molten smelt. This paper 
presents the current status of these studies. 

On the basis of all of these ~jtudies, recommendations for 
means to prevent tube cracking will be offered. 

Research sponsored by the U.S. Department of Energy, 
Assistant Secretary for Energy Efficiency and Renewable 
Energy, Office of Industrial Technologies, Advanced 
Mustrial Materials Program, under contract DR-ACOS- 
%OR22464 with Lockheed Martin Energy Research Corp. 

INTRODUCTION 

Corrosion of water wall and floor 
boilers represents a si@icant hazard to the 
the boilers. Measures taken to prevent, or control, corrosion 
include the use of rigorous inspection and repair progmms, 
application of protective coatings to the surface of tubes, and 
the installation of coexuuded, or composite, tubes with a 
carbon steel core metallurgically bonded to a corrosion 
resistant exterior layer. The use of COextNded tubes, in 
particular, has been recognized as solving many of the 
corrosion problems to which carbon steel tubes were prone, 
and they have been widely specified for both new and retrofit 
construction for the lower furnace walls and floors of kraft 
recovery boilers. 
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However, experience gained from the use of coextruded tubes 
in recovery boiler service has also shown that they are subject 
to some unique corrosion-related problems. Rather than 
general corrosion or thinning, the most common problem 
affecting co-extruded tubes in kraft recovery boilers has been 
cracking which originates in the outer, stainless steel layer 
(1). In many cases, the cracks are located close to, or 
associated with, membrane or crotch plate welds at air port, 
smelt spout and other openings in the boiler wall. Bare-face, 
or crown, cracking of tubes which form spout openings, floor 
tubes, and portions of wall tubes exposed to the smelt bed is 
also common, as is cxacking along tuWmembrane welds in 
these latter locations, and in the membranes of noor tubes. 

In 1995, cracking of coextruded tubes was identified as a 
serious materials issue facing the pulp and paper industry. 
Consequently, a United States Department of Energy program 
was established to determine the cause of the tube cracking 
and to identify alternate materials or process changes to 
prevent this type of cracking. This project is being carried 
out by researchers at the Oak Ridge National Laboratory 
(ON), the Pulp and Paper Research Institute of Canada 
(Paprican), and the Institute of Paper Science and TechnoIogy 
(n'ST) with strong support from more than a dozen paper 
companies, most major manufacturers of recovery boilers, one 
of the principal producers of coextruded tubing, and 
producers of other types of tubing. The research program 
includes review of existing literature, microstructural 
characterization of composite tubing, measurement of 
residual stresses in tubing, computer modeling to predict 
stresses in composite tubes under operating conditions, and 
laboratory fatigue and corrosion tests. CoUection and 
analyses of operational data from mills, including tube 
temperature data and chemical analyses of smelt, are also 
being conducted. From this work it is expected that alternate 
materials or operating procedures will be identified that can 
prevent cracking of composite tubes. This paper reports on 
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BACKGROUND 

General Information 

A key issue in the research program continues to be 
identification of the mechanism of cracking. ~~g~ many 
Wes have been conducted with this intent, no clear 
conse~lsus about the cracking mechanism yet exists. In part, 
this may be due to no single mechanism being responsible for 
all of the observed cracking. The mechanisms most 
fresuently attributed with being the cause of this cracking 
include thermal fatigue, stress corrosion cracking (SCC), and 
corrosion fatigue. 

It is noteworthy that cracking of composite tubes is generally 
limited to boiler floor tubes, wall tubes exposed to the smelt 
bed, and tubes that form or are close to smelt spout openings 
or air ports. Failure of unbent, vertical wall tubes is rare. 
Where it has been reported, overheating (usually attributed to 
excessive internal scaling) has been a significant contributor 
to the failure. Mechanical constraints, in the form of welds to 
crotch pIates and other attachments, clearly influence much of 
the cracking which occurs at spout and air port openings. 
Evidence has also been presented which suggests that cyclic 
sttesses may play an important role in cracking of smelt spout 
opening tubes (l), but whether they are equally important for 
cracking of floor tubes or for other unbent tubes is not clear. 

- _  

Regardless of the mechanism, cracking can only occur if 
tensile stresses are present on the surface of the composite 
tube. Due to the significant difference between the thermal 
expansion cuefficients of carbon steel and 304L stainless 
steel, it has generally been assumed that appreciable tensile 
stresses will exist in composite tubes. However, as will be 
described in the section on stress measurements and 
predictions, the stress state in the stainless steel portion of a 
composite tube is not neceSSafily easy to predict. 

Characteristic features of each of the proposed cracking 
mechanisms can often be used to distinguish one from 
another. Thermal fatigue occurs as a result of cyclic stresses 
which are generated by repeated thermal cycles. The stresses 
generated have to reach the yield strength of ?he material, 
which means, for the 304L stainless steeYcarb0n steel co- 
extruded tubes operating at 300"C, the maximum 
temperature has to reach at least 450°C. In addition to the 
requirement of a tensile stress, SCC requires an appropriate 
corrodent For stainless steels l i e  304L, this could be a 
concentrated alkaline environment at temperahues in the 
120-400"C range, or an aqueous chloride solution in the 
temperature range of 60-200°C. In addition, sensitized 
stainless steels are vulnerable to cracking when chromium 
depleted regions adjacent to chromium carbide grain 
boundaq precipitates are exposed to polythionic acid. This 

acid forms when a sulfide scale is cooled to mom temperature 
and exposed to moist air. A combination of =me of these 
mechanisms, known as corrosion fatigue, can occur when a 
combination of a corrodent and cyclic stresses are imposed on 
a vulnerable material. 

Mill Information 

As the project has progressed, a nwnber of anecdotal 
observations about the operation of recovery boilers, and the 
influence on cracking of composite tubes has been collected. 
One significant observation is that the fireside surfaces of 
floor tubes in a recovery boiler are subject to thermal 
fluctuations as a part of normal boiler operation (24). This 
has been confirmed in a number of boilers by means of 
surface-mounted, or slightly subflufaoe mounted, 
thermocouples on membranes and floor tubes. Generally the 
magnitude of these fluctuations is less than 50C" from the 
nominal baseline tube temperature in the boiler, but 
infrequently the increases can be. 150 to 2OOC". Excursions 
of as much as 450C" have been reported (5). 

At least two Scandinavian boilers, one in Finland and one in 
Sweden, are "dry cleaned" (6.7). This is understood to mean 
that either no water is allowed to come into contact with the 
floor tubes, or any water that is used is completely removed so 
that the floor tubes do not remain wet. Neither of these 
boilers has reported cracking of the composite floor tubes. 
There is some indication that inspection of these floors has 
not been as thorough as is normally the case for composite 
tube floors in North American boilers. Nevertheless, this is 
an intriguing observation, and strong efforts are beiig made 
to obtain additional information. For comparison, cracking 
was found in floor tubes of a North American boiler that had 
been in service for about 18 months: During this operating 
period the floor was not cleaned and inspected, but it was 
water washed three times (8). 

The composition of smelt has been welldocumented for 
process purposes, but no direct association has been made 
between smelt composition and floor tube cracking. 
However, analysis of results reported by representatives of 
Ahlstrom Machinery Corporation suggests that the smelt 
immediately adjacent to floor tubes has a composition that is 
significantly Werent from the bulk composition (9). The 
smelt samples had a very thin layer adjacent to the floor tubes 
in which the potassium and sulfur contents were unusually 
high. As part of this program, efforts are being made to 
collect samples under similar conditions and from a similar 
location to determine if comparable results can be found for 
other mills. 

In the balance of this paper, the results of research which has 
been principally conducted during the past year will be 



reported. The sigNficance of this work toward understanding 
cracking of composite tubes will be described, and the efforts 
directed at identification of possible alternative materials or 
operating procedures will be discussed. 

RESULTS 

Microstructural Studies of Composite Tubes 

A large number of cracked composite tubes from boiler 
manufacturers, inspection companies, and paper milk have 
been carefully examined in order to Mine the characteristics 
of the cracking (10). In some cases large panels have been 
supplied when all or significant portions of a floor have been 
replaced, while others have come from floors in which single 
tubes, or no more than a pair of adjacent tubes, have been 
removed for examination. In addition to cracked tubes, 
unexposed tubes supplied by four different tube fabricators, 
have been inciuded in the characterization studies. A number 
of techniques have been used to characterize the various tube 
samples including examination of standard polishdetckd 
cross sections with light microscopes and scanning electron 
microscopes, determination of elemental species with an 
electron microprobe, evaluation of fine microstructural 
features with a transmission electron microscope, and 
hardness measurements with a microhardness tester. 

Tbe typical crack in composite tubes originates at the outer 
surface, is often much wider at that surface, has relatively 
littie branching in the portion of the crack near the tube 
d a c e ,  and extends through much, if not all, of the stainless 
steel layer (10). Crack branching may occur at mid-thickness 
of the stainless steel layer. Cracks that go through the 
stainless either end at the stainless steeVcarbon steel interface 
or turn and proceed dong that interface. VeIy few cracks 
penetrate into the carbon steel base material, and those that 
do are usually, but not always, associated with mechanical 
constraints or crotch plate attachments (1). In many cases, 
corrosion pits develop in the carbon steel when a crack tip 
ends at the interface. Other than these corrosion pits, a few 
isolated cases in which attack has proceeded into the carbon 
steel have been found. In two of these cases, the attack x i s  
intergranular and could be traced only a few grains into tbe 
&n steel. 

For many cracks, there is a strong indication that tensile 
stresses in the surface have opened these cracks fairly 
recently; matching features or contours can be Seen on both 
sides of the crack (Fig. 1). In addition, careful 
metallographic examination of tube cross sections can often 
rev& additional cracks which were not observed during dye 
penetrant testing, These cracks are generally quite short and 
have not opened so that detection by dye penetrant is difficult. 
Furthermore, these cracks are essentially always 

transgranular and often have a limited amount of branching 
Examples of such cracks are shown in Fig. 2. 

Samples taken from tube sections from a number of boilers 
have been prepared so that the sample could be bent to expose 
the fracture suxfaces for examination in an electron 
microscope. These exposed surfaces have been studied to 
determine if the characteristic markings of fatigue could be 
identifed, but no such markings were found on any of the 
Samples. 

Figure I Example ofwide, transgranular crack with 
matching features on each side of the crack in a co-extruded 
304uS42I 0 composite tube. 

Figure 2 Example of short, narrow, transgranular cracks 
with some branching in a co-extruded 304usA210 composite 
tube. 



Determination of Stresses 

The importance of the surface stress state in the proposed 
cracking modes was noted previously in this paper. 
Consequently, a strong effort has been directed at 
determination of these stresses through experimental 
measurements and finite element modeling. 

Esperimental measurements. 

Residual stresses measured using X-ray and neutron 
e c t i o n  in unexposed 304USM 10 coextruded tubing 
from both major manufacturers have been reported (10). 
These stresses were shown to vary significantly through the 
wall of the tube, especially in the vicinity of the stainless 
stee/carbon steel interface. For both suppliers, the axial and 
tangential stresses were compressive on the outer surface of 
the stainless steel. The d a c e  stresses had a cyclic pattern 
around the c i d e r e m  of the tube, and measurements 
showed a similar pattern in the hardness as measured in the 
axial direction along the surface of the tube. The cyclic ~ t ~ r e  
of the stresses and the hardness are most likely the result of 
the final processing step, straightening, and the manner in 
which the tube advances through the straightener. 

_ _  _ _  

These measurements show that despite the variation in stress 
values, as-fabricated 64 mm (2% inch) OD 304UCS tubes at 
room temperature have compressive axial and hoop stresses 
in the d a c e  layers. For 76 mm (3 inch) OD 304LICS tubes, 
the measured residual stresses show greater variability, tensile 
at some locations and compressive at others. 

To determine if exposure in a recovery boiler has an influence 
on the residual stresses in composite tubes, tube panels were 
removed fTom operating mills and analyzed with X-ray or 
neutron difktction. A two-tube section of64 mm (2% inch) 
OD 304UCS tubes was examined with X-ray diffraction to 
determine the surface residual stresses on both sides of the 
section. To determine the through-thickness stress profile, a 
single-tube section of 3 inch OD 304USA210 composite 
tubes was measured with neutron dif€raction. Figure 3 shows 
the surface residual stresses obtained by X-ray diffraction at 
the surface of the two-tube section. The fireside exhibits a 
Merent residual stress state than the cold side after service. 
For both axial and hoop stress components, the fireside 
stresses on the crown of the tube are tensile with a maximum 
of 300 MPa, while the cold side stresses on the crown are 
neutral or compressive. The through-tbickness stress profile 
determined by neutron diffraction on the single-tube 
specimen is shown in Fig. 4. Here, both the fireside and cold 
side stresses are tensile after senice; however, the fire-side 
exhibits higher tensile residual stresses than the cold side. 
The maximum tensile stress on the surface is about 250 MPa. 
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Figure 3 Hoop, u, and axial, a, surface residual stress 
measured on an exposed two-tube panel. Schematics of the 
specimens are shown on !he side where the black doh 
indicate locations of X - r q  measurements. The shaded areas 
were not accessible to X-ray difiaction measurements 
because of geomepic constraints. 

These experimental results indicate that after exposure of the 
tubes to senice conditions, the residual stresses in the 
composite tubes have become tensile on the fire-side at room 
temperature. The marked dif€erence in magnitude of residual 
stress between the fire and cold sides of the tubes shows that 
the tensile residual stress on the fire-side must be due to 
senice, rather than fabrication of the panels. 

A number of alternative materials have been proposed as 
replacements for coex-truded 304USA210 composite tubing. 
One being tried in limited portions on boiler floors is Alloy 
625 applied as a weld overlay on carbon steel tubes. The 
through-thickness residual stress profile in an as-welded 
Alloy 625/&n steel tube was evaluated by neutron 
diffraction, and results are shown in Fig. 5. Tensile stress 
regions were found in the weld metal as well as in the heat- 
affected zone in the carbon steel. The maximum tensile ~~JIXS 
of 360 MPa, which is about 75% of the 0.2% yield strength of 
the weld metal, was located in the weld overiay. The 
experimentally determined residd stress profile was 
compared with the results of a finite element analysis 
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Figure 4 Through thickness residual stress profile 
determined by neutron diflraction in an exposed tube. 
Residual stresses in the carbon steel on the cold side could 
not be evaluated. 

conducted in parallel with finite element modeling 
(1 1,12). It was found that the modeling results are in very 
good agreement with the experimental data, as is shown in 
Fig. 5. Subsequently, a similarly prepared weld overlay tube 
was heat-treated at 900°C before the residual stresses were 
measured. It was found that the residual stresses originally 
present as a result of tube fabrication had nearly vanished 
(1 1). 

The X-ray and neutron diffraction data provide very 
important information about the room temperature stress state 
of composite tubes, but measurements under the operating 
conditions of a recovery boiler are not possible. However, 
finite element modeling can use the measured room 
temperature stresses and predict what would exist at 
operating conditions. Such modeling has been used to predict 
the stresses at operating conditions as well as to determine the 
effect of various thermal cycles on stresses. 

Finite element modeling. 

Each step in the manufacture of a composite tube introduces 
some stresses into the material, from the initial extrusion to 
welding through to installation in the boiler as part of a wall 
or floor panel. The contribution of each step in the 
manufacturing process on the development of residual 
stresses in the final fabrication can be dculated by finite 

element modeling. This information is partidarly important 
when evaluating residual stresses which develop in and 
around the tube-to-membrane weld joint because these are 
especially detrimental to the integrity and the service 
behavior ofthe welded part. High tensile residual stresses in 
the region near the weld could promote failure by any of tbe 
postulated mechanisms. 

~~ _ _ ~  ~ 

Figure 5 Through-thickness residual stress profile in a neld 
overlay tube. n e  dashed lines are calculationsflorn a finite 
element analysis. (a) Axial sfress, a, (6) Hoop stress, uee 
and (c) Radial stress, a, 

The first consideration in the finite element (FE) analysis to 
be addressed was the tube-membrane weld cross-section. 
Welding simulation m a s  performed such that the weld on one 
side of the membrane ws made first, the tube was cooled to 
room temperature, then the weld on the other side was made. 
The analysis was performed for the 304USA2 10 composite 
tube with Type 3 12 stainless steel weld material. The stresses 
that result from welding during panel fabrication along mi& 
the stresses which develop at service conditions because of 
internal pressurization and elevated operating temperatures 
were subsequently used in the three dimensional modeling of 
the floor tubes. 

A FE model for thermal analysis of the smelt-tube-fluid 
system was developed to thoroughly determine the 



temperature distribution in the circumferential and radial 
directions of the tube at normal operating conditions and 
during temperature excursions. A relatively severe 
temperam excursion on a small segment of the tube surface, 
measured by a thermocouple (TC) positioned on the crown of 
the tube and represented in Fig. 6, was used to estimate tbe 
tube temperature expected during one of these thermal 
excursions. It was assumed that the temperature measured by 
the TC mrresponds to the smelt temperature 3.2 mm (In in.) 
from the tube surface, which is higher than the tube surf= 
temperature. The temperature at the tube surface was 
calculated based on the assumption that the molten smelt is at 
800°C and temperature decreased linearly through the 
solidified smelt layer. The time dependent temperature 
distribution was used in the 3D model along with the residual 
stresses from manufacturing and the in-senice loading to 
analyze the stress state during and after the temperature 
excursions. 

Figure 6 Typical temperature excursion measured by nfloor 
thermocouple. 

In order to define the stress and strain states in a composite 
tube as the result of operation, three Werent temperature 
cycles were used: 

- heating to opeding temperature and back to rcmm 

- two consecutive appearances of hot spots at the 

- steam blanketing during the hot spot appearance. 

temperature - two cycles, 

same location, and 

Figures 7-10 show the temperature variation and the 
corresponding hoop and axial stress components of the tube 
crown on the fireside surface for these different cycles. The 
results for the first condition (cycling to a typical operating 
temperature) show that the compressive stresses at operating 
conditions exceed the yield stress of the 304L SS layer, which 
is around 100 h4Pa at 300°C. Surface stresses on the crown 
of the tube at mom temperature after the first cycle are tensile 
and considerably higher than the original residual stresses 

from manufacturing. Plastic deformation in the stainless steel 
layer is not significant. 

Since the model predicted a transition from compressive 
surface stresses on the tubes at operating temperatures to 
tensile stresses at ambient temperatures, thenno-mechanical 
analysis of the cooling transient was then performed to 
determine the temperature at which the transition occuts. It 
was assumed that linear variations of temperature and 
internal pressurization occurred with time (temperature 
variation from 315 to 20°C and pressure variation from 8.6 to 
0 MPa in 300 minutes. As shown in Fig. 8, the stresses at the 
surface of the 304L SS layer become tensile when the 
temperature drops to 270°C and the material reaches its yield 
stress when the temperature reaches approximately 220°C. 
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Figure 7 Temperature and stresses for case I .  
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The results for the second case show that the high 
temperature gradient through the tube thickness and the 
thermal expansion mismatch result in high stresses and 
extensive yielding in the 304L layer. Also, compressive 
svesses at the operating conditions exceed the yield stress. A 
temperature excursion causes higher compressive stresses and 
considerable yielding. Returning to operating conditions 
causes stress reversal - high tensile stresses which exceed the 
yield stress. Stresses at n o d  operation after the 
temperature excursion remain tensile at the location of the hot 
spot. The second temperature exausion causes additional 
yielding which results in even higher tensite stress &er the 
excursion. Cooling to room temperature introduces 
additional yielding and raises the stresses, which are already 
tensile before cooling. A single temperature excursion can 
produce an equivalent plastic strain of about I%, whereas the 
cumulative equivalent plastic strain at the location of multiple 
temperature excursions can easily reach 2% or more. 
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figure 9 Temperature and stresses for case 2. 

The resutts of the third case show that a higher tube 
temperature, which is due to steam blanketing, causes a 
pronounced effect of lateral constraint and thus larger 
deformation and yielding of the carbon steel layer. The 
presence of steam blanketing causes higher temperatures at 
the inside tube surface, which means a smaller temperature 
gradient through the tube thickness. The constraints provided 
by adjacent tubes relieve the high compressive hoop stresses 
and possibly cause small tensile stresses at the fireside d a c e  
during temperature excursions [instead of causing even 
higher compressive stresses (case 2)], which agrees with 
predictions of previous models (10). Stresses at the 304L 
layer are tensile after the temperature excursion and remain 
tensile during operation. Stresses in this case are lower due 
to the smaller temperature gradient through the tube 
thickness. 
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Figure 10 Temperature and stresses for case 3. 

Thermal Fatigue Evaluation of 304L Stainless Steel 

Because of the signifcant difference in thermal expansion 
coefficients of 304L stainless steel and carbon steel, there has 
been speculation that thermal fatigue might be responsible for 
this cracking. Analytical, experimental, and metallurgical 
studies by Egnell and Tornblom (1 3) suggested that fatigue 
cracking could occur for critical combinations of temperature 
change, hold-time temperature, and cycles. They compared 
their results against fatigue design c w e s  in the ASME sed. 
111 high temperature code case (now Sect. m, Div. 1, Subsect. 
MI> and concluded that the useM life of the tubes could be 
“estimated from a theoretical stress analysis and information 
on the fatigue properties for the materials at the highest 
temperature of the thermal cycle.” To further investigate the 
problem of floor tubes in recovery boilers, tasks were 
undertaken to: (a) review fatigue in constituent alloys, (b) 
produce data to assist in the analysis efforts, (c) fatigue test 
tubes, and (d) determine cracking patterns for various 
thedmechanical loadings for comparison with in-service 
cracking characteristics. 

The design c w e s  in the ASME Code Sect. HI, Subsect. MI 
were based on isothermal testing of relatively coarse-grained 
300 series H-grade stainless steels. Both mechanical and 
t h e d  fatigue data for 304H and 304L were collected for 
comparison with the ASME design curves (14-lS), and it m a s  
observed that the ASME design c w e  for 427°C is 
conservative relative to thermal fatigue data even when the 
maximum temperature in the thermal fatigue cycle is well 
above 427°C (see Fig. 11). Additional exploratory isothermal 
testing of 304L stainless steel was undertaken for comparison 
to the design m e .  A very fine-grained material (annealed 



at 927°C) was produced to simulate the cladding and tested 
in fatigue at 600°C with a 1% strain range and a 0.1 hour 
hold time at the peak temperature. A sample failed at a life 
longer than given by the design curve for 427"C, as shown in 
Fig. 12. A second sample was cold morked 50% by rolling to 
simulate the highest hardness observed in the cladding. 
Under testing conditions similar to the annealed material, the 
sample exhibited a fatigue life well wand the ASME design 
curve for 427"C, as shown in the same figure. A thermal 
fatigue test was undertaken in which the specimen was cycled 
between 300°C and 450°C with a s~perimposed mechanical 
strain to achieve 0.77% strain range. The specimen exceeded 
3500 cycles without cracking. However, several issues need 
to be resolved before fatigue damage in the 304L stainless 
steel cladding can be estimated These issues concern the 
identification of the peak temperature, the time sustained at 
the peak temperature, the strain accumulated in a cycle, and 
the number of cycles. 
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Figure 11 Comparison of 304 stainless steel 
thennaVmechanical fatigue data with the ASME Sect. III, 
Subsect. NH design curve for 304Hstainless steels at 427 "c 
(800 OF). 

As part of an effort to set a limit on the upper temperature, 
sections of composite tubes were aged at 545 and 480°C for 
times to 550 h and examined metallographically. At 545"C, 
metallurgical changes at the cladding interface could be 
obsemed after times as short as 18 burs. At 480"C, 
metallurgical changes could be Seen after times as short as 24 
hours. The coarsening of the carbide structure at the interface 
was clearly visible in both cases (see Fig. 13). No such 
carbide coarsening was observed in failed tubes, which 
indicates that no significant times mere accumulated above 
480°C. Ifit is assumed that rapid 300 to 450°C transients 
OCCUT which are experienced only by the stainless steel, then 
the maximum strain increment in the 304L stainless steel 
cladding would not exceed 0.3%. Amrding to the ASME 
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Figure 12 Comparison of fatigue for fine-grained 304L 
stainless steel with the A W E  Sect. III, Subsect. NH design 
curve for 304H stainless steels at 427 "c (800 m. 
design curves, the fatigue life would exceed 10,OOO cycles. 
Actual fatigue data indicate a fatigue life beyond 100,OOO 
cycles. 

The cracking of the fatigue specimens was examined for 
comparison to the cracking patterns in exposed cladding. 
Cracks produced in the fine-grained 304L stainless steel were 
transgranular with multiple branching as shown in Fig. 14, 
and this cracking mode was consistent with observations 
reported in the literature for fatigue at 600°C and below. 
Differences in the transgranular cracking associated with 
stress corrosion and fatigue have not been distinguished to the 
extent necessary to discern one mechanism from the other, 
although the stress corrosion cracks often are more numerous 
and tend to follow crystallographic directions in the austenitic 
stainless steels. In uniaxial fatigue tested specimens, cracks 
were moreix-less normal to the axial stsess with no 
crystallographic preference. Composite floor tubes, of course, 
are in a multiaxial stress state, and cracking patterns under 
such stresses are dictated by the stress state (19,20). Since the 
superposition of the thermal stress on the normal stress state 
of a pressurized tube involves a degree of nonproportional 
loading, the direction of cracking in the tubes would be 
difficult to correlate with the cracking of uniaxially stressed 
test specimens. 

Transmission Electron Microscopy Microstructural 
Studies 

m e n  the presence of fatigue loads can be observed in the 
dislocation substructure by transmission electron microscopy 
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Figure 13 Metallurgical changes at the cladding interface of 
a composite tube resulting fiom high temperature exposure: 
(a) as-received; (b) alter 24 hours at 480 “c. 

Figure 14 Transgranular fatigue cracking o fJne-grained 
304L stainless stee I tested at I % strain range and 600 “c with 
a hold time of 0.1 h per cycle for 730 cycles. 

0, and information on 304 and 303L stainless steels is 
widely available in the literatUte (2 1-24). At high 
temperatures (above 600°C) and large strain ranges (above 
1% strain range), it has been established that dislocation cells 
or subgmins form whose dimensions can be correlated with 
the cyclic stress range (2 1). At lower temperatures and small 
strain ranges, hower,  the dislocation substructures 
developed in fatigue are quite sensitive to testing conditions. 
Planar arrays of dislocations, tangles, cells, and Iabyrintb 
stntctures have been reported under thedmechanical 
loading conditions (22-24). 

Previous studies examined the substructure in a fine-grained 
304L specimen iahermally fatigued at 300°C and compared 
this substructure to that observed in 304L cladding from three 
composite tubes that cracked in senice (10). Two of the 
tubes were in service over ten years, and the third tube was 
removed after 18 months. The isothermally cycled test 
specimen revealed a substmcture with a iow concentration of 
network dislocations and some h e  loops and stacking faults. 
The specimen appeared to be in the early stages of forming 
cellular networks (about 1-2 pm in diameter) characteristic of 
fatigue deformation at large strains (21). In contrast, the 
substructure near the surface of the 304L stainless steel 
cladding from the long-term service tubes consisted of very 
dense dislocation networks similar to cold-worked (>20% 
strain) stainless steel (25). The substructure in the composite 
tubes was not judged to be comparable to the substructure in 
the fatigued specimen. Studies of the composite tube exposed 
for 18 months revealed that the near-surface and midclad 
substructures differed. The near-surface had a dense 
dislocation structure with clearly defined cells. The midclad 
substructure consisted of a low concentration of loose network 
tangles. The cellular structure near the surface was judged to 
be an indication of fatigue loading. This finding stimulated 
more detailed studies which involved (a) E M  examinations 
of an unexposed composite tube, @) determination of 
hardness profiles through the cladding of new and exposed 
composite tubes, (c) TEM examination of a thermally 
fatigued test specimen, and (d) examination of tubing that 
cracked after long-term senice. 

The TEM analysis of the new composite tube showed a much 
Iarger difference between the near-surface and midclad 
dislocation structures than observed in the exposed tube. As 
before, the substntaure in the cladding w w  examined at two 
locations; near-surface and midclad. The near surface 
location was within 0.13 mm of the exposed surface, while 
the midclad location was 0.8 mm below the exposed surface. 
The near-surface substructure of the new tube, shown in Fig. 
15% consisted of a very dense network of dislocations 
including bands laying along 4 1 I> crystallographic 
directions within the grains. Such substructure is 
characteristic of heavy cold work. By comparison, the mid- 



clad substructure, shown in Fig. 15b, consisted of a low- 
density dislocation network characteristic of mill-annealed 
material. To confirm the severe difference in through- 
thickness microstructure, hardness measurements were made 
across the stainless steel layer. Consistent with the observed 
dislocation microstNctural differences, the cladding of the 

new tube was much harder at the d a c e  (>350 Vickers 
hardness) than at the midclad location (a- 170 Vicken 
hardness). The hardness gradient was very steep near the 
surface. Hardness profiles were then determined througb the 
cladding of one previously examined tube (18 month 
exposure), and it was found that the near-surkx hardness 
was in the 280-325 Vickers range, while the midclad 
hardness was in the 190-200 Vickers range. The less severe 
hardness gradient in the exposed tube was consistent with the 
smaller difference in dislocation substructure observed earlier 
(IO). The diminishing of the hardness gradient through the 
cladding would be expected if the cladding were exposed to 
htigue which teads to harden annealed microsbuctures and 
d e n  cold-worked microstructures. The tesuhs of fatigue 
tests on annealed and cold-worked specimens at 600°C 
exhibited such a trend. 

Experimental studies of 304L under thermahechanical 
fatigue indicated that hardening could be more rapid if plastic 
straining occuls in a region of temperature and strain rates 
where dynam~c strain aging occurs and that substnrcture is 
similarly influenced (22,23). A thedmechanical fatigue 
experiment was performed on a fine-grained 304L specimen 
to examine this phenomenon. The specimen was thermally 
cycled under 111  restraint (0.5% strain range) between 300 
and 600°C with a 0.1 h hold time at 600°C. As indicated in 
Fig. 16, the cycle-to-cycle hardening was more rapid than in 
isothermal tests performed at higher strain ranges 
(approximately 0.7%) at both 300 and 600°C. The TEM 
investigation of the thermaYmechanical fatigue specimen 
tested for 200 cycles revealed a very dense tangle of 
dislocation networks and loops. The features Bere uniformly 
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figure I5 TEMmicrographs showing the difference in the 
substructure studies; (a) near-surface; fbl middad. 

Figure 16 Comparison of cyclic hardening mder 
thermal/mechanical cycling with isothermal strain cycling. 



distributed throughout the matrix and cellular arrays were 
absent (Fig. 17a). Another important detail was the high 
concentration of kinks and jogs along individual dislocation 
segments. The substructure differed from the fatigue 
substructure shown in Fig. 1% that was produced by 
isothermal cycling at 300°C. 

Examination of cracked cladding from additional longtime 
exposed tubes revealed little-or-no gradients in substructure 
from the near-surface to the midclad section. Both the near- 
Mace and midclad substructures were qualitatively similar 
to the submcture observed in the thedmeehanical test 
specimen in the sense that loops and kinked dislocation 
segments were present in both types of specimens. Overall, 
the dislocation density was lower in the exposed cladding 
than in the thermally cycled specimen. Specimens were 
examined from the cracked and uncracked regions of the 
exposed cladding, and the substructures were found to be 
similar. 

Clearly, the microstructure and mechanical properties of th 
304L cladding changed significantly during service relative to 
the as-manufactured cladding. Further, there is some 
evidence that thedmechanical cycling is a major factor in 
causing these changes. However, the rate at which 
thennaVmechanical cycling modifies the substructure is mt 
yet known. More importantly, the role that the substructun 
plays in the development of cracking has yet to be established. 

Stress Corrosion Cracking Studies 

In parallel with the thermal fatigue studies are studies to 
identify environments likely to cause SCC of the outer 304L 
stainless steel layer on oomposite tubes. Recent studies ha% 
concentrated on mechanisms that can cause cracking at 
temperatures below tube operating temperature; Le. during 
water washes, shutdowns or startups. Most of the 
experiments have been conducted with U-bend specimens 
made from strips of 304L. The strips were approximately 

Figure 1 7 TEM substructure produced by fatigue testing olfine-grained 304L stainless steel (a) thermaWmechanica1 cycling 
between 300 and 600 “c with 0.5% strain range; @) isothermal cycling at 300 “c and 0.7% strain range. 



3 mm (- 1/8 in.) In thickness and about 93 mm (3-2/3 in.) 
long. C-rings cut from a variety of composite tubes have also 
been used. The stresses in the specimens were not measured, 
but all were stressed past the yield point. The procedure 
followed was to cover the stressed portions of the specimens 
with the salt, and then heat to the desired temperature in a 
muffle furnace for a length of time that varied from 24-f0 
hours. 

These studies have shown that SCC will occur in 304L 
stainless steel in pure molten hydrate of sodium sulfide, 
Na.$-9H20 or a mixture of N%S9H2O + NaOH, where the 
NaOH content varied from 0-10 wto/o. The cracks which 
formed in these tests trpically followed a transgranular path 
(Fig. 18). The principal direction in which the cracks 
propagated was perpendicular to that of the applied stress. but 
cracks often branched at a 45" angle hear the mid-point of 
the specimen thickness. 

Similar C-ring tests have been conducted on a number of 
other boiler floor materials, including Sanicro 38 (modified 
Alloy 825) on carbon steel, carbon steel tubing with a weld 
overlay of 309L or Alloy 625, and centrifugally cast, then co- 
extruded, 3 10 stainless steel on a Cr-Mo alloy steel core. 
Resistance of these aUoys to SCC was assessed simply by 
comparing tbe lengths of the cracks produced after 24 hours 
exposure. The 304L and the 309L showed poor resistance, 
and the cracks progressed very close to or all the way to the 
interface (1.6-1.8 mm). In the 3 10 stainless, the longest 
crack was approximately 325 pm. In the modified 825 alloy, 
cracks were less than 50 pm in depth. No cracks were found 
in Alloy 625 or one sample of carbon steel that was tested- 

These tests were conducted to examine the possibility that 
SCC of composite tubes could be occurring during a dry-out 
fire, or start-up of a boiler after a water wash. It was 
postulated that the surface of the tubes under those conditions 
would be covered with a highly concentrated solution 
containing the salts present in remnants of the smelt bed. 
The results are significant because they demonstrate that 
rapid initiation of stress corrosion cracks is possible when 
they are exposed to an environment thought to be realistic, 
within a temperature range where Gnite element analysis has 
calculated that large tensile stresses will be present on the 
surface of the tubes. Additional experiments are planned to 
better quanti@ SCC under these conditions, and to explore a 
range of salt chemistry which promotes SCC. 

Analysis of Wash Water Samples 

Figure 18 Micrograph showing cracks in 304L stainless steel 
as a result of exposure in pure NaJ.9H20 at 165 "c for 165 
hours. 

In tests at temperatures significantly below the boiling point 
of the salt (- 150°C) SCC did not occur, nor was it observed 
at temperatures above the boiling point (-200°C) where the 
salt will quickly dry. SCC only occurred at temperatures 
approaching h e  boiling point of the hydrated salt, that is 
about 170°C. It was also found that it couid be promoted by 
repeatedly heating the hydrated salt above its boiling point, 
then cooling and rehydrating the salt by adding a small 
volume of water. 

In C-ring tests of 304USA210 composite tubing in a salt 
mixture of 90% N%S*9H2O + 10% NaOH, the progression of 
cracks in the 304L was quite rapid; cracks reached the 
stainless SteeUCarbon steel interface in a 48 hour test. In all 
the tests conducted thus far, there has not been a single case 
where a crack has proceeded across the interfa= between the 
stainless steel outer layer and the carbon steel core. 

Since the presence of an aqueous solution of Na,S would only 
be expected during a time when water had been introduced 
into the boiler, samples of wash water were collected and 
analyzed to determine the concentration of Na,S and other 
compounds of interest. The results of the analysis of one set 
of samples from a mill in the southeastern U.S. (26) are 
shown in Table 1. These results indicate that the pH of the 
wash solution remained fairly constant with measured levels 
ranging from 11.5 to 1 1.9, while the concentration of many 
components decreased with time. The sullide concentration 
was quite low (4.1%) and remained fairly constant with 
time. The table also show the approximate floor tube 
temperature at the time the samples were being collected. 
These data indicate that, for this particular boiler, the floor 
tube temperature was around 80°C at the time wash water 
reached the boiler floor. Consequently, during the initial 
stages of the shutdown, conditions did not exist €or SCC to 
occur by the mechanism described in the previous section. 
Additional wash water samples have been or Will be collected 
and analyzed, and these results will significantly expand the 
data base on this material. 



Table I Wash water sample anaIysis results as a function offroor tube teniperature during the water wash. 

Smelt Corrosion Studies of Alternative Materials 

Information accumulated to this point strongly suggests that a 
material other than 304L stainless steel will likely be required 
for the surface of floor tubes exposed to the boiler 
environment. One consideration in the evaluation of 
alternate materials will be their resistance to general 
corrosion in the most extreme environment expected to be 
seen by a boiler floor, molten smelt. Tests were conducted in 
a polarization cell constructed especially for molten salt 
studies and used smelt with a nominal composition of 70 wt% 
Na,CO,, 22 wt% Na,S, 4 wt% Na,SO,, and 4 ~ 1 %  KCI (27). 
Corrosion rates measured using a polarization resistance test 
are shown graphically in Fig. 19. Alloy 825 and 304L 
stainless steel followed by several iron-base high Cr alloys 
had the lowest corrosion rates in tests in ''typicalm smelt. 

A second series of corrosion tests was also conducted in a 
lower melting temperahm smelt containing higher 
concentrations of potassium and suIfur in order to have a 
composition more like that reported by Koivisto and fiiskila 
(9) to be present immediately adjacent to floor tub .  Results 
ofthese tests are shown in Fig. 20. This smelt was 
considerably more corrosive, and the iron-base high Cr alloys 
had the lowest corrosion rates. 

CONSIDERATIONS IN THE SELECTION OF 
ALTERNATIVE MATERIALS 

Several approaches can be used to prevent cracking of 

composite floor tubes. A material can be selected that does 
not experience cracking in the environment of a boiler floor. 
However, a complete and comprehensive understanding of the 
cracking mechanism has not yet been reached. On the other 
hand, the problem can be addressed from another direction 
since tensile stresses, possibly as high as the yield strength of 
the stainless steel, are essential for cracking to occur. Either 
a tube design could be adopted in which distinct layers of 
different composition are not present, or a material could be 
selected for the outer layer such that tensile stresses do not 
develop during operation. In order to iden@ acceptable 
materials for the outer layer of b i m d c  tubes, a modeling 
study has been initiated. 

In a previous section of this paper, FE calculations were 
canied out for coextruded 304USA210 composite tubes in 
three different thermal transient conditions. There are other 
materials that will be considered in the futuw, weld overlay 
309WSA2 10, coextruded Alloy 825ESA2 10, weld overlay 
Alloy 625/carbon steel, coextruded Alloy 625fSA210, 
chromized carbon steel, and, possibly, other cambinations or 
metal sprays. Instead of performing numerous caldations 
for diffeerent material combinations, a response surface (RS) 
study was initiated to provide a generalized solution of the 
problem. The stress response at some par t iah  locations in 
the tube to variations in some material parameters [coefficient 
of thermal expansion (CTE) and yield stress, ay] was 
evaluated. A defined range of mat& parameters covers the 
currently used materials as well as most engineering 
materials which might possibly be used as alternative overlay 
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Figure 19 Corrosion rates of selected alloys in typical composition molten smelt. 
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Figure 20 Corrosion rates of selected alloys in potassium-sulfur-rich molten smelt. 

materials. The study will provide an answer on the desirable 
overlay material characteristics for the optimum mechanical 
behavior during boiler operation. 0". 

-the range from 0.9~10" to 2.1~10" '(J' was considered for 
CTE and the range from 100 to 700 MPa was considered for 

The following assumptions were made in order to initiate the 
RS analysis: 
-SA210 carbon steel material was considered as a base tube 
material in all calculations, 
-thermal properties of SA2 10 &n steel were considered for 
the base material and for the overlay material for all thermal 
analyses (assembly welding and in-service heating), 
-the same residual stresses from extrusion were used for all 
-3 

-yield stress was assumed to decrease linearly to 10 MPa at 
1200°C. and 

Fk computations were performed at nine CTE - aY which are 
distributed inside the selected CTE - cry region according to 
the RS computational design, called Rotational Central 
Composite Design (28). 

Calculations have been CompIeted for the temperature 
transient from morn temperature to operating tempera- 
and back to room temperature. Figures 21a and b show the 
calculated hoop stresses at the Greside surface of the tube 
crown at service conditions and at room temperature, 
respectively, as a function of CTE and oy of the overlay 
material. 



In order to avoid stress conditions under which stress 
corrosion cracking or thermal fatigue could OCCUT, tensile 
stresses on the tube surface should be avoided and stresses 
should not exceed the elastic limit anytime during service. 
An evaluation of the Rs results was made according to the 
selected criteria; stresses are compressive and smaller than 
yield stress. This evaluation was based on the hoop and axial 
stress components calculated at the fireside surface of the tube 
crown and at the fireside d a c e  of the membrane during a 
normal operating transient (from room temperature to 
operating conditions and back to room temperature). The 
result is presented in Fig. 22 which stfows &he region (dark 
shaded) of a recommended overlay material that always 
satisfies the "smaller than yield stress" criterion, and satisfies 
the "compressive stress" in all cases except for the axial 

Figure 21 Hoop stresses at service conditions and aJer 
service as functions of CTE and 5 of the overlay material. 

stresses at the membrane fireside surface. By considering the 
properties of the various alloys that are viewed as candidates 
for the outer layer, it is clear that Alloys 825 and 625 saWy 
these criteria. Future calculations will evaluate the capability 
of these and other alloys to saw the "yield stress" and 
"compressive stress" criteria. 
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Figure 22 Region of recommended materials in terms of CTE 
and uu for the overlay material. 

SUMMARY 

Although the cause of cracking in 304USA210 composite 
floor tubes has not been determined, considerable progress 
has been made in characterizing the cracking, as well as in 
defining the stresses developed in tubes as a result of 
operation. Information provided by mil ls  and boiler 
manufacturers confirm that shortduration temperature 
increases do OCCUT on boiler floor tubes, and, whiIe these 
fluctuations may usually have a magnitude of considerably 
less than 50C", fluctuations of 150 C" or greater do occur 
occasionally. In addition to the generally acknowledged 
wide, transgranular, relatively unbranched cracks that are 
seen in composite tubes, short, narrow, transgranular cracks 
with some branching are also present at the surface of the 
stainless steel layer. 

Finite element modeling predicts, and X-ray and neutron 
diffraction studies have confirmed, that tensile stresses 
develop on the surface of 304USA210 tubes below the 
operating temperature as a result of t h e d  cycles between 
mom temperature and operating temperature. In areas where 
thermal excursions of si@cant magnitude OCCUT, tensile 
stresses can develop at operating conditions. 



Based on fatigue studies and TEA4 examination of samples, 
the evidence obtained to date does not support thermal fatigue 
as the sole mechanism causing cracking of composite tube. 
Examinations do indicate that previously exposed tubes have 
been subjected to some thermal cycling such that some effect 
on properties has resulted. 

SCC studies have shown that Na$9H20 causes cracking in 
304L stainless steel in laboratory tests in the 150-200°C 
temperature range. Tests are continuing on co-extruded tubes 
of different compositions, tubes with weld overlays of 
different compositions, and tubes with a diffusion applied 
surfdce layer. Further t a g  will also be done to determine 
if the stresses and compositions are representative of those 
experienced in recovery boiler floor tubes. 

Modeling studies have been initiated to define the range of 
alloy properties (thermal expansion coeflicient and yield 
strength) under which the stresses developed on the surface of 
a composite tube do nd become tensile and do not exceed the 
elastic limit. Initial results for normal operating conditions 
indicate that Alloys 825 and 625 satisfy these requirements. 

These results suggest that minimizing the magnitude of hot 
spots may keep the surface stresses in wmposite tubes 
compressive during operation. It aiso appears prudent to 
avoid situations where wash water is allowed to remain in 
contact with floor tubes, especially when the floor tubes are in 
the temperature range of 150-200°C. 
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