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INVESTIGATION OF THE LIQUID LOW-LEVEL WASTE EVAPORATOR STEAM 
COIL FAILURE AND SUPPORTING LABORATORY STUDIES* 

S. J. Pawel, J. R. Keiser, and H. F. Longmire 

ABSTRACT 

Using a remote video camera, the internals of a low-level waste evaporator tank 
(termed 2A2, type 304L stainless steel construction, known to have failed steam coils) 
were inspected. This inspection revealed at least three rather substantial holes as 
opposed to crack- or pit-like leak sites near the nominal solution level position on one 
particular steam coil. This section was removed from the evaporator vessel, and 
subsequent hot cell examination revealed extensive general corrosion on the process side 
of the coil with little or no attack on the steam side. Hot cell metallography confirmed 
intense general corrosion on the process side and, in addition, revealed shallow 
intergranular attack at the leading edge of corrosion. No pits or cracks were detected 
in this section of the steam coil. Laboratory corrosion tests with coupons of 304L (and 
other high-alloy materials) isothermally exposed in a range of solutions similar to those 
expected in the evaporator reveal only very low corrosion rates below 40% sodium 
hydroxide and the solution boiling point. However, "dried film" experiments revealed that 
much more dilute solutions became aggressive to stainless steel due to concentrating 
effects (evaporation and periodic wetting) at the air/solution interface. The high general 
corrosion rates observed on the failed coil section occurred at or near the air/solution 
interface and were attributed to such "splash zone" activity. 

1. INTRODUCTION AND OPERATING HISTORY 

The liquid low-level waste (LLW) evaporator system collects dilute radioactive wastes from 
a variety of facilities across the Oak Ridge National Laboratory (ORNL). As originally generated, 
the various wastes are typically acidic, but these are neutralized with an excess of caustic prior to 
evaporation. In batch processing, these alkaline wastes are heated (with steam coils inside a tank), 
and water is evaporated to reduce the volume of the wastes. Subsequently, the waste concentrate 
is stored in the Melton Valley Storage Tank system. The waste concentrate typically includes a 
high fraction of insoluble solids, mostly hydroxides and carbonates, in a thick nitrate-slurry of pH 
near 13. 

•Research sponsored by the U.S. Department of Office of Environmental Waste, U. S. 
Department of Energy under contract DE-AC05-84OR21400 with Lockheed Martin Energy 
Systems. 
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The evaporators are vertical, type 304L stainless steel (hereafter called 304L) tanks on the 
order of 10 ft in diameter and somewhat taller. Seven helical steam coils (also 304L stainless 
steel) enter the vessel near the top of the tank, wind in concentric circles near the bottom, and 
then exit the vessel at the top. The coils carry steam at about 35 psi (about 125° C) for heating 
the solution. 

The performance of the evaporators has been largely successful, but there have been a few 
incidences of steam coil failures. The original evaporator,1 termed A2, was designed in 1962 to 
meet requirements of Section VIII of the American Society of Mechanical Engineers (ASME) 
Pressure Vessel Code, was fabricated at ORNL, and was commissioned in 1965. This evaporator 
operated on and off into the mid-1980s without steam coil failures. A second evaporator, termed 
2A2, and a "spare" were built in the mid-to-late 1970s from essentially the same drawings as the 
original unit but were fabricated by an outside vendor to meet the somewhat more stringent 
requirements of Section III (nuclear vessel) of the ASME Pressure Vessel Code. The second 
evaporator (2A2) was commissioned ca. 1980. Within 2 years, one of the steam coils in the new 
evaporator failed, and shortly after, two more coils failed. Except for a few brief shutdown 
periods, the 2A2 evaporator was operated for some time on a batch basis with the failed steam 
coils plugged. 

The original failure analysis1 of the 2A2 steam coils was necessarily limited. No physical 
observation of the failed surfaces, or even determination of the specific failure site, was possible 
due to the need for continued operation and the presence of a radioactive environment. However, 
four plausible causes of failure could be postulated: 

1. a basic defect or flaw in the coil design/specification, 

2. inherent material defect or one incurred during fabrication, 

3. damage to the coils during shipment from the vendor site, and 

4. off-design operation of the unit for an unspecified time. 

A basic defect or flaw in the design was believed to have a very low probability due to the 
successful operation of the steam coils in the original A2 unit. The A2 unit was built from the 
same drawings and, at least on paper, to a less stringent ASME code than the 2A2 unit. Further, 
coil-in-a-tank technology is standard, and the rather thick wall pipe specified for the coil was 
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considered very conservative. An inherent material defect was also considered as having very low 
probability, primarily because the paper trail of quality assurance steps was deemed to have been 
both signiGcant and appropriate to eliminate any reasonable problems. 

Damage to the coils during shipment from the vendor was assigned a slightly higher 
probability of occurrence. The two newer units (the 2A2 and the spare) were shipped in a 
horizontal configuration even though they had been designed to be operated in a vertical 
orientation. The thought was that, due to lack of proper support, the coil bundles may have been 
subject to vibrational (fatigue) loads during transit that substantially weakened (cracked) the 
flexure points near the coil inlet/outlet positions at the top of the tank. Since the location of the 
coil failures was unknown at the time of the original investigation,1 this possible cause was not 
definitively ruled out. 

Operation of the evaporator under off-normal conditions was assigned some credibility. In 
at least one documented case, it was discovered that the evaporator feedstock was very acidic (pH 
near 1) rather than the nominal alkaline solution. Although the dates given in the original failure 
report1 do not seem consistent, it was suggested that at least one such process upset occurred 
when the 2A unit (which never experienced coil failure) was out of service. The implications of 
the temporary acidic condition are not particularly straightforward, but one concern was that of 
chloride stress-corrosion cracking (SCC) of the steam coils in this environment. Since the 
evaporator operated with coils partially exposed (instead of fully submerged in liquid) to act as 
foam breakers, chloride salts could concentrate to dangerous levels on the hot portions of the coils 
just above the solution line. During acidic operation, this could lead to chloride-induced SCC of 
the coils. It was pointed out that simple caustic SCC could occur by essentially the same 
mechanism. (Although not discussed in ref. 1, it is likely that the high nitrate concentration in the 
evaporator environment effectively inhibited caustic cracking.) 

However, the manner in which the failures were detected is not indicative of SCC failures. 
Typically, SCC is a slow degradation that involves very tiny fissures and leaks that slowly 
accumulate to something more substantial. Apparently, the coil leaks were detected as a large and 
"catastrophic" increase of in-leakage to the steam side. This does not preclude small leaks being 
undetected for some time before the final failure, but it lessens the probability. 



4 

Based on the suspected failure possibilities, the recommendations of the original report were: 

1. determine failure site(s) on the steam coils, and attempt to differentiate between possible 
fatigue failure (leak near top of vessel) or SCC failure (leak at/near liquid level on coils); 

2. minimize operation of the evaporators with coils exposed; and 
3. carefully control pH to ensure alkaline condition in the evaporator during campaigns. 

In October 1993, new information regarding the 2A2 coil failure was obtained. A remote 
inspection video identified at least three failure sites on the steam coil bundle and indicated rather 
substantial holes as opposed to crack- or pit-type leak sites. Operations personnel determined that 
removal of a section of the leaking steam coil for analysis was in order, and the failure 
investigation was reopened. This report documents the activities and information generated as a 
result of this effort. 

2. RESULTS AND DISCUSSION OF STEAM COIL FAILURE INVESTIGATION 

A high-resolution video camera was adapted to permit remote inspection of the internal 
surfaces of an evaporator known to contain at least one failed steam coil. (W. D. Box of the 
ORNL Chemical Technology Division, who developed the camera, was responsible for collecting 
the film footage.) To improve the chances of detecting the coil failure site(s), the tank internals 
were washed/rinsed with a nitric acid solution (apparently three rinses, but other details of this 
procedure were not available to the authors) to remove most of the sludge deposits from the coils. 
After cleaning, the camera was lowered into the tank, and sections of the tank wall and steam coils 
were observed at close range and in some detail. 

The videotape revealed substantial surface roughening on many portions of the tank internals, 
particularly the bottom half of the unit From the videotape, it is not entirely obvious which rough 
spots represented an irregular deposit of crud/salt that was incompletely removed (or partially 
attacked) by the nitric acid rinse process and which (if any) represented penetration into metal. 
Using the shadows cast by the camera light, relative elevation could often be determined for 
various regions, but an absolute depth was impossible to determine. Although uncertain (only one 
small piece of steam coil was actually examined), the authors offer the opinion that most of the 
surface roughness is in a deposit layer on the pipe surface. 
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Many "deposit" areas revealed a red/orange discoloration similar to common iron corrosion 
products. Among these areas on the coils were irregular oval regions displaying low elevation. 
These regions have an appearance similar to that of a spalled oxide from a heavily oxidized 
specimen. An example appears in Fig. 1 (photo prepared from the videotape). In at least a few 
instances, a dark spot, only a fraction of the area of the oval, appeared to be at an even lower 
elevation, which may represent partial penetration into the metal pipe. 

Following the preliminary inspection, water was admitted to the suspect coil(s) while the 
camera panned for leak sites. One particular coil was observed to have at least two sizeable leaks 
(with at least one other leak in the same region but on the side of the pipe inaccessible to the 
camera). The obvious leak sites were separated by only a few inches on the topmost winding of 
the particular coil between a vertical bracket that holds a stack of pipe windings ("lower" end of 
the pipe) and the region just as the pipe turns to a vertical orientation ("upper" end of the pipe). 
Figure 2, prepared from the videotape, reveals the relative size and position of the leak sites 
detected in this manner. Although somewhat uncertain, Operations personnel indicate that this 
location roughly corresponds to the nominal height of solution during operation. 

A section including the obvious leak sites was flame cut from the affected coil and transferred 
to the hot cell facility at Building 3525 for examination. The macroscopic examination revealed 
several signiflcant findings. Perhaps most important, the leak sites did not appear to be the result 
of pitting or cracking but rather extreme general corrosion of the pipe wall over sizeable areas 
(more than a square inch). Pipe wall thickness measurements were accomplished with a 
micrometer handled with the remote manipulators at the hot cell. These measurements showed 
an essentially constant inside diameter (ID) for the pipe indicating little general internal corrosion 
and only small crud deposits on the steam side. However, at the "lower" end of the pipe (near the 
bracket position and nearest the holes in the pipe), the outside diameter (OD) had decreased by 
about 0.170 in. on average. With constant ID, this indicates that the wall thickness of the pipe 
(nominally 0.145 in.) had decreased to about 0.060 in. due to process side corrosion. In the 
immediate vicinity of the obvious hole sites (within a half inch or so of the hole edge), the average 
wall was much thinner and got progressively thinner as the hole site was approached. 

Further, the normal observations associated with a typical pit (high corrosion rate in a very 
localized area) or a crack (brittle behavior when handling pipe or a visible discontinuity) were not 
noted during the macroscopic evaluation. On the inside of one section of pipe, some "crack-like" 
indications did appear in a region apparently remote from the actual failure sites. Although 
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Fig. 2. Leak positions in failed steam coil. Mounting bracket is at right and leak positions facing camera are marked with arrows. A third leak site was on the side of the pipe away from the camera just left of the bracket. To help with relative magnification, recall 
that the pipe diameter is 1.9 in. . 
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significant scale is not expected on stainless steel in steam at 125° C, it remains a fact that some 
apparent scale or debris was observed on the inside surface of the pipe, and the "crack-like" 
indications here may represent grooving in the scale or deposit. 

Subsequently, samples of the pipe specimen were removed for hot cell metallography. These 
sections were selected as representative of the areas of major macroscopic observations on the 
pipe, and a sketch of the sample locations appears in Fig. 3. Primarily, metallography specimens 
were taken from sections 2 and 4 as marked. All pieces were labelled for future reference as 
required. 

Figure 4 is a collage macrograph taken from a cross section of section 2 (defined in Fig. 3, 
about 0.25 in. from the edge of the leak site). The thin area nearest the hole is evident at the left 
of the collage. Note that the majority of wall thinning appears to have proceeded from the 
process (OD) side rather than the steam (ED) side of the coil, although there is some indication 
of similar corrosion attack on both the inside and outside of the pipe at this location. Presumably, 
some of the internal corrosion developed after the leak formed and steam to the coil was shut off, 
which allowed subsequent access of solution to the inside surface. 

The most striking feature of the metallography of specimens from in and around an obvious 
failure site is the intergranular nature of attack at the advancing corrosion front Figure 5 reveals 
the as-polished structure of the thin region shown in Fig. 4. The intergranular attack seems to 
precede the high general corrosion rate by only a grain diameter or so, but there is no doubt that 
it is intergranular at these locations. Grain dropping may be a feature leading to the high rate of 
general wall thinning. In a similar pattern, Fig. 6 shows the as-polished microstructure at the 
actual penetration point of the pipe (section 1 in Fig. 3). 

The macroscopic examination revealed some areas exhibiting fine cracks or an otherwise 
crazed appearance (a region of section 4 in Fig. 3). Microstructural evaluation of the areas in 
question revealed no specific cracks but a pattern of intergranular corrosion somewhat more deep 
or intense than noted on other areas. Figure 7 is representative of this observation. 

No classical pitting (e.g., subsurface cavity in metal larger than opening to environment, 
especially active area on an otherwise unattacked surface) was observed on the pipe sections 
prepared for metallographic evaluation. However, a limited number of "pit-like" areas were 
observed. Since the bottom and walls of these "pits" have the same intergranular attack 
morphology as the bulk surfaces exposed to hot waste in this region, it is suspected that these 
areas simply represent regions of unusually high corrosion rate and grain dropping due to a local 
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Fig. 3. Sketch of pipe section removed from evaporator and relative position of 
metallography specimens. 
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Fig. 4. Collage micrograph from as-polished cross section near leak site. For comparison, the thin spot of wall thickness is about 
0.010 in. thick. 
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Fig. 5. As-polished cross section near thin region of Fig. 4 
on process side. 
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Fig. 6. As-polished cross section at a leak site at (a) lOOx and (b) 250x. 
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Fig. 7. As-polished cross section from region suspected of bearing 
cracks based on macroscopic observation at (a) lOOx and (b) 500x. 
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salt deposit or some other factor that further accelerates the already high corrosion rate. Figure 8 
shows representative examples of this "nonuniform" attack. Further, a region near the center of 
the collage in Fig. 4 shows a rather large "pit" of this type. 

Following the examination of the specimens in the as-polished condition, the specimens were 
etched (swab in 10 mL nitric acid + 50 mL hydrochloric acid for 15 to 20 s) to reveal the 
microstructure. The general absence of carbide precipitates (only steps at grain boundaries) 
suggests that neither poor heat treatment nor inappropriate carbon content of the (presumed) 
304L pipe material contributed to the high corrosion rate and failure. Figure 9 is representative 
of the etched microstructure. 

3. RESULTS AND DISCUSSION OF EVAPORATOR COIL 
MEASUREMENTS FROM NEW VESSEL 

Measurements of cooling coil wall thickness at selected locations were collected from a virgin 
evaporator vessel during construction activities in December 1993. Primarily, the purpose of these 
measurements was to assess the extent of wall thinning (comparison with the failed coil) that 
developed in the pipe as it was bent to the required coil shape/radius. Further, general wall 
thickness data of this type might be useful in a future investigation inside this evaporator, 
particularly if corrosion of the cooling coil continues to be significant. 

The proximity of nearby radioactive feed/drain lines necessitated entry into the tank with 
respirators with supplied air lines and somewhat awkward protective clothing. This is significant 
in that it severely restricted mobility inside the tank and also limited time allowed inside the vessel. 
As a result, only a limited amount of data representing virgin coil thickness measurements was 
collected. 

Inside the vessel, a "reproducible" position for coil wall thickness measurements was 
determined as follows. A group of four pipes rises from near the bottom center of the vessel, and 
the pipes run vertically to a height just sufficient to clear the highest horizontal winding of the 
group of coils. These four pipes then bend toward horizontal and go over the top of the coil 
windings toward the vessel wall. These four pipes are roughly equispaced, and standing at the 
bottom center of the tank facing these pipes, two pipes appear to bend slightly to the right and 
two to the left as they pass over the top of the coil group. Midway between the two centermost 
of these four pipes, a "12 o'clock" position was defined on the top of each pipe. (The line defining 
these 12 o'clock positions is, in effect, a radius of the tank.) Other measurement positions (on 
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Fig. 8. As-polished cross sections of steam coil specimens showing 
"nonuniform" nature of attack on process side of pipe. 
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Fig. 9. Etched cross section of steam coil specimen. 

tops of each pipe only) were defined as clock positions relative to this starting line. Additional 
information includes that, when viewed from the bottom center of the tank, the 6 o'clock position 
line is about 1 to 2 in. to the right of a visible weld on the surface of the inside cooling coil. The 
line defining the 10 o'clock position runs just below a pipe running in the horizontal direction. 

The ultrasonic thickness gage used to make the wall thickness measurements was calibrated 
against two micrometers on a piece of 304L stainless steel plate nominally 0.125 in. thick. With 
each micrometer, the thickness of the test plate was determined to be 0.121 in. Prior to entering 
the tank, the thickness of the test plate was determined to be 0.124 in. with the ultrasonic 
thickness gage; after leaving the tank, the same block measured 0.126 in. thick. As a result of 
these comparisons, the ultrasonic thickness measurements are considered to be 0.003 to 0.005 in. 
too high. The values recorded in Table 1 below represent the raw data collected with no 
adjustment for the fact that the measurements are suspected to be 3 to 5 mils too high. 
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Table 1. Cooling coil pipe wall thickness (inches) 
as a function of position 

Coil diameter 
and position 12 o'clock 3 o'clock 6 o'clock 10 o'clock 

Small, inside 0.136 0.150 0.148 0.138 
0.146 0.143 0.151 0.152 
0.147 0.147 0.141 0.147 
0.152 0.156 0.153 0.150 
0.143 0.153 0.150 0.152 
0.140 0.152 0.144 0.149 

Large, outside 0.147 0.154 0.148 0.146 

Since the nominal wall thickness of 1.5-in. Sch. 40 pipe is 0.145 in., these numbers seem to 
represent the usual scatter around the nominal value. Most specifications allow up to 10% 
variations on pipe wall thickness, and these values indicate a maximum deviation of about 6 to 8%. 

To assess potential wall thickness changes due to bending, two positions were selected for 
measurements. One was on the third coil from the center as it bends from the horizontal 
orientation to rise vertically. The apex of this particular bend appeared to be the most seriously 
deformed (out-of-round). The apex of the bend from horizontal to vertical orientation on the 
fourth coil from the center was selected as representing a more "average" condition. 
Measurements (see Table 2) were taken in a plane at the bend apex on each pipe on the top and 
bottom and halfway in between on each side. 

These values indicate relatively little wall thickness change due to pipe bending operations 
and that the fabrication operation is unlikely to account for any gross wall thinning observed in 
future investigations of these coils. 

4. RESULTS AND DISCUSSION FROM SUPPORTING LABORATORY TESTS 

In support of the failure analysis for the evaporator coil and for potential use in selecting 
alloys with superior corrosion resistance, a series of laboratory corrosion tests was performed. At 
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Table Z Wall thickness measurements for representative steam 
coils at a bend position 

Wall thickness (inches) 

Position when viewed 
from vessel center Third coil bend Fourth coil bend 

Top 0.170 0.153 
Side toward center 0.160 0.152 
Bottom 0.154 0.144 
Side away from center 0.159 0.143 

the time these tests were performed, the initial observations associated with the coil failure analysis 
indicated only extreme general corrosion. As a result, weight loss tests were conducted in various 
caustic solutions in an attempt to "duplicate" the high corrosion rates for 304L and potentially 
isolate a solution composition variable responsible for its poor performance. 

Tests were conducted in round-bottom glass flasks placed in heating mantles with individual 
temperature controllers. Each flask had a glass specimen tree to position small metal coupons 
fully submerged in solution, at the air/solution interface, and wholly in the vapor above the 
solution. Each flask was also fitted with a four-bulb Allihn-rype condenser. 

Materials selected for testing represent a variety of candidate materials based primarily on 
general alloy content and those readily available in the author's laboratory (as opposed to materials 
known to be readily available in pipe sizes required for the evaporator). The test materials (see 
Table 3 for composition of test coupons) included: 

• type 304L stainless steel (the present evaporator coil material of construction) containing an 
autogenous weld bead; 

• type 309 stainless steel (similar to type 304L with somewhat higher Cr and Ni content); 
• type 316L stainless steel (similar to type 304L but containing about 2% Mo where 304L 

nominally has none); 
• type 20Cb-3 (a "super" stainless steel containing Cr similar to type 304L but with substantially 

higher Ni, 2% Mo, 3% Cu, and stabilized with Nb); 
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Table 3. Composition (weight percent) of coupon materials used in this investigation 
(Nominal composition of 20M6-4 given rather than specific composition of 

coupons. Each alloy is a type of stainless steel and is referenced in the 
text by only the alloy designation.) 

Coupon material 
Element 340L 316L 309 20Cb-3 20Mo-4 26-1 

Fe bal bal bal bal bal bal 

Cr 18.26 16.43 22.44 1930 23.00 25.80 

Ni 8.11 10.16 1Z55 32.46 37.00 0.11 

Mo 030 221 - 2.20 4.00 0.99 

Mn 1.86 1.70 1.86 1.49 1.00 0.10 

Si 0.56 0.62 0.27 0.74 0.5 0.24 

Cu 030 038 - 3.07 1.00 -
Co - 0.13 - - - 0.05 

Nb - - - 0.60 025 0.10 

V - - - 0.13 - -
C 0.02 0.02 0.06 0.01 0.02 0.002 

N 0.09 0.04 - 0.02 - 0.01 
P 0.03 0.03 0.03 - 0.03 0.01 
S 0.002 0.014 0.001 0.003 0.03 0.01 

• type 20Mo-4 (another "super" stainless steel with slightly higher Cr and Ni than type 20Cb-3 
containing 4% Mo, a material so highly alloyed that it borders on nickel-base); and 

• type 26-1 (unlike the other test alloys which are austenitic, this alloy is ferritic with 26% Cr 
and 1% Mo and essentially no nickel). 

Test coupons of each material (referenced hereafter by only the individual alloy designation) 
were exposed for nominally 24 h fully submerged, at the air/solution interface, and wholly in the 
vapor space in each of 12 different solutions. Exposures in each solution were accomplished at 
both 90° C and at the boiling temperature of the solution (which varied with composition). The 
concentrations of NaOH and chloride in the test solutions, along with other pertinent information, 
are summarized in Table 4. 

Many of the tests revealed rather nondescript results. Specifically, none of the test specimens 
(at 90° C or at boiling, any composition or position on the specimen tree) associated with the 2, 
11, or 26% NaOH solutions (with or without added chlorides) revealed a corrosion rate in excess 
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Table 4. Description of test solutions (made with reagent grade chemicals 
and demineralized water) 

ution 
mber 

NaOH, 
grams 

per liter 
solution 

NaOH 
approx. 

wt% 
CI", ppm 

Ambient 
PH 

Boiling 
point, °C 

1 20 2.0 0 > 13 100 

2 20 2,000 100 

3 20 10,000* 100 

4 " 120 10.7 0 -14 103 to 104 

5 120 2,000 103 to 104 

6 120 10,000* 103 to 104 

7 350 25.6 0 > 14 111 to 112 

8 700 412 0 > 14 127 to 128 

9 700 2,000 127 to 128 

10 -surrogate sludgec- 104 to 105 

11 —acidified surrogate sludge- -0.0 112 to 113 

12 —acidified surrogate sludge 
+500 ppm F* 

-0.0 
112 to 113 

"By weight, added as NaCL 
*Not entirely soluble. 
'See Appendix 1 for complete description; simulates evaporator product, pH = 133, high 

nitrates and 80% solids. 
''Added 500 ppm F as NaF; small concentration of Al in surrogate and glass test 

vessels makes free F content uncertain. 

of 0.5 mils per year. However, in the 41% NaOH solution, 304L and 316L appear to be very 
susceptible to corrosion at the boiling point but much less susceptible at 90° C. Table 5 
summarizes corrosion rates calculated from weight loss for the 41% NaOH solution with no 
chlorides added. 

An interesting (and not altogether unexpected) result depicted in Table 5 is that for every 
case in the boiling (127° C) solutions, the corrosion rate for coupons at the solution/vapor interface 
was at least slightly greater than for the corresponding coupons completely submerged. Although 
a specific mechanism for the present result has not been determined, it is a relatively common 
phenomenon that the availability of air (usually oxygen) at the interface location can accelerate 
the local corrosion rate substantially. Since the corrosion rates for the interface coupons were 
calculated based on the weight loss of the entire coupon surface, which included areas exposed 
to only vapor (very low corrosion rate) and entirely submerged (compare to the corresponding 
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coupon data), the corrosion rate at the interface with air must have been quite high to generate 
the values given in Table 5. No coupon metallography was attempted. 

Table 5. Corrosion rates based on weight loss of coupons 
exposed 24 h to 41% NaOH 

Corrosion rate (mils per year) 

90^C 127° C 

Alloy Vapor Interface Solution Vapor Interface Solution 

304L 0.0 0.5 0.0 0.0 65.3 51.6 
316L 0.4 0.8 8.4 0.0 102.0 74.1 
309 0.0 0.0 0.0 0.0 1.1 0.4 
20Cb-3 0.0 0.0 0.0 0.0 0.8 0.4 
20Mo-4 0.0 0.0 0.0 0.0 1.3 0.0 
26-1 0.0 0.0 0.0 0.2 0.1 0.0 

Another interesting result is that the corrosion rate of 316L was somewhat higher than that 
for 304L for comparable conditions. In light of the performance of the other alloys (particularly 
the low corrosion rate of 309), it may be that the low Cr content of 316L (about 2% less than 
304L, 6% less than 309) renders the Mo content of 316L relatively ineffective for improving 
passive film stability in this environment 

For each of the 309, 20Cb-3, 20Mo-4, and 26-1 coupons, the addition of about 2000 ppm CI 
to the boiling 41% NaOH solution led to very slight increases in corrosion rates (but none in 
excess of 2 mils per year). It is somewhat curious that the corrosion rate of 304L and 316L 
decreased substantially in the solution containing 2000 ppm CI compared to the pure NaOH 
solution. This is likely to be an artifact of testing in that the pure 41% NaOH solution was reused 
for the test with the addition of 2000 ppm CI and that only the 304L and 316L specimens received 
a fresh surface finish prior to the test. No testing to reproduce this unusual result was attempted. 

None of the alloys revealed any tendency toward corrosion in the as-received sludge surrogate. 
Only minor corrosion rates were observed after the nitric acid addition to modify the pH to near 
zero. The addition of 500 ppm F to the acidified sludge surrogate further increased corrosion 
rates only slightly. Pertinent corrosion rate data in mils per year for the latter case appear in 
Table 6. 
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Table 6. Corrosion rates (mils per year) calculated from weight loss for coupons 
exposed in acidified surrogate sludge (nitric acid addition to pH near 0) with 

approximately 500 ppm fluoride addition 

90° 112° C 

Alloy Vapor Interface Solution Vapor Interface Solution 

304L 0.0 1.9 1.9 2.5 3.9 4.1 
316L 1.3 33 4.6 6.2 7.5 8.8 
309 0.0 0.0 0.4 0.9 1.5 2.0 
20Cb-3 0.0 0.7 1.4 3.2 3.6 3.8 
20Mo-4 0.0 0.2 1.5 2.0 3.0 5.0 
26-1 0.0 0.0 0.4 0.7 1.2 2.2 

Although it is possible to question the composition and absolute relevancy of this specific 
evaporator sludge surrogate, these data (maximum general corrosion rate for 304L of 4.1 mils per 
year) suggest that, in the absence of other factors, the temporary "off-normal" acid condition 
observed in the evaporator a number of years ago was not likely responsible for the extreme 
general corrosion of the failed coil 

At the conclusion of this brief set of coupon exposures, it was not clear what factors might 
contribute to the extreme general corrosion observed on the failed evaporator tube. With the 
exception of the boiling 41% NaOH test, which is much more concentrated than the nominal 
5% NaOH found in service, type 304L stainless steel proved to be very resistant to all of the test 
solutions. In practice, however, some relatively benign solutions can be made aggressive under 
heat- transfer conditions, particularly if the solution concentrates, as in a splash zone. 

A splash zone is typically thought of as an area at the top of a containment vessel that is 
intermittently wetted by the process solution. The intermittent wetting can be a result of splashing 
(e.g., bubbling action of boiling) or periodic solution level changes. Corrosion in the splash zone 
is often accelerated by many factors, including the presence of air creating a disproportionate 
fraction of air/solution interface. In addition, if the splash zone is heated, evaporation of the 
"splashed material" above the nominal solution level may substantially increase the concentration 
of aggressive species in the remaining material. In this way, harmless nominal concentrations may 
reach very corrosive concentrations in localized areas above the nominal solution level. 

To examine this concept for the evaporator coil, a rather crude experiment to simulate 
concentrating effects for dilute solutions was performed. Small glass dishes with watch glass tops 
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were placed in a furnace operating at 106 to 107° C. Specimens of each of the six alloys examined 
previously were laid flat (major area in horizontal orientation) in the dishes. A few drops of test 
solution were placed on each coupon every few hours (less frequently on weekend days) for a 
week. The amount of solution was not carefully metered from the dropper but was sufficient to 
wet the entire horizontal surface with a little excess. The test solutions used included the pure 
2 and 11% NaOH solutions as well as the sludge surrogate as-received (pH 13) and acidified 
(pH 0). Based on periodic observations, it was clear that the solutions baked to dryness (leaving 
a "salt cake") in only a few minutes after each fluid addition. 

Table 7 gives the corrosion rate in mils per year—based on weight loss and total estimated time 
of wetness at 15 min per fluid addition—for each alloy. The reader should be aware that there is 
significant uncertainty regarding the precise surface area of each coupon exposed (due to crust 
formation and the occluded area in contact with the glass dish) and the time of wetness. These 
factors are roughly the same for each specimen/alloy, so the relative corrosion rates so "calculated" 
have more meaning than the absolute values given. 

Table 7. Corrosion rates based on weight loss for the 
"bake to dryness" experiments 

Corrosion rate (mils per year) 

Drops of Drops of As-received Acidified 
Alloy 2% NaOH 11% NaOH surrogate sludge sludge 

304L 0 20 0 16 
316L 1 20 0 19 
309 1 6 0 16 
20Cb-3 2 36 0 18 
20Mo-4 2 23 0 14 
26-1 6 7 11 

"Specimen "lost" due to reaction/bonding with the glass dish. 

Due to the uncertainties mentioned above, the data in Table 7 are not remarkably conclusive; 
however, some important trends are evident. For example, it appears that droplets of the 11% 
NaOH solution can be made sufficiently aggressive to corrode all of these materials significantly 
at 107° C. This is in contrast to the more standard immersion tests using 11% NaOH, which 
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generated corrosion rates no higher than 0.5 mils per year for all materials. Likewise, the acidified 
surrogate sludge solution was much more aggressive to these alloys in the wet/dry cycles. These 
data seem to confirm that corrosion conditions on portions of the heating coil that are 
intermittently covered with solution (or in a splash zone) may be much more aggressive than on 
the average position for the pipe. This is consistent with the apparent location of the pipe failure 
under study, which was at the top of the coil in a region expected to be only intermittently 
wetted/splashed. 

5. EVAPORATOR EXPERIENCE AT OTHER DEPARTMENT OF ENERGY SITES 

At the Westinghouse Hanford Company (WHC) site near Richland, Washington, a waste 
stream similar to that processed in the Melton Valley system in Oak Ridge is concentrated in an 
evaporator. The evaporator receives alkaline, high-nitrate wastes and concentrates these (volume 
reduction) for storage. Although many details of evaporator operation are unknown to the 
authors, 304L has been used for many years in evaporator construction at WHC. In the past, 
WHC experienced some premature failure difficulties with 304L heating coils and, without 
metallographic confirmation, identified caustic SCC as a likely culprit2 WHC personnel 
subsequently decided that removal of oxygen from the system would eliminate caustic cracking of 
the 304L. 

As a result, WHC now operates their evaporator2 under rough vacuum (50 torr). This 
effectively removes most oxygen but, perhaps more importantly, also permits evaporation to occur 
at a much lower temperature (60 to 65° C) than previously (near 110° C). The latter factor alone 
is of major significance according to the data presented in this report In any case, WHC 
personnel2 do not report any corrosion problems for 304L at the reduced temperature. 

The Westinghouse Savannah River Company (WSRC) near Aiken, South Carolina, also has 
a waste evaporator system not unlike that at Melton Valley. At WSRC,3 the waste concentrate 
is highly alkaline (order of 5 M, or near 20% NaOH) with high nitrate concentration (order of 
3 M) and smaller amounts of other species including nitrites (used as an inhibitor for storage tank 
corrosion). In the past, variable success with 304L heating coils (steam at about 170° C) led to a 
laboratory study to investigate the utility of other materials. WSRC found3 that 304L was 
adequate for the evaporator tank (lower temperature than coils, not a heated surface), but that 
alloy G3 or G30 (nickel-base alloys; UNS N06985 and N06030, respectively) tubes were required 
to handle the caustic corrosion aspects. 
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6. PERTINENT LITERATURE INFORMATION ON CAUSTIC CORROSION 

In general, type 304/304L stainless steel is considered compatible with various hydroxide 
solutions. Standard handbook4"7 corrosion data for 304 in hydroxide solutions indicate very low 
general corrosion rates at moderate concentrations and temperatures. The general corrosion rate 
is indicated to increase significantly as the temperature approaches the solution boiling point, 
particularly as the caustic concentration increases. No data for hot hydroxide solutions rich in 
nitrates and other waste components are readily available, although one brief study8 defining the 
material selection for the new Melton Valley storage tanks (which receive evaporator concentrate) 
indicates excellent corrosion resistance of 304L in this environment to at least 66° C. 

Perhaps due primarily to interest in tube failures associated with pressurized-water reactor 
steam generators in the 1970s, susceptibility to SCC of austenitic stainless steels such as 304/304L 
in hot hydroxide solutions was identified and documented in some detail (e.g., see refs. 4, 7, and 
9-14). In general, 304/304L is considered susceptible to caustic SCC at temperatures near and 
above the boiling point of the solutions and, typically, in relatively concentrated solutions. Further, 
reports seem to indicate that SCC morphology in caustic is transgranular for concentrated 
hydroxides (> 40%) and intergranular for relatively dilute (10%) hydroxides, but the temperature 
must be significantly higher than boiling to develop cracking in the latter case. 

Another important variable that has been recognized is the relative electrochemical potential 
of 304/304L in hydroxide solutions. Some authors have specifically studied this concept by 
controlling potential with applied voltage and/or chemical additives and showed cracking and 
corrosion rate can be controlled in this manner.12"15 One author12 commented that at sufficiently 
high potential, very dense (overlapping) pitting would yield essentially uniform thinning and 
identified potential ranges associated with different types of cracking. 

Two reports observed that small quantities of nitrates in the hydroxide solutions inhibit caustic 
SCC 1 3 , 1 4 due to an increase in potential, but one further comments that nitrate did seem to 
increase general corrosion of 304 at high temperatures and high caustic concentrations.14 

Interestingly, one report14 also observed that low levels of halides (CI, F) actually retarded cracking 
of stainless steels in hot caustic solutions. (Lab results in this investigation showed a decrease in 
the general corrosion rate as a result of chloride additions.) Another interesting result is that 
sensitization (presence of carbides at grain boundaries) of 304 may slightly improve resistance to 
caustic cracking.9,10 
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Yasuda et al. report several observations pertinent to the study of the failed steam coil. 
Consistent with our laboratory results, they found 316 more susceptible to corrosion in 10 to 40% 
NaOH solutions than 304. They also found extreme temperature sensitivity for corrosion of 
submerged specimens, with little or no corrosion at 110° C in 40% NaOH for either alloy but high 
corrosion rates at 129° C (boiling). This sensitivity was ascribed to insufficient dissolved oxygen 
in solution at the boiling point to maintain a passive condition on the specimens. The authors15 

also commented that intergranular attack was associated with passive (relatively high potential) 
corrosion conditions rather than active corrosion conditions. Especially pertinent to the steam coil 
investigation, Yasuda et al. i s also comment that passivity is more difficult to maintain 
under heat-transfer conditions. This was due to concentration of caustic in the vicinity of the 
metal surface caused by increased temperature and degradation of the passive film by bubbles of 
evaporated water. 

7. SUMMARY AND CONCLUSIONS 

Analysis of the section of pipe removed from the 2A2 evaporator and the associated lab 
corrosion tests and literature information revealed the following information: 
• The leak site(s) were surrounded by a large area of very high general corrosion rate; in two 
calendar years of service (even less actual duty time), 145 mils of wall thickness were penetrated 
at leak sites, and large areas developed where at least half the wall thickness was corroded. This 
penetration corresponds to anywhere from 50 to 60 mils per year to even higher values, depending 
on the actual duty time. 

• Metallography in and around the leak site revealed shallow intergranular corrosion at attacked 
surfaces. No cracks or pits were observed, although some localized areas did exhibit greater attack 
than the average in that region and thus resembled pits. 

• No incidences of high inclusion density, carbide precipitates, or weld problems (failure not 
near a weld) were observed. The videotape of the internal inspection revealed no particular weld 
corrosion, and the weld in the lab immersion exposures (304L specimen) was not attacked 
differently from base metal. 

• Isothermal (no heat transfer) corrosion tests in the laboratory in hydroxide solutions indicate 
that very high concentrations of hydroxide (order of 40%) at boiling are required to achieve the 
magnitude of general corrosion rates observed on the failed pipe. The nominal hydroxide 
concentration in evaporator duty is near 5%. 
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• A "splash zone" effect appears to be a mechanism by which the nominal concentration of 5% 
hydroxide in the evaporator can be concentrated to corrosive levels near the top of the working 
solution level. This was "confirmed" in crude laboratory tests which showed that 304L was 
essentially immune to general corrosion in 11% NaOH but was subject to substantial corrosion 
rates when drops of the same solution were allowed to bake to dryness on these coupons. Any 
other role of the heat-transfer surface in this mechanism is uncertain. 
• The "splash zone" effect of increased corrosivity is consistent with the observed failure 
location, i.e., on the topmost horizontal winding of a steam coil. Portions of the coil completely 
immersed would not be subject to this problem, except perhaps under deposits. 

• Intense corrosion of the steam coil at the splash zone but little/no attack on the vessel walls 
at the splash zone is to be expected because the vessel wall is not heated; in fact, condensate may 
continually "wash" the vessel walls due to the lower temperature at this location. This is consistent 
with results of the remote video viewing of the 2A2 internals. 
• Moderate intergranular corrosion was observed at the advancing corrosion front. The cause 
of this form of corrosion may be related to the oxidizing potential of the nitrate concentration in 
the evaporator creating a mild effect on a marginally passive surface at the splash zone. 
• Very low corrosion rates in lab immersion tests in acidified sludge surrogate indicate that the 
simple presence of off-normal (acid) feed in the evaporator is not likely to be the single cause of 
the coil failures. Higher corrosion rates were found for splash zone tests with acidified sludge, but 
the same was true of nominal alkaline feed. 

These data and observations indicate that 304L is nominally a good alloy for evaporator tank 
service and immersed heating coils but has marginal corrosion resistance as heated coils in the 
splash zone (top of solution level). It is suspected that there may be other steam coils in the 2A2 
unit with thinned regions that simply have not spent sufficient duty time in the critical environment 
to have been penetrated. There is insufficient information to determine why the older A2 
evaporator (much longer service time than 2A2) has not experienced a coil failure. It may be that 
a batch or two containing a particular constituent (or concentration thereof) was processed in the 
2A2 unit that was especially aggressive in the splash zone. In any case, it appears that without a 
lower operating temperature or different material for the steam coils, this will continue to be a 
potential "life-limiting" problem for the evaporators. 
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8. RECOMMENDATIONS 

Laboratory studies to identify specific corrosion mechanisms and rates (and therefore to 
identify superior materials) are recommended in anticipation of continued evaporator activity for 
the forseeable future. Such studies could include (but should not be limited to) more sophisticated 
analysis of the role of heat transfer with "hot wall" experiments on a variety of alloys and 
evaporator solutions. In addition, electrochemical polarization to study the influence of small 
variations in constituents of the solutions would improve understanding of the passivity limits of 
candidate alloys. 

An opportunity to examine other steam coils at various positions inside the evaporator might 
confirm or refute some of the hypotheses regarding positions most susceptible to failure in the 
proposed scenario. Prime opportunity might include the decommissioning of a vessel or another 
internal inspection. 
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APPENDIX 1 

COMPOSITION OF EVAPORATOR SLUDGE SURROGATE 

Various studies have required quantities of typical evaporator product for study in the 
laboratory. One such mixture was created to simulate the "sludge" found in the Melton Valley 
storage tanks. This surrogate material is very similar in composition to the tank bottoms except 
that it contains no radioactive component The ORNL Chemical Technology Division created 
surrogate sludge of the following composition using the "recipe" given below. The product is 
a white slurry with a very high fraction (> 80%) solids. Nominal pH of the mixture is 133. 

Soluble components 

0.89 kg 
9.08 kg 

NaCl 
KNO s 

NaNo3 

added 
produced 
Na 2 C0 3 

21.12 kg 
35.78 kg 
4.01 kg 

70.88 kg 

wt % Insoluble components wt % 
1.3 CaCOs 37.06 kg 60.5 

12.8 Fe(OH)3 033 kg 0.5 
80.3 Ca(OH)2 13.14 kg 21.4 

Al(OH)3 1.47 kg 2.4 
Mg(OH)2 8.08 kg 13.2 

5.7 Si0 2 1.22 kg 2.0 

61.30 kg 

Water content 118.12 kg 

Mixing instructions for surrogate sludge: 

1. Obtain a clean, 200-L (55-gal) stainless steel drum. Add 38 L (37.92 kg) of water to the 
drum. Initiate stirring with an agitator, and continue stirring throughout the procedure. 

2. Obtain 16.86 kg of sodium hydroxide (NaOH). Slowly add the NaOH to the agitated water. 
Be aware that adding NaOH to water will cause heat to be generated. Control the 
temperature with addition rate. Proceed to the next step when all of the NaOH is 
dissolved. 

3. In another clean container, add 1.25 kg of iron nitrate [Fe(N0 3) 3«9H 20] and dissolve in 
19 L (18.96 kg) of water. When dissolved, slowly add the solution to the drum. It is 
important to add slowly to enhance the formation of small particles of Fe(OH)3. 

4. Add 41.90 kg of calcium nitrate [Ca(N0 3) 2«4H 20] to another clean container. Dissolve 
in 19 L (18.96 kg) of water. When dissolved, slowly add the solution to the drum. It is 
important to add slowly to enhance the formation of small particles of Ca(OH)2. 
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5. Add 7.10 kg of aluminum nitrate [A1(N03)3«9H20] to another clean container. Dissolve 
in 4.73 L (4.72 kg) of water. When dissolved, slowly add the solution to the drum. It is 
important to add slowly to enhance the formation of small particles of Al(OH)3. 

6. In a separate container, dissolve 0.89 kg of sodium chloride (NaCl), 4.01 kg of sodium 
carbonate (Na2C03), 9.08 kg of potassium nitrate (KN03), and 21.12 kg of sodium nitrate 
of (NaN03) in 38 L (37.92 kg) of water. Gentle heating may be required to dissolve 
NaN0 3. Add to the drum when dissolved. 

7. Slowly add 37.06 kg of calcium carbonate [Ca(C03)] and 8.08 kg of magnesium hydroxide 
[MgtOHj)] to the drum. 

8. Dissolve 0.076 kg of sodium hydroxide (NaOH) in 0.15 L of water. When dissolved, add 
1.59 kg of silicic acid (H2Si03) to the NaOH solution. Add mixture to the drum. Mix until 
homogeneous. 
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