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ABSTRACT 

Studies were made on the causes of observed leaks in mild 
steel tanks used to store liquid waste from nuclear fuel re­
processing at the Savannah River Plant. Leaks were observed in 
the walls of some primary vessels and in some cooling coils. The 
studies revealed that: wall leaks resulted from nitrate stress 
corrosion cracking caused by alkaline nitrate solution; and 
coil leaks resulted from pitting corrosion caused by diluted waste 
solutions during sludge removal. Stresses that caused wall 
cracking were residual stresses, primarily those produced during 
tank fabrication. Pitting of coils was caused by the con-
current dilution of nitrite in the waste supernate, and leach-
ing of sulfate from the sludge. Results of these studies pro­
vided the bases for modifications in fabrication and operation 
of waste tanks. The modifications included: 

• Selection of more stress corrosion resistant steels for tank 
fabrication, 

• Heat treatment of newly fabricated tanks to relieve stresses, 

• Operation of tanks at temperatures above the nil ductility 
transition temperature of the steel to preclude brittle fast 
fracture, 

• Operation of tanks at temperatures below specified upper limits 
to reduce incidence of nitrate stress corrosion cracking, 

• Specification of limits on concentrations of nitrate, nitrite, 
and hydroxide ions in waste supernate to prevent stress cor­
rosion cracking of walls. and 

• Specification of limits on nitrite ion concentration in sludge 
slurry to prevent pitting corrosion of cooling coils. 
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MATERIALS ASPECTS OF SRP WASTE STORAGE 
CORROSION AND MECHANICAL FAILURE 

INTRODUCTION 

The wastes from the recovery of plutonium and uranium at the 
Savannah River Plant (SRP) are primarily alkaline nitrate solutions 
that contain many radioactive and nonradioactive components. The 
wastes are stored in large, near surface carbon steel tanks with 
multiple containment barriers to prevent leakage to the surrounding 
environment. Some of the tanks contain water-cooled coils to 
remove the heat produced by the decay of the radionuclides. The 
walls of the primary vessel in some of the tanks and some of the 
cooling coils have leaked, but for apparently different reasons. 
Nitrate stress corrosion cracking caused the observed leaks in 
the walls, and pitting corrosion due to exposure of the coils to 
dilute waste solutions during sludge removal campaigns caused most 
of the leaks in cooling coils. 

This report reviews the performance of tanks used for interim 
storage of high level liquid waste at SRP and the materials defici­
encies that have been experienced. The technical investigations 
to identify the causes of these deficiencies are summarized, and 
modifications in the construction of the tanks and in waste 
management that resulted from these studies are described. These 
modifications increase the integrity of the tanks, providing more 
secure containment. 

SUMMARY 

Nine of 16 tanks that were designed before 1960 have 
developed leaks in the walls of the primary vessel and leaked 
waste into the space between the primary vessel and the pan that 
provides secondary containment. The leaks apparently were caused 
by nitrate stress corrosion cracking. Since both a relatively 
high mechanical stress and an aggressive corrodent are required 
fqr stress corrosion cracking to occur, cracking can be avoided 
by controlling either factor to a safe range. Parallel experi­
mental programs were undertaken to evaluate these factors and to 
establish appropriate means for their control. 

Analyses and experimental studies demonstrated that the 
stresses that caused the cracking were residual stresses produced 
during fabrication, largely by nonuniform thermal expansion and 
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contraction caused by welding. In laboratory tests residual 
stresses in large welded plates were reduced sufficiently by a 
stress-relief heat treatment that stress corrosion cracking 
did not occur even in 50% NaN03 solution -- a more aggressive 
solution than any SRP waste. Stress relief has been specified 
for all tanks designed after 1960. 

Continuing investigations of the chemical aspects of stress 
corrosion showed that fresh wastes from the fuel reprocessing 
plants are the most aggressive waste solutions; these solutions 
are highest in nitrate concentration. As the solutions age and 
are evaporated, the concentrations of nitrite and hydroxide increase. 
These ions inhibit nitrate stress corrosion. On the basis of 
laboratory test results, limits on the nitrate, nitrite, and 
hydroxide concentrations in the waste solutions are now specified 
so that the waste composition will be in ranges in which crack 
growth did not occur. 

Penetration by pitting corrosion caused a high frequency of 
leaks in cooling coils in some waste tanks soon after sludge 
removal operations. Experimental evidence showed that the most 
likely series of events leading to coil leakage was 1) excessive 
dilution of the nitrite in the waste, 2) initiation of attack in 
crevices due to oxygen depletion cells, and 3) acceleration of the 
attack by sulfate dissolved from the sludge. 

Pitting will be avoided in the future by assuring that suffi­
cient nitrite is present in the liquid used for slurrying the 
sludge to permit it to be pumped out. 

Laboratory test findings also resulted in the selection of 
improved steels for the construction of the tanks. Since 1960 the 
steels used have superior corrosion resistance, principally because 
they are stronger and have a slightly higher carbon content. The 
steels in the newest tanks (built after 1974) also have better 
toughness because the as-rolled plates were normalized (a special 
heat treatment performed at the steel mill). The improved toughness 
essentially eliminates brittle fracture as a credible failure mode. 

Brittle fracture may occur in mild steel under certain condi­
tions of flaw size and temperature in relation to a toughness 
measure of the steel called the nil-ductility-transition temperature 
(NOTT), and the stress in relation to the yield stress. For a 
given flaw size and stress, brittle failure is possible if the 
temperature is sufficiently low in relation to the NOTT. 

A survey of NOTT for as-rolled steels similar to those in 
earlier tanks indicates that 99% of the steel used probably has 
an NOTT less than 21°C. The walls are maintained at temperatures 
above 21°C to minimize the probability of brittle failure in these 
waste tanks. 
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BACKGROUND 

Liquid radioactive wastes are produced at SRP primarily from 
the two nuclear fuel reprocessing operations in the F and H Areas. 
These wastes are divided into two categories, low heat and high 
heat, depending on the heat generation rate, and are stored 
retrievably in large subsurface tanks in these areas.! 

Fi~ure I illustrates schematically the high-heat waste 
process in the waste tank farm. The waste from the reprocessing 
plant is received in a cooled tank. This fresh waste is aged from 
one to two years to permit solid material to settle and short-lived 
fission products to decay. During this period insoluble materials 
form a layer of sludge at the bottom of the tank. The sludge con­
sists of oxides and hydroxides of manganese, iron, and some 
aluminum; small amounts of uranium, plutonium, and mercury; and 
most of the longer-lived fission products originally in the irra­
diated fuel except cesium. After aging, the supernate solution, 
containing dissolved salts, including radioactive cesium, is 
transferred to a continuous evaporator. The concentrate from the 
evaporator is transferred to a cooled waste tank where the salts 
crystallize and settle as the liquid cools. The remaining super­
nate is returned to the evaporator for further concentration. 
This process continues until the liquid has been converted to a 
damp sal t cake. 

The low-heat waste is handled similarly to high-heat waste 
CHHW) except it is not necessarily aged before evaporation and 
cooling is not required. 

Diversion 
80' 

HHW Hoader 

Cooling 
Water 

F,om 
Reprocessing 

Plant Sludge 

Aging and Settling 
Tonk 

Supernate Reycycle 

- -_. 
Evaporator Feed Tank 

Evaporator 

Concentrate 

Cesium 
Removal 
Column 

To Seepooe Basin 
or Recycle to 
Reprocessing Plont 

FIGURE 1. High-Heat Waste (HHW) Processing in Tank Farm 
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WASTE TANK DESIGN 

At present, SRP has 31 large subsurface tanks for the storage 
of liquid radioactive wastes, as sludge, supernatant liquid of 
various salt concentrations, and salt cake. Seventeen of these 
tanks are in H Area and 14 are in F Area. Two additional tanks 
are nearing completion in H Area, and 14 others (6 in H Area and 
8 in F Area) are in various stages of construction. 

All of the waste tanks are below ground, and are built of 
carbon steel and reinforced concrete, but they are of four somewhat 
different designs.' Three designs (Types I, II, and III) have 
double steel walls and bottoms and forced water cooling systems 
and are used primarily for high-heat waste; the fourth design 
(Type IV) has a single steel wall directly supported by the 
encasing reinforced concrete, has no forced cooling, and is used 
primarily for low-heat waste. 

Type I Tanks 

The original 12 storage tanks constructed during 1951-1953 
are designated Type I tanks. Tanks 1 through 8 were placed in 
r Area and Tanks 9 through 12 in H Area. Each primary tank holds 
750,000 gallons, is 75 feet in diameter, and is 24-1/2 feet high. 
Figure 2 shows the essential features of Type I tanks ,2 including 
the primary tank, the secondary pan, and the concrete support 
structure. 

The primary container is a closed cylindrical tank with flat 
top and bottom constructed from half-inch-thick plate of ASTM 
A-285 Grade B carbon steel. The top and bottom are joined to the 
cylindrical side wall by curved knuckle plates. The primary tank 
is set in a circular pan of half-inch steel plate, 5 feet deep, 
and 5 feet larger in diameter than the tank. The secondary vessel, 
the pan, thus provides an intervening annulus 2-1/2 feet wide. 
The assembly of tank and pan is surrounded by a cylindrical rein­
forced concrete enclosure. Twelve concrete columns, each 2 feet 
in diameter, having flared capitals, and encased in half-inch 
steel plate, are installed within the primary tank to support 
the flat concrete roof. Thirty-six parallel cooling water circuits 
("coils") cool the contents of each tank. 

Forced ventilation of the tank interior is provided by a 
small blower exhausting through a condenser and fiberglass filter. 
Dehumidification equipment consisting of a fan, a heater. and 
ductwork is installed at each tank to keep the annular space dry. 
The design intent is to maintain the annular space temperature 
above the dew point to minimize external corrosion. Similar 
equipment is provided for both Type II and Type III tanks. 
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Figure 2. Type I Waste Storage Tanks (1951-53)2 
(F Area, Tanks 1-8; H Area, Tanks 9-12) 

Type I I Tanks 

Tanks 13 through 16, constructed in H Area in 1955-1956, are 
designated Type II tanks, Figure 3 is a cross section diagram of 
this type. 2 Each primary tank holds 1,030,000 gallons, is 85 feet 
in diameter, and 27 feet high. 

The primary container for a Type II tank consists of two 
concentric steel cylinders assembled with a flat bottom and a flat 
top into a form somewhat like a doughnut. The top and bottom are 
joined to the outer cylinder by rings of curved knuckle plates. 
The inner cylinder is flared at the top to accommodate the roof 
support column. This cylinder is joined to the flat steel top 
with a continuous butt weld and to a base fastened to the bottom 
with a continuous "T" weld, ASTM A-285 Grade B carbon steel plates 
used in the construction of the tank are of various thicknesses, 
as follows: 
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FIGURE 3. Type II Waste Storage Tanks (1955-56)2 

(H Area, Tanks 13-16) 
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Top and bottom plates 

Upper knuckle plates 

Wall plates 

1/2 in. 

9/16 in. 

5/8 in. 

7/8 in. Lower knuckle plates 

The primary tank is set on a one-inch sand bed within a circular 
pan of half-inch steel,S feet deep and 5 feet larger in diameter 
than the tank. The tank and pan assembly is surrounded by a 
cylindrical reinforced-concrete enclosure. Cooling is proviueJ 
for each Type II tank by 44 parallel cooling water coils. A 
condenser, fiberglass filter, and blower or exhauster arc 
installed on the tank vent. 

Type III Tanks 

The tanks constructed most recently are designated as Type 
III. Figure 4 depicts the basic Type III structural form.2 Seven 
Type III tanks are in service. Four of them, Tanks 29 through 32, 
were built in H Area in 1967-1970; two others, Tanks 33 and 34, 
were built in F Area in 1969-1972; and Tank 3S in II Area was 
completed in 1977. Sixteen additional tanks of this type are 
under construction. Each primary tank holds 1,300,000 gallons, 
is 8S feet in diameter and 33 feet high. 

The Type III tank design was developed after an investigation 
into the causes for leaks from Type I and Type II primary tanks. 
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FIGURE 4. Type III Waste Storage Tanks2 
[F Area, Tanks 33-34 (1969-72), Tanks 25-28 (1975-78), 
Tanks 44-47 (1977-80); H Area, Tanks 29-32 (1967-70), 
Tanks 35-37 (1974-77), Tanks 38-43 (1976-80)J 
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The conclusions of the invesLigation were that the primary leak­
producing mechanism was stress corTosion cracking at sites in or 
near the weld seams, and that stress relieving after fabrication 
should eliminate the cracking. 3," For the Type I II tanks, all 
components of the primary tank below the maximum liquid level were 
stress relieved in place after all burning, cutting, welding, and 
other high temperature work (other than roof attachments) had been 
completed. Full stress relief, at 1100°F, was accomplished in 
accordance with the requirements of the ASME Boiler and Pressure 
Vessel code. s Tanks built before 1974 were constructed of 
as-rolled ASTM A-5l6 Grade 70 steel, which is stronger and more 
resistant to stress corrosion than A 285-8 steel. After 1974 
either A 516-70 or ASTM A 537 Class I steel that is normalized 
to provide greater fracture toughness is being used. 

The form of the Type III tanks is similar to the ring-like 
shape of the Type II tanks. Each primary vessel is made of two 
concentric cylinders joined to washer-shaped top and bottom plates 
by curved knuckle plates. 

The steel secondary vessel is 5 feet larger in diameter than 
the primary, providing a 2-1/2 foot annulus. Tank side walls 
rise to the full height of the primary tank, in contrast to the 
"pans" of Types I and II tanks. The nested two-vessel assembly 
is surrounded by a cylindrical reinforced concrete enclosure. A 
demister, a condenser, a HEPA filter, and an exhaust blower are 
installed in series on the tank vent. 

Cooling is provided in the first seven Type III tanks (29-35) 
by removable coil assemblles inserteu through openings (risers) 
in the tank tops. For liquid service (Tanks 32 and 35) bundles 
of closely spaced pipes are used; for tanks accumulating solid 
salts deployable coil assemblies are used to distribute the pipes 
more widely within the tanks. Tank 36 and all subsequent tanks 
will have permanently installed coils uniformly distributed to 
provide more effective cooling of salt. 

Type IV Tanks 

Tanks 17 through 24* are designated Type IV tanks. These 
tanks were designed for storage of waste that does not require 
auxiliary cooling. Tanks 17 through 20 were built in F Area in 
1958, and Tanks 21 through 24 were built in H Area in 1959-1961. 

* Tank 23 is not strictly in separations - process waste storage 
service. It is used to hold contaminated water from the 
Receiving Basin for Off-Site Fuel and other sources prior to 
treating it in the Cs-removal column for subsequent release to 
seepage basins. 
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Each tank holds 1,300,000 gallons, is 85 feet ln diameter and 
34 feet high (Figure 5).2 

Each Type IV tank is basically a steel-lined, prestressed­
concrete tank in the form of a vertical cylinder with a domed 
roof. ASTM A 285 Grade B (F-Area tanks) or A 212 Grade B (H-Area 
tanks) carbon steel plates, 3/8 inch thick, form the cylindrical 
sides and flat bottom portion of the steel liners. The knuckle 
plates at the juncture of the bottom and the side wall are 7/16 
inch thick. No secondary steel pan was provided for these tanks. 
Leak detection for the bottoms of these tanks is provided by a 
radial array of channels in the concrete foundation under the 
tenk that drain to a sump outside the periphery of the tank wall. 

INSPECTION OF WASTE STORAGE TANKS 

Before being placed in service, each series of tanks under­
went increasingly more exhaustive inspections as new procedures 
hecame available. The evolution of these inspection require­
ments is described in Reference 1. After a tank is in service, 
inspection of the tanks becomes more difficult because of radia­
tion and contamination problems. However, techniques have been 
developed for remote inspection and evaluation of the waste tanks. 
These techniques include visual inspection by means of a periscope, 
and corrosion specimens (including excision of a portion of a 
tank wall' and a failed cooling coil). 7 The inspection techniques 
are described in Reference 1. 

l'!' 
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I • 
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FIGURE 5. Type IV Waste Storage Tanks2 

·1 

[F Area, Tanks 17-20 (1958); H Area, Tanks 21-24 (1962)J 
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Since 1959, the most important and recurrent waste tank 
inspections have been visual surveys in the annular spaces, and, 
to a lesser extent, inside the primary tanks. 

A continuing, comprehensive waste tank inspection program! 
was begun in November 1971 to provide an up-to-date evaluation 
of the condition of the waste tanks. Periscope inspections, wall 
thickness measurements, and corrosion specimens indicate that no 
significant general corrosion of the carbon steel tanks is 
occurring. Pitting corrosion, which was observed in an excised 
section of a Tank 2 cooling coil,7 has not been observed during 
periscope inspections of the tank walls, although broad, shallow 
pits were observed on the sample removed from Tank 16. 6 

A summary of the inspections made between November 1971 and 
July 1977 is shown in Table 1. 

Since 1957 when the first leak in the waste tanks occurred, 
nine tanks have leaked radioactive waste into the annular space. 
One tank (Tank 16) has leaked a minor amount of waste to the 
surrounding groundS and this tank has been removed from active 
use in storing liquid waste. The leaks in the other tanks have 
self-sealed by forming a salt crust. Two of the Type IV tanks 
have indications of radioactivity in the sumps. No leak sites 
have been located; this observation of radioactivity proved 
to be caused by contaminated condensate seeping down the out­
side surface of the steel liner. 9 

Most of the observed leaks have been close to weld beads, 
oriented perpendicular to the weld, but seldom extending through 
it. The number of cracks in the tanks range from une to approxi­
mately 300. The time for cracks to develop ranged from a minimum 
of several months to many years after the tanks were placed in 
service. All leaks have been in tanks that were not stress 
relieved (Types I and II). 

CHARACTERISTICS OF HIGH-LEVEL LIQUID WASTE 

The liquid waste received in the waste tanks is made up of 
many different waste streams from the spent fuel reprocessing 
plants. The chemical composition of the major components of a 
composite high-level liquid waste stream (containing both low­
heat and high-heat wastes) is given in Table 2.! This is the 
waste referred to as "fresh 22l-H" later in the text. Table 3 
shows the concentrations of radionuclides in the waste from 
irradiated components that have been cooled six months before 
being reprocessed.! Both the chemical and radionuclide composi­
tion of the waste change as the waste ages. The major changes 
are: 
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TABLE 1 

Inspections of Waste Tanks Since 1971a 

Tank 
No. 

"''' in 
Ser'Vice 

Double-Wall 

1954 

10 

11 

12 

13 

14 

15 

16 

29 

30 

31 

32 

34 

35 

1955 

1956 

1961 

1959 

1964 

1954 

1956 

1955 

1955 

1955 

1956 

1956 

1957 

1960 

1959 

1971 

1974 

1972 

1971 

197-l 

1972 

1977 

Single-Wall 

17 

18 

19 

20 

21 

22 

23 

24 

1961 

1959 

1961 

1960 

1961 

1965 

1963 

1963 

Firat 
Leak 
Obseroved 

1969 

1957 

1959 

1974 

1974 

1977 

1959 

1972 

1959 

Type of Inspection or Meaeurement 

Direct waLth 
Pel'iscope Photos Thickness 

72,73,74 75,76,77 77 

72,73,70 73,75,76,77 72,73,77 

72,73,74,75,76 73,75,76,77 77 

72,73,74,76 

72,73,74 

72,73,76 

72,73 

72,73,76 

72,73 

72,76,77 

72,73,74 

72,74,77 

72,73,75 

72,73,74,76 

72,73,74 

72,73,74,75,77 

72,73,74 

72 

72,73,75 

72 

7S 

72,73,75 

72,74,76 

72,75 

72,74,75 

72,74,76 

71,74,75,76 

11,72,73,74,76 

72,75,76 

72,73 

75,76,77 73,77 

73,75,76,77 73,77 

75,76,77 74,77 

75,76,77 74,77 

73,75,76,77 73,77 

74,75,76,77 77 

74,75,76 77 

73,74,75,73,77 
76,77 

74,75,76,77 72,73,77 

74,75,76,77 74,77 

75,76,77 77 

74,75,76,77 77 

74,75,76 17 

74,75,76,77 73,74,77 

74,75,76,77 75,77 

74,75,76,77 77 

74,75,76,77 77 

74,75,76,77 77 

74,75,76,77 77 

77 77 

73 

74 

75 73 

Numbers 72 through 77 denote years in which inspection was made. 

Temperuture 
ProfiZe 

74,75 

73,74 

74,75 

73,74 

73,74,75 

74 

75 

73,74 

73,74 

73 

74 

75 

73,74,75 

73,74,75 

13,14,75 

74,75 

73,74,75 

74 

74 

74 

74,75 

73 

ObBer'Vationsb 

Small waste salt depos t in annulus pan. 
No source found. No s gni fiean"( ch<ll\gc 
since previous inspect ons. 

Good condition. No evidence of leakage. 

Good condition, No evidence of leakage. 

Good condition. No evidence of leakage. 

Good condition. No evidence of leakage. 

Good condition. No evidence of leakage. 

Good condi tion. No evidence of leakage. 

Good condition. No evidence of leakage. 

Approximately inches of waste salt .in 
annulus pan. No source found. 

Approximately 2 inches of waste sal t in 
annulus pan. No source found. 

Water inleakage through riser wall; non­
radioactive solids on wall; salt deposi.t 
at one leak site. 

Salt deposit at one leak site. 

Salt deposit at one leak site. 

Approximately 14 in. of lI'aste salt 1n 
annulus pan; approximately 50 leak sites. 

About 15 leak sites, 

Approximately 15 in. ,..aste ,;alt in '-'llnulu,; 
pan. The large number of leak sites has 
caused the tank to be emptied dowll to a 
Sludge level; approximately 300 Jeak sites 
have been identified. 

Good condition. No evidence of leakage. 

Good condition. No evidence of i"'di<.d~,". 

Good condition. No evidence of leakage. 

Good c'-'!lui Lion. No evidence of Jnakage. 

C;ood condition. No evidence of leakage. 

Good condition. No ev.i.u~llu:, of leak'lgc. 

Good conditiOn, No evidence of leakage. 

Good condition. Slight rusting only. 

Good condition. Slight rusting only. 

(,ood condition. Slight rusting only. 

Good condition. Slight rusting only. 

Good condition. Slight rusting only. 

Good conditi.on. "light T'11~T;n?, only. 
Evidence of ground water jccpagc through 
fault (s) in dome. 

Good condition. Slight rusting only. 

Gnnd condition. Slight rusting. 
Evidence of ground water seepage through 
fault(s) in dome. 

b. All wall and bottom steel measurements to date compare favurably with mill rolling speCifications 
for the plates, indicating no loss of thickness. 
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• Radiolytic decomposition of the waste. The major effect of 
this radionuclide decomposition is the slow reduction in the 
NaND3 concentration with an equivalent increase in NaND 2 
concentration. After 5 to 10 years, the NaND 2 concentration 
approaches the residual NaN03 concentration. 

• A slow reduction in the NaDH concentration due to reaction 
with C02 absorbed from air, forming Na2C03. 

• Decay of radionuclides. 

• Separation of the waste into sludge and supernate fractions. 
The sludge settles to the bottom of the tank and contains 
most of the insoluble radionuclides. 

The sludge is composed primarily of oxides and hydroxides of 
manganese, iron, and, to a lesser degree, aluminum. It contains 
most of the fission products originally present in the irradiated 
fuel except cesium, and essentially all of the actinides. The 
sludge also contains a significant quanti ty of mercury. 

TABLE 2 

Chemical Composition of Fresh High-Level Liquid Waste 

Cons ti tuen t 

NaND, 

NaND2 

NaAI (DH) 4 

NaOCI 

Fe(DH), 

Mn02 

Hg(OH)2 

Other Solids 

Concentration, 
M 

3.3 

<0.2 

0.5 

0.1 

0.3 

0.07 

0.02 

0.002 

a. An average molecular weight of 60 is assumed. 
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TABLE 3 

Radionuclide Composition of Fresha High-Level Liquid Waste 

RadionucUde Activity~ Ci/gaL RadionucUde Activity~ 

IItItCe _lI+4 Pr 68 241Am 1 x 10- 3 

9S Zr 60 99 Tc 5 x lo-it 

"y 47 239 pu 3 x 10- 4 

89 Sr 36 lS""Eu x 10- 4 

95Nb 15 93 Zr x 10- 4 

1ltlCe 12 21t°pu 6 x 10- 5 

147Pm 12 135
C5 4 x 10- 5 

lO3 Ru 10 126Sn_126Sb 1 x 10- 5 

106Ru _106 Rh 4 '9 Se 1 x 10- 5 

90Sr 3 233U 2 x 10- 6 

131C5 3 129 1 1 x 10- 6 

12'JTe 2 238U 6 x 10-' 

127Te 2 lO7 Pd 5 x 10-' 

13/t Ce 1 237Np 4 x 10-' 

151 Srn 8 x 10- 2 152 Eu 2 x 10-' 

23Bpu 1 x 10- 2 242pu 6 x 10- , 

241pu 2 x 10- 3 lSBTb 6 x 10- B 

21+4 Cm 1 x 10- 3 235U 3 X 10-' 

a. After reprocessing fuel that has been cooled six months 
after discharge from reactor. 
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The supernate portion of the liquid waste after aging 
contains dissolved salts including radioactive cesium nitrate. 
This supernate is transferred to an evaporator for dewatering, 
and the concentrate from the evaporator is transferred to a 
cooled waste tank where any suspended salts settle. Cooling 
causes additional salt to crystallize. The supernate is returned 
to the evaporator for further concentration. This process is 
repeated until the volume of liquid remaining is too small for 
ready removal and this portion of the waste has been converted 
to damp salt cake. The salt produced by evaporation of this aged 
supernate consists of NaN03, NaN02, NaOH, Na2C03, and NaAI(OH)4. 

Because of these changes in chemical and radionuclide 
composition, the composition of the wastes in individual tanks 
varies widely depending on the detailed history of its contents. 
For this reason, the composition of the waste contained in the 
tanks is analyzed periodically. The concentration ranges of the 
major components and radionuclides in the uncooled tanks are 
given in Tables 4 and 5, respectively.10 

TABLE 4 

Concentration Range of Major 
Constituents of LHW Supernates 

Cons ti tuen t Concentration., 

Na+ 0.2 - 11.0 

OW 0.06 - 7.9 

NO, 0.2 2.8 

Al(OH), 0.01 - 1.1 

TABLE 5 

M 

Concentration Range of ~lajor Radioactive 
Constituents of LHW Supernates 

Constituent Concentration Range., Ci/gal 

134
C5 <6 x 10- 6 10- 2 

137
CS 5 x 10- 5 2.2 

144Ce <8 x 10- 5 10- 2 

lO3 Ru <3 x 10- , 10- 2 

lQ6
Ru <5 x 10- 5 4 X 10- 2 

'3° Sr 8 x 10- 7 10- 5 

238 pu 7 x 10- 6 10- 4 
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Any plutonium found in the supernate is probably due to 
the suspension of colloidal particles; otherwise, the plutonium 
and strontium segregate mostly in the sludge, and the cesium in 
the supernate and salt. 

Similar data for HHW in cooled tanks are given in Tables 6 
and 7. 11 

Throughout the text of this report, reference is made to 
various compositions of synthetic wastes,. e.g., "11/12" or "1." 
These are designations of simulated wastes of the composition 
in the indicated waste tank at the time of the specific experi­
ment. The reference cited should be consulted for the actual 
composition used. 

TABLE 6 

Concentration Range of Major 
Constituents in Aged HHW Supernates 

Constituent Concentration~ M 

Na + 4.0 - 12 .5 

NO, 1.6 - 6.4 

NO, 0.2 - 3.2 

Al(OH);; 0.4 - 1.6 

OH 0.8 6.3 

TABLE 7 

Concentration Range of Major Radioactive 
Constituents of Aged HHW Supernates 

Cons ti tuen t Concentration Range~ Ci/gal 

134C5 0.2 4.6 
137

CS 1.7 44 

lO3 Ru NO 0.2 

89 Sr <10-· 3 x 10- 5 

90 Sr 2 x 10- 4 4 x 10- 3 
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CORROSION 

Four distinct forms of corrosion attack may be observed in 
systems such as the waste tanks. 

• General corrosion, the surface is attacked uniformly 
resulting in a gradual thinning of the structure. 

• Pitting, the surface is attacked at very localized sites 
forming relatively deep pits or crevices. Pitting may 
cause very rapid penetration of the structure. 

• Beachline attack, the metal is attacked more rapidly at 
the liquid-air (vapor) interface. 

• Stress corrosion cracking (See), under the influence of an 
imposed stress and a slightly corrosive environment, the 
metal cracks at an imposed load much lower than its normal 
tensile strength. 

Significant general corrosion has not been observed in the 
waste tanks as evidenced by the inspection program (both wall 
thickness measurements and direct observation), as well as by the 
performance of in-tank corrosion coupons. 

Apparent corrosion cracking has been observed in six of the 
nine tanks in which salt deposits have been found in the annular 
space; see is presumed to be responsible for the leaks in the 
other three. Pitting, and possibly beachline attack, has caused 
leaks in about 10% of the cooling coils installed in Types I and 
II tanks. 7 As described below,these corrosion mechanisms have 
been studied in the laboratory in an effort to select better 
materials of construction for new tanks and to control operating 
conditions to prevent additional failures. 

Stress Corrosion 

Stress corrosion cracking occurs in many metals and alloys 
due to the combined action of corrosion and stress. Neither 
significant corrosion nor stress alone would cause structural 
failure, but together they can. Figure 6 schematically shows 
the processes involved. 

Mild steels (a generic name for a class of steels that 
contains less than about 0.3% carbon) are susceptible to see in 
nitrate solutions as well as in caustic solutions and several 
other environments. 12 The precise mechanism of this form of 
failure is not universally agreed upon, but it is no doubt related 
to the fact that in a crevice or a crack the chemistry of the 
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Aggressive Solution 

~ - -- tF;'Fj'77~77'7'i~'5;:i77'Fj'T77T7~i'iJ_ TenSile'l:~~~Z~~~~Z~~~~~ 
Local Tensile 

Stress Rupture 
of 

Passive Film 

Crock Growth 

FIGURE 6. Schematic of Processes that Cause Stress Corrosion Cracking 

system can be very different from that in the bulk solution. The 
most generally accepted mechanism is that the stress maintains a 
crevice in which the solution is agressive towards the metal. 
The chemistry at the crack tip has been shown to be significantly 
different by measurements of the pH - an indication of the concen­
tration of hydrogen ions or the relative concentration of acid. 
Laboratory measurements have shown the pH in the crack tip region 
to be about 3, acid, while the bulk solution was near neutral, 
a pH of 7. 13 A solution with a pH of 3 readily corrodes mild 
steel. 

A characteristic of this type of cracking is that it is 
intergranular. That is, the grain boundaries of the metal are 
preferentially attacked. Figure 7 shows the path of a NO; SCC 
in A 285-B steel,14 compared with the crack found in the sample 
from Tank 16. This evidence, along with electrochemical behavior 
of the steel, as described in the following section, indicates 
that the cracking in waste tanks has been caused by nitrate 
stress corrosion. 

Potentiodynamic Polarization 

Corrosion of a metal requires transfer of electrons (current 
flow) between the anodic (oxidation) and cathodic (reduction) 
sites. Determination of the current density of a specimen in 
solution as a function of applied potential provides information 
about the maximum corrosion current, the system's tendency to 
corrode or passivate, and the open circuit potential. 

Polarization curves, current density versus potential, for 
actual radioactive waste and synthetic waste solutions were 
practically the same (Figure 8) indicating a similar electro­
chemistry and, therefore, similar corrosion characteristics. II 
Because of this similarity, corrosion investigations could be 
conducted with synthetic (nonradioactive) waste solutions instead 
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of radioactive solutions, which great ly silllp1ifi es and expodi tos 
the experimental procedures. 

The low current fJOIc in the region between 0 and O.3V in 
Figure 8, indi_cates a passive system wi.th 101-'1' corrosion rates; 
between () and -O.2V, corrosion currents are lIluch higher and the 
<:orros:l.on s~.'stem is active. An ~l.ctive-pa5s'ive tr;].JlsitIon as shown 
is crnrracter:i.stic of systems susceptible to stress corrosion cracking. 

The open cirnlit potential, the potential at 2ero current, 
wa~ TI1e,::"l.strred for several waste tanks and W,1S in the range -0.44 
to ··O.OMV VS. saturated calomel electrode. This is within the 
r'll1ge whe're' nitrate see is known to occur (·().3 to 1.1V) and is 
Hot in t11" range for caust ie cracking (·0.8 to - L ()V) .'4 

Another diffPl'ence between NO; and Of·r see is that NO, 
cracking can OCCllr at temperatures 1 e5S than 100"C Will 1 e OIl sec 

1 I t t t t tl I 00 c e .1 5 'fl genera. occurs on y (1 "empeTa ,ures grea 'cr 1<"111 . Ie 
supernate that cracked the tanks was at temperatures less than 
100 D C. On the basis of tlw open·circllit potential and temperature 
of the waste, tho observed cracking is caused by rd.tY\xte and not 
by stress corrosion. 

a. Cracking in Constant·Current Tensile Test 

FIGURE 7. Intergranular Cracking of A2BS-B Steel 
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b. Crack Extending Through Ha11 
of Tank 16. Exterior Surface 
is at Top of Photograph." 

Fl GURE 7. (Cont i nued) 
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10 

Concentration) M II 
N 

Ion II H 12H Syn 
Actual 12--.1/ E NO; 3.5 3.3 3.4 

~ NO. 0.8 1.5 I .2 ~ Ii 
<t 1.0 ow 0.8 1.0 0.9 E 

AI (OH)~ 0.6 0.4 0.5 
.' \ Synthetic Q i'c ;g:: J 0.' 0.' 0.' 

'" f, 11-12 f c PO.3-., .\ \ l / 0 CI- <O.IM Totol - Cr042" c l~ ., 0.1 HHgO.-~ 
. . 

~ .' .' => 
u Actual II 

0.01L-----------~ __ ~~_L __ ~ __ _L __ ~ 

-0.2 0 0.2 0.4 

Potential, V, vs S. C. Eo 

FIGURE 8. Potentiodynamic Polarization of A285-B Steel 
in Various Solutions!4 

Residual Stresses and Heat Treatment 

Besides an aggressive environment, the other necessary condi­
tion for SCC is the presence of tensile stresses in the metal. 
In large engineering structures there are generally three types 
of stresses: 1) working stresses due to the load the structure 
was designed to carry, 2) reaction stresses - long range stresses 
due to fabrication, and 3) residual stresses - short range 
stresses duo to fabrication procedures such as welding and defor­
mation to make parts fit together. 

Working stresses in such structures have been traditionally 
designed to be low, about 1/2 or less of the yield stress of the 
material in accordance with the ASME Boiler and Pressure Vessel 
Code;5 this is the case for the waste tanks. Reaction stresses 
are difficult to estimate quantitatively. However, even though 
the waste tanks are large, they are simple structures, basically 
free-standing, right-circular vessels, that are built on stable, 
reinforced concrete pads. Therefore, the reaction stresses in 
the tanks from such phenomena as settling should be very low. 

The tanks are made by welding individual preformed plates 
together. Since welding involves heating the metal to its melting 
point with subsequent cooling and solidification, contraction of 
the metal occurs in a localized, relatively small region. This 
thermal contraction is nonuniform and leads to built-in stresses 
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that can exceed the yield stress of the material. 
the residual stresses associated with a butt weld, 
type of weld made in fabricating the tanks. 16 

Figure 9 shows 
the most common 

Cracks in the waste tanks have been predominantly associated 
with welds. Cracks form at right angles to the weld bead. They 
grow a short distance from the weld, then stop. The largest 
observed crack in a waste tank is six inches long. Cracks stop 
growing as a result of the rapid decrease of the tensile stress 
with distance from the weld (Figure 9), for example the 
particular weld in the figure might be expected to generate 
a crack 1 to 2 inches long. 

Residual stresses can be relieved by uniformly heating a 
structure to a sufficiently high temperature (approximately 
1100~ in mild steels) to allow the metal to relax because its 
strength decreases at elevated temperatures. Such heat treat­
ment should eliminate SCC by removin~ the stress. This effect 
was demonstrated in the laboratory3, by welding large, 3-foot 
square plates and exposing as-welded and stress-relieved plates 
to synthetic waste solutions or to 50% NaN0 3, which is a particu­
larly aggressive solution in causing SCC. Results for the 50% 
NaN03 series of tests are summarized in Table 8. Plates that 
were fully stress relieved by heat treatment did not crack in 
167 days; as-welded plates consistently cracked after a short 
exposure. Note that the "flame-washed" plates gave inconsistent 
results because of the difficulty in controlling the temperature 
in this procedure. 

80'---~1---'1----r-1--'-1--~1--~ 

~ 20-
E 
o 
a. 
~ 0-
~ -(f) 

-

-

-

• -• 

-20 L-_J-1--_...LI_----LL_----"J~_.L..._I_-r-__' 
o 2 4 6 8 10 12 

Distance from Centerline of Weld, in. 

FIGURE 9. Residual Stress in Butt Welds l6 
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TABLE 8 

Effect of Heat Treatment on sec> 
Time to CraC!k~ 

Specimen Condition days 

1 As welded 3 
2 As welded 27 
3 As welded 3 
4 As welded 3 
5 As welded 7 
6 As welded 3 
7 As welded 3 

8 Partial stress reliefb 27 
9 Partial stress relief 3 

10 Partial stress relief 14 
11 Partial stress relief 83 
12 Partial stress relief Nc<' 
13 Partial stress relief NC 

14 Full stress reliet<i NC 
IS Full stress relief NC 
16 Full stress relief NC 
17 Full stress relief NC 
18 Full stress relief NC 
19 Full stress relief NC 
20 Full stress relief NC 

a. Welded 36-inch plates of A 285-8 exposed to 50% NaNO, 
(11.7M) at 90-9S o C for 167 days. 

b. Partial stress relief: a wide gas burner passed over 
welded areas. 

c. NC: no cracks developed within 167 days. 

d. Full stress relief: heated to 1l00°F for 30 minutes. 

On the basis of this work and other supporting laboratoryl7 
and industrial l8 experience on the role of residual stresses, 
the Type III waste tanks have been heat treated after fabrication 
to relieve the welding stresses. Any long range reaction stresses 
would also be relieved. This heat treatment is a significant 
advance in minimizing the probability of stress corrosion cracks 
in waste tanks. 

Waste Composition and cracking 

The waste supernate is basically an alkaline nitrate solu­
tion. Although either nitrate or caustic ions can cause mild 
steel to stress crack, the presence of either will inhibit 
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cracking by the other. Also, nitrite, NO;, is known to inhibit 
nitrate crack growth,19 and its concentration increases with 
aging. Therefore, the waste solution contains species that can 
both cause and inhibit stress corrosion cracking of the mild 
steel tanks. 

The effect of waste composition was investigated in a series 
of laboratory studies to provide technical guidance in controlling 
waste compositions to minimize the probability of forming new 
cracks. Two different experimental techniques were used. 

• The influence of solution composition on crack growth was 
measured in precracked stressed specimens. 

• The relative loss in ductility of a tensile specimen was 
tested under controlled electrochemical conditions in solu­
tions of various composition. 

Precracked Stressed Specimens. For this laboratory study 
of the influence of waste composition, modified wedge opening 
loaded (WOLl specimens 20 that contained a fatigue crack 
(Figure 10) were used. By tightening the bolt the specimen was 
stressed, and by relating the load to crack opening and crack 
length, the state of stress can be calculated. The specimen is 
immersed in the test solution and the crack length measured as 
a function of time. For this type of specimen the stress 
intensity, K, a parameter that characterizes the state of stress 
in the crack tip region, decreases with crack length. Therefore, 
the threshold stress intensity, KSCC (the minimum stress intensity 
necessary to cause corrosion cracking), is the K value found when 
the crack ceases to grow. Values of KSCC for several solutions 
are given in Table 9. 

A typical series of crack growth curves is shown in 
Figure 11. In solutions that caused crack growth, the rate of 
growth and KSCC were independent of solution composition. This 
observation is evidence of the independence of crack tip chemistry 
from bulk solution. The initiation time, however, was related 
to the composition of the bulk solution, Table 9. 

From these data, a map dividing the compositional variables 
into cracking and noncracking regions was drawn l9 as shown in 
Figure 12a. All solutions contained SM NaN03 and various amounts 
of OH- and NO;, to approximate waste solutions. The map shows 
that sufficient amounts of either OH- or NO; can prevent crack 
growth and that they are more effective (less of either is 
required) if both are present. A comparison between the above 
data and the electrochemical tensile tests descriped below are 
shown in Figure l2b. 
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TABLE 9 

Fatigue 
Crock 

I I 

td
l 

i , ~ 

1 KSCC 

0 0 of 
Arrest 

Figure 10. Modified WOL Specimen 20 

Effect of Compositiona on Crack Initiation 
Time and KSCC 

Thpeshotd Stpess 
Initiation Intensity (}(sec). 

NOlJ M OH-, M Time. hp MFa lin 

75-200 31 

0.5 200 31 

0.75 400 31 

1.5 600 36 

3.0 NCb 

0.3 75 27 

0.5 400 33 

1.0 350 30 

1.2 NCb 

0.2 0.5 615 30 

0.2 0.2 525 33 

0.3 0.3 1100 35 

0.5 0.1 150 29 

a. For WOL specimens in 5M NaND, with indicated 
additions of NO; and OH- at 95°C. 

b. NC = no crack growth. 
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Time. days 
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FIGURE 11. Crack Length as a Function of Time l9 

Crack growth for A285-B steel in 5M NaN0 3 solution 
containing additions of NO; and OH- at 97 e C. Note 
that ~a/~t, growth rate, and total growth, which 
;s proportional to KSCC, are approximately equal 
for all four solutions. 
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a. Data from WOL Specimens 19 
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Inlmum OW ... NOi 
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b. Compari son of \~OL and El ectrochemi cal Test Results 14 

FIGURE 12. Tests on Influence of NO; and OH- on Crack 
Growth of A 285-B Steel in 5M NaNO, 
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Ai r Tank 1 Synthetic Tank 9 Synthetic 

4 mm 

Tank 8 Synthetic Tank 14 Synthetic 

FIGURE 13. Appearance of Fractures in Electrochemical Tensile Test. 22 

A 285-8 steel tested in various wastes at 100°C 
and 0.5 rnA/em? 
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Tensile Tests with Impressed Current. A rapid test to 
evaluate the influence of waste solution composition on stress 
corrosion initiation was also developed. 14 The test determines 
the loss of ductility when a steel tensile specimen is strained 
to failure. The specimen is extended at a uniform rate while 
acting as the anode in a controlled-current electrochemical 
cell with the waste solution being tested as the electrolyte. 
The current level was chosen on the basis of potentiodynamic 
polarization curves and was the same for all tests in a given 
series. The effects of synthetic waste solutions of various 
compositions compared with tests in air are illustrated in 
Figure 13. 

The tensile strength and all of the common measures of 
ductility, uniform elongation, total elongation, or reduction in 
area, were similarly affected by the test solutions. Figure 14 
shows the increase in the ultimate tensile strength with increasing 
OH- concentration, indicating that the presence of OH- impedes 
crack initiation and allows the metal to achieve its ultimate 
strength if enough OH- is present. 

80r---,----,----,----,----,----,----r---, 

9 
~ 70 

Air c;, 
c 
'" ~ 60 

~ 

c 50 
~ 
~ 

" f 

5 
M NaNO;"pH 2.5 

(Yield Strenottll 

30~--~~--~~--~--~~--~~--~~~~--~ o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

OH- Concentrotion, M 

FIGURE 14. Effect of OH- Concentration on Electrochemical Tensile Test. 
A 285-8 steel tested in synthetic wastes at lOO°C 22 and 
O.2mA/cm2. 
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The electrochemical tensile test data confirmed that A 516-70 
steel used in Type III waste tanks is less susceptible to cracking 
than the A 285-B steel used in Types I and II tanks and that the 
supernates from salt receiver tanks are of the least aggressive 
compositions, while fresh wastes (high nitrate) are of the most 
aggressive ones. 22 Results of recent unpublished work show that 
A 537-1 steel has essentially the same corrosion behavior as 
A 516-70 steel. 

Temperature and nitrate concentration were the two solution 
variables that had the greatest effects on mechanical properties 
of the steel in two series of statistically designed experiments. 
Hydroxide and nitrite ions acted as inhibitors. 

An equation given in Reference 22 was derived that relates 
elongation of A 285-B steel in this test to the combined effect 
of four variables of the solution: 

• Temperature from 50-100°C 

• NO; from 1.5 to 5.5M 

• NO; from 0 to 3.5M 

• OH from 0 to 5.0M 

The test solutions also contained six ionic constituents in 
constant concentrations, in addition to NO" NO;, and OH- to 
simulate waste solutions more closely. Surface cracking was 
observed in all specimens when total elongation in the test was 
less than the uniform elongation observed in air (approximately 
13%). This value was used as a figure of merit to estimate whether 
stress corrosion cracking of A 285-B steel would be a risk if the 
steel were exposed to equivalent solutions and temperature in 
service. The 13% 1 i.mi.t agrees with results obtained for crack 
growth in wedge opening loaded specimens tested at 95°C and 5.0M 
NO; concentration with varying OH- and NO, concentrations, as 
shown in Figure l2b, except for differences at low hydroxide 
concentrations. 

Effeat of Temperature. Like other corrosion phenomena, the 
severity of stress corrosion usually increases with temperature. 
Both of the techniques, crack growth and the tensile tests with 
constant applied current, support this generalization. This is 
shown for A 285-B steel in synthetic 22l-H waste, an a~~ressive 
solution, at three different temperatures in Table 10. These 
data indicate that wastes as aggressive as fresh 22l-H waste 
should be stored at <75°C if the tensile properties are an 
important factor in the tank performance. 
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TABLE 10 

Effect of Temperature on Tensile Propertiesa 

Pep Cent ot Values in Aip 
TernpeY'at'l"lPe, Ultimate Reduation 
°C Stpength Elongation in Apea 

SO 100 100 100 
75 95 50 70 

100 65 30 20 

a. A 285-8 steel in 22l-H waste at 0.2 rnA/em 2
• 

ContpoZ of Stpess Copposion 

These laboratory studies have led to a better understanding 
of the conditions required for stress corrosion cracks to develop 
in the waste tanks; consequently, appropriate fabrication pro­
cedures and process control can be applied to minimize the pro­
bability of stress corrosion cracking. Stress relief of the 
tanks during construction is now specified to relax the high 
welding stresses that caused the stress corrosion cracks associ­
ated with the welds. 

During most waste storage operations, technical standards 
require that the composition of the wastes is controlled as 
shown in Table 11. A maximum NO, concentration is specified to 
limit the maximum aggressiveness of the supernate. The concen­
tration of inhibitors, OH- and NO" is maintained at specific 
minimum levels depending on the NO, concentration. These levels 
of OH- and NO, have been shown to prevent crack initiation in 
highly stressed specimens. 

The temperature of fresh supernate is maintained at less 
than 70°C. Since stress corrosion is a thermally activated 
process, the lower temperature will also inhibit the initiation 
and growth of cracks. The temperature limit specifically applies 
to fresh waste only because aged and evaporated waste contain 
sufficient OH- and NO, to inhibit SCC by themselves. 
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Pitting Corrosion 

TABLE 11 

Required Minimum OH- and NO. Concentrations 
in SRP Wastes 

Concen tra tion , M 

NO, OW OH- + NO, 

3-5.5 0.3 1.2 

1-3 0.1 [NO,] 0.4 [NO,] 

<1 0.01 

Significant pitting has not occurred on the tank walls. 
For example, only broad, shallow pits up to 0.020 inch deep were 
found on the sections removed from the wall of Tank 16 8 and no 
pits have ever been found on corrosion samples placed in various 
tanks. 6 The conditions required for pitting, e.g., dilute solu­
tions and crevices, are generally not found at tank walls. 

As described below, pitting attack has caused many leaks in 
cooling coils, however. 

Leaks in Cooling Coils 

Beginning in 1966, sludge was removed from seven tanks to 
prepare the tanks for use as receivers of evaporator concentrate. 
In this operation the sludge is slurried with water and pumped to 
another tank. Shortly after the sludge removal, cooling coil 
leakage increased significantly in these tanks. Currently, 66 
out of about 600 coils in the cooled tanks have developed leaks. 7 

In only one tank was the frequency of leaks in cooling coils 
unsatisfactory before sludge removal began; this occurred during 
a period when the pH was abnormally low due to a temporary caustic 
deficiency in the supernate. The deficiency was corrected by 
adding NaOH. During this period, seven coils developed leaks; 
no others leaked in this tank until after sludge removal operations. 
Four coils in other tanks leaked for unknown reasonS during the 
approximately 12 years of operation before sludge removal. 

- 36 -



Excluding the leaks due to low pH, cooling coi Is developed 
1 caLs 500 t.imes more frequently during sludge remova 1, and the 
rate continued to be 6 times mOTe frequent during normal storage 
afterwards (Figure IS). Examination of a leaking section from a 
,coGling coil removed from a waste tank showed that it failed by 

tting (Figure 16). 

Shortry Al'ter 
Sludf}6 RefflO!lof 

_,c !O/tonk yeor 
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~I 

100 

I I 

~I 
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FIGURE 15. Incidence of Cooling Coil Leaks, Tanks 1-9,11-16 7 

FIGURE 16. Perforated Upper Horizontal Coo11ng Coil, Tank 27 
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Effeets of Dilute Supernate 

Several explanations are needed to account for all leaking 
cooling coils. The most probable explanation for the prevalent 
cause of leakage during sludge removal is pitting corrosion from 
exposure to dilute waste that is low in caustic and nitrite and 
relatively high in sulfate dissolved from the sludge. In labora­
to!t testsz,diluted synthetic waste with a NO. concentration of 
10 to 10 M, compared to 0.5 to 3M for normal waste, caused an 
increase in the pitting rate, but not a sufficient increase to 
account for the rapid coil failures. Sufficiently rapid attack 
is possible, however, when the rate increase due to inhibitor 
dilution "is coupled with the increase in sulfate to provide a 
high-conductivity electrolyte and with the presence of an oxygen 
depletion cell to provide an electromotive force. Sulfate is 
known to increase pitting attack,2' and it is leached from the 
sludge during sludge removal operations. Oxygen depletion cells 
can be established in crevices that abound around the cooling 
coils. This mechanism was simulated electrochemically and 
pitting rates large enough to penetrate the coils in six days 
were observed (Figure 17). 

Not all the cooling coil leaks can be explained by this 
rationale, or by the low pH. Some coils probably failed from 
the inside due to depletion of chromate, a corrosion inhibitor, 
while the cooling water flow was stopped. And, some leaks appear 
to be due to corrosion at the liquid-air interfaces (beachline) 
corrosion. Investigation of these failures has not been possible 
because of the difficulty in locating and removing leaking sections 
to characterize the leaks. 

Control of Pitting 

Control of pitting corrosion, probably the most common cause 
of leaks in the cooling coils, during future sludge removal opera­
tions is planned by discontinuing the use of process water to 
slurry the sludge. Instead, supernate that has been diluted no 
more than one hundred times, or an aqueous solution with at least 
500 ppm sodium nitrite at pH 12, will be used to provide sufficient 
corrosion inhibition. This practice should also prevent beach line 
corrosion. 

Failure of the coils due to chromate depletion will be 
avoided by maintaining a flow of cooling water with adequate 
chromate to prevent pitting. Finally, control of the OH- concen­
tration in waste will avoid acid conditions and thus prevent 
failure of the coils by this mechanism. 
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il. f~ctive-Pass'ive Pitting at Ten-Thousandfold 
Dilution of Tank II Supernate 

b. No Attack at One-Hundredfold Dilution of 
Tank II Supernate 

F IGUHf 17. Electrochenrical Pitting and Prevention in 
Dilute Supernate. Applied potential, O.5V. 7 
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FRACTURE 

Mechanical failure of an engineering structure, such as a 
waste tank, may be plastic or brittle. Engineering experience 
and well-understood design criteria have minimized the suscepti­
bility of most structures to plastic failure by overloading. For 
example, the common engineering practice of fixing the design 
stress at one-half the yield stress of the material, as in the 
waste tanks, makes plastic failure improbable. However, brittle 
failure, failure at overall stresses less than the yield stress, 
is possible in structures that contain flaws (or so-called "stress 
raisers"). 

Brittle fracture depends on the local conditions in a 
structure such as the state of stress, flaw size, temperature, 
and toughness of the material. 2, Brittle fracture may occur by 
two different modes, ductile or brittle, that reflect differences 
in the mechanism of fracture on the atomic level. In the case of 
mild steels, the temperature is very important because the steels 
exhibit sharp transitions in toughness in a narrow temperature 
range, Figure 18. At temperatures above the transition the mode 
of failure would be ductile, and below, brittle. The transition 
temperature of the steel depends on processing history, chemical 
composition, and thickness. For example, a normalizing heat 
treatment of as-rolled plate will lower its transition temperature 
by at least 30°C. Normalizing consists of heating the steel to 
l650 0 F (~OO°C) and cooling it in air. 

Brittle fracture in a ductile mode has been analyzed and 
requires a flaw 1 to 2 feet long with stresses equal to the 
yield stress of the steel. 25 The longest known crack in a waste 
tank is six inches. Since cracks would leak so rapidly before 
growing to a length of 1 to 2 feet, the waste would have to be 
transferred to a spare tank. For example, studies of the flow 
through experimentally grown cracks under simulated waste tank 
conditions showed that an 8.25-inch crack near the bottom of a 
tank wall would leak at a rate of about 2.5 gpm (W. F. Yau to 
K. W. French, Private Communication, December 11, 1974). Tech­
nical standards require that whenever the leakage exceeds 1.0 gpm, 
waste must be transferred to a spare tank until the leakage is 
reduced or the tank emptied of liquid. Therefore, brittle failure 
of a waste tank in a ductile mode is highly improbable. 

Brittle fracture in a brittle mode can occur below the transi­
tion temperature, and be initiated by relatively small flaws.2s 

Therefore, the transition temperature of the steel used in the 
waste tanks is important. Such data are not available for the 
steel used in Types I and II tanks or in the early Type III tanks. 
However, data for A 285 Grade C steel which is very similar to 
the A 285-B steel are available.27 A 285-C steel would have a 
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FIGURE 18. Schematic Diagram of Toughness vs. Temperature 
for a Mild Steel 

slightly higher transition temperature than A 285-8 because of 
its higher carbon content, and a considerably higher transition 
than stress-relieved A 516-70, because of the heat treatment. 
Figure 19 shows the distribution of the Nil Ductility Transition 
Temperature (NDTT) for 61 heats of A 285-C steel derived from 
Charpy impact tests of plates 1 inch thick or less. The data show 
that 99% of the steel should have NDTT's below 21°C. 

The NDTT, stress level, and flaw size, has been correlated 
with actual failures by the Naval Research Laboratory researchers!' 
who evolved a Fracture Analysis Diagram (FAD), Figure 20, to assist 
in the design of fracture safe structures. The diagram shows that 
the larger the flaw size, the smaller the stress required to propa­
gate a crack and cause fracture. By maintaining the steel tem­
perate above the NDTT, the critical flaw must be very large and 
therefore brittle mode fracture becomes impossible. 

Heat transfer calculations have shown that the temperature 
of the steel in tank walls can be maintained above 21°C by the 
tank ventilation system (J. M. Boswell, B. Crain to K. W. French, 
R. Maher, Private Communication, January 9, 1975). This is being 
dqne for tanks built before 1974 to minimize the probability of 
brittle mode failure. For brittle failure to occur the critical 
flaw, the yield-level stresses, and steel of low toughness must 
exist in the same local region. The necessary coexistence of 
these conditions reduces the probability of brittle failure to 
a very low value. 
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FIGURE 19. NDH Distribution for A 285-C Steel 

Data for 61 heats.' 7 NDH is taken to be 20°F 
lower than temperature for 15 ft-1b in Charpy 
impact test. 28 
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The toughness of the steel (and thus resistance to brittle 
fracture) used to build each successive group of tanks has improved 
as the understanding of brittle fracture of large structures has 
evolved. The toughness of the materials as measured by the NOTT 
is given in Table 12. Initially, for the Types I and II and early 
Type III tanks as-rolled steel was used, and the NOTT was not 
specified. (In fact, the drop weight test used to measure the 
NOTT was not developed until 1958-1960, and was not in general 
use until the mid-1960' s.) 28 For these .. tanks, fracture control 
is being achieved by assuring, to the extent possible, that the 
steel temperature is above the NOTT by adjusting the temperature 
of the annulus ventilation air as described above. For the Type 
III tanks constructed after 1974, normalized steel will be used. 
A low enough NOTT is being specified so that maintaining the 
minimum tank wall temperatures given in Table 12 will eliminate 
brittle fracture as a credible failure mechanism. 
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TABLE 12 

NDTT of Steels Used in Waste Tank Construction 

M=imwn 
funk Design MateriaZ, SteeZ Alloy NDTT, 

Types I and II A 285-8 20a 

Type III 

Prior to FY-1974 A 516-70 as-rolled l5b 

FYc1974 A 516-70 normalized _18b 

After FY-1974 A 537 Class I -45" 

a. From Figure 19 for >99% of heats. 

b. Unpublished data from Metal Properties Council. 

". Unpublished data from Lukens Steel Co. 
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