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EXECUTIVE SUMMARY 

A High-Level Waste Can i s t e r  Envelope s tudy  program has  been 

i n i t i a t e d  i n  connec t ion  wi th  t h e  Na t iona l  Waste Terminal S torage  Pro- 

gram be ing  conducted by t h e  O f f i c e  3f Waste I s o l a t i o n .  The c a n i s t e r  

s t udy  program i s  be ing  undertaken because of t h e  hazards  involved i n  

s o l i d i f y i n g ,  t r a n s p o r t ,  and s t o r a g e  of h igh - l eve l  was t e s  and because 
--____r- I--- - - . I-__ . __  

t h e  o p e r a t i o n s  and procedures  involved have n o t  y e t  been reduced t o  

p r a c t i c e .  The prime r e s p o n s i b i l i t y  f o r  t h e  s tudy  has  been a s s igned  

t o  t h e  ~ockwell- anf ford Company. A s  a  p a r t  of t h e  s tudy ,  B a t t e l l e ' s  

Columbus ~ a b o r a t o r i e s  was. con t r ac t ed  by Rockwell-Hanford t o  ana lyze  

t h e  f a c t o r s  t h a t  may impact the .  r e l i a b i l i t y  uf  tile wcls  te c a n i s t c r  A 

The Battelle-Columbus,analysis encompassed i d e n t i f i c a t i o n  and 
. ... . 

a n a l p i s  of  p o t e n t i a l  t h r e a t s  t o  c a n i s t e r  i n t e g r i t y  a r i s i n g  i.n t h e  

cou r se  of was te  s o l i d i f i c a t i o n ,  i n t e r i m  s t o r a g e  a t  t h e  f u e l s  reprocess -  

i n g  p l a n t ,  w e t  and d ry  shipment,  and g e a l o g i c . s t o r a g e .  Also, t h e  

a n a l y s i s  covered d i s c u s s i o n  of f a b r i c a t i o n  techniques and q u a l i t y  

a s su rance  requirements  necessary  t o  i n s u r e  optimum c a n i s t e r  r e l i a b i l i t y  

t ak ing  i n t o  account  such f a c t o r s  a s  welding procedure,  s u r f a c e  pre- 

p a r a t i o n ,  stress r e l i e f ,  remote weld c l o s u r e ,  and i n s p e c t i o n  methods. 

F i n a l l y ,  a l t e r n a t i v e  c a n i s t e r  m a t e r i a l s  and c a n i s t e r  systems were 

'brought  under c o n s i d e r a t i o n  i n  terms of optimum r e l i a b i l i t y  i n  t h e  
... 

face of t h r e a t s  t o  t h e  c a n i s t e r ' s  i n t e g r i t y ,  e a s e  of f a b r i c a t i o n ,  

i n s p e c t i o n ,  handl ing  and c o s t .  

Based on t h e  d a t a  c o l l e c t e d  and t h e  obse rva t ions  made i n  t h e  

cou r se  of t h e  i n v e s t i g a t i o n ,  s e v e r a l  sugges t ions  a r e  o f f e r e d  a s  t o  

p r e f e r r e d  sequences t o  i n s u r e  t h e  r e l i a b i l i t y  and i n t e g r i t y  of  t h e  

c a n i s t e r .  I f  i n t e r i m  s t o r a g e  i n  a i r  is  a c l ~ u i s a i l l e ,  t h e  scqucncc 

suggested cnmprises  producing a  g l a s s - type  was te  product  i n  a  con- 

t inuous  ceramic melter, pouring i n t o  a  carbon  s t e e l  o r  low-alloy s t e e l  

c a n i s t e r  of moderately heavy w a l l  t h i cknes s ,  s t o r i n g  i n  a i r  u p r i g h t  on 

a  pad and surrounded by a  conc re t e  r a d i a t i o n  s h i e l d ,  and t h e r e a f t e r  

p l a c i n g  i n  geo log ic  s t o r a g e  w i thou t  overpacking.  



Should the decision be to store in water during the'interim 

period, then use of either a 304 L stainless steel canister overpacked 

with a solution-annealed and fast-cooled 304 L container, or a single 

"high-alloy" canister, is suggested. The "high alloy" may be 

Inconel 600, Incoloy Alloy 800, or Incoloy Alloy 825. In either case, 

it is suggested that the container be overpacked with a moderately 

heavy wall carbon steel or low-alloy steel cask for geologic storage 

to ensure ready retrievability. 

On the other hand, a carbon-steel or low-alloy steel canister 

could be used for interim storage in water if loading the water with 

'the corrosion products formed from the rusting of the steel could be 

tolerated. In this case, if the canister has a moderately thick wall, 

overpacking would not be necessary for geologic storage. 

The Battelle-Columbus study was initiated on June 20, 1977, 

and concluded on September 15, 1977, a period of 13 weeks. 
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INTRODUCTION 

Background 

In early 1976, the Office of Waste Isolation initiated t h e  

management of 'the National Waste Terminal Storage Program. The purpose 

of this program is to provide facilities in certain geologic formations 

at selected locations for the terminal storage of solidified radioactive 

wastes produced by the commercial nuclear power industry. 

The Code of Federal Regulations stipulates that the liquid 

high-level waste resulting from the reprocessing of spent nuclear fuels 

be converted to a dry solid and placed within a sealed canister,within 

5 years after reprocessing and transferred to a repository within a 

10-year period after reprocessing. The high-level waste must be safely 

contained from the time of solid fixation until the end of the retrieving 

period at the geologic storage site. 



From the safety standpoint, failure of the waste canister 

during loading, handling, or storage preseqts a great potential hazard. 

A number of failure mechanisms are possible. 

Because of the hazards involved and the fact that solidifi- 

cation, interim storage, transport, and geologic storage of high-level 

wastes from nuclear electric-power stations have not yet been reduced to 

practice, a High-Level Waste Canister Envelope study program has bee11 

initiated. The prime responsibility for this study has been assigned to 

the Rockwell Hanford Company, a prime contractor of the U.S. Energy 

1 Research and Development Administration, which is engaged in the chemical 

processing and management of radioactive wastes. The major objective of 

the study is to. define design criteria for canisters that wlll contain 

the solidified high-level waste. As a part of the study Rockwell 

Hanford contracted for the services of Battelle's. Columbus Laboratories 

to perform a critical analysis of the factors that may impact the relia- 

bility of the waste canister. 

.Objective of the Analysis 

The major objective of the analysis is to identify all the 

factors, both metallurgical and environmental, and to critically assess 

their impact on the reliability and service life of high-level canister 

materials. A further objective is to identify alternative materials, 

fabrication techniques, environmental controls, and quality-control 

procedures which will ensure optimum canister reliability. 

TECHNICAL EVALUATION 

Plan of the Investigation 

As directed by Rockwell Hanford, the reference canister 

material is assumed to be AISI 304 L stainless steel. Likewise, the 



canister is assumed to be subjected to the following environmental se- 

quences : 

A. Waste Solidification 

(1) In-can melting to produce a glass-type 

waste form' (zone melting techniques) 

(2) Continuous ceramic melter to produce 

. a glass-type waste form 

(3) Fluid bed calcination plus stabiliza- 

tion to produce a calcine-type waste 

form 

(4) Continuous melting plus devitrifica tion 

to produce a glass-ceramic-type waste 

form. 

B. Interim Storage at Fuels ~e~rocessing Plant 

(1) Storage in water 

(2) Storage in air. 

C. Shipping Wet or Dry 

D. Geologic Storage (must be retrievable within a 
period of 5 years) 

(1) Salt formation 

(2) Shale formation ... 

(3) Granite formation.. 

The above list comprises 48 sdparate environmental sequences each of 

which was analyzed for potential threats to the canister's integrity. 

In so doing, the following factors were considered: 

(1) Canister design 

(2) Composition of the waste in each of 

the three waste solidification con- 

cepts 

(3) Temperatures anticipated in each'of 

the 48 environmental sequences 



(4) Environmental control and anticipated 

conditions with and without off- 

specification operation for the 

interim storage,-shipping, and geo- 

logic storage 

(5) Canister material composition 

(6) Surface finishes 

(7) Decontamination requirements and 

sequences. 

In addition, fabrication techniques and quality assurance 

fequlremenLs xiecessary co ensure optimum canister reliability were 

.identified and assessed. Alternative design and fabrication techniques 

were evaluated from the standpoint of corrosion resistance, ease of 

fabrication, ease of inspection, and economics. Likewise, trade-offs 

were considered. 

Finally, alternative canister materials and canister systems 

were' analyzed in terms of optimum 'reliability against threats to the 

canister's integrity, ease of fabrication and decontamination, inspection, 

handling, and cost. Attention was paid to overpacking the canister. 

Details of the various sequences and discussions of their 

impacts on the canister are provided in the sections that follow. 

Process descriptions are based primarily on the five-volume report ERDA- 

76-43(l"?. 

Phase 1. Identification and Analvsis of 
Potential Threats to Canister Integrity 

In-Can Zone Melting to Produce a 
Glass-Type Waste Form 

Process Description. This is a two-step process in which 

high-level liquid waste is first calcined and then melted. Figure 1 

(I*) ' Ketcrences are listed at the end of the report. 



C 
F INTERED STAINLESS STEEL FILTERS 

(BLOWN B A C K  PERIODICALLY)  

P R O C E S S I N G  A N D  
, F I N A L  STORAGE ~2- ZONED FURNACE CAN1 STER 

CAN1 STER 

FIGURE 1. IN-CAN ZONE MELTING TO PRODUCE 
A GLASS-TYPE WASTE  FORM(^) 



shows heated-wall spray calcining because this method has been most 

fully developed for coupling to an in-can melter. However, other cal- 

cining methods could be used. 

The high-level liquid waste is pumped to an atomizing nozzle 

located in the center at the top of the calciner, atomized to small 

droplets with air, which are dried and calcined in flight in the cal- 

ciner. The operating temperature of the calciner is 700 C. Wall- 

mounted pneumatic vibrators, activated periodically, prevent scale 

build-up. The short calcining time inhibits volatilization of radio- 

nuclides. 

Because calcining is continuous, while melting is a batch 

process, two furnaces are set up under the calciner with a diverter 

valve in the duct connecting the calciner to the furnace. Just above 

the diverter, glass-forming frit is added to the calcine from a hopper 

through an air lock. The furnaces, of course, are operated alternately. 

The empty canister is heated to the'melting temperature of 

the glass, i.e., 1050 - 1150 c ( ~ ) .  Then melting is started at the 
bottom of the canister and as the melt begins to fill the canister 

the temperature below the melt level tends to rise above the processing 

temperature due to heat generated by the waste. Therefore, the furnace 

zones are turned off successively as the melt level rises above them, 

and cooling is initiated in these zones. Thus, a longitudinal as well 

as a radial thermal gradient develops. 

One plan is to leave the filled canister in the furnace and 

let it cool naturally to 700 C, then held at 700 C to stabilize the 

temperature longitudinally. When this is accomplished the canister 

is removed from the furnace and placed in a cooling chamber where it 

can be cooled at faster rates. The cooling rate from the melting 

temperature must be such that the glass cools fairly rapidly to,tempera- 

tures well below about 900 C to avoid devitrification. On the other 

hand, if cooling occurs fast the glass will fracture severely. In any 

case, on cooling from the melting temperature, the glass shrinks much 

less than the canister because of its substantially smaller thermal 

expansion coefficient. Therefore, on reaching room temperature the 

canister is in tension. 



Another plan is to force-gas cool the canister to 900 C, hold 

to equalize temperature, gas quench to about 400 C, and water quench to 

80 c(~). This cooling regime is expected to result in some fracturing 

of the glass. 

After cooling from the in-can melting operation, the canister 

is closed with a lid that features a mechnical lock and a seal weld. 

After welding, plans call for stress relieving the canister at 1000 C. 

Typical composition of the resulting glass is 20 - 40 percent 
Si02, 10 - 15 percent B203, 5 - 10 percent alkali metal oxides, 0 - 20 
percent ZnO, and 20 - 35 percent waste oxides. The composition of the 

high-level liquid waste from which the waste oxides are derived is shown 

i n  Table 1. The specific volume is 60 - 80 R/MFU; rhe densrty is 3.0 - 
-1 

3.6 glcc; the thermal conductivity 0.9 - 1.3 wm-lOc , and the leach 
- 7 -2 -1 . rate - 10 g cm day . 

As melted in the canister, the product is a slightly fractured 

monolith containing minor amounts of dispersed crystalline phases, 

principally cerium oxide. If melted at higher temperatures, i.e., 

toward 1400 C, more waste oxides could be assimilated and more Si02 

could be included which would increase the stability of the glass product. 

Another version of the zone-melting process which produces a 

glass-type waste form, that should be mentioned, is the British Rising 

Level Glass Process (FINGAL/HARVEST). This process is illustrated 

schematically in Figure 2. The feature of the process is that drying. 

calcining, and vitrification all take place in the canister. The process 

temperature is 1050 C. 

Impact on the Canister - Metallurgical Factors. The reference 

canister material, 304 L stainless steel, was designed for superior 

resistance to intergranular corrosion, especially under circumstances 

precluding reheating after welding. Definitely, this steel was not 

developed for high-temperature applications and, consequently, does not 

possess useful strength at very high temperatures except for short 

periods of time, i.e., a few hours. Its counterpart, 304, generally is 

not used above 815 C in load-carrying applications. To expect 304 L to 



Concentration, m l e s l e  (? 378e/MTU 
Possible Reference f r 

Constituent Range th i s  Document ?a 

Iner ts  H+ 1-7 2.0 
l m c e s s i n g  N d 0-3.0 0.01 
Chemicals ) Fe 0.05-1.4 0.054 

C r  0.01 -0.04' 0.0096 
Ni - 0.005-0.02 0.0034 
PO4f 0.025-0.30 0.042 
'SO4- 0-0.90 0 
NO3- 2.7-20 3.6 
F- 0-0.25 0 
G ~ I  0-0.2 . 
B b )  

0,150 
0-5.0 0 

~ d ( ~ )  0-1.5 0 

Kilograms Nonvolati le OxideIMTU 
Reference fo r  

Constituent t h i s  Document 
c - 1  --- 
Ma2 0 0.12 
Fe2 0 3 1.6 
Cr203 0.28 
NiO 0.19 
P2?5 1.1 
SO4 0 --- - -- 
F- 0 
G d 2 0 3  10.0 
8203 0 
CdO 0 

Fission 
Products 

Actinides 

I ' Subtotal 13.0 

Rb (c) 0.0095 Rb20 0.34 
S r  0.01 7 SrO .O. 68 
Y 0.0095 y2°3 0.41 
tr (c) 0.074 zrO2 3.5 
Mo (c) 0.071 Moo3 3.9 
Tc 0.017 T~207  1 .O 
RU 0.044 RuOz 2.2 
Rh 0.011 * Rh2O3 0.53 

0.030 Pd PdO 1.4 
Ag 0.001 5 Ag2O 0.067 
Cd (c) 0.001 6 CdO 0.078 
Sn (C 0.0009 SnOz 0.052 
Sb 0.0002 Sb203 9.013 
Te 0.0078 Te02 0.47 
CS 0.039 Cs2O 2.2 

, Ba 0.023 BaO "' 1.3 
La C. 0'18 La703 1.1 
Ce 0.034 Ce02 2.2 
Pr 0.016 Pr601 1 1.1 
Nd 0.055 Nd203 3.5 
Pm 0.0005 p503  0.035 
Sm 0.01 2 Sm20 3 0.80 

, EU 0.002 E"203 0.13 
Gd 0.001 Gd203 0.076 

Subtotal 27.0 
u 0.01 1 -0'.22 0.053 U3°8 5.7 
N P (c) 0.003 NpO2 0.31 
PU 0.0001 -0.006 0.002 ' PuOp 0.17 
Am 0.009 0 3 0.96 
Cm 0.003 Cm203 0.26 

Subtotal 7.4 

- Total 47.0 

a. The reference IlLLW i s  wpveseiitatSvt! of a large state-of-the a r t  c o m r c i a i  repro- 
cessing p l a n t  such as BNFP. 

b. Potential  soluble poisons which may be used during fuel  dissolut ion. 
. C -  Depends upon burnup of  the fuel being reprocessed, should not vary over a factor o f  

QWO froill the re rervrlct! waste composl t l o n  (bumup=25 ,iJUO MWdIMrU). 
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withstand glass-melting temperatures of 1050 - 1150 C for anything but 
very brief periods of'time is quite unrealistic. If supported from the 

top during melting the canister will stretch and perhaps 'rupture; if 

supported from the bottom it will buckle unless well supported verti- 

cally. As shown in Figure 3, under so low a stress as 1 Ksi 304 L 

will experience 2 percent creep deformation in less than 7 hours at 
( 4 )  1.1.00 C . 

The plan to hold at 700 C after melting to avoid devitrifi- 

cation of the glass and to stabilize the temperature of the canister 

is especially unfortunate.for the canister material. As shown in the 

middle of the curve of Figure 4, it takes only 5 minutes at 700 C to 

sensitize a 0.027 percent C stainless steel thus making it. susceptible 

to intergranular corrosionf5). This carbon content is comfortably 

within the AISI specification for the carbon content of 304 L stainless 

steel. Sensitization is brought about by intergranular chromium car- 

bide precipitation. 

The plan to hold the canister at 900 C and gas quench to 

400 C is much better from the viewpoint of the metal. It is reason- 

able to anticipate the possibility that the metal can be cooled fast 

enough to avoid sensitization. The question should be investigated 

experimentally. 

As can be seen from Figure 4, seal welding the lid on the 

canister after filling will not sensitize the steel if the metal cools 

below 750 C in less than 5 minutes. Such is well within the realm of 

possibility, especially if the canister is sealed while immersed in 

water. On the other hand, heating the entire canister (and, neces- 

sarily, its contents) to 1000 C for stress-relieving purposes after 
. . 

seal welding the lid, as is the plan, will desensitize the steel on 

heating and holding at 1000 C. However, subsequent cooling from the 

stress-relieving temperature will invite sensitization of the steel 

and will not result in stress relief. It is unlikely that such a mass 

of metal and glass can be cooled below 750 C in less than 5 minutes and 

bclow 600 C in 1 ~ 3 3  than 1 hour, which Figurc 4 shows i3 nccc33ary to 

avoid sensitization. Moreover, fast cooling will shatter the glass. 

At the same time, because of the difference in expansion coefficients 
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FIGURE 3. CREEP AND RUPTURE DATA FOR 304 L STAINLESS STEEL PLATE TESTED AT 1100 C (4) 
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between the glass and the metal, on cooling to room temperature the 

entire canister will wind up in a state of tension, the very worst 

stress condition for intergranular stress-corrosion cracking. 

However, it should be stated that there are ways to achieve 

some measure of stress relief. One is to cool well below ambient 

temperature after heating at 1000 C, on the supposition that subse- 

quent warming up to room temperature will compensate sufficiently for 

the difference in expansion coefficients between metal and glass. 

Another way is to shot peen the canister after filling and seal welding 

the lid. This process tends to build compressiv~: stresses in the sur- 

face which might neutralize the aforementioned tensile stresses. 

Impact on the Canister - Environmental Factors. During 

in-can melting corrosion can be expected on both the interior and 

exterior surfaces of the canister. The attack by the glass on the 

internal surfaces during in-can melting has been found to be insig- 
( 6 )  nificant from the standpoint of its impact on canister reliability . 

I 

Oxidation of the outside surface during the melting process 

amounts to only a few mils which in itself is not considered to be 

serious from the standpoint of canister wall strength. On the other 

hand, the presence of such oxide films can be expected to increase 

susceptibility to stress-corrosion cracking duri'ng water storage. 

Studies in boiling water reactor environments have shown that stain- 

less steels having oxide films formed during fabrication are more 

susceptible to stress-corrosion cracking than those having oxide-free 
(7) surfaces . From the corrosion standpoint it will be necessary to 

remove oxide films formed on the outer canister surface during in-can 

melting. 

Several techniques have been considered for the remnval. of 

these films, namely, (a) grit or sandblasting, and (b) electro-. 

polishing. High pressure steam and water sprays often used for 

decontamination are ineffective in removing the oxide film. Both 

of the above techniques are effective; however, there are drawbacks 

to both of them. Sandblasting may result in the formation of small 



crevices on the surface which could promote localized corrosion during 

water storage. Electropolishing on the other handyeif not carefully 

controlled, could result in preferential weld dissolution or shallow 

intergranular attack of sensitized material which could act as focal 

points for crack initiation, particularly in view of the fact that the 

canister surface is under tension at levels of the order of the yield 

strength of the steel. 

As previously pointed out, the most damaging factor from the 

corrosion standpoint is the fact that after in-can melting the Type 

304 L stainless steel will be sensitized unless the necessary cooling 

rates are achieved to prevent it. Sensitized stainless steels readily 

crack at ambient temperature in marine en~iro?ments(~). It is also 

probable that cracking can,occur in relatively pure water, especially 

if, during storage, localized boiling occurs on the canister surface. 

Continuous Ceramic Me1 ter to Produce 
a Glass-Type Waste Form 

Process Description.' Glass frit is slurried with the high 

level liquid waste and either fed directly to the ceramic-lined melter 

or to a preconcentrating or calcining unit. These options are shown 

in Figure 5. When the slurry is fed directly to the melter, water, 

nitric acid, and nitrous oxides are carried away through the off-gas 

system.. The waste oxide residue and frit are fused into a homogeneous 

glass at temperatures of 1100 - 1200 C. The glass is then drained 

into a storage canister through an overflow drain. 

Energy for drying, calcining, and melting is provided by 

passing an alternating current through the glass between electrodes 

positioned, at each end of the' melter as shown in Figure 5. Heating 

occurs by the joule or ionic principle. The alternating voltage 

between the electrodes forces mobile ions (principally sodium) to 

migrate through the molten glass. Resistance to this migration causes 

the dissipation of energy known as joule heating. In recent years, 

joule-heated, ceramic-lined melters have gained increasing acceptance 

for use in the glass industry worldwide. 
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For a joule-heated ceramic-lined melter to operate, the 

glass must.be heated hot enough to be conductive. Therefore, some 

means other than joule heating must be used for startup. 'One 

method employs the sacrificial-element technique which uses a set of 

temporary electrodes placed in front of the main electrodes with a 

resistance-heating element fitted between them. For initial startup ' 

' the heating element is buried in glass frit; for restart the heating 

element is laid on top of the frozen glass. When the glass melts it 

consumes the sacrificial element. 

In the process of draining the molten glass into the canister . 

it has been determined that the canister must be preheated in order for 

the glass to flow properly and fill the canister completely'9'. The 

preheating temperature curr.ently being considered is 650 C. 

The continuous ceramic melter system is not limited to 

filling canisters. It could be used to produce glass shapes, such as 

marbles. Again, the high temperatures attaina.ble in the melter permit 

a high silica content in the glass which improves the durability of the 

glass. 

Impact on the Canister - Metallurgical Factors. From the 

standpoint of high-temperature strength considerations, preheating a 

304 L stainless steel canister to 650 C before filling with molten 

glass is entirely feasible. Certainly it is far more reasonable than 

heating to 1050 - 1150 C as is required in the in-can melting process. 
However, as shown in Figure 4, after about 15 - 16 minutes at tempera- 
ture the metal will become sensitized. Furthermore, metal temperature 

can be exp'ected to rise substantially when the molten glass at 1050 - 
1150 C is poured into the canister. The higher the temperature reached 

by the metal, the weaker it will'become and the faster it must be 

cooled to avoid sensitization. As stated earlier, the metal must cool 

below 750 C in less than 5 minutes and below 600 C in less than 1 hour. 

Regarding seal welding of the lid after filling the canister 

and post-weld stress relieving, the comments made in the section on the 

in-can zone melting process apply also to the continuous-ceramic melter 

concept. 



Impact on the Canister - Environmental Factors. In general 

the comments made in the section on in-can melting apply to the con- 

tinuous ceramic-melter concept. One advantage of this type of canister 

filling is that the temperatures to which the metal will be heated are 

much less severe. However, depending on the time the canister is held 

in the 600 to 750 C temperature range, sensitization could be more 

severe than for the in-can melting sequence. The degree of sensitiza- 

tion is time-temperature dependent. With very long heating times in 

the critical temperature range some recovery in resistance to inter- 

granular corrosion occurs. This is the result of chromium diffusing 

from within the grains to' the grain boundaries which had become im- 

poverished in chromium during sensitization, and of the agglomeration 

of the chromium carbides formed during sensitization so that continuous 

networks of carbides no longer exist. These changes that occur on very 

long-time holding in the critical temperature range can be expected to 

improve resistance to intergranular.:stress-corrosion .cracking. 

Fluid-Bed Calcination Plus Stabilization 
to Produce a Calcine-Type Waste Form 

Process Description. In this process, illustrated in Figure 6, 

the wastes in the form of liquids or slurries are atomized in a fluid 

bed operating at a bed temperature of 500 - 600 C. The evaporation that 

occurs results in a product comprising granular bed material and powdered 

calcine, both of which are removed from the calciner. The product can be 

stabilized by heating at 900 C and stored in canisters, or it can be con- 

verted to other waste forms. 

In the operation of the process, the feed is transferred by air 

or steam jet to the feed preparation facility in the calcining system 

where chemical additives are mixed with it.' Thereupon, it is fed to the 

calciner by a combination airlift and gravity system. Here the feed is 

atomized by air through spray nozzles located in the walls of the cal- 

ciner. Subsequent stabilization of the product is carried out in the 

storage canister Itself. 
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The resulting product may be characterized.as having a size 

range of 0.05 - 0.5 mm with a density as calcined of 2.0 - 2.4 g/cc, a 

specific volume of 40 R/MTU, and a thermal conductivity of 0.2  - 0.3 
m-lo -1 

C . Hg and I are not retained in the calcined solids; fluoride 

and chloride can be retained if appropriate additions are made to the 

feed . 

Impact on the Canisters - Metallurgical Factors. Because 

the process concept envisions stabilizing the calcine in the canister, 

necessarily the canister will be heated for some period of time at the 

stabilizing temperature of 900 C. From the point of view of sensi- 

tizing the steel to intergranular corrosion this temperature is safe, 

as shown in Figure 4 .  However, should the temperature happen to fall 

50 C, the steel would become sensitized in a short time, probably less 

than 1 hour,. In other words, the stabilizing temperature of 900 C is 

uncomfortably close to the borderline, i.e., the top of the C-curve 

depicted in Figure 4 .  

In other respects, the comments made in the section on in-can 

melting also apply to the' fluid-bed plus stabilization concept. 

Impact on the Cani.aters - Environmental Factors. As in the 

previously discussed types of waste processing systems, cooling from 

the in-can nitrate bake-out temperature of 900 C will result in car- 

bide precipitation at grain boundaries unless appropriate cooling rates 

are achieved, a condition which promotes stress-corrosion cracking of 

stainless steels. In addition, the nitrate bake-out may result in some 

attack of the interior surface of the can. Depending on the time at 

temperature, nitriding and/or intergranular oxidation may occur. How- 

ever, the depth of such attack is not expected to be more than 10 or 

12 mils. This amount will not significantly affect canister strength 

and integrity. 



Continuous Melting Plus Devitrificstion 
to Produce a Glass-Ceramic-Type Waste Form 

Process Description. . . Glass ceramics are new substances and 

their application to nuclear waste management is only in the early 

laboratory stages. As currently visualized, the'process of incorpora- 

ting high-level liquid wastes into such substances consists of cal- 

cining the high-level liquid waste, melting it with glass frit, and 

casting the resulting glass into plates or disks. As cast, the disks 

or blocks must be completely vitreous. This means that they must be 

so sized ( 3  cm or less in thickness) that temperature gradients are 

small and cooling is very fast. 

After cooling, the disks are subjected to controlled nuclea- 

tion and crystal growth in a tunnel kiln. The blocks are stacked in 

canisters and the annulus is filled with metal to enhance heat transfer. 

The process is shown schematically in Figure 7. The kiln operates be- 

tween about 500 and 800 C. At the lower temperature crystals are 

nucleated throughout the blocks, then as temperature is increased the 

. crystals grow until the mass is no longer a glass but is a very fine- 

grained crystalline material.. Some glass phase may remain uncrystal- 

lized. 

The composition of the glass-ceramic product will vary with 

the waste, but an illustrative composition contains 3 8 . 9  percent Si02, 

3.9 percent Ti0 4.6 percent AI2O3, 3.9 percent B203, 3 . 9  percent MgO, 2 ' 
9 . 8  percent Li203, 3 . 9  percent K20, 20 percent waste oxides, and 11.1 

percent Gd203. Other data are a density of 2.85 g/cc, a specific 

volume of 77 !L/MTU, a thermal conductivity of 2.2 w~-"c-' at 400 C, 

and a leachability similar to that of the parent glass. It should be 

noted that the material cannot be stored above its crystallization 

temperature, i.e., 700 - 800 C. 

'Impact on the Canister - Metallurgical Factors. Because the 

canister will be loaded at room temperature, the loading process will 

cause no metallurgical changes in the canister. However, ~hould the 
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decision be made that, for purposes of,heat transfer, molten metal should 

be poured into the loaded canister to provide a conductive matrix, then 

the canister could become sensitized depending on the temperature reached 

and the time at temperature in accordance with the middle curve in 

Figure 4 .  

Otherwise, the only matters of metallurgical concern are seal 

welding the lid and post-weld stress relieving. Regarding these two 

items, the comments made in the section on in-can zone melting are appli- 

cable here. 

Impact on the Canister - Environmental Factors. Of the pro- 

cesses under consideration, the glass-ceramic type in which the waste is 

stored as thin wafers has the least impact on canister life from the 

corrosion standpoint. Since the can is not heated during filling the 

material will remain in the solution-annealed condition which affords 

maximum corrosion properties. In the unsensitized condition the Type 

304 L canister could be stored in chloride-contaminated water at, say, 

70 C without danger of stress-corrosion cracking. Such would not be 

possible if the material were in the sensitized condition. 

The one potentially damaging factor is that, because of heat 

transfer considerations, it may be necessary to encapsulate the loaded 

.wafers in a metal matrix. Depending on the temperature and the metal 

or alloy system used to provide the matrix some corrosion and/or 

even liquid metal embrittlement could occur. In addition, during 

storage should the metal matrix.:become molten there is further chance 

for damage. Even with liquid metal systems compatible with Type 304 L 

there exists'the possibility of slow wastage by the mass transfer phe- 

Interim Storage in Water 

Process Description. Concerning interim storage of solidified 

high-level waste at the fuels reprocessing plant, there are two general 

concepts, stprage in water and srorage in air. Each of these general 



concepts has some variants. This section treats processes for interim 

storage in water, while the section that follows takes up major schemes . 

for interim storage in air. 

In the Water Basin Concept (WBC), bare canisters are stored on 

support racks under water in a basin of demineralized water, as shown in 

Figure 8. The basin is concrete lined with stainless steel. h he water 
in the basin removes heat from the canisters, provides a transparent 

radiation shield, and acts as a confinement barrier in the event of a 

canister leak. 

The basin water is cooled by pumping it through a water-to- 

water heat exchanger. The secondary water, in turn, is cooled by a 

forced-draft cooling tower, the heat being dissipated td the atmosphere. 

The storage area.is housed in a building, metal and concrete 

cover blocks being provided for each basin. Supply air is filtered to 

minimize dust and build-up of algae in the water systems. The chloride 

content of the basin water is less than 10 ppm. 

A variant of this storage system is the Water Basin Concept 

with Overpack (WBC-OP) which is similar to the WBC described above 

except that the canister is encased in a 12.5 rnm thick stainless steel 

overpack. The overpack provides an additional confinement barrier 

which eliminates the need for concrete cover blocks on the basins as 

well as for a two-loop water-cooling system. 

Temperatures for the WBC and WBC-OP are listed in Table 2. 

In the event of instantaneous loss of water from the storage basin, due 

to a catastrophe, temperatures would rise rapidly to high values as 

illustrated in Figure 9. 

Impact on the Canister - ~etallurgical Factors. So long as 

operations are normal, storage in water will have no metallurgical 

effect on the canister material. Even should the cooling system mal- 

function the canister will be unaffected metallurgically so long as 

metal temperature remains fairly low. 
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TABLE 2. WATER BASIN AND WATER BASIN OVE ACK 
STORAGE ARRAY TEMPERATURES, ~ ( l  f" 

Canister Storage Condition 

Basin Water 

Overpack Surface 

Outer 

Inner 

Canister Surface 

Outer 

Inner 

Waste Centerline 

Without Fins 

With Fins 

Fin Number 

Fin Tkiclcness (inchea) 

Bare Overpack 

49 4 9 



AVERAGE CANISTER SURFACE 
(RADIATION) 

- 
1. BASIN FILLED WITH 500, 5KW CANISTERS 

2. WASTE CENTERLINE TEMPERATURE WITHOUT 
FINS ABOUT 700 F HIGHER THAN CANISTER 
SURFACE WHILE STABLE SOLID 

3. MAXIMUM CANISTER SURFACE 
TEMPERATURE M A Y  REACH ROUGHLY - 
300 F HIGHER WAN THE AVERAGE 

AVERAGE CANISTER SURFACE 
(RADIATION & CONVECTION) 

EQUILIBRIUM 

a CONCRETE SURFACE 
3 LL 

C 3 - 538 2 
er 
w a 
a. 

AVERAGE CELL AIR -/ 

5 800 - 427 5 
C 

cnn APPROXIMATELY SIMILAR 31 6 
I /  / 5. N O  CELL COVERS ON BASIN AND AIR 1 - - 

FLOW OVER CELL 

6. TIME (HR) FOR WATER LOSS BY 
EVAPORATION 

4 204 

HEATUP EVAPORATION 

WDC -13 n 135 

WBC-OP -23 - 270 4 93 

TIME. HR. 

FIGURE 9. 1PRO.TECTED TDIPERATUS RESPONSE AFTEli 
1NSTAI'JTA.IIEOUS WATER LOSS I1T WATER 
BASIN  CONCEPT(^) 



However, the canister will be in a state of tension even 

though an effort may have been made to stress relieve it after seal 

welding, as discussed earlier in the report. As mentioned before, 

tensile stress invites stress-corrosion cracking. The exception to 

this situation is the alternative in which devitrified glass is 

loaded at room temperature into the canister and either a metal powder 

or a low-melting metal or alloy is used as a heat-conducting matrix. 

In this case, assuming the canister is supported from the bottom, it 

will tend to be in compression. In all other cases, not only may the 

canist'er be in tension but also it may be sensitized as discussed 

earlier. Thus, even under normal operating conditions in the interim 

waLer staragc oyEfam t h e  canister be susceptible to stress- 

corrosion cracking. 

In.the event of instantaneous loss of water from the storage 

basin as depicted in Figure 9, canister temperature would rise to high 

levels. As shown in Figure 4, between 500 and 850 C the steel would 

become sensitized depending on the heating rate or holding time at 

temperature; at and above about 875 C solution-annealing would occur 

which would desensitize the metal but the steel would lose strength 

rapidly as temperature continued to increase; above the melting 

temperature of the glass the canister would be expected to buckle 

for lack of support by the glass and because of loss of strength by 

the metal; at still higher temperatures the canister would rapidly 

lose its shape and as temperature approached 1400 C the canister would 

start to melt. 

On cooling subsequent to the catastrophic event, several 

different things could happen to the canister depending on the maxi- 

mum trillperature reached, the tJme held at temperature, and the cooling 

rate. Canisters heated so hot as to be badly buckled or misshapen, 

even though they may remain intact, obviously would require replace- 

ment. Canisters heated at lower temperatures but abovc 875 C would 

become sensitized on cooling through the temperature range of 850 C 

to 500 C unless they cool below 750 C in less than about 5 minutes 

(see Figure 4). Those canisters which became sensitized on heating 



in the range of 500 to 850 C will remain sensitized on cooling; like- 

wise, those canisters which did not become sensitized on heating ,into 

this range would remain unsensitized provided the cooling rate were 

fast enough, e.g., cooling below 750 C in less than 5 minutes and 

cooling below 600 C in less than 1 hour. Sigma, epsilon, and other 

phases might form in those canisters heated for long periods of time 

in the range of 650 to 875 C. These phases have a tendency to promote 

brittleness in the metal. In all cases, the metal would be in tension 

when cooled because of the difference in expansion coefficient between 

the metal and the glass. 

Impact on the Canister - Environmental Factors. The possi- 

bility of corrosion from the outside is much greater than from the 

inside during water storage. This is true even if the canister should 

leak and allow water to contact the encapsulated waste. 

Austenitic stainless steels of the 304 L type exhibit very 

low corrosion rates in contact with distilled water at room tempera- 

ture. In fact, they are the preferred material for storage since 

insignificant metal ion contamination occurs with stainless steel 

containers. As long as the stainless steel surface is kept free of 

deposits no attack will occur even after years of exposure. However, 

in the present situation premature canister failure as a result of a 

corrosion mechanism can be expected to occur during water storage 

even if water quality is maintained. 

Of most concern is the susceptibility of the Type 304 L 

stainless steel to chloride stress-corrosion cracking. In this 

respect the chloride content and the temperature of the water are 

of prime importance. Stress-corrosion cracking of austenitic stain- 

less steels has occurred in aqueous environments containing as little 

as 1 ppm chloride where there existed a mechanism for concentrating 

the chlorides on the metal surface such as localized boiling. Such 

a condition could occur with loss of system cooling capability. 

Another concentration mechanism is through an ion exchange phenomenon 



where oxide corrosion products tend to concentrate chlorides in local- 

ized areas. Stainless steel stress-corrosion cracking failures have 

been investigated at Battelle where the metal did not contact water 

having more than 1 or 2 pprn of chloride. - Nonetheless, analytical data 

revealed that chloride levels on the surface near the crack initiation 

point were in. excess of 2,000 ppm. If there is no mechanism for the 

concentration of the chlorides then experience suggests that in neutral 

solutions as much as 10 pprn of chlorides probably could be tolerated at 

temperatures up to about 70 C. It is 'to be emphasized that the above 

discussion applies only in the case of solution-annealed materials. 

Austenitic stainless steels which are in the sensitized con- 

dirio11 ex11lLit stress corrosion cracking failures at room temperature 

in water containing less than 5 pprn chlorides according to laboratory 

experience at Battelle's Columbus laboratories. Thus, the present 

plans to control the chloride level in the storage tank .t'c!?about 10 pprn 

will not ensure that stress-corrosion cracking even of solution- 

annealed materials will not occur during interim storage. 

Another important environmental parameter is temperature. 

Solution-annealed stainless steel heat exchangers are free of cracking 

in seawater service at temperatures of 70 C even though the tubes have 

been rolled into the tube sheet. However, as the temperature increases 

the incidence of cracking failures increase$ rapidly. For example, 

Scharfstein and Brindley cracked stainless steels in 75 C water con- 
(10) taining 10 pprn of chlorides . 

The magnitude of stress also is an important factor in stress- 

corrosion cracking. The higher the stress level the greater the extent 

of cracking to be expected. However, Staehle, et al, have found stress- 

corrosion cracki~~g in stainlcso steel at stress levels as low as 2,000 

psi in 210 C water containing 50 pprn chloride'''). For those waste 

fixation processes utilizing in-can melting the canister will be in 

tension with the residual stress in the order of the yield strength of 

the material., a condition conducive of extensive stress-corrosion 

cracking. 



While the major corrosion mechanism for storage is stress- 

corrosion cracking there are several other corrosion processes which 

could result in failure of the canister. These mechanisms are of 

particular concern in the case where the original canister might be 

overpacked with a stress-relieved solution-annealed Type 304L canister. 

The secondary mechanism of corrosion is that occurring in crevices and 

under.deposits on the stainless steel surface. In such cases the area 

outside the crevice or deposit in contact with the oxygenated water 

becomes the cathode whereas the oxygen-starved area under the deposit 

becomes the anode. Because of the large cathode-to-anode area relation- 

ship, attack under the deposit can be rapid. Corrosion rates could be 

sufficient to penetrate the canister wall within a year. To preverlt 

such attack care must be exercised to seal joints, minimize undercutting 

in welds and prevent the formation of deposits on.the surface of the 

canister. 

Even though water cleanliness is maintained, slime and 

bacteria deposits could form.which would also lead to differential 

aeration cells on the metal surface. In addition, certain species of 

bacteria such as ion fixing and sulfate reducing give off metabolic 

products which destroy the passivity of' stainless steel. While experi- 

ence with swimming-pool reactors and nuclear-waste water-storage basins 

does not suggest a:iy significant slime and bacteria problem, nonetheless 

t11e pussibility sf such conditions cannot he completely ignored since 

radiation dosage may not be sufficient to ensure completely sterile 

conditions. 

. From a consideration of all the data it can be concluded that 

environmental conditions existing in the interim water storage are con- 

ducive to the initiation and propagation of stress-corrosion cracks in 

Type 304 L stainless steel canisters. There exists a high probability 

that a very significant number of canisters will fail by corrosion 

within the projected storage time. < 



Interim Storage in Air 

Process Description. In the realm of interim storage in air 

there are two principal concepts, the Sealed Storage Cask Concept (SSCC) 

and the Air-Cooled Vault Concept (ACVC) . ~0th' have variants, Perhaps 

the most important are two variations of the former concept known as the 

Sealed Storage Cask Concept - Medium Wall (SSCC-MW) and the's'ealed 
Storage Cask Concept - Thick Wall (SSCC-TW). All these concepts are 

described in the paragraphs that follow. 

In the SSCC, the canister is placed in a carbon-steel storage 

cask which, in turn, is encased in a concrete shield to form the storage 

unit. The unit is transported to the storage area where it is put on a 

concrete pad resting on the,ground. The concept is illustrated in 

Figure 10. As shown in the drawing, the unit i s  positioned vertically 

on the pad and is air cooled by natural convection. 

For a canister 610 mm OD x 4.5 M long, the carbon-steel cask 

is 760 mm OD x 660 mm ID x 4.7 m long, while the concrete gamma neutron 

shield is 3 m OD x 1.1 m ID x 6.3 m long with a cap 840 mm thick. The 

unit including the pad weighs 118 tonnes. Estimated temperatures are 

reported as 32 C for the concrete OD, 1.10 C for the concrete ID, and 
(1) 171 C for the cask . 

The variant of the SSCC, known as the Sealed Storage Cask 

Concept - Medium Wall (SSCC-MW), calls for increasing the thickness 

of the cask from 51 mrn to 203 mm and eliminating the concrete gamma 

neutron shield. As shown in Figure 11, the units are stored above 

ground horizontally on concrete cradles. Estimated temperatures are 

82 C for the cask OD and 235 C for the canister O.D. 

In the thick-walled variation of the SSCC, the thickness of 

the cask is incressed to about 355 mm. A concrete neutron shield is 

provided, and the unit is stored vertically on a pad much the same as 

for the SSCC (see Figure 12). Assuming an inlet air temperature of 

27 C, estimated temperatures for the components of the SSCC-TW unit 

are 37. C for the concrete OD, 44 C for the concrete ID, 82 C for the 

cask OD, 88 C for the cask ID, and 220 C for the canister. (f 
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The Air-Cooled Vault Concept (ACVC) is substantially different 

from the other concepts using air cooling which have just been described. 

In this concept the waste-containing canister is encapsulated in a 12.5 mm 

thick carbon-steel overpack with a cast-iron shield plug installed in the 

top of the overpack about 1 m above the top of.the canister, as shown in 

~ i ~ u r e  13. 

The storage area is a concrete vault situated partly below grade 

level as illustrated in Figure 14. . It is cooled by natural convection of 

air. The storage units are suspended from the roofs of the cells in the 

vault in the manner shown in Figure 13. The estimated surface temperature 

of the overpack is 204 C, while that of the canister is 327 C. 

. . 

Impact on the Canister - Metallurgical Factors. So long as 

operations are normal, storage in air in accordance with any of the con- 

cepts just described will have no metallurgical effect on the canister 

material. Should air circulation be cut off, .canister teinperature would 

rise and the canister would be affected metallur,gically in a manner 

analogous to that described in the'preceding section on Interim Storage 

in Water. 

As to the carbon-steel overpack, storage in air according to 

any of the concepts just discussed will cause no metallurgical damage so 

long as operations are normal. This applies even to the SSCC-MW concept 

wh.ich envisions storing the canister on concrete cradles as a simple beam 

as well as to the ACVC concept which involves suspending the overpack1 

canister assembly during storage. However, in the first instance the 

bottom portion of' the overpack will be in tension which may invite 

stress-corrosion. cracking under certain conditions as described below. 

In the second case, the entire overpack below the point of suspension 

will be in tensjon. 

should tdmperature rise to abnormal levels, for any rdason, 

then metallurgical changes in the carbon-steel overpack may occur 

depending on thc temperature reached and the time at temperature. As 

temperatlire rises the steel tends to lose mechanical strength; at temp- 

eratures of.about 425 - 450 C and above the steel begins to deform by 
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the creep mechanism, which is a temperatureltime-dependent phenomenon. 

Thus, overpacks supported at'the bottom in an upright position will 

buckle, overpacks suspended will stretch, while overpacks supported as 

beams will bend or sag. During storage both canister and overpack will 

be subject to irradiation from the contained waste. Taking a radiation 
6 (I2) and the figure of 1018 n/cm level of 10 n./~m /sec * (I3) as the : . 

total neutron dosage that carhon steel can sustain without adverse 

effects, then the carbon steel overpack will not become embrittled 
6 

within a time period of almost 10 years. The 304 L stainless steel 

canister will be far less prone to embrittlement. 

Impact on the Canister - Environmental Factors. In the air- 

storage concepts the primary factor which will influence the life of 

the overpack is the atmospheric corrosion rate of'carbon steel. This 

is a function of the composition of the steel and the corrosivity of 

the atmosphere. Since only plain-carbon steels are being considered, 

beneficial effects of small additions of Cu, Ni, Cr, and P on the 

corrosion rate of steel are not being considered. Only environmental 

factors are being considered in assessing overpack performance. 

The rusting rate of the bare steel will be controlled by 

the climatic conditions existing at the site. The main factors which 

affect the corrosivity of the atmosphere are the type and level of 

pollution and the amount of moistur~ present. The latter plays a 

vital role. For example, below about 60 percent relative humidity 

the rate of rusting of carbon steels is negligible even if the atmos- 

phere is polluted with SO2. Thus the location of the air storage site 

can be important. 

,- In the SSCC the carbon-steel overpack will be encased'in a 

concrdLe sllield wliicl~ will prevent dircct impingement of rain, snow, 

or dust thus minimizing the chance for contamination of the surface 

of the carbon-steel overpack.. These same conditions will also exist 

for the ACVC and the SSCC-TW. ' Thus, under these conditions corrosion 

will be of the dry-oxidation type rather than aq,.lenlis corrosion as 

would occur during atmospheric exposure where the surface will often 



be wet with a film of water. .During storage in the SSCC and ACVC 

concepts the surface temperature of the steel will be approximately 

171 C and 204 C, respectively. At these temperatures the oxidation 

rate of plain-carbon steel will be less than 2 mils/year. In addi- 

tion, this rate of oxidation will not be significantly affected by 

normal day-to-day changes in relative humidity unless condensation 

occurs which seems highly unlikely. The environmental factors 

involved in these storage concepts are not such.as to cause signifi- 

cant damage to the overpack during planned storage life. 

The situation is.somewhat different, however, for the SSCC- 

. MW. In this concept the concrete gamma neutron shield is eliminated 

and the bare surfaces of the steel overpack will be exposed to the 

elements. Surface temperatures of the overpack are expected to be 

of the order of 82 C. The atmospheric conditions existing at the 

storage site will directly impact on canister's integrity. If the 

storage area is located in a desert or where little or no rainfall 

occurs then there may be little corrosion. On the other hand, if 

rain or snow contacts the surface frequently the alternating wet and 

dry conditions could result in excessive attack of the carbon steel. 

However, even under the worst conditions it is highly unlikely that 

general and pitting wastage rates would be so excessive as to result 

in canister failure during the service period. 

It seems more lilcely that the failure mechanism in the open 

exposure will be one of stress-corrosion cracking resulting from 

caustic and/or nitrate salts concentrating on the surface during 

wetting and drying. While extremely rare, there have been instances 

of failure of highly stressed plain-carbon steel as a result of both 

sulfide and nitrate stress-corrosion cracking(14). As ambient tempera- 

ture rises and the. frequency u1 weLLiag and drying incrcaces, the 

chance for stress-corrosion cracking increases. To minimize the 

occurrence of such failures the carbon-steel overpack should be given 

a stress-relief heat treatment before being placed in service. 



Design w i l l  a l s o  p l ay  an  important  r o l e  i n  minimizing cor ro-  

s i o n  i n  open a i r  s to rage .  P a r t i c u l a r l y  undes i r ab le  a r e  c r e v i c e s  and 

a r e a s  where water  and s a l t s  can c o l l e c t .  The conc re t e  s a d d l e s  f o r  open 

exposure a r e  p o t e n t i a l  problem a r e a s  f o r  accelera . ted co r ros ion .  

Of t h e  a i r - s t o r a g e  concepts  t h o s e  invo lv ing  bare-sur face  

exposure of t h e  overpack t o  t h e  elements  a r e  t h e  l e a s t  d e s i r a b l e  from 

t h e  co r ros ion  s t andpo in t .  

Shipping  

. I 

Desc r ip t ion  of Wet and Dry A l t e r n a t i v e s .  I n  t h e  wet shipment 

concept t h e  c a n i s t e r  i s  suppl ied  w i t h  an  overpack. Shielding is pru- 

vided by water  f i l l i n g  t h e  -space between t h e  c a n i s t e r  and t h e  overpack. 

This  assembly, i n  t u r n ,  i s  encased i n  a cask. Heat i s  removed from t h e  

c a n i s t e r  t o  t h e  water  i n  t h e  overpack, then  through t h e  overpack t o  

a d d i t i o n a l  water  contained i n  t h e  annulus between t h e  overpack and t h e  

cask,  then  through t h e  cask t o  a i r - f l o w i n g  between t h e  cask  and a n  

o u t e r  j acke t .  This  a i r  i s  moved by d i e se l -d r iven  blowers.  Shipment 

i s  by t r u c k  o r  r a i l ,  p r e f e r a b l y  r a i l .  

In t h e  dry-shipment concept ,  h e a t  i s  conducted from t h e  

c a n i s t e r  through meta l  and r a d i a t e d  t o . t h e  atmosphere from a n  a r r a y  

of e x t e r n a l  £.ins. Sh ie ld ing  i s  supp l i ed  by meta l  ( l ead ,  i r o n ,  s t e e l )  

o r  by water  contained i n  an o n t e r  j a c k e t .  &I example of a d r y  sh ipp ing  

c o n t a i n e r  is  shown i n  F igure  15. i 

Impact on t h e  Can i s t e r  - M e t a l l u r g i c a l  Fac to r s .  So long  as 

t h e  tempera ture- t ime.prof i le  of t h e  c a n i s t e r  dur ing  sh ipp ing  i s  o u t s i d e  

t h e  lower l e g  of t h e  middle C-curve i n  F igure  4 ,  t h e  meta l  w i l l  n o t  

become seas ' i t i zed . ,  P re fe rab ly ,  'the c a n i s t e r  temperature should be w e l l  

below 500 C. I n  t h i s  way t h e r e  w i l l  be  no m e t a l l u r g i c a l  changes du r ing  

shipment. 

V ib ra t ion  a t t e n d a n t  t o  sh ipp ing  i s  no t  expected t o  cause 

cracking OP r u p t u r c  of t h e  paren! metal nr nf t h e  welds i n  t h e  c a n i s t e r  

provided t h e  welds a r e  sound and p rope r ly  contoured.  That i s ,  b u t t  
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welds should be ground flush; fillet welds should penetrate completely, 

be smooth, and show no undercutting. Heavy impacting may deform or 

rupture the canister, depending on the severity of the impact and the 

effectiveness of the measures taken to protect the canister. 

Should loss of cooling capability occur during shipping, the 

temperature of the canister would rise and effects analogous to those 

described in the section on Interim Storage in Water could be produced. 

Impact on the Canister - Environmental Factors. The environ- 

mental factors operating during wet shipment of the Type 304 L stainless 

steel canister are analogous to those previously discussed for interim 

water storage. It is quite likely that wet shipping will initiate 

stress-corrosion cracks which may penetrate the wall depending on 

shipping time. 

Dry shipping is not expected to result in any significant 

corrosive attack. Oxidation rates of Type 304 L are very low at the 

expected shipping temperatures. 

Geologic Storage 

Description of Concept. The high-level liquid-waste management 

plan with which this report is concerned envisions isolating the waste 

from mants.environm~nt by s t n r i n g  it in a suitable geologic medium in 

such.a manner that retrievability of the waste canister can be achieved 

if necessary up to 5 years after emplacement. It is understood that ease 

of retrievability can vary from ready retrievability, which means the 

capability to remove the waste-containing canisters intact, to more com- 

plicated retrievability by means of mining and excavating methods that 

may involve removing some of the geologic medium along with the waste. 

However, ready retrievability is much to be preferred. 

At either extreme of the retrievability spectrum, the geologic 

storage concept must provide a facility comprising one or more sub- 

terranean chambers or vaults into which the waste-containing canisters 

can be moved without being damaged. For ready retrievability, the con- 

cept must also provide for access to, and removal of, the canisters 

without damaging them. 



Sites for geologic storage of high-level wastes must meet a 

number of requirements. Primarily there must be assurance that there 

will be no radiation exposure to the general public either through 

direct contact or indirect means involving other portions of man's 

ecosystem. Thus, because circulating ground water is the most likely 

means for radionuclides to leave the storage site, the geologic and 

hydrologic features of the area must be carefully assessed for hydro- 

logical stability. In addition, the geological. formation must have the 

required mechanical properties, adequate thermal conductivity, and 

acceptable chemical.and tectonic stability. Also, the zone should be 

deep enough to avoid surface phenomena such as erosion and biological 

activity, and have a norm1 geoehermal gradienr (i.e., where the 

temperature increase does not exceed 30 C per Km). Again, the vertical 

and lateral dimensions of the zone must be large enough to accommodate 

the facility and allow adequate heat dissipation. 

The media that are under consideration for geologic storage 

comprise salt, basalt, shale, and granite. To date, most attention 

has been directed at salt. 

Salt (halite) is attractive for several reasons. First, it 

often occurs in deposits that are adequately massive. Also, the material 

is mechanically strong and has high thermal conductivity. Again, it is 

plastic and capable of creeping, an attribute that has advantages and 

disadvantages, Because of this capability., cracks in the deposit heal 

themselves, rendering the deposit almost crack-free and hence free of 

circulating ground water. On the other hand, because of the plasticity 

of salt, tunnels, shafts, and other excavations in the medium tend to 

close, especially if the temperature is somewhat elevated. According 

to preliminary information, creep of salt is accelerated at temperatures 

above ' 100 C (15) 

Very little is known about the effect of gamma radiation on 

halite. Little damage is expected. However, there is a possibility 

that chlorine and hydrogen chloride can be formed when halite is 

irradiated. 



A potentially troublesome phenomenon associated with salt 

deposits is that they contain small pools of water (brine) which tend 

to migrate along thermal gradients. They are reported to migrate up 

the thermal gradient by dissolving salt on the warmer side and de- 

positing it o; the cooler side(16). However, it also has been reported 

that when gas is present in the water the pool migrates down the thermal 

gradient. 

One concept of a geologic storage facility is depicted in 

Figure 16. It includes surface facilities for unloading casks, 

checking them, removing the canisters, inspecting the canisters for 

shipping damage, canister repair, and canister decontamination. 

Several shaf ts  a r e  provided for access to the storage level. The 

canisters are lowered down .these shafts to the storage level, trans- 

ported to a prepared cavity in the floor of a storage room and back- 

filled for radiation shielding. For storage in salt two methods are 

being considered: (1) use of sleeved holes to' protect the. canister 

from direct contact with the salt and (2) placing the canister in 

direct contact with the salt. In the latter case, particularly, it has 

been anticipated that the canister will deteriorate and perhaps disappear. 

In such a case, the intention is to retrieve the waste by coring out the 

hole and placing the waste in another container, essentially an overpack. 

However, it is our assessment that deterioration to the point of loss of 

integrity within the 5-year period will not necessarily occur. 

Currently, considerable investigative activity is being 

directed at the halite strata in the Los Medaiios Area of southeastern 

New ~exico(l~). one of the salt strata 2600 feet below the surface in 

the Castile Formation is of interest as a medium for storage of high- 

level wastes. Hcrc the salt is rel,atively pure and, hence, has good 

thermal conductivity. The total volatiles is relatively low at 112 

percent by weight. The ambient temperature is about 30 C and the 

pressure is normal. Thus far, no unfavorable aspects have been tdenti- 

f ied. 

Impact on the Canister - Metallurgical Factors. From the 

metallurgical viewpoint the variables that may affect the canister 

a r ~ d = ~ e  kinds of effects they might produce are analogous to those 



FIGURE 16. COBCEPT OF A BI-LEVEL GEOLOGIC STORAGE FACILITY (1) 



to be expected in interim storage. In short, they are the temperature- 

time effects discussed in the section on Interim Storage in Water and 

Interim Storage in Air. 

Impact on the Canister - Environmental Factors. The avail- 

ability of water is a major consideration in evaluating corrosion 

behavior of canister materials in geologic storage. If no water 

reaches the canister surface there is little likelihood that significant 

corrosion of even mild-steel canisters will occur even in salt-bed 

storage. For example, plain-carbon steel equipment in potash mines of 

the Southwest exhibits little corrosion unless moisture is present. 

01 Ll~r ~ U U L  types sf storage baing considered (i .P., s a l t  

beds, granite, basalt, and shale) salt beds appear to be potentially 

much more corrosive than any of the other formations. For example, 

typical salt formations contain some 0.5 percent water trapped in tiny 

pockets. Experiments suggest that moisture will move if a temperature 

gradient occurs in the salt, such as will occur when a canister of 

waste is placed in the salt. The 'water pocket may move in the direc- 

tion of the high temperature. It has been reported that as much as 

two or three liters of water per year may migrate to the surface of 

the canister (I6). If indeed this condition occurs then rapid corro- 

sion of even high-alloy materials may take place since HC1 and C1 
2 

are likely to form as a result of chemical reactions induced by radia- 

tion. 

On the other hand, there is some indication that a small 

amount of gas (10 percent) in the area of the canister may block 

migration of the wate.r pockets. This seems to be somewhat confirmed 

by an experiment conducted at Sandia Laboratories. In this experiment 

a heater was placed in the center of a large cube of salt. Corrosion 

coupons were placed around the heater. After 4 months of exposure no 
(18) significant corrosion was noted even for the carbon-steel heater 

Sandia is just setting up autoclave tests which are designed to estab- 

lish the corrosivity of the salt-storage environment. 



From the data available today it is difficult to assess the 

magnitude of the corrosion problem to be encountered in salt-bed 

storage where there is no significant moisture intrusion.. However, 

should salt-containing moisture contact the canister while at the same 

time the canister temperature is above the boiling point of the solu- 

tion (a very probable situation), then:the salt would concentrate on 

the canister's surface. Under these circumstances even a solution 

annealed 304 L stainless steel would be expected to fail by stress- 

corrosion cracking. Carbon steel would not be susceptible to this 

kind of attack but would experience some general corrosive attack. 

For this reason and because of the cost differential, it would appear 

that f o r  thc 5 ycar rotrie~al per in r l  in gen log i c  stQra&e tbe most 

cost-effective plan would be to overpack with a carbon-steel canister 

of the modera.tely heavy wall type. 

Consideration was given also to the practicality of applying 

cathodic protection to prevent corrosion of the canister. Whi.3.e this 

appears feasible using zinc or magnesium anodes it may not be desirable 

since under these conditions moisture would be driven toward the cani- 

ster by the current flow. 

The basalt, granite, and shale storage do not appear to 

present corrosion problems in the absence of water. Studies are now 

under way at Pennsylvania State University to determine phase changes 

occurring in both basalt and shale when mixed with water and under 

irradiation. Data are not available at this time. However, based on 

experience it is suggested that, in. the presence of water, salts could 

be leached which might accelerate corrosion of canister materials. 

On the other hand, availability of oxygen to depolarize the cathodic 

reactloll uay be low and thuc corrosion may he. light. 

Depending on the nature of the salts leached it is possible 

that stress-corrosion cracking of both carbon steel and stainless steel 

could occur. However, this possibility seems remote. 

From a consideration of all the data it would appear that 

carbon steels or Type 304 L canister materials will have useful corro- 

sion lives in basalt, granite, and shale storage. 
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Phase 2. Fabrication and Quality Assurance 

Fabrication 

Canister. Type 304 L stainless steel canisters have been 

made by rolling and welding light plate, i.e., 0.250-inch thickness. 

They also have been made from both seamless and welded 8-, 12-, and 

16-inch diameter Schedule 40 pipe. Battelle's Pacific Northwest 

Laboratories plans to have the next generation of canisters used.in 

their investigations fabricated from welded or seamless 12-, 16-, and 

24-inch diameter Schedule 20 pipe(19). It is doubtful that seamless 

24-inch diameter Schedule 20 pipe is available, but seamless 24-inch 

diameter by 0.500-inch wall. pipe is producible(20). Type 304 stainless 

steel pipe, 24 inclies in diameter by 1-inch wall, has been produced by 
(21) centrifugal casting as has 14-1/2-inch OD by 1/2-inch wall pipe . 

In all cases, to complete the c.a.nister, a bottom plate and a top ring 

or head must be welded to .the pipe. 

By backward extrusion and/or shear forming it is possible to 

produce a bottle, i.e., a cylinder with an integral bottom. In this 

case only a head need be welded on. 

Thus, there are a number of procedures by which the canister 

can be fabricated. However, production of the canister by rolling and 

welding light plate or by using welded pipe is deemed to be entirely 

satisfactory. Type 304 L stainless-steel is readily weldable; all 

joints can be inspected thoroughly and easily; and the assembly can be 

solution-annealed following welding so as to obliterate undesirable 

heat-affected zones. 

The use of seamless pipe would eliminate only one weld, the 

longitudinal seam weld. Fabrication of a cylindrical canister with 

an integral bottom would be very desirable, but is not considered 

necessary and hence not judged to be cost effective. 

I 

Overpack. When a 304 L stainless steel overpack is called 

for, the container can be fabricated in the same manner as the 304 L 

. canister. 



Carbon-steel overpacks, such as are being considered for 

interim storage in air, may have a 25-inch ID and wall thicknesses 

of 2, 8, or 14 inches depending on the particular air-storage concept. 

The 2-inch wall overpack can be produced in several ways. A simple 

and satisfactory way is to roll and weld a 2-inch thick plate. It 

could also be extruded or centrifugally cast. 

Overpacks with 8- or 14-inch walls could be produced by 

forging and boring ingots. One producer has indicated that it would 

be possible to produce either with an integral bottom but not in one 

piece by trepanning and backward extrusion(22). Probably, two pieces 

would be required for the 8-inch wall container and three pieces for 

tha 1'1-inch wall overpack. Of cnrirsej it wnii1.d he necessary to 

assemble the sections by girth welding. Carbon steel is readily 

welded in thick sections by electroslag, narrow-gap, and other tech- 

niques. 

So far as carbon-steel overpack,fabrication is concerned 

there is little to choose among the methods from the technical point 

of view. The decision is principally an economic one. Comparative 

cost data are not available. However, it is clear that the 2-inch 

wall overpack, probably produced by rolling and welding, will be the 

lowest in cost. 

Welding of High-Level Waste Canisters 

It is anticipated that high-level waste canisters will be 

in the form of thin-wall cylinders with a diameter in the order of 

16 - 24 inches, a length of 8 - 12 feet, and a wall thickness of 
approximately 0.250 - 0.687 inch. They will be fabricated from Type 

304 L.stainless steel, the reference material for this analysis, prob- 

ably in the following four principal steps: 

s Roll and longitudinally weld a right cylinder 

s' Form and circumferentially weld a lower end 

cap on the cylinder 



Form and circumferentially weld an upper end 

cap containing an opening for waste filling 

and including a fitting for mechanically 

locking and weld sealing a closure cap 

o . Seal weld the closure fitting after filling. 

There are numerous details that accompany the canister fabri- 

cation. Although there are no major technical obstacles to accomplishing 

the fabrication of a highly reliable container, it is essential that sound 

metallurgical and engineering practices be followed to ensure the desired 

reliability. Important principles and precautions are discussed in the 

qections that follow. . 

Metallurgical Factors Influencing the Wel.dability of Type 304 L 

Stainless Steel. Among the several classes of stainless steels that are 

available, the austenitic chromium-nickel grade, which includes Type 304 L, 

has the best weldability. No difficulty is expected in producing sound 

weldments as long as reasonably well-controlled practices are followed. 

These are thoroughly described in the literature 
(23-31)' . The two most 

important potential problem areas are sensitization to stress-corrosion 

cracking and weld-metal fissuring in multipass welds. 

The latter problem, weld-metal fissuring, is easily alleviated 

by welding using a filler-metal composition that produces a deposit having 

a minimum ferrite content corresponding to "Ferrite Number" 3, approxi- 
(32) mately 3 volume percent . In addition to eliminating fissuring, the 

low susceptibilit'y of austentitic stainless steel weld-metal deposits to 

stress-corrosion cracking, relative to wrought base plate of a similar 

composition, has been attributed to the dendritic solidification structure 

and, possibly, the presence of interdendritic ferrite (26,28). I£ auto- 

genous, single-pass welds are made, fissuring is unlikely, even ff there 

is no fusion-zone ferrite, because fissures generally occur in the heat- 

affected zone of an underlying weld-metal deposit. 

Sensitization .of weld-metal deposits (in multipass welds) and 

heat-affect.ed zones is a greater problem than weld-metal Iiasuring, and 



is dependent on many factors. Using proper welding procedures, sensiti- 

zation of 308 L weld metal (if used) and 304 L weld metal or heat- 

affected zone metal is minimal. However, even slight sensitization must 

be avoided in this application. Before filling with waste, the empty 

'canister can be cold or hot sized to eliminate any undesirable distortion 

and attain final dimensions as needed and then solution-annealed at 

1000 - 1120 C (1830 - 2050 F) and rapidly cooled to eliminate sensitiza- 
tion and equalize residual stresses due to welding and forming. 

The final seal weld presents a problem because post-weld 

solution annealing and rapid cooling are more difficult to accomplish. 

It may be possible, however, to design a closure that would allow local 

solution-annealing and rapid cooling to eliminate sensitization. 

Welding Processes and Procedures. It is expected that cani- 

sters will be fabricated from Type 304 L wrought plate by rolling and 

seam welding a cylinder followed by circumferentially welding end caps 

having the desired configurations. 

Among the several processes that could be used to fabricate 

the canisters, the plasma-arc welding (PAW) and gas-tungsten arc 

welding (GTAW) processes are logical choices. Both processes produce 

high-quality welds.and the necessary equipment for each is widely 

available. GTA welds would be made using a machined groove between the 

components and filler-metal additions (Type 308 L wire). The wire 

could be heated to reduce the energy input and, therefore, ~lle aulouilt 

of sensitization in the heat-affected zones and underlying weld-metal 

deposits. An advantage of the PAW process is that low energy input 

welds could be made using a square.butt joint and without the addition 

of filler metal, 

Typical setups for making longitudinal and circumferential 

welds using an automatic welding process are shown in Figures 17-19. 

The detailed parameters associated with joint design, cleaning, 

filler-metal addition, fixturing, and welding conditions can be estab- 

lished from published information(23' 29y 30) and welding trials. 



Circu 
bockin: 

\ for shieliing 50s z ~ $ ~ ~  

FIGURE 1 7 .  SETUP FOR AUTOMATIC WELDING OF 
LONGITUDINAL BUTT JOINTS (30) 



FIGURE 18. USE' OF A PEDESTAL BOOM MANIPULATOR FOR MAKING ... 

A CIRCUMFERENTIAL (GIRTH) WELD (3O) 



FIGURE 19. HOUSING FOR A NUCLEAR-REACTOR COMPONENT THAT WAS WELDED 
IN THE LATHE SETUP SHOWN, TO MAINTAIN CRITICAL ALIGNMENT, 
AND FOR WHICH CONSUMABLE INSERT RINGS WERE USED FOR ROOT 
PASSES, TO ENSURE WELD SOUNDNESS (30)  



Remote Closure of Seal Weld. After the canister is filled 

with the high-level waste material, the closure cap is welded to the 

- upper end-cap fitting to seal the canister. Although the detailed 

design of the closure has not been determined, it is reasonable to 

give a strong preference to GTA welding without filler-wire addition 

because this process is readily adapted to hot-cell fabrication. The 

closure probably can be designed to provide filler metal by meltdown 

of extra metal at the joint, as is commonly done in .fuel-element end 

caps. Other processes, such as GTAW with filler-wire additions or 

inertia welding, also could be used. However, these processes are 

more difficult to implement in a hot-cell environment and may not be 

economically justifiable'unless a large number of canisters were to 

be used. 

Surface Preparation 

From the standpoint of corrosion resistance it is desirable 

to have the surface of the canister free of grease, dirt, and oxide 

films. Even temper-color films may result in adverse electrochemical 

conditions which could result in accelerated local attack. 

After fabrication but prior to filling, the canister should 

be given a light vapor blast to remove the thin oxide films formed 

during welding. Of particular importance is that no oil or grease 

spots be present on the canister surface during filling at temperature. 

Such spots could result in undesirable localized carbon pickup. 

Since the canister surface should be free of oxide after 

filling we favor a controlled atmosphere around the canister during 

filling rather than electtopolishing to remove the heavy oxide films 

formed during heating in air. We are concerned that during electro- 

polishing some preferential attack will take place at the grain 

boundaries of the canister should it become sensitized during filling, 

as i s  quite probable. Such a condition will increase susceptibility 

to stress-corrosion cracking. 



If interim water storage is used then there is a chance the 

surface could become contaminated. In the event that an overpack might 

be used for the geological storage it may not be necessary to decon- 

taminate prior to overpacking. On the other hand,, if decontamination 

is necessary a high-pressure steam lance is preferred to a chemical 

decontamination step. 

Stress Relief 

As pointed out in the section on In-Can Zone Melting, stress 

. relieving the 304 L canister after seal welding will serve no useful 

purpose for two reasons. First, cooling rates from the stress-relieving 

temperature are expected to. be too slow to prevent sensitization of the 

metal. Second, because of the difference in expansion coefficients 

between the metal and the waste, the metal will go into tension on 

cooling, a stress condition that invites stress-corrosion cracking. 

Therefore, post-f illing stress relief is not recommended. 

On the other hand, it is only good practice to solution- 

anneal the canister after assembly but before filling and seal welding. 

This is done by heating at temperatures of 1000 - 1120 C followed by 
fast cooling. The purpose is tto eradicate .sensitization caused by 

welding and to reduce and equalize stresses arising from welding and 

forming, T h i ~  step opens the possibility of ending up with a filled 

and seal-welded canister free of sensitization, depending on the 

rapidity of cooling following filling and seal welding. As mentioned 

earlier in.the report, an experimental investigation should be made 

of cooling-rate capabilities following these operations. For the same 

reason, an overpack fabricated from 304 L stainless sceel should Le 

solutio11-al:~iiealed bef orc being piaced in service. 

In.the case of carbon-steel overpacks such as are being 

considered for the various concepts of interim storage in air, with 

one exception, there is no reason for stress relieving after fabri- 

cation. Thc c~rception is the SSCC-MW concept which requires exposure 

of the bare carbon-steel overpack to the atmosphere while supported 



I. 
on concrete cradles as a simple beam. Under certain environmental con- 

ditions discussed in Phase 1 stress-corrosion cracking is possible. To 

minimize this possibility stress relieving the overpack before use is 

advised. A good practice would be to heat at 1150 F, holding at tempera- 

ture 1 hour per inch of thickness and cooling at a controlled rate in 

accordance with Section I11 of the ASME Boiler Code. The cooling rate 

should be slow enough to avoid thermal gradients that would create 

internal stresses in the container but not so slow as to cause temper 

brittleness in the steel. Toward these objectives, Section I11 of the 

Code specifies that the cooling rate be no greater than 500 F per hour 

divided by the maximum metal thickness but in no case more than 500 F 

per hour. 

In no instance is it necessary to stress relieve a carbon- 

steel overpack after seal welding the lid. 

Postweld Nondestructive Inspection 

The two circumferential welds and one longitudinal weld in a 

rolled and welded unfilled canister can be inspected adequately using 

routine nondestructive examination methods. Weld surface quality is 

normally assessed using visual observation, aided by commonly available 

items such as lights, magnifiers, and contour gages. The absence of 

surface-rnnn~.r.ted cracking is verified using liquid penetrant means. 

The absence of internal voids is determined using the volumetric 

inspection methods of radiography and pulse-echo ultrasonic testing. 

High sensitivity and radiographic contrast can be assured using single- 

wall exposure techniques, supported by optimized selection of sources 

and source-to-film distances. Sensitivities better than 2 percenr can 

bc readily attained when examining the unf i.lled canisters, Radio- 

graphic examination normally detects the presence of internal voids 

(such as  gas porosity) and can readily detect the presence of inclusions 

as well as geometrical conditions detrimental to service life (such as 

D 
lack of complete penetratinn and fiision). 



However, weld cracks can be hard to detect using radiographic 

means and this is where the complementary method of.ultrasonic pulse-echo 

testing often is applied. Transducer systems can be used to scan the 

long seam and circumferential girth welds rapidly for the presence of 

cracking. Typical operating conditions use either immersion techniques 

or sliding contacts which are specifically designed for the canister 

designs of interest. Final verification for the lack of any leakage 

paths through the walls (i.e., welds or weld-heat-affected zones) of the 

canister is made using one of two leak-testing methods. Standard hydro- 

static testing methods are used to assure that no leakage paths are 

present, through the use.of added stressing associated with the 

tt pressurize and hold" procedures commonly used in this technique. If 

this form of leak testing is inappropriate for some reason, helium leak 

testing can be performed using a detector. The detector is normally 

near the outside surface while pressurized helium is maintained on the 

inside. 

After filling, the canister's long and circumferential seams 

could be rechecked, if necessary; however, the problems of access and 

the presence of radioactivity limit the reinspection to that of ultra- 

sonic scanning. Examination of the welds by ultrasonic scanning is 

accomplished~usitlg~speciall&_~~d~si~ed:.trans.ducer~:systems which have 

'been qualified (or proven satisfactory) for this particular application. 

The scanning is done either under water or in the open with the canister 

positioned vertically. Underwater scanning is generally considered more 

reliable and is encouraged. It is not likely that meaningful radiography 

will be possible on the complex geometries normally associated with clo- 

sure welds. 

The absence of leakage is verified further through using helium 

purging gas which is also used as an inert gas shield on the root side of 

the seal weld. The helium leak detector is used to determine whether any 

helium is escaping from the confined volume within the canister. Various 

alternative, but more complex, approaches to leak detection are possible 

but they would probably not be considered practical solut'ions for assuring 

the absence 'of leakage around'the seal weld. 



Phase 3. Alternative Canister Materials 
And Canister Systems 

Alternative Canister Materials 

As discussed in several sections of Phase 1, a canister made 

of the reference material, 304 L stainless stccl, will become sensitized 

after the filling stage unless it can be cooled very rapidly past the 

nose of the C-curve shown in Figure 4 .  Achievement of the necessary 

cooling rate appears highly unlikely. This situation holds whether 

the in-can zone-melting concept, the continuous ceramic-melter concept, 

or the fluid-bed calcination plus stabilization concept is used. Sen- 

sitization also can occur with the glass-ceramic concept if a molten 

metal or alloy is used as the heat-transfer matrix and the canister's 

temperature is much above 500 C during pauring. 

The circumstance in which sensitization of the canister is a 

matter of dominating concern is interim storage in water. Here stress- 

corrosion cracking is to be expected in sensitized stainless steel even 

when the chloride content of the water is very low, as discussed in 

Phase 1. Thus, to obtain complete integrity and reliability in a con- 

tainment system suitable for interim storage in water requires either 

overpacking the canister with another 304 L stainless steel container 

which has been solution-annealed and fast cooled from the annealing 

temperature to ensufe freedom from sensitization, or fabricating the 

canister from a material that is not susceptible to stress-corrosion 

cracking under the conditions that will prevail. 

In thc latter category are Inconel 600 (15.5 percent Cr, 

8 percent Fe, 76 percent Ni), Incoloy 800 (21 percent Cr, 46 percent Fe, 

32.5 percent Ni), and Incoloy 825 (21.5 percent Cr, 30 percent Fe, 

42 percent Ni). These alloys are, or can be made, available in about 

all the mill-product forms in which 304 L stainless steel can be ob- 

tained. They are readily formed hot and cold and are weldable by all 

the standard procedures. Excellent surface finishes are obtainable on 

these alloys. They will present no unusual problems regarding fabri- 

cation, decontamination, or inspection. These alloys are at least as 



strong, tough, and ductile as 304 L stainless steel; in addition, they 

have somewhat greater elevated-temperature strength and considerably 
(33) greater oxidation resistance than 304 L . 

As suggested above, use of any of these alloys will provide 

a canister having complete integrity in interim storage in water with- 

out the need for an overpack. However, because of their high-a'lloy 

content, these alloys are in the order of 4 to 6 times the price of 

304 L stainless steel, depending on the mill-product form and local 

or transient ecor~omic factors. 

On the other hand, the water used for interim storage will 

be sufficiently pure that a carbon steel or low-alloy steel canister 

could bo ucod, ocpooiall;/ if it had a modcratcly thiclc wall. Howcvcr, 

the canister will rust, although slowly. inevitably, the products of 
the rusting reactions will slough off the canister and load the water 

in the storage basin. The water will become murky and the corrosion 

products may tend to deposit on the surfaces 'of other materials, items, 

and structures in the basin. 

Interim storage in air opens the way for carbon- and low-alloy 

steels as candidate canister materials, depending on the concept used to 

fill the canister. In this case, there is no need for resistance to 

aqueous-chloride induced stress-corrosion cracking. Carbon or low-alloy 

steels will be suitable if canister temperature can be held down to 

moderate levels during filling, e.g., 450 - 600 C, depending on filling 
time. These steels have limited elevated-temperature strength and 

oxidation resistance. However, for the shorter filling times and lower 

metal temperatures carbon steel should be satisfactory; for the higher 

temperatures and longer filling times, an alloy such as 2-114 Cr-1 Mo 

steel is suggested. The latter is the standard workhorse pressure 

vessel and piping steel used in the chemical and petrochemical indus- 

tries and in the electric power generating industry. 

The possibility appears strong that the continuous ceramic 

melter concept offers a way to fill the canister while maintaining 

canister-wall temperature at moderate levels. .In fact, carbon-steel 

canisters are now being used at Battelle's Pacific Northwest Labora- 

tories in experimental work on the ceramic-melter concept. The glass- ' 

ceramic concept offers a similar opportunity. 



Carbon steels and low-alloy steels of the Cr-Mo type are 

available in the required mill-product forms, are readily weldable 

by a host of techniques, and should present no unusual problems. They 

have the distinct advantage of being far-lower in cost, from about 114 

to about 1/10 that of stainless steels and nickel-base alloys. 

Alternative Canister Systems 

As has been discussed immediately above and earlier in the 

report, a containment system designed for interim storage in water 

Which uses a canister made of 304 L stainless steel and at the same 

time possesses complete 'integrity must include overpacking in a de- 

sensitized 304 L container* As previously stated, the alternative is 

to make the canister of such alloys as Inconel 600, Alloy 800, or 

Alloy 825, which are not susceptible to stress-corrosion cracking. 

under the conditions that will prevail, or possibly of carbon steel 

or a low-alloy steel. 

Also, as is dealt with further in the sections entitled 

'~Conclusions" and "Recommendations", if interim storage in air is 

acceptable, there is no need for canisters made of such high-cost 

materials as stainless steel or nickel-base alloys. Procedures for 

filling the canister very likely can be developed such that carbon- 

steel or low-alloy steel canisters will be entirely satisfactory. 

Moreover, as discussed in the section on the Phase 1 study and in the 

section that follows, a carbon-steel or low-alloy steel canister, 

overpack, or cask has several advantages in terms of geologic storage. 

CONCLUSIONS 

The section of this report entitled Phase 1 has presented a 

discussion of the metallurgical and environmental factors considered 

to have an impact on the reliability and integrity of high-level-waste 

canisters fabricated from 304 L stainless steel as they progress through 



the series of sequences stipulated in the section on Plan of the Investi- 

gation. Table 3, in distilled form, presents the conclusions that have 

been drawn from this discussion as it relates to the sequence of events 

encompassing filling the canisters and placing them in interim storage 

in water or in air. It is seen from this Table that the principal 

adverse metallurgical.effect is sensitization, while the principal en- 
' 

vironmental problem is chloride stress-corrosion cracking arising from 

sensitization and associated with storage in water. In addition, there 

is the possibility of stress-corrosion cracking of the carbon-steel cask 

used in the SSCC-MW concept (exposed directly to the atmosphere as a 

single beam). Here, the corroding agents would be caustic and/or nitrate 

salts concentrating on the surface as the reslllt of alternate wetting and 

drying. The other air-storage concepts present no adverse aspects. On 
' 

the other hand, overpacking the canister with a desensitized 304 L con- 

tainer produces a containment system entirely satisfactory for water 

storage. 

In Table 4 the probable consequences of shipping the various 

containment systems are listed in succinct form. Here it is assumed 

that the canisters have undergone interim storage and are in transit to 

the site of geologic storage, where they may or may not be overpacked, 

depending on the geologic storage conqept. Again, it is to be noted 

that problems are not anticipated with a dry environment. On the other 

hand, wet shipping may or may not have an adverse effect, depending on 

whether or not the outer container (canister or overpack) has been 

sensitized. 

In the same manner, the sequences and their probable conse- 

quences as they apply to geologic storage are given in Table 5. It is 

seen that adverse ef lec ts  are not to be expected in the absence nf  

moisture. However, when salt-containing moisture is in contact with 

the 304 L canister or 304 L overpack and the metal temperature is high 

enough for evaporation to occur (as is highly probable) with resulting 

concentrati.nn of salt on the container's surface, stress-corrosion 

cracking is to be expected even in solution-annealed and fast-cooled 

304 L stainless steel. In this connection, it should be noted that 

solution annealing followed by the required fast cooling does not 



TOLE 3 .  EFFECT OF ENVIRONMENTAL SEQUENI~ES FOR WASTE 
SOLIDIFICATION AND INTERIM STOUGE 

' Sequence Probab ke Consequences 

(1) In-can mel t ing  
S torage  i n  water ,  base  
S torage  i n  water ,  overpacked ( a )  

( 2 )  F i l l e d  from cersmic mel te r  
S torage  i n  wa te r ,  b a r e  
S torage  i n  water ,  overpacked(a) 

(3)  Fluid-bed c a l c i n a t i o n  ? l u s  
s t a b i l i z a t i o n  

S torage  i n  water ,  b a r e  
S torage  i n  wa te r ,  overpacked(a? 

(4) Lcad wi th  glass-ceramic wafers  
Add heat- t r a n s f e r  mat r ix  
S torage  i n  water ,  b a r e  
S torage  i n  water ,  overpacked (a) 

(5) In-can mel t ing  
Encased i n  C-steel cask  

S torage  i n  a i r ,  s h i e l d e d k )  

S torage  i n  a i r ,  b a r e  

( 6 )  F i l l e d  from ceramic me l t e r  
Encased i n  C-st.=el cask 

S torage  i n  a i r ,  sh i e lded  (c) 

Storage  i n  a i r ,  b a r e  (d 

S e n s i t i z a t i o n  
S t r e s s - c o r r o s i o l  c racking  
No s t r e s s - c o r r o s i o n  cracking  

S e n s i t i z a t i o n  
S t ress -cor ros ion  cracking  
No s t r e s s - co r ros ion  cracking  

S e n s i t i z a t i o n  
S t r e s s - co r ros ion  cracking  
No s t r e s s - co r ros ion  cracking  

No e f f e c t  
NO e f f e c t l b )  
No s t r e s s - co r ros ion  cracking  
No s t r e s s - c o r r o s i o n  cracking  

S e n s i t i z a t i o n  
No e f f e c t  
Canis te r  - No e f f e c t  

[Cask - Mild r u s t i n g  
Can i s t e r  - No e f f e c t  

{Cask - Poss ib l a  s t r e s s - c o r r o s i o n  cracking  

S e n s i t i z a t i o n  
No e f f e c t  
Canis te r  - No e f f e c t  

(Cask - Mild rur  t i n g  
Canis te r  - No e f f e c t  

{Cask - Poss ib l e  s t r e s s - co r ros ion  cracking  



TABLE 3 .  (Continued) 

Sequence Probable Consequences 

(7 )  Fluid-bed c a l c i n a t i o n  p lus  
s t a b i l i z a t i o n  S e n s i t i z a t i o n  

Encased i n  C-steel  c a s k '  No e f f e c t  

S torage  i n  a i r ,  sh i e lded  

Storage  i n  a i r ,  b a r e  (d) 

a n i s t e r  - No e f f e c t  
c a s k  - Mild r u s t i n g  

(8.) Load wi th  glass-ceramic wafers  , 

Add h e a t - t r a n s f e r  ma t r ix  
Encase i n  C-steel cask 

C a n i s t e r  - No e f f e c t  
{Cask - P o s s i b l e  s t r e s s - co r ros ion  cracking  

Storage  i n  a i r ,  sh i e lded  

Storage  i n  a i r ,  ba re (d )  

No e f f e c t  
NO e f f e c t @ )  
No e f f e c t  
Can i s t e r  - No e f f e c t  

{Cask - Mild r u s t i n g  
Can i s t e r  - No e f f e c t  

{Cask - P o s s i b l e  s t r e s s - co r ros ion  cracking  
-- - - 

( )  Cverpacked w i t h  a d e s e n s i t i z e d  304 L con ta ine r  

( Depending on t h e  temperature and time a t  temperature experienced dur ing  
f i l l i n g s  of t h e  c a n i s t e r  w i th  t h e  ma t r ix  m a t e r i a l  

(c) Stored  v e r t i c a l l y  on a pad, surrounded wi th  a conc re t e  gamma-neutron 
s h i e l d ,  capped wi th  a conc re t e  s l a b ;  o r  s t o r e d  i c  an a i r -cooled  v a u l t  

(d) Stored horizontally on conc re t e  c r a d l e s  a s  a s imple beam exposed 
c i r e c t l y  t o  t h e  atmosphere. 



TABLE 4. EFFECT OF ENVIRONMENTAL SEQUENCES FOR SHIPPING 

Sequence Probable  Consequences 
-. -.-_ 

Can i s t e r  ba re ,  shipped wet S t r e s s - c o r r o s i o n  c r ack ing  ("1 

Can i s t e r  ba re ,  shipped d ry  No e f f e c t  

Can i s t e r  overpacked, (b)  shipped wet No s t r e s s - c o r r o s i o n  c r ack ing  

Can i s t e r  overpacked, (b) shipped dry No e f f e c t  

Can i s t e r  encased i n  C-steel  cask;  Minor g e n e r a l  c o r r o s i o n ,  
shipped w e t  perha.ps minor p i t t i n g  

Can i s t e r  encased i n  C-steel  ca sk ,  No e f f e c t  
shipped dry 

(a) Except when loaded wi th  glass-ceramic wafe r s ,  Sequence ( 4 ) ,  
Table  3.  I n  t h i s  c a s e  t h e  c a n i s t e r  may n o t  be  s e n s i t i z e d  
and t h e r e f o r e  s t r ~ . s s - c o r r o s i o n  c r ack ing  may n o t  occur  
du r ing  sh ipp ing .  

(b)  Overpacked wi th  a d e s e n s i t i z e d  304 L c o n t a i n e r .  



TABLE 5 .  EFFECT OF ENVIRONMENTAL SEQUENCES FOR.GEOLOGIC STQRAGE 

Sequence Probable Consequence 
-ppp-ppp ~- 

Can i s t e r  ba re ,  (a )  s a l t  bed, dry 

Can i s t e r  ba re ,  (a) sa l t  bed, i n  
c o n t a c t  wi th  mois ture  and s a l t  

Can i s t e r  b a r e ,  (a) s t o r e d  i n  o t h e r  
media, (b) dry 

Can i s t e r  hare., (a) s t o r e d  i n  o t h e r  
media, (b)  i n  c o n t a c t  wi th  
mois ture  and va r ious  s a l t s  

Can i s t e r  overpacked, (c) s a l t  bed, 
d ry  

Can i s t e r  overpacked, (c) s a l t  bed, 
i n  c o n t a c t  w i th  mois ture  and sa l t  

Can i s t e r  over  cked, (c) s t o r e d  i n  
o t h e r  media, d ry  

Can i s t e r  over acked, (c )  s t o r e d  i n  1 o t h e r  media, ( ) i n  con tac t  w i t h  
mois ture  and va r ious  s a l t s  

No e f f e c t  

S t r e s s - co r ros ion  cracking  

No e f f e c t  

S t r e s s - co r ros ion  cracking  

No e f f e c t  

S t r e s s - co r ros ion  cracking  of 
overpack. (d)  No e f f e c t  on 
. c a n i s t e r  

No e f f e c t  

Probably no s t r e s s - c o r r o s i o n  
cracking  of overpack. No. e f f e c t  
e f f e c t  on c a n i s t e r  ''. 

Can i s t e r  i n  C-steel  cask,  s a l t  bed No e f f e c t  
bed, dry  

Can i s t e r  i n  C-steel  cask,  s a l t  bed Some gene ra l  c o r r o s i o n  of cask .  
i n  c o n t a c t  w i th  mois ture  and s a l t  No e f f e c t  on c a n i s t e r  

Canister i n  C-steel  cask ,  s t o r e d  No e f f e c t  
i n  o t h e r  media, (b) dry 

Can i s t e r  i n  C-steel  cask,  s t o r e d  i n  some gene ra l  co r ros ion  of. cask.  
o t h e r  media, (b)  i n  c o n t a c t  w i th  No e f f e c t  on c a n i s t e r  
mois ture  and va r ious  s a l t s  

( a )  The c a n i s t e r  i s  assumed t o  be  s e n s i t i z e d .  
(b)  E.g., b a s a l t ,  s h a l e ,  g r a n i t e  
( c )  Overpacked wi th  a  d e s e n s i r i z e d  304 L c o n t a i n e r  
(d) Assuming c a n i s t e r  temperature i s  h igh  enough t o  promote 

concen t r a t ion  of t h e  s a l t .  



effect stress relief. On the other hand, it is expected that a carbon- 

steel overpack or cask will perform satisfactorily even in the presence 

of moisture and a variety of salts. General corrosion and pitting of 

the cask are anticipated; therefore, the-cask should have a moderately 

thick wall in order to ensure that it maintains its integrity for a 

minimum of 5 years and thus makes possible ready retrievability. 

The above discussions are predicated on the proposition that 

the canisters and overpacks (casks) have been fabricated in a satis- 

factory manner, heat treated as appropriate, inspected thoroughly, 

filled with the waste load, the lid affixed and seal welded, and the 

assembly successfully reinspected after filling and seal welding, all 

In aeco~danao with the procedures discussed in the section covering 

Phase 2 of the investigation. 

Some points that emerged in the Phase 3 study should be 

reiterated. If the decision is for interim storage in water, then 

for complete integrity of the containment system the choice is either 

to overpack the 304 L canister with a desensitized 304 L container or 

to fabricate the canister from a material suitably resistant to 

stress-corrosion cracking such as Incoloy 800, Incoloy 825, or Inconel 

600. 

On the other hand, interim storage in air (in particular, 

those concepts that do not require direct exposure to the atmosphere), 

coupled with the continuous ceramic melter or the glass-ceramic concept 

for filltng the canister makes feasible the use of carbon or low-alloy 

steel canisters. Such canisters are deemed suitable for geologic 

storage as suggested in Table 5, are comparatively low in cost, and 

require small, if any, quantities of such important nonreplaceable 

resources as chromium and nickel. Of course ,  a necessary condition 

regarding interim storage in air is that the cooling system be capable 

of maintaining canister and waste temperatures at acceptable levels. 

RECOMMENDATIONS 

Based on the data collected and the observations made in this 

inve'stf gat1011 ar~tl L11e iilferenccs drawn therefrom, sev~ral suggestions 



are offered regarding preferred sequences to ensure the required relia- 

bility and service life of canister materials for containment of 

solidified high-level wastes. 

From the standpoint of the reliability and service life of 

the containment system, converting the high-level liquid waste to glass 

in the continuous ceramic melter, filling the canister from the melter, 
. and storing in air for the interim period has much to offer provided 

that effective cooling is achieved or that the waste has aged suffi- 

ciently to reduce heat density substantially. The suggested sequence 

is as 'follows : 

(1) Produce the glass in the continuous ceramic.me1te.r. 

I 

(2) Pour glass into a medium-wall carbon-steel or 

Cr-Mo-steel canister (perhaps 3 - 5 inches thick), 
maintaining canister wall ternberatme at moderate 

levels, i.e., at or below about 550 C. 

(3) Mechanically lock and seal-weld the lid, inspect. 

( 4 )  Store in air for the interim period using the 

concept (SSCC) in which the canister is placed 

upright on a pad inside a concrete radiation 

shield and provided with a concrete cap. 

(5) At the end of the interim period ship to geologic 

storage. 

This suggested sequence is technically feasible, uses readily 

available materials comparatively low in cost, requires only one con- 

tainer, uses materials that are metallurgically stable and compatible 

with the anticipated environments. Procurement, fabrication, and 

inspection should pose no unusual problems. Moreover, only small quan- 

tities, if any, of critical materials such as nickel and chromium will 
- 

be required. 



Should interim storage in water be mandatory (because of 

high heat removal requirements), then either of two.other sequences 

is suggested. One of these is as follows: 

(1) Convert the high-level liquid waste to glass or 

calcine by a convenient method, though the con- 

tinuous ceramic melter is preferred. 

(2) Use a 304 L stainless steel canister. 

(3) Mechanically lock and seal-weld the lid, inspect. 

(4) Overpack with a solution-annealed 304 L stainless 

steel container. 

(5) Mechanically lock and seal-weld the lid, inspect. 

Be sure that the. outside surface is clean and free 

from oxide films, crevices, overfills, and under- 

cuts. 

(6) Store in water for the interim period. 

... 

.(7) At the end of the interim period, overpack with a 

carbon-steel cask of medium wall thickness. 

(8) Place in geologic storage. 

Thc other suggested seqi.ience 9s based on the use of an alloy 

such as Inconel 600 or Incoloy Alloy 825 rather than 304 L stainless 

steel for the canister. The steps are as follows: 

(1) Convert the high-level liquid waste to glass 

or calcine by a convenient method, preferably 

the continuous' ceramic melter. 



(2) Use an Inconel 600, Incoloy 800, or Incoloy 825 * 
canister . 

(3) Mechanically lock and seal-weld the lid, inspect. 

Be sure the outside surface is clean and free of 

oxide. films, crevices, overfills and undercuts. 

(4) Store in water for the interim period. 

(5) At the end of the interim period, overpack with 

a carbon-steel cask of medium wall thickness.. 

(6) Place in geologic storage. 

The first of these two sequences is based on use of the refer- 

ence canister material, 304 L staii~less steel', which provides the advan- 

tage of dealing with a material that by now is familiar to much of the 

concerned personnel. 

The reason for favoring the ceramic melter concept is that, 

because melting is done outside the canister, the technique subjects the 

canister to less severe conditions than do the other concepts, with one 

exception. In particular, maximum metal temperature can be held to 

moderate levels and time at temperature can be fairly short.   he ex- 
ception is the.glass-ceramic concept. The problem with this concept 

is that little is known about its applicability to high-level waste 

containment nor about the parameters that control the process. Until 

more is learned it is deemed necessary to set aside this concept for 

Ll~e t iiiie being. 

Overpacking the canister is necessary to ensure complete 

integrity and reliability of the containment system. It is estimated 

* Or possihly carbon steel or low-alloy steel. See discussion on page 59. 



that the canister most probably will be sensitized as a result of the 

filling operation. Moreover, it will be in a stat; of tension following 

filling. As has been stated earlier, these two c0ndition.s render the 

metal susceptible to stress-corrosion cracking. To avoid the stress- 

corrosion cracking phenomenon the 304 L overpack must be solution- 

annealed and fast cooled before use. However, it should not be stress 

. relieved after seal welding. 

Again, the surface of the metal in contact with water during 

storage in water must be completely clean and smooth. Otherwise, 

localized corrosion is invited. 

Also, as discussed in the "Conclusions" section, a moderately 

t h j c k - w a l l ~ r l  nverpack or cask of carbon or low-alloy stee1.i~ suggested 

for protection in geologic.storage. The reason for substantial thick- 

ness is to make ample allowance for general corrosion and pitting attack 

during geologic storage. It is probable that, unless unusual conditions 

are encountered, no great amount of deterioration will occur in 5 years 

of geologic storage. 

In the second sequence for interim storage in water, Inconel 

600, Incoloy 800, or Incoloy 825.are substituted for 304 L stainless 

steel as the canister material. This change makes overpacking unneces- 

sary for reliable performance during interim storage in water because 

these materials are not susceptible to stress-corrosion cracking under 

the conditions that will prevail. 

However, it is considered advisable to overpack the canister 

with a carbon-steel or low-alloy steel cask for geologic storage. 
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