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Metallurgical Analysis of a 304L Stainless Steel Canister 
from the Spent Fuel Test—Climax 

H. Weiss, R. A. Van Konynenburg, and R. 0. McCright 
April 23, 1985 

ABSTRACT 

Results of a metallurgical examination of a type 304L stainless steel 
canister that had been used to store spent nuclear fuel in an underground 
granite formation for about three years are reported. No observable corrosion 
or cracking were found. The results are applied to waste packages in a 
potential high level nuclear waste repository in tuff. 

Work performed under the auspices of the U.S. Department of Energy by th 
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48. 
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INTRODUCTION 

In April and Hay of 1980, Lawrence Livermore National Laboratory eniplaced 
11 spent nuclear-reactor fuel assemblies and six electrical heater assemblies 
in the Climax stock quartz monzonite at the Nevada Test Site. Known as the 
Spent Fuel Test—Climax (SFT-C), the test was conducted as part of the Nevada 
Nuclsar Waste Storage Investigations (NNWSI) for the U.S. Department of Energy. 

The overall objective of the SFT-C was to evaluate the feasibility of safe 
and reliable short-term storage of spent fuel assemblies at a plausible 
repository depth in a typical granitic rock and to retrieve the fuel 
afterwards. An additional objective of the original concept was to evaluate 
the differences, if any, between the effects of real fuel storage and 
electrical simulation of the thermal output/ ' 

While the SFT-C was underway, planning moved ahead on the selection of a 
site for the first permanent U.S. nigh level nuclear waste repository. One 
candidate site that was identified is located in tuff rock at Yucca Mountain, 
at the western edge of the Nevada Test Site. The tuff site is also part of 
the responsibility of the NNWSI project. As information about the expected 
environment of the waste packages in tuff became available, we noticed some 
similarities between the two sites with respect to the fluid media (air and 
water), the temperature ranges, the radiation levels, and the dissolved 
chemical species. As planning progressed, the canister material that had been 
used in the SFT-C (304L stainless steel) was also selected as the reference 
material for the waste packages in the tuff repository. Because of the 300 to 
1000 year period of containment required by the Nuclear Regulatory Commission 
for the repository, corrosion resistance emerged as the dominant property 
needed in this application. It occurred to us that we might be able to learn 
some useful information about the corrosion performance of our reference 
material in the tuff repository by examining its behavior in the Climax 
facility. This report documents what was learned. 

When we reviewed the history of the SFT-C canisters, the canister that 
contained fuel assembly number 034 appeared to be of particular interest. 
This canister had been located in Climax Emplacement Hole #1 (CEH#1) where, as 
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a result of a linar leak, the bottom part of the canister was unintentionally 
submerged in water for a period of at least eight months. For the remainder 
of the three-year period, its environment was Irradiated moist air. We 
decided to examine this canister for evidence of corrosion. 

CANISTER AND LINER DESCRIPTION*2) 

The fuel assemblies used in the 5FT-C were of Westinghouse pressurized 
water reactor (PWR) design. They had been removed from the core of the Turkey 
Point Unit #3 reactor about 2 1/2 years before their emplacement at the 
SFT-C. Each assembly consisted of a 15 x 15 square array of 2ircaloy-4 clad 
fuel rods. 

Each spent fuel assembly was inserted into a stainless steel canister, as 
shown in Fig. 1. The canister consisted of a canister body and a closure 
lid. The main body of the canister war a standard 356 mm OD, 9.52 mm wall, 
Type 304L stainless steel pipe 3.92 m long. A standard 9.52 mm wall, Type 
304L stainless steel ellipsoidal end cap was welded to the bottom of this 
pipe. A cruciform-shaped fixture fabricated from 19 mm thick Type 304L 
ftainless steel was welded into the end cap. This fixture supported the fuel 
assembly and served as a loose-clearance keyway into which the fuel assembly 
bottom nozzle fitted. 

The upper body of the canister consisted of a section of 356 mm OD, 23.8 
mm wall, Typed 304L stainless steel pipe, approximately 230 mm long. This 
section was welded to the top of the main body and contained all the machined 
mating features for the closure lid. The canister body welds were made in 
accordance with Section IX of the ASHE Boiler and Pressure Vessel Code and 
were inspected by dye penetrant. All external canister welds were made using 
Type 308L. stainless steel weld wire. 

Welded to the inside of the canister body was a Type 304 stainless steel 
support cage to hold the fue 1 assembly, formed from standard angles tied 
together on four sides by thin plates at six elevations. This cage provided 
lateral support over the entire length of the fuel assembly, limiting its 
possible lateral movement to about 8 mm. 
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After each canister was fabricated and cleaned, the fuel assembly was 
inserted. The closure lid was screwed in and welded, and the canister was 
evacuated, backfilled with helium, and sealed. 

The canisters were lowered into vertical holes drilled into the floor of 
the Climax facility, located 420 m below ground level and 1116 m above sea 
level. The holes had been ;ined with carbon steel liners prior to insertion 
of the canisters (see Fig. 2). These liners had been grouted in position at 
top and bottom. The liners had an 0D of 457 mm and a wall thickness of 6.35 
mm. The liners were about 4.9 m long, and were fabricated from two sections 
of carbon steel pipe. Six thermocouples were placed at various locations 
along both the liner wall and the outside surface of the canister. 

STORAGE HISTORY 

The canister containing fuel assembly D34 was emplaced on April 25, 1980. 
On August 17, 1982, the canister was removed and inspected for a period of 5.3 
hours. It was then reinstalled into the liner and remained there until final 
removal on March 3, 1983. 

Thermocouple data from the canister midheight indicate a maximum 
temperature of between 135 and 140°C for a period of approximately two 
months. Of more significance, Fig. 3* ' shows the thermocouple data from 
near the bottom of the canister. It can be seen that the canister temperature 
rose to a level near the boiling pDint of water for this elevation (about 
96.5°C) and remained there until a time corresponding to about 3.1 years out 
of the reactor core. At about 3.0 years out of core the thermocouple on the 
liner recorded an abrupt rise in temperature. It was noted that water was 
present outside the liner when the liner was emplaced. It is surmised that 
water had leaked through a crack in the liner early in the test and entered 
the annular region between the canister and liner as well as the region 
outside the liner. The rise in the liner temperature occurred when the water 
between the liner and the rock had completely departed, either by evaporation 
or percolation through the rock. This produced a poorer thermal conductance 
between them, because of the change in the primary thermal transport mechanism 
from conduction-convection to radiation, and allowed the decay heat from the 
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canister to raise the liner temperature. The canister temperature did not 
rise when this occurred because water remained in the canister-liner annulus. 
This was possible because the crack in the liner weld had sealed, probably due 
to precipitation of solute minerals. The boiling and refluxing of this water 
held the canister temperature nearly constant. The gradual rise in canister 
temperature was probably due to concentration of solute species by 
* istillation, which raised the boiling point of the solution. The thermal 
output decreased with time by nuclear decay until boiling ceased at about 3.1 
years out-of-core. The water in the canister-liner annulus slowly evaporated 
through the gap around the shield plug (see Fig. 2). In support of this 
suggestion, it should be noted that water was observed on the ledge under the 
concrete shield plug when it was lifted. 

Upon removal of the canister and inspection of the components in August of 
1982, it was observed that the interior of the liner was dry, thus confirming 
that water was no longer present in the annulus between the liner and the 
canister at that time. Water level measurements in the annulus between the 
liner and the rock established that water was again present in this region. 
The presence of water in tne outer annulus coupled with its absence from the 
inner annulus supports the hypothesis that the crack in the liner had sealed 
by this time. A sample of this water was collected for analysis. 

After the storage period of the SFT-C was completed, the liner was removed 
and inspected. It was observed that the welds holding the bottom end cap onto 
the liner had been performed with shallow penetration and had cracked, thus 
providing a path for the water to enter the liner.' ' Upon inspection of 
the canister, we did not see any evidence of a water mark or stain on the 
stainless steel. However, a stain was observed on the inside of the liner. 

During the three years of storage, the gamma ray dose rate at the mid-line 
of the canister outside surface' * ' decayed from a starting value of 1.9 x 
10 4 rad/hr (53 mGy/s) to a final value of 8.0 x 10 3 rad/hr (22 mGy/s). 
The total dose during the three-year period was 3.2 x 10° rad (3.2 MGy). 
All these values are given on a lithium fluoride basis. At the top and bottom 
ends of the canister the dose rates and dose are estimated to be about half as 
large as at the mid-line. 
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In discussing the condition of the canisters, it is relevant to point out 
that an interesting observation was made on the corrosion of the liners: All 
eleven carbon steel liners that had contained spent fuel showed much more 
evidence of external corrosion near the top of the fueled section than those 
containing electrical simulators. At some locations, the depth of corrosion 
amounted to as much as 5 mm. In all likelihood this resulted from the 
production of nitric acid and other oxidizing chemical species by the 
irradiation of moist air and their condensation onto the coolest accessible 
regions of the linar, near the top of the fueled section. 

The chemical composition of the water solution that was in contact with 
the canister can only be approximated, since it was not sampled directly. The 
water sample taken from the liner-rock annulus was analyzed by 
inductively-coupled plasma optical emission spectroscopy (ICP-OIS) and ion 
chromatography (IC). The results are shown in Table I. For comparison, 
analyses are also shown for water from the two sampling locations in the 
Climax facility that were nearest hole CEHfrl, taken prior to spent fuel 
emplacement,'7' and from well J-J3, near Yucca Mountain.*8' It can be 
seen that the Climax pre-emplacement water is relatively high in Na, Ca, 
50^, Cl", and HCO^. The water taken from the CEH#1 liner-rock 
annulus is significantly higher in K and lower in Ca, 507, and Cl". 
(Unfortunately, HCOu was not measured, but ionic balance would dictate a 
concentration in excess of 1300 mg/L.) We do not currently understand the 
details of the processes that led to these differences in composition. 
However, factors such as variation in equilibria with temperature, 
concentration by distillation, contact with the zinc-coated steel liner, 
interaction with the grout, radiolysis, and ion exchange with the rock 
probably contributed. It is possible that contamination by drilling detergent 
used in drilling the nearby access hole also occurred. 

METALLOGRAPHIC EXAMINATION 

In June of 1984, the canister was examined at the E-HAD facility by the 
authors. At that time, the canister had been cut into seven cylindrical 
pieces and the bottom dome section, as shown in Fig. 4. All pieces were steam 
cleaned to remove any contamination and shipped to LLNL. Several areas were 
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selected for further inspection; specifically, areas containing two different 
types of welds, samples for chemical analysis, and a "suspicious" area that 
appeared to be a corrosion pit. 

It was determined that the canister was fabricated from longitudinally 
welded pipe, with both inside and outside welds, as shown in Fig. E. This 
weld appears to have been produced by an autogenous resistance-type process, 
ba^ed upon the large width of the fusion zone and the amount of upset in the 
center, unwelded region. The weld is sound with no fissures; however, one can 
find fault with the lack of penetration through the wall. 

The end cap, Fig. 6, was attached using a multipass, filler weld process. 
A chemical analysis of the weld material suggests that it was probably AISI 
308-type material. The weld appears to be sound and functional. The base 
material was also analyzed and all the analytical results are shown in 
Table II. 

Metallographic examination of the "corrosion pit", Fig. 7 and 8, shows 
that the surface damage was due to an ate strike. Higher magnification, Fig. 
9, indicates no evidence of pitting attack or intergranular corrosion 
penetrating into the metal. 

APPLICATION TO WASTE PACKAGES FOR TUFF REPOSITORY 

Although the canister was subjected to only three years of storage, it is 
encouraging to note that the AISI 304L canister material suffered no 
observable corrosion or cracking. This observation is even more positive, 
considering that the liner surrounding the canister containing assembly D34 
leaked and provided a more hostile aqueous environment. 

In applying this result to the waste packages for the tuff repository, one 
must examine the environmental parameters that are known to be important to 
corrosion.' ' These include the physical state of the corrosion medium 
(liquid or gaseous), the chemical nakeup of the medium, the temperature, the 
pressure, the pH, the redox potential, the flow rate, and the radiation dose 
rate. 
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In the tuff repository, we expect an environment of steam and air 
initially, followed by some condensation after cooling below 95°C. Inundation 
with water is thought to be very unlikely. The chemical composition of 
groundwater in the tuff site is thought to be well represented by the J-13 
well water composition, shown in Table I. The temperature is expected to 
range from rock ambient to a maximum of 270"C. The pressure will be 
atmospheric for an altitude of 880 m above sea level. The pH is expected to 
remain near neutral or slightly alkaline for water in contact with the rock. 
In regions of the package surfaces not in contact or in liquid diffusive 
communication with the rock, it is possible that lower pH values could arise, 
because of radiolytic fixation of nitrogen in the gas phase, followed by 
condensation and dissolution in water films on surfaces, producing nitric acid. 

The redox conditions in the tuff repository will be oxidizing because of 
the presence of air and radiation. The flow rate is expected to be auite 
small, because the water infiltration rate is estimated to be less than 
1 mm/year. THe gamma ray dose rate at the waste packages is expected to range 
up to 10' rad/hr as a maximum, with older waste having lower levels. 

In comparing these conditions to those in the SFT-C, one finds several 
similarities. First of all, we are dealing with Type 3Q4L stainless steel in 
both cases. If hole liners are needed for retrievability in the tuff 
repository, carbon steel would likely be selected, as in the SFT-C. During 
most of the period in the SFT-C, the canister surface was below the boiling 
point and could maintain a water film, which we expect will be the most 
corrosive condition in the tuff repository. The water in SFT-C was more 
concentrated in total dissolved species, particularly in chloride, which is 
known to be detrimental to stainless steels. Although the temperatures in 
SFT-C were below the maximum for the repository, it is expected that the lower 
temperatures will represent more severe corrosion conditions, as mentioned 
above. In any case, the tuff waste packages will eventually cool into this 
regime (see O'Neal et al. for calculated waste package thermal 
history).' °> The pressure is similar in the two cases, being atmospneric. 
The pH conditions are also comparable.' ' Both facilities have an oxidizing 
environment. The flow rate at the canister in the SFT-C was necessarily 
fairly low because the water came through a cracked weld. The radiation 
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levels are in the same regime for older fuel or defense waste in the 
repository. All in all, it appears that there are enough similarities that a 
usef'il comparison can be made. Probably the largest differences are in the 
chemical makeup of the water, but the Climax water appears to be more 
aggressive from a corrosion standpoint. 

In conclusion, although conditions are not identical in the two facilities 
and only three years of exposure were performed, the excellent performance of 
Type 304L stainless steel in the SFT-C speaks well for its prospects in the 
tuff r°oository. Certainly if significant corrosion had been observed, we 
would have had great cause for pause, and it is reassuring that none was. 
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TABLE I 
Comparison of Water Analyses from Climax Fac i l i t y and Well J-13 (mg/L) 

Climax Fac i l i ty Well J - 1 3 W 

Species NH-Olt7) UG-02t7) CEH#1 
i l tered) (0.45 urn f i l te red) (0.1 vm f i l t e red) 

214. 273. 43.9 + 1.19 
114. 16.0 12.5+0.77 
23.9 1.4 57.7 + 1.0 
4.7 538. 5.11 + 0.32 
1.5 <0.008 1.92 +0.06 
4.2 0.69 0.054 

<0.1 <0.076 <0.084 
0.02 1.67 0.012 _+ 0.010 
0.8 3 0.004 0.006 + 0.005 
0.033 3.2 <0.008 
0.05 <0.001 <0.0005 
0.17 0.40 0.042 
0.09 0.029 0.013 

<0.002 <0.002 N.D. 
N.D. 0.047 0.128 + 0.008 

<0.3 N.O. <0.3 
480. 193. 18.7+^0.47 

70. 30. 6.9+^0.21 
165. N.M.c(1322)d 136. +_ 8.1 

3.0 N.D. N.O. 
1.4 3.8 2.2 ±0 .32 
N.D. 2.5 9.6+^3.63 

TOTAL 1603. 1083. (2386) d 295 

(0.4 

Na 229 
Ca 240. 
SiOj 22.5 
K 3.8 

Mg 4.8 
Sr 7.9 

U 18.5 
Al 0.05 
Fe 0 . 5 a 

In 0.03 a 

Mn 0.008 
L i 0.17 
Mo 0.22 
Ti 0.02 
6 N.D. b 

P 0 4 0.5 

so4 850. 
CI 160. 
HC03 65. 

s N.D. 
F N.O. 
NO, N.D. 

a. Samples known to be contaminated from drill bit and wire mesh 
0. N.D. — Not detected 
c. N.K. -- Not measured 
d. Calculated from ionic balance 
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TABLE II 
Chemical Analysis of Canister Materials 

308 Filler Autogenous Weld Base Material 

Carbon 0,023* 0-017% 0.018% 

Manganese 1.76 1.19 1.89 

Phosphorus 0.017 0.021 0.020 

Sulfur- 0.011 0.014 0.011 

S i l i c o n 0.42 0-49 0.54 

Chromium 20.52 18.24 18-46 

Nickel 9.52 9.67 9.05 

Molybdenum 0.05 0.73 0.50 

Copper 0.09 0.42 0.25 
I ron Remainder Remainder Remainder 
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Fig. 1 Spent fuel canister assembly 
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Fig. 2 Drawing of emplacement of liner and canister in repository. 
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Fig. 3 Temperature histories of the canister and borehole liner located in 
CEHOI. Note the break in the trends of the curves et about 3.0 YOC 
which result from water being boiled out of the Canister-liner annulus. 
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Fig. 4 Sectioned canister from the D-34 fuel assembly emplaced in 
hole #1 . Sections labeled A (top) through G (bottom). 

Fig. 5 Autogenous assembly longitudinal weld on canister body, 
showing incomplote weld penetration and high deformation 
area (at arrow). 



Fig. 6 Bottom circumferential weld section showing multipass filler wire process. 

Fig. 7 Suspicious "corrosion" pit observed 
about four feet from bottom end cap. 
Analysis revealed this to be a welding 
arc strike. 



Fig. 8 Suspicious "corrosion" pit from section F of canister. 

200/im 

Fig. 9 Suspicious "corrosion" pit at higher magnification. 
No localized corrosion penetration observed. 


