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EDITOR’S NOTE

Although Oak Ridge National Laboratory has a policy of reporting its work in SI metric
units, this report uses English units. The justification is that the uranium enrichment facilities at
present operate completely with English units, and reporting otherwise would lose meaning to the
intended readership. To assist the reader in obtaining the SI equivalents, these are listed below
for the units occurring in this report. ‘

Property Unit used SI equivalent
Dimension in. 25.4mm
Dimension ft 0.3048 m
Density Ib/fe 16.02 kg/m?
Energy calorie 4.184]
Mass Ib 0.4536 kg
Mass metric ton 1000 kg .
Mass ton 907.2 kg
Pressure psi 6.895 MPa
Pressure torr 133.3 Pa
Temperature °F °C = (59)(°F - 32)




INVESTIGATION OF BREACHED DEPLETED UF; CYLINDERS

EXECUTIVE SUMMARY*

In June 1990, during a three-site inspection of cylinders being used for long-term storage
of solid depleted UFj, two 14-ton steel cylinders at Portsmouth, Ohio, were discovered with holes
in the barrel section of the cylinders. Both holes, concealed by UF, reaction products identical
in color to the cylinder coating, were similarly located near the front stiffening ring. The UF,
appeared to have self-sealed the holes, thus containing nearly all of the uranium contents.
Martin Marietta Energy Systems, Inc., Vice President K. W. Sommerfeld immediately formed an
investigation team to: (1) identify the most likely cause of failure for the two breached cylinders,
(2) determine the impact of these incidents on the three-site inventory, and (3) provide
recommendations and preventive measures.

Portsmouth personnel, in association with this investigation team, made a studied effort to
“collect information that could be used to assess the failure mechanism and to track the effects of
the failure on corrosion processes and chemical changes in the cylinder and its contents.
Evidence has been gathered through the process of removing both cylinders from the storage
yard, checking their internal pressure, analyzing gas and salt samples, emptying one cylinder, and
sampling the internal reaction products from the other cylinder. Portsmouth Operations
personnel are currently removing the contents of the second cylinder. During the investigation,
considerable effort was made to estimate the uranium lost from these cylinders and the resultant
environmental insult. The soil contamination was minimal (below plant-allowable limits). The
unrecoverable mass of UF from the longer-term failure (13 years) was estimated to be between
17 and 109 Ib. In the case of the shorter-term failure (4 years), the unrecovered UF, was below
measurable limits but, based on a corrosion model, possibly amounted to 4 Ib (1.8 kg).

The commonality of the hole locations and the proximity of lifting lugs of adjacent cylinders
suggested a similar failure initiation mode for both cylinders. From the investigation of other
stacked cylinders and the evidence gathered from examinations of the failures, the team
determined that the initial breach in each cylinder had resulted from a mechanical tear through
the shell induced by the impingement of the upper corner of an adjacent cylinder’s lifting lug.
The location of the impingement point was so close to the rigid stiffening ring supporting the
shell that a "guillotine” fracture resulted, rather th-n a dent in the cylinder shell. Since cylinder
steel types and stacking mechanisms were dissimilar, no common mode of failure could be
associated with either of these factors. Following the initial mechanical failures, reaction of UF
with air and moisture led to the formation of an acid solution containing HF and UO,F, and,
ultimately, to a protective salt layer composed of UF, and iron fluorides. Slow seepage of the
acid solution from below the UF, layer gradually corroded and extended the hole surfaces, such
that the relative sizes of the openings correlated with the total time that the respective cylinders
had been exposed to the elements.

Inspections performed by qualified site personnel showed that the damaged cylinders were
unusual and did not reflect a generic problem. However, circumstances contributing to the

*Research sponsored by the U.S. Department of Energy, Uranium Enrichment Program,
under contract DE-AC05-760R00001 with Martin Marietta Energy Systems, Inc.
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failures, Juch as insufficient spacing between adjacent cylinders and improperly oriented lifting
lugs, werﬁ: common as observed during the team's three-site survey. The possibility that additional
cylinders may have sustained damage by the same means, while considered quite small, cannot be
completely ruled out because not all cylinders can currently be viewed in their entirety. In some
yard locations at all three sites, cylinder rows are stacked too closely for a thorough visual
inspection. Because of the effective plugging by the reaction products of the two exposed areas,
the contamination from any unidentified cylinders damaged from the same cause should be
minimal, as was the case with these two failures. Nevertheless, a concerted effort should be made
to identify and empty such cylinders.

After reviewing the causes and effects of the failures, the team considers the most important
remedial action to prevent similar potential failures to be improved handling and inspection.
Considering the minimal environmental impact associated with the shorter-term failure (4 years),
routine inspections of all stockpiled cylinders can effectively limit the impact of potential future
failures by a similar cause. The team made recommendations for corrective actions in three
categories: design modifications, inspection enhancements, and extended evaluations. The design
modifications are intended to improve the cylinder containment integrity during the stacking
operation. They include saddle, yard, and cylinder design improvements in addition to visual aids
for the operator stacking the cylinders. Inspection enhancements relate to the assurance of
proper stacking and continued safe storage. Supplementary mechanical testing of thin-wall
storage cylinders is recommended to define their fracture characteristics near the stiffening ring
weld and to guide possible design improvements. Another testing recommendation calls for a
study of the long-term environmental effects of a breach occurring into the gas space within the
cylinder, which may lead to different consequences from the subject failures that occurred bc.ow
the solid UF, level. Finally, a study is recommended to better define the environmental effects
of UF, ground spills with respect to storage pad design. -

Xii




INVESTIGATION OF BREACHED DEPLETED UF; CYLINDERS

E. J. Barber, T. R. Butler, J. H. DeVan, J. M. Googin, M. S. Taylor,
R. H. Dyer, and J. R. Russell

1. INTRODUCTION

Depleted uranium hexafluoride (UF) produced at the uranium enrichment (UE) gaseous
diffusion plants has been stored in steel cylinders since the diffusion plants first went into
production more than 40 years ago. With no sigriificant use relative to its current production rate,
the inventory now exceeds 340,000 metric tons of depleted UF in approximately 40,000 cylinders.!
Once a significant invento)y was produced, the diffusion plants created outdoor storage facilities
that evolved separately at each site and are now comprised of concrete and compacted gravel
storage pads with the lowest cylinders positioned on wooden or concrete saddles. The handling
equipment used to stack these cylinders in double-tiered rows has also evolved from mobile cranes
hoisting the cylinders with removable bands to the Raygo Wagner loader and the Answer to
Prayer (ATP) loader, specially designed tractors that grab and lift the cylinders with hydraulically
actuated fingers. Paducah utilizes the ATP-designed loader, which provides improved visibility
for the operator over Portsmouth’s Raygo Wagner design. Although the Wagner loader allows
the operator more control of the cylinder during stacking, his visual perception continues to
depend on the hand signals of nearby assistants. Storage cylinder designs have also changed over
the years. These design modifications vary from lifting lug shapes and stiffening ring designs to
a change in the reference grade of steel. The current storage cylinder model, the 48G, was
specifically created as an economical container for UFg storage. Although it serves as a long-term
storage container, the 48G was designed primarily as a containment vessel to meet the pressure
and temperature conditions during liquid filling.

Even though the service record of these UF, cylinders shows a high degree of reliability,
some past failures have occurred during shipping and handling. These incidents were immediately
recognized, and the failed cylinders were emptied and discarded. The two recent cylinder failures
at Portsmouth, addressed in this report, are unique in that they were not detected immediately.
Because the surveillance methods, until recently, consisted only of an annual inventory of the
cylinders, these failed cylinders escaped detection for many years. A formal corrosion monitoring,
program was initiated in the late 1980s; however, it focused on specific problem areas and
corrosion rate indicators rather than on cylinder yard surveillance per se.2 Back as far as the mid
1970s, cylinder wall thickness tests were conducted on selected cylinders, and the cylinder life was
projected to at least another 30 years,® making the need for surveillance seemingly of little
importance.

The inspection process that led to the discovery of the two failed cylinders at Portsmouth
was initiated because numerous cylinders stored at K-25 were identified as having valves in
substandard condition;* accordingly, a three-site inspection was begun to search for faulty valves.
During the valve inspection at Portsmouth, a large hole was found in cylinder 4G115688, which
had been stacked 13 years previously. This led to a three-site visual inspection for possible holes
in all cylinders being used for UF, stcrage; three days later, a second breached cylinder,



4G127985, was identified at Portsmouth. During the inspection for holes, the Energy Systems
Vice President for UE formed an investigation team whose purposc was to determine the cause
of the first and, ultimately, second failure; to predict the potential impact on the total cylinder
inventory; and to recommend future actions and preventive measures. The team members
consisted of Energy Systems personnel (Jack DeVan, chairman; John Barber; John Googin,;
Tim Butler; and Mike Taylor) and Department of Energy (DOE) representatives Bob Dyer and
Joe Russell. The members were selected to provide a relevant background in the areas of safety,
quality assurance, metallurgy, corrosion, enrichment operations, and UF chemistry.

This report records the team’s investigative findings and recommendations, including those
contained within the initial report issued by the team.> This report is based on information
available through January 1991. Some operations requested by the team to yield supporting
evidence for their conclusions are still in progress and may take several more months to complete.
Pending those findings, this report should be considered an interim final report. When the team
has assessed the latter findings, an updated report will be issued if such findings warrant a change
in, or addition to, the conclusions presented herein. '

This report is organized first to give a brief chronology of the investigation, including the
events leading to the discovery of these breached cylinders. The failure cause and chemical
effects of the breach are then discussed, followed by the perceived environmental impact from
. the two incidents. The findings from the team’s three-site survey of the cylinder yards are
presented to examine connections between the cylinder failures and present storage policies. A
section outlining the actions required to conclude the investigation is given preceding the team’s
conclusions and recommendations. Detailed information on the chemical effects accompanying
these failures is presented in appendices to the main report and has been included because it
affords a first-hand look at the long-term effects that accrue when the contents of a cylinder come
into contact with the ambient atmosphere.

2 INVESTIGATION STRATEGY

21 TEAM CHARTER

The assigned objectives® of the team were to: (1) identify the most probable cause(s) of
failure, (2) assess the failures in terms of their potential impact on the total three-site cylinder
inventory, and (3) recommend future corrective actions and preventive measures. The team also
assisted Portsmouth in developing action plans for moving and emptying these cylinders. The
team's interest in formulating these action plans was to secure chemical and metallurgical
evidence, giving insight into the failure and its after-effects.

22 METHODOLOGY

Before Operations could begin to remove these cylinders from storage and empty their
contents, Energy Systems management required that action plans be formulated and approved
prior to each operation. Portsmouth senior management, the investigation team chairman, and
the Chairman of the UF, Handling Committee approved each of the plans prior to
implementation. The full action plans are listed in Appendix C.



23 CHRONOLOGY

The strategy to investigate and remove the failed cylinders from inventory was decided by
Portsmouth and the investigation team. The second breached cylinder, discovered the day before
the investigation team arrived at the Portsmouth Plant, was investigated first because of the
possible implications to currently used cylinders (identical in design). Also, because it was the
least damaged cylinder, more evidence was available from which to study the initial failure cause.
To access this cylinder, over 200 stacked cylinders had to be moved with the Raygo Wagner
loader. Several cylinders in the vicinity of this latter cylinder were observed by the team to be
dented at, or near, the location where both failures had occurred. These other cylinders were
examined for cracks; however, none were found. Once access had been gained, the cylinder with
the smaller hole was pressure checked and a gas sample taken for chetnical analysis. As would
be the case for an undamaged cylinder, the internal pressure was still less than atmospheric
(-4 psig at 85°F), and the gas analysis showed negligible oxygen or nitrogen contamination (see
Appendix B for detnils). The cylinder was then patched and removed from the storage yard. The
original aluminum patch applied with an epoxy did not hold, and a new aluminum patch was
applied the next day using a more thorough surface preparation before applying the epoxy
adhesive. This cylinder was weighed for .ccountability and then valved at ambient temperature
into the cascade. The cylinder was evacuated in approximately 30 d. The breached area was then
x-rayed in X-326, and the internal cylinder surface in the area of the hole was successfully imaged
in the X-705 annex using a miniature video camera mounted on a flexible cable. Presently, this
cylinder is in storage awaiting radioactive decay to allow removal and evaluation of the material
still plugging the hole and metallographic examination of the cylinder “vall.

To clear a path to the cylinder with the larger hole, a new road was constructed and 60
neighboring cylinders had to be moved. To prove that the mechanical integrity of these cylinders
was sufficient for the required lifting, an action plan was approved to spot check their wall
thickness prior to moving (Appendix C). Using an ultrasound thickness gage, Portsmouth
identified four cylinders with abnormal wall thickness indications, and an ultrasound team from
K-25 was sent to Portsmouth to more closely examine these cylinders. The suspect cylinder wall
areas were determined to contain inclusions associated with imperfections in the steel produced
during the manufacturing process. To establish whether these defects may have had some
connection with the failure, the affected cylinders were removed from storage; they are designated
for further examination under another program. Once access was gained to the failed cylinder,
the gas pressure and composition were determined. The pressure in this cylinder was above
atmospheric (+8 psig at 85°F), and it contained elevated concentrations of HF. Its internal
pressure was reduced by venting into a clean, empty cylinder. The pressure was bled off several
times during a one-week period. A large, two-piece aluminum patch was manufactured to fit over
the breached area and was applied with epoxy and circumferential reinforcing bands. The epoxy
did not completely hold during transport of the cylinder, and a small release of HF/H,O fog was
stopped by dry ice (CO,). Core samples of the uranium plug were taken through two ports in
the patch, and chemical analyses were performed on the samples. The cylinder was weighed for
accountability and then valved into the cascade. Evacuation was begun in the same manner as
for the cylinder with the smaller hole and was continuing at the time this report was prepared.



3. ANALYSIS OF FAILURE CAUSE AND CHEMICAL EFFECTS

3.1 LOCATIONS AND HISTORIES OF FAILED CYLINDERS

On June 16, 1990, cylinder 4G115688 (the iarge-hole cylinder) was discovered with a
corroded opening near the front stiffening ring. The cylinder was located in Portsmouth storage
yard X-745C, row 20, position 15, or the top (second) tier. Figure 1 illustrates the Portsmouth
depleted UF, cylinder storage area. The cylinder was manufactured in 1975 and was filled in late
1975, then moved to this location sometime in 1977 where it remained until the failure was
discovered. No record was made of the exact day or month in which it was stacked. An
inspection of all the Portsmouth storage yards was begun immediately after this discovery. On
June 19, 1990, the small-hole cylinder was found, in whict: a hole again was observed near the
front stiffening ring. This latter cylinder was located in storage yard X-745C, section 3, row 13,
position 44, on the lower (ground-level) tier. It had been manufactured in 1982 and was filled
and stacked in June 1986. Tables listing manufacturing, material, and design specifications of the
cylinders and their UF, weights are provided in Appendix A.

3.2 APPEARANCE OF FAILURES

The large-hole cylinder is shown in Fig. 2. Viewed from the valve end, it is centered at the
9 o’clock position and runs under the nearest stiffening ring. The top section of the hole is
roughly semicircular in shape, while the bottom section is in the shape of an inverted pyramid.
The maximum side-to-side dimension is approximately 9 in., and the overall distance from the top
of the hole to the bottom is approximately 18'in. Approximately 30% of the hole area is on the
valve-end side of the stiffening ring, and the remaining 70% is on the plug-end side. A green-
colored, © ged, fluoride salt layer covers the exposed hole area slightly below the original solid
UF, surfuce, and similarly colored layers of salt cover areas below the hole and on the underlying
cylinder. Some loose, green salt deposits were also found on the top of the underlying cylinder
and on the concrete pad directly under the cylinder. The upper corner of the lifting lug of the
adjacent cylinder was positioned at the approximate center of the hole (Fig. 3).

The small-hole cylinder is pictured in Fig. 4. The hole lies at the 3 o’clock position when
the cylinder is viewed from the valve end. This hole is much smaller than that shown in Fig. 2
and its exact size is obscured by green salt deposits that overlaid the hole. As shown in Fig. 5,
the top corner of the lifting lug of the adjacent cylinder can be seen to protrude into the hole at
a point very close to the stiffening ring weld on the failed cylinder. This lug was covered by a
green salt deposit, which turned to a reddish brown deposit at its outer extremities. Because the
green salt deposit closely matches the color of the paint covering the cylinder, very careful
inspection was required to spot the hole when viewed from the front of the cylinder. There were
no salt deposits on the underside of this cylinder and only a small green spot (about the size of
a dime) on the concrete pad directly under the hole.

3.3 CONDITION OF NEIGHBORING CYLINDERS

As noted above, the cylinder to the left and below the large-hole cylinder had a relatively
thick, green salt deposit running from the 12 o’clock position to about the 5 o’clock position on
the head side of the stiffening ring (as viewed from the valve end). Removal of this deposit
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PHOTO NO. K/PH-91-3184

Ak

Fig. 2. Appearance of failure area in cylinder 4G115688.



PHOTO NO. K/PH-91-3189

Fig. 3. Area of failure in cylinder 4G115688 showing relative position of lifting lug
of neighboring cylinder.
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PHOTO NO. K/PH-91-3188

Fig. 4. Appearance of failure arca on cylinder 4G127985 (after removal of debris
covering hole).
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PHOTO NO. K/PH-91-3195

ok

Fig. 5. View of failure area after gaining access to cylinder 4G127985 showing
location of lifting lug on neighboring cylinder.
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revealed a series of vein-like grooves etched into the cylinder surface (Fig. 6). The grooves were
relatively widely spaced and shallow near the top of the cylinder but converged into a much
deeper groove over the right-hand quadrant of the cylinder, where it reached a maximum depth
of .13 in. None of the other neighboring cylinders showed any evidence of corrosion.

The failure of the small-hole cylinder had no effect on adjacent cylinders. However, several
cylinders in the neighborhood of the small-hole cylinder showed mechanical defects attributable
to improper spacing (overcrowding) and misalignment of lifting lugs as discussed below.

3.4 PROBABLE FAILURE CAUSES

Evidence examined by the team indicates that the small-hole cylinder failure most likely was
initiated by a through-wall crack that occurred at the time of stacking. The crack resulted from
the impingement of the upper corner of the lifting lug of an adjacent cylinder, which deformed
the shell of the subject cylinder in the immediate vicinity of the front stiffening ring (Fig. 5).
Because of the restraint afforded by the 1-in.-thick stiffening ring, this deformation led to tearing
of th= shell along the fusion line of the weld joining the shell to the stiffening ring. Conditions
contributing to the puncture were: (1) an insufficient separation distance between the cylinders,
which resulted from too tight a spacing of the wooden saddles under the cylinders, and (2) the
offending lifting lug being placed at a position of 7 o'clock rather than the desired 9 o'clock
position. o

The original breach has been largely obliterated by the extensive wastage of the shell
associated with the exposure of UF; to air and moisture (Fig. 4). However, evidence for the
initial failure cause is afforded by examinations of neighboring cylinders, many of which show
dents that were induced by the lifting lugs of adjacent cylinders. In most cases, these dents were
sufficiently far away from an unyielding stiffening ring that they could be accommodated by
dimpling of the shell rather than tearing. The small-hole cylinder sustained such a dent at the
end opposite from where the hole occurred, as shown in Fig. 7. Although the degree of
indentation here appeared to be of the same order as that which occurred at the failed end, the
indent was not restrained by the stiffening ring and there was no indication of cracking in this
location. In the few instances where lugs were found to have impinged much closer to the
stiffening ring, the degree of indentation was insufficient to have caused failure. However, in
these cases, the indents were more typical of tears as shown in Fig. 8.

Other support for the stated failure mode comes from drop tests performed on similarly
designed cylinders at Paducah, Kentucky. A consistent observation in these tests has been the
susceptibility of the cylinder shell to tearing when it was impacted next to the stiffening ring.’
The tests also showed that the 5/16-in. A516 steel plate used in the manufacture of the small-hole
cylinder was particularly prone to lamellar tearing along the fusion line of the stiffening ring weld.
Failures by this mode were already on record for at least two other cylinders made from this
particular grade of steel. The first occurred in March 1978 when a cylinder was accidentally
dropped onto a wooden saddle and the second, in March 1982, by an indeterminate cause during
shipping on a railroad flatcar. It was shown by Blue’ that sulfide inclusions in this steel adversely
affected its impact properties transverse to the rolling direction — a problem that is exacerbated
by welding, which concentrates the inclusions along the weld fusion line. Based on these findings,
the allowable sulfur content was reduced in the specifications for all cylinders subsequently built
with A516 steel components.
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PHOTO NO. K/PH-91-3194

Fig. 6. Appecarance of wall of cylinder lying directly below cylinder 4G115688. Note
vein-like grooves etched into cylinder wall.
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t oi lifting lug on cylinder 4G127985 at end opposite from failure.

impingemen

Fig. 7. Dent produced by
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PHOTO NO. K/PH-91-3186

Fig. 8. Typical damage produced by lifting lug impingement ncar stiffening ring,
Cylinder was located in vicinity of cylinder 4G127985.



Like the small-hole cylinder, the failure of the large-hole cylinder appears to have initiated
close to the stiffening ring with the corner of the lifting lug of the adjacent cylinder again
positioned near the ceater of the hole (Fig. 3). Again, the spacing between the failed and
adjacent cylinder was below the desired minimum. However, unlike the small-hole cylinder,
physical measurements at the outer circumfi ence of the large hole showed that a small gap had
actually existed between the corner of the opposing lifting lug and the original outer
circumference of this cylinder. Thus, while the positions of the two failures, with respect to the
stiffening ring and lifting lugs, are quite similar and point to a common failure mechanism, any
impingement of the lifting lug on the large-hole cylinder must have occurred before, not after,
the cylinder reached its rest position. This caveat seems reasonable given the stacking situation
for this cylinder. Unlike the small-hole cylinder, which was at ground level and supported by
wooden saddles, the large-hole cylinder was in the second tier and was therefore positioned in
a crease formed by two underlying cylinders. If either this cylinder or the one opposing it had
been lowered and released into a position that was slightly away from the lowest point of the
crease, a rolling motion would be set up as the cylinder moved to its rest point, Given the tight
spacing, only a slight movement past the rest point would be required to make contact with the
adjacent cylinder and, because of the relative positions of the lifting lug and stiffening ring, to
initiate the type of tearing fracture discussed above. Operators at Portsmouth, who have
experience in stacking these cylinders, confirm that difficulties in visual perception and in
steadying the cylinders make this sequence of events entirely plausible.

The shell of the large-hole cylinder was fabricated of a different grade of steel than the
small- hole cylinder. The former was made of A285, while grade A516 was being used at the time
the latter cylinder was built. Grade A285 was, in fact, dropped in favor of A516 becausc of its
poorer fracture toughness properties at low temperatures (s 0°C). However, given the probable
temperature of the cylinder and its contents at the time of stacking, the A285 cylinder should not
have been any more vulnerable to fracture than one constructed of A516. In fact, based on drop
tests of cylinders built with the A285 grade, this material has ever butter toughness propeities
than the particular A516 heat used in constructing the small-nole cylinder. Nevertheless,
experience during shipping and handling of these cylinders has shown that tearing near the
stiffening rings can occur with even the best of these materials.

As discussed below, corrosion played a major role in these failures once the cylinders had
been breached. However, the investigation team could find no evidence that corrosion might
have contributed to the initial break in the wall. Wall thickness measurements were performed
at numerous points around both failed cylinders, and there were no indications of wall thinning
at any point other than in the immediate vicinity of the holes. Even at crevice regions, which are
the most susceptible to atmospheric corrosion, there were no indications of localized attack or
pitting.

3.5 CHEMICAL PROCESSES LEADING TO GROWTH OF HOLES AND
FORMATION OF PLUG

A detailed discussion of the chemical findings relating to this failure analysis is presented
in Appendices B1 and B2. Appendix B3 illustrates by schematic drawings the various proposed
stages in the hole and plug development. The description given here presents a proposed
scenario that summarizes these findings and explains the growth of a hole and the formation of
the associated products that constitute the plug. It should be noted that the process being
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described here is for a fracture leading into solid UF,. If the fracture is in the top of the cylinder,
the scenario being presented is not necessarily correct over long periods of time. It probably
covers what happens early with fractures but may not be valid when the fracture becomes a hole.

In both failed cylinders, the initial breaches were below the surface of the solid UF,
Breaches in this area would not have been accompanied by any audible indication of failure, such
as gas entering the cylinder. However, contact of solid UF, with air often produces a visually
detectable HF-H,0 vapor plume. The apparent absence of such an indication here could indicate
that the initial cracks were microscopic in size and air access was limited. However, weather is
also a factor in whether a visible plume is produced. Conditions in winter are least favorable to
the fog formation since the stored UF, will be colder, the UF sublimation pressure lower, and
the water vapor pressure significantly reduced. Also, storing cylinders longer before stacking
favors lower UF, sublimation pressures. The rate of reaction between the UF, and the water
vapor is slower because the temperature is lower and the concentrations of the reactants are
reduced, All these factors reduce the probability of producing the visible fog on cold winter days.

Whether the initial breach was microscopic or macroscopic in size, chemical attack of the
steel shell would be expected io begin at, or near, the external (air-side) surface. This position
is predicted because the sublimation pressure of UF is approximately four times the vapor
pressure of water, and two moles of water are required for each mole of UF converted to UO,F,.
This location is also confirmed by computer simulations using reasonable values for diffusion
coefficients of water vapor and UF in air. Only at the exterior surface is sufficiznt water vapor
available to produce HF-H,0 fog and some condensate on the steel surface. The UO,F,
produced is largely retained in the fracture, which (with the passage of time) produces a plug that
slows the diffusion of UF; to the surface. (Anhydrous HF in the crack is not a concern because
it is not an ionic acid and is actually shipped in mild steel containers.) When the diffusion of the
UF to the surface is reduced sufficiently that water vapor is in excess at the point of mixing,
aqueous HF is produced that dissolves some of the UO,F,. This is a conducting acidic solution
that attacks the iron, producing UF, hydrate and an iron fluoride hydrate by a redox reaction that
could be electrochemical in nature.

As attack proceeds, it can produce a very thin layer of FeF, at the steel surface. On top of
this, a layer of brick-brown Fe,F; hydrate is found. Next to this is the major iron fluoride hydrate
layer of FeF;-3H,0. The UF, hydrate is at the center of the fracture and is somewhat porous.
The UF, hydrate contains almost no iron. Between the UF, hydrate and the solid UF,, there
must exist a region of solvated UO,F, In fact, based on the earlier observations of Mallett® and
the results of the inspection of the backside of the uranium plug in the small-hole cylinder, the
composition must change according to the following sequence:

UF,0.75H,0::UO,F,nH,0::[H,0],[U(OH),F,]::UO,F,::U,0,F,::UOF,::UF{
green yellow yellow yellow orange orange clear

Mallett’s evidence is the existence of an orange band well below the surface of the solvated
UO,F,, which defined the extent to which at least partial hydrolysis had proceeded. The backside
of the deposit in the small-hole cylinder was, in fact, orange, as determined by examination using
a small video camera.
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The attack of the steel proceeds from the outside in and initially produces a hole with the
bevel facing the outside. Once the bevel is established, the rate of attack should become ncarly
constant for a given set of conditions. Thus, the diameter of the hole will gradually enlarge at
a relatively constant rate if viewed over a long time frame. At some time, attack of the iron
cylinder wall on the inside surface near the hole becomes significant, and wall thinning from the
inside occurs by the same mechanism as it initially occurred from the outside. In fact, the wall
thinning extended on the inside beyond the hole by five or more inches in the case of the large-
hole cylinder, which may be considered to have a "mature" hole.

In addition to these solid matcrials, in accordance with the phase diagram of Busleav,” an
HF solutivn containing a small amount of an acidic, solvated uranyl fluoride, [H;0],[U(OH),F,],
forms in the yellow layer and slowly oozes out of this layer through the UF, layer, where it reacts
with the steel wall to form iron fluoride hydrates and UF, hydrate. The effects of this very strong
acid solution are best seeti on the cylinder below the big hole. The salt deposits in this area were
the same in appearance as those found on and between the stiffeninig ring and the lifting lug of
the adjacent cylinder, immediately below the breach in the small-hole cylinder. As in that case,
the iron fluoride hydrates were next to the steel and the UF, hydrates were on top. The solution
acting over 13 years has etched rivulets which, as the flow becomes faster due to the increasing
slope of the cylinder surface, collect into a single groove that etches deeply into the cylinder.

4. ASSESSMENT OF ENVIRONMENTAL IMPACT

4.1 HEALTH PHYSICS SURVEY

Analysis of an air sample taken ncar the large hole showed approximately 1 ppm HF.
Contamination surveys of the concrete pad in the vicinity of the large-hole cylinder showed
negligible contamination, except in the area directly under the hole and along a short track where
water runoff had deposited traces of UF,. This area was successfully decontaminated without
removing any of the pad surface. Contamination of cylinder surfaces in the immediate vicinity
of the leaking cylinder was minor except where there were visible traces of UF,. Surfaces of four
neighboring cylinders (in addition to the failed cylinder) required decontamination, which again
was completed using conventional swabbing techniques. Before decontaminating the area around
the cylinder, a greenish salt containing approximately 7 Ib of uranium was collected from the pad
under the cylinder and as loose deposits on the cylinder directly under the failed cylinder. In the
case of the small-hole cylinder, contamination surveys showed negligible contamination, except
in the immediate vicinity of the hole, and smears of the pad under the cylinder showed negligible
alpha/beta readings.

One of the soil samples checked when preparing the roadway to access the large-hole
cylinder indicated contamination above background levels. Several samples were then surveyed
from soil debris left by road construction. One sample had a maximum activity of
12 picocurics/gram, and the rest were below 8 picocuries/gram. (A level of 30 picocuries/gram is
permitted for landfill disposal.) The source of this activity appcared to be water runoff from the
cylinder, which crossed the concrete pad and entered the ground at the edge of the pad where
the new road attached.
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42 URANIUM LOSSES

An analysis of the chemical processes accompanying the formation and growth of the
cylinder holes (presented in Appendix B) was used to estimate the UF losses from the failed
cylinders. Estimates were made of both the mass of uranium within solid reaction products that
formed external to the cylinders and the total mass of UF; that escaped the cylinders. The latter
was calculated by mass balancing the weights, before and after the holes developed, against
calculated losses and gains of iron, hydrogen, oxygen, and fluorine. These estimated UF; losses
are listed in Table 1. It should be noted that because of uncertainties in the calculations, values
are given as upper- and lower-bound estimates. The actual losses lie somewhere between these
limits.

Table 1. Estimated uranium losses resulting from cylinder failures

Cyl. 4G127985 Cyl. 115688

Item (small hole) (large hole)
-Initial UFg inventory, Ib 27,517 - 27,927
Estimated mass of uranium in solid ‘ 0.5 7.4

deposits outside cylinder, Ib

Estimated mass of unrecovered UFg, Ib
Lower bound | 0.0 17.0

Upper bound 4.0 109.0

43 PRESENT AND FUTURE ENVIRONMENTAL IMPACT

The cylinder with the larger hole has leaked several kilograms of uranium and fluoride to
the environment, but the environmental insult was minimal as it existed on the site at the time
of discovery. Uranium contamination was confined almost entirely to the immediate vicinity of
the leak, although there was some runoff across the concrete pad into a small area of soil
immediately adjacent to the pad. The maximum radioactivity in soil samples from this area was
12 picocuries/gram (an acceptable level for landfill disposal).

The real problem is the maximum credible incident (MCI) that might be experienced within
some credible time among the present 40,000 cylinders — a number that is expanding at the rate
of thousands per year. The lessons learned here indicate that cylinder failures that occur below
the solid-vapor interface of the cylinder do not lead to extensive or widespread contamination if
detected in a reasonable time frame. The environmental effects associated with the small-hole
cylinder failure (which went undetected for 4 years) were minimal, and the cylinder was moved
and emptied with little difficulty. However, the MCI associated with breaches in the cylinder wall
near the top of the cylinder (i.e., in the vapor space) cannot be completely assessed based on
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existing information. Scenarios have been proposed in which extreme conditions could lead to
a steam-driven expulsion of contaminated liquid and HF from the cylinder, although this situation
appears unlikely if the breaches are small (i.e., detected in a time span of < 1 to 2 years). In any
case, the investigation team concludes that experiments should be conducted to examine the long-
term effects of a hole nearer the top of the cylinder with water introduced under controlled
conditions.

44 STORAGE PAD DESIGN IMPLICATIONS

There is the small chance of discharges of uranium from a few depleted UF cylinders over
the many years that tens of thousands of the large 14-ton containers may stay in their present
storage mode. Since a substantial part of the uranium lost from cylinders will be in the hexavalent
state, it can be reasonably assumed that this uranium will form compounds with substantial
solubility in the naturally carbonated water of the average rain. The migration and collection of
this uranium will need to be considered, along with methods of containment. One obvious
solution is the use of the classical diked, water-tight, perhaps concrete, pads under the cylinders.
This can aid in the detection of losses (by bringing the material to an edge of the pad) and can
contain them until the uranium can be stabilized. It might be diked in total or in smaller sections.
Such a system could potentially satisfy the future requirements for environmental protection.

The storage over gravel presents a potentially greater difficulty of remediation after uranium
contamination. Because of washthrough to the ground water, rather extensive contamination
could occur in the case of the MCI. Although this might be limited with a membrane under the
gravel, the reprocessing of the gravel to remove or stabilize uranium can be expected to be
required in the case of any spills of kilogram magnitude, and the collection of drainage from
above an undergravel membrane is not a simple thing. The added costs of the complete removal
of the contaminated gravel and subsoil from the center of an array of thousands of cylinders could
offset much of the initially higher cost of the concrete pads. The added protection of the
environment that can be afforded by a well-conceived pad storage system could also ease potential
requirements for repackaging the cylinders.

5. STORAGE YARDS SURVEY

As part of the investigation charter, the team was charged with assessing the implications
of these cylinder failures relative to the entire DOE inventory of depleted UF,. This inventory
consists of over 40,000 similar containers distributed among three sites (Paducah, Portsmouth, and
K-25). To complete this assessment, the team surveyed the cylinder storage yards at all three
sites. The survey consisted of no less than half a day at each site viewing a representative sample
of the stored cylinders. A guide, who was helpful in answering questions about the yards and in
choosing a representative sample of stored cylinders, was present during each tour.

Cognizant of the two incidents at Portsmouth, the team surveyed the yards for indications
of anomalous conditions (dents, lug against adjacent cylinder, uneven stacking, etc.). The
frequency and severity of stacking abnormalities and the ability to visually inspect these areas were
used to gage the likelihood of other breached cylinders existing in the yards. From the survey,
the team was able to address faults in stacking practices that could facilitate impacting a cylinder
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or hinder the identification of problem cylinders, faults in cylinder design and yard layout, and
conditions that may contribute to accelerated cylinder corrosion (another potential means for
breaching a cylinder).

From the survey, the team determined that the cylinder stacking operations were not
common between the facilities and appeared to have been operator controlled with no formal
independent evaluation and limited documentation. Historical surveillance inspection activities
associated with the stacked cylinders did not specifically address inspection for cylinder damage
caused by improper handling. With respect to stacking practices, misaligned lifting lugs and
improper spacing of the cylinder saddles were the two major faults observed in the yards.
Numerous examples were found at all three sites where these conditions had resulted in the lifting
lug of one cylinder contacting and denting an adjacent cylinder. Lifting lugs, when not in the
desired horizontal orientation, project their corners toward adjacent cylinders. This increases the
probability of damage if contact occurs. Numerous cases at all three sites were observed where
the weight of one cylinder was partially supported by a lug corner resting on an adjacent cylinder.
Improper saddle spacing, if it is too close, can cause cylinders on the same tier to impinge or, if
too far apart, to cause the upper-tier cylinders to contact misaligned lifting lugs in the lower tier.
It was also observed that non-uniform spacing of saddles can result in uneven loading of upper-
tier cylinders on lower-tier cylinders. Several cases were observed where an upper-tier cylinder
had highly asymmetrical contact (support) points resulting in very uneven bearing loads on the
underlying cylinder.

The team also identified obstacles in the yards that cbstruct a full-surface inspection of each
cylinder. In general, those surface areas that face together between cylinders stacked in double-
tiered rows are difficult to inspect. The team found it difficult to visually inspect the backside of
the outer stiffening ring welds (the two breach locations) because of obstruction by the lifting lugs
of neighboring cylinders. Although locations near the center stiffening ring and the underside of
the cylinders are not considered areas of high risk for impact failures, these areas are also difficult
to visually inspect without a telescoping or periscoping mechanism. In addition to the stacking
irregularities between individual cylinders, in several cases the aisleways between rows of cylinders
provided insufficient space for plan viewing, and elevation viewing does not give access to lower-
tier cylinders. This condition was more frequently seen at Portsmouth and in the K-1066E yard
at K-25 than at Paducah. The rows stacked in this manner are of particular concern to the
investigation team because they cannot be fully surveyed for mechanical damage without
improvising current inspection procedures or restacking these cylinders.

Throughout the survey, the team identified particular cylinder design features that could
adversely affect their reliability for long-term storage. The most important concerns the sharp
corners on lifting lugs, as noted above, but others include the use of channel-type stiffening rings,
poorly protective cylinder coating materials (paint), and tack-welding attachment of the
identification plates. As mentioned in the team’s preliminary recommendations, sharp corners on
the cylinders increase the potential for an impact to cause a tear that penetrates the cylinder wall.
Another design oversight is the U-channel-type stiffening ring, which is specific to type-O
cylinders. (Approximately 6,600 of the type-O cylinders were purchased and, presumably, are in
the UF; stockpile.) These cylinders have void areas inside the stiffening rings that cannot be
visually inspected. The concern for inspection increases when a "U" channel is dented or even
torn, allowing water to be trapped inside the channel; several cylinders were actually seen in this
ccondition. Denting or tearing of this type of stiffening ring tended to occur when cylinders having
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this type ring were stacked against stiffening rings of the more conventional design. An
additional design fault in UF; storage cylinders is the protective coating applied to these cylinders.
The color of the paint is so similar to that of UF, that it hinders visual identification of reaction
products from a breached cylinder. When a patch of rust forms under the paint, it has the same
appearance as UF, concealing a breach. It should also be mentioned that the quality of paint is
highly variable and, in many cases, it offers little long-term surface protection. Stainless steel 1.D.
plates do not directly relate to breached cylinder incidents; however, some LD. plates were
missing because of poor attachment welds to the cylinder. When the LD. plate is separated from
a cylinder, tracking of that cylinder through inventory and the monitoring program is hindered.
These tack welds also become initiation points for crevice corrosion between the I.D. plates and
the cylinder.

Another general problem recognized by the investigation team relates to the present cylinder
yard designs. These yards are constructed of either concrete or compacted gravel without the
ability to contain material if leaks do occur. The minor soil contamination found near the large-
hole cylinder runoff location might have been avoided if appropriate safeguards had been built
into the cylinder yards. Depleted uranium hexafluoride is a low-level, radioactive, hazardous
material and, in private industry, storage areas of hazardous materials are generally diked.

The present conditicn of these cylinders (with paint failing and accelerated corrosion at
contact pomts) though not relevant to the team’s charter, nevertheless requires comment. The
team recognizes that a monitoring prog- m is under way that focuses on cylinder life studies. The
team’s observations indicate that the._ studies should concentrate on specific accelerated
corrosion cases at cylinder-to-cylinder, cylinder-to-ground, and cylinder-to-saddle contact points
and corrosion within the channel-type stiffening rings. The appearance of the cylinders also has
important ramifications in maintaining the depleted uranium inventory as a future resource and
avoiding any implication that marks it as abandoned waste.

The findings from the investigation team’s survey suggest that a small, but finite, probability
existed at all the sites visited for impact-type failures such as the two that occurred at Portsmouth.
The frequency of dents, misaligned lugs, and improperly spaced saddles observed at all three sites
supports this assessment. Nevertheless, the three-site inspection of the yards completed by the
respective site personnel has found no additional holes. As a result of the breached cylinder
incidents, each site now makes a thorough examination of all UFg storage yards every six months.
At least one site (Paducah) is initiating a computerized data base tracking system of the cylinders
that documents any unusual conditions a cylinder may have.

Some of the investigation team’s specific findings do require action to either rectify past
deficiencies or prevent future problems in UF, storage. Remedial action should be considered
where the mechanical integrity of the cylinder appears in question or a thorough inspection of
the surface cannot be completed to determine the cylinder’s integrity. The most pressing need
for remedial action is the need to restack cylinders which are in contact with unpaved yard
surfaces due to deteriorated saddles and/or saddles sinking into the ground. Cylinder rows stacked
without walkways for inspection, severely dented cylinders, and cylinders with torn "U"-channel
stiffening rings require remedial action. Remedial actions on the cylinder yard designs to contain
spills (from whatever cause) should be carefully considered. Rusting cylinders and missing 1.D.
plates should be addressed. Corrective actions on cylinder design and operational practices are
needed to guard against impacting cylinders in the future, to extend the service life of the
cylinders, and to enhance the inspection quality of stored cylinders. Improved lug design and
stringent practices for saddle and cylinder placement would help ensure cylinder safety
accessibility for inspection. Improved coatings would enhance cylinder examination and extend
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the service life of the cylinders. If it is determined that operational faults (such as improper
spacing of saddles and misaligned lifting lugs or minor dents) have not compromised cylinder
integrity, remedial action should not be required. These conditions are only a threat to cylinder
integrity during the stacking/handling operation. Restacking of these cylinders would actually
open the possibility for impacting more cylinders, especially due to their present stacking
configuration.

6. IMPLICATIONS OF FAILURES ON PRESENT STORAGE POLICIES

6.1 ASSESSMENT OF CYLINDER DESIGN FAULTS

Based on the overall failure statistics for the 14-ton, depleted UF; cylinders, the mechanical
design has proved generally reliable and well suited to the required filling and handling
operations. However, the present failures now call into question the mechanical integrity of the
cylinders for long-term storage of solid UF,, given the present stacking procedures. One obvious
design change that could reduce the probability for the type of failures observed here is to
reshape and possibly relocate the lifting lugs. A related change would be to add a guardrail to
the stiffening ring. Both these changes are addressed in Sect. 9, "Recommendations.” There is
also a need for qualification testing that can assess mechanical properties of the cylinders in the
context of storage requirements, where external pressures acting on the cylinders need to be
addressed as well as internal pressure. Paducah personnel responsible for qualification testing of
the cylin..crs have indicated that mechanical tests could be included in their test program to
evaluate the effects of external loads typical of lifting lug impacts. Accordingly, the investigation
tear  recommending that such a test program be developed, particularly with respect to
invesuigating the actual forces required to penetrate the cylinders. Without such tests, there is
currently no methodology for recommending design changes to the shell that would make it more
resistant to handling mishaps, such as sharp impacts, or to movements induced by ground tremors
or shifting between cylinders.

An issue related to cylinder design is the selection of the material to be used as the pressure
boundary. The selection process for the steel for these cylinders has been very exacting, with
input from a relatively long history of acceptance tests and a large service data base. The A516
grade currently specified for the 14-ton cylinders was adopted because minimum toughness
properties could be included in the acceptance test requirements for this grade. It replaced the
A285 grade, which had no toughness requirements as part of the purchase specification.
Although both grades are considered acceptable in terms of their toughness properties at the
expected cylinder service temperatures, A516 is obviously preferred for quality assurance reasons.
Metallurgical tests at Paducah have indicated that the heat of A516 steel used to fabricate the
small-hole cylinder probably contained segregated sulfide inclusions, which may have increased
the risk for the type of damage (tearing) that ultimately occurred. However, current specifications
for this steel call for a lower sulfur level to avoid the sulfur segregation problem, so this issue is
not relevant tc cylinders being manufactured today. Furthermore, the failure in the large-hole
cylinder, which is made of A28S steel, indicates that, even without sulfide inclusions, tearing can
result from an impact near the stiffening ring. Thus, the failures observed here appear endemic
to the cylinder design and cannot be tied to insufficiencies in the types of steels specified.
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In summary, although the current cylinder design needs to be examined in terms of
mechanical requirements for long-term storage, the more essential remedial action involves design
changes that protect against handling and stacking accidents.

62 POTENTIAL EXISTENCE OF ADDITIONAL FAILED CYLINDERS

At the time the subject cylinder failures were discovered, visual inspections were immediately
initiated to examine the entire stockpile of depleted uranium storage cylinders to ascertain
whether other similar defects existed. No other problems of this type were found. However, a
small number of cylinders were stacked such that they could not be completely accessed for
viewing. Also, a few cylinders were stacked with the lifting lug of an adjacent cylinder clearly
impinging at a stiffening ring weld. Paducah, at this time, initiated a record of these inspections,
cataloging any mechanical or corrosion damage and potential problems with how the cylinders are
supported. This record will enable an identification of cylinders that could not be physically
inspected in their entirety, as well as cylinders that have mechanical defects or spacing problems
that could potentially lead to problems of the type experienced here. This information will
provide a basis for taking actions to verify that no other breached cylinders currently exist in the
present stockpile at Paducah and that any mechanically defected, but intact, cylinders can be
appropriately inspected and, if deemed necessary, fed back to the cascade. Similar information
is needed for the storage yards at K-25 and Portsmouth.

The heat of A516 steel used in the manufacture of the small-hole cylinder has been shown
to be more vulnerable to a tearing failure along the stiffening ring weld than steels used before
or since. It is particularly important that other cylinders made from this same heat of A516 be
fully inspected and kept under surveillance if evidence of mechanical damage near the stiffening
ring is found. Furthermore, in the unstacking of cylinders to gain access to the subject failed
cylinders at Portsmouth, cylinders were identified that have dents near the stiffening ring weld
(Fig. 8). Although subsequent nondestructive examinations of these cylinders showed no
detectable cracks and they, therefore, were restacked, the affected cylinders should be kept under
surveillance and periodically inspected.

6.3 POTENTIAL EFFECTS OF FAILURES ON INTEGRITY OF NEIGHBORING
CYLINDERS

The cylinder directly below the large-hole cylinder was corroded by HF-containing reaction
products to 2 maximum depth of 0.13 in. Although the resultant loss of wall thickness posed no
problems in moving the cylinder, the thickness was below that allowed for liquid feeding back to
the diffusion plant, and warm feeding will have to be used to empty this cylinder. Based on the
experience here, it must be accepted that failure of a neighboring cylinder could be induced by
breached cylinders, provided that the neighboring cylinder is in the line of movement of HF-
containing reaction products (see Appendix B). Such an induced failure could have potentially
serious consequences if: (1) the damaged area was so extensive that it precluded patching or
moving the cylinder or (2) it cut a hole into the top of the cylinder where there was very little
solid UF, available to act as a plug to prevent the spread of contamination. The latter scenario
reinforces the importance of early detection of failures of the type incurred here and emphasizes
the need for inventorying and inaintaining surveillance on any damaged cylinders currently in
storage.
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64 GENERAL ASSESSMENT OF CYLINDER INTEGRITY FOR LONG-TERM
STORAGE

Until the present failures, the primary concern with the existing thin-wall cylinder design for
long-term storage was corrosion. This stemmed from the assumption that, once the cylinder had
been transported to the cylinder yard and stored, corrosion should be the only factor to reduce
mechanical integrity. These failures indicate that mechanical factors can have an influence on
cylinder lifetime even after stacking. One problem stems from mechanical damage induced at the
tail end of the stacking sequence, which has remained undetected by prevailing inspection
procedures. Another problem stems from damage that can occur even after the cylinders are
stacked due to one cylinder resting on another or the shifting of one cylinder relative to another.
Both these problems can be addressed by adding to the sequence of inspection procedures
(discussed below) and ensuring proper spacing and support for the cylinders.

In the above context, the impact of the subject failures on the reliability rating of depleted
uranium storage cylinders is minimal and manageable by procedural changes. However, the
failures do emphasize the vulnerability of the cylinders to impact damage by projectiles and
jostling from earthquakes. The team’s inspections of storage yards also confirmed the need for
restacking and even relocating cylinders that are improperly supported and where corrosion is
suspected but cannot be verified without moving the cylinder. These needs are currently being
reviewed by other committees and will not be elaborated on here. However, the team believes
that these needs must be addressed if these cylinders are to be allowed to remain in their current
environment. Unchecked deterioration of these cylinders will inevitably create a waste disposal
problem with control passing to federal and state environmental, safety, and health agencies.
Moreover, irrespective of the value of their contents as future source material, the cylinders
obviously have to be in operational condition that will allow emptying or reprocessing.

7. ADDITIONAL ACTIONS REQUIRED TO COMPLETE INVESTIGATION

As mentioned in Sect. 1, "Introduction," this report is intended as a final report in terms of
completing the team’s assigned failure analysis task. However, the introduction also mentioned
that additional actions are necessary to support the investigation team’s conclusions and
recommendations. Table 2 lists the additional actions required of Portsmouth Operations to
complete the subject investigation. The investigation team requests that it be kept informed of
the schedule that Portsmouth will follow in completing these actions. The team will address the
findings from these actions and issue an addendum report if required.

8. CONCLUSIONS

Two 14-ton UF; storage cylinders with breached walls were discovered at the Portsmouth
Gaseous Diffusion Plant in June 1990. An analysis was completed to assess the failure causes and
their implications for continued UF; storage.

The investigation team’s analysis showed that the failures most probably resulted from
mechanical damage that occurred at the time that the cylinders had been placed in the storage



33

Table 2. Additional actions to complete the breached cylinder investigation

Cylinder

Action

4G127985
(small hole cylinder)

4G115688
(large hole cylinder)

4G113595
(cylinder with head inclusions)

4G127902
(cylinder with dent)

o

Visually inspect and weigh reaction products which
plugged the hole.

Analyze above reaction products to determine U and F
concentrations and examine core samples by X-ray
diffraction to identify chemical species.

Examine cylinder to establish distribution of heels.
Decontaminate cylinder.

Retrieve section of stiffening weld near failure area and
examine metallographically to determine morphology of
sulfide stringers.

Retrieve specimen of cylinder wall which contains dent
on plug-end of cylinder and examine metallographically
for micro-cracks.

Complete emptying of cylinder.

Inspect inside surfaces of cylinder to determine nature
and distribution of heels.

Analyze reaction products to determine U and F
concentrations and examine core samples by X-ray
diffraction to identify chemical species.

Decontaminate cylinder.

Retrieve metallurgical samples for microscopic
examination.

Empty cylinder identified having shell/head inclusions.

Remove metallurgical samples and examine micro-
scopically to identify morphology of inclusions.

Identify and empty a cylinder dented near stiffening ring
such that tearing of cylinder wall may have occurred.

Remove metallurgical sample of dent for fracture and
microscopic analysis.
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yard. In both cylinders evidence pointed to the impact of a lifting lug of an adjacent cylinder near
the front stiffening ring, where deflection of the cylinder could occur only by tearing the cylinder
wall (the exact force to fracture a thin-wall cylinder is unknown). The impacts appear to have
caused tears that penetrated the cylinders and thereby set up corrosion processes that greatly
extended the openings in the wall and obliterated the original crack. Fortunately, the reaction
products formed by this process proved to be relatively protective and prevented any large-scale
environmental insult or loss of uranium. Corrosion was associated with the formation of a
strongly acidic, aqueous solution containing dissolved HF and UO,F,. The exact composition of
the hexavalent uranium-bearing ion is unknown. Reaction of this solution with steel and moist
air resulted in the formation of iron fluorides and UF,, which restricted the movement of the
underlying uranium.

Factors that facilitated the failures were inadequate spacing between cylinders and deviations
in the orientations of lifting lugs from their intended horizontal position. In both failure cases,
neighboring cylinders were crowded and lugs were misaligned to the point where dents due to
impinging lugs could be found. Thus, although the current cylinder design is particularly
vulnerable to punctures near the stiffening rings, the present failures stem more from handling
and stacking procedures than from design inadequacies. However, design changes that could be
beneficial involve rounding the lifting lug profile and modifying the present paint scheme to a
color (such as white) that contrasts with that of UF,.

An assessment of the failures experienced here indicates that the associated environmental
impact can be greatly reduced by a more rigorous visual inspection during the stacking operation
and routine inspections thereafter. In the four years that elapsed in forming the smaller hole,
there was no measurable quantity of unrecoverable uranium lost. With adequate inspection and
monitoring, both of these incidents most likely would have been detected early enough to have
avoided any measurable impact on the environment or loss of inventory. However, the inherent
difficulty of visually inspecting stacked cylinders for dents and possible cracks will require a high
level of awareness training of the personnel responsible for inspecting the cylinders.

The team’s survey of the cylinder yards at the three diffusion plants showed that the factors
that led to the failures were not unique to the Portsmouth site. The frequency of these factors
at other sites appeared less. Yet, the possibility that a similar accident sequence could have
occurred for other cylinders now in storage cannot be completely ruled out, and further efforts
will be required at all three sites to examine those cylinders for which spacing has prevented a
complete visual inspection. Visual inspection is also a concern for cylinders having "U"-channel-
type stiffening rings, which have areas under the rings that are blocked from view.

In view of the size of the holes produced and the length of time that corrosion processes
operated (13 years in one case), these failures approach the "worst-case" scenario of what can
accrue when a storage cylinder is breached in an area backed up by solid UF,. Fortunately, the
effects appear to have been minimal in terms of the inventory of uranium and fluorine lost to the
environment and the overall physical damage to the cylinders. However, it is not known whether
a failure closer to the top of the cylinder (i.e., in the vapor space) would have resulted in the
same environmental effects, since the reaction products formed may not be as protective as those
formed in the subject failures. Accordingly, a study of the effects of a break into the gas space
of the cylinder will be required before the maximum credible incident associated with the
mechanical failure during storage can be absolutely defined.
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9. RECOMMENDATIONS

Early in the investigation, preliminary recommendations were made concerning cylinder
modlfications and additional inspection and monitoring of cylinder handling, stacking, and storage
operations.!® These preliminary recommendations were evaluated by the UFy Handling
Committee and others in a formal response to the investigation team,!" many of which have
already been implemented or acted upon. As the investigation progressed, the team discussed
other recommendations related to the findings. These fall into the categories of design
modifications, inspection enhancements, and extended evaluations as listed below. They include
some of the recommendations made earlier.

The team is aware that the recommendations already implemented have been funded from
current budgets and that committing to any further recommendations will require additional
funding. Accordingly, the full implementation of these recommendations obviously depends on
budgetary considerations.

9.1 DESIGN MODIFICATIONS

These modifications relate to cylinder design, cylinder stacking orientation, and handling
equipment improvements. They may require revision as future engineering modifications are
incorporated.

1.  Recommended improvements in the UF; storage cylinder design include rounding the upper
corner of the lifting lug and changing the paint color to achieve better contrast with UF,
reaction products. Design modifications that would divert impacts away from the area of
the stiffening ring weld should also be considered. Possible design approaches include
welding a band around the outside diameter of the stiffening ring or devising removable
shields (bumpers) that can be placed on the lifting lugs during stacking.

2. Cylinder stacking procedures should be improved by standardizing the cylinder-to-cylinder
spacing, the cylinder row-to-cylinder row spacing, and lifting lug alignment. The cylinder-to-
cylinder spacing can be controlled by standardizing the saddle length to the minimum
cylinder-to-cylinder spacing requirement. Spacers can be used to correctly align the front
and back saddles and the space between cylinder rows. Lug alignment could be controlled
through operator training and inspection.

3. The Raygo Wagner operator’s vision is hindered to the extent that hand signals (to indicate
cylinder position) are required from an assistant stationed on the ground. The feasibility of
mounting remote video cameras on the Wagner should be assessed as a method for
improving the operator’s visibility.

92 INSPECTION ENHANCEMENTS

Cylinder inspections should be instituted to detect any mechanical damage occurring during,
and at the end of, the stacking operation. Cylinders should be monitored on a routine basis
thereafter to ensure that any breach will be detected in a short enough time period to limit
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environmental and corrosion effects. Training, documentation, and recordkeeping are obviously
essential parts of these inspection procedures and should be consistent among the three sites,

1.  Cylinder inspections at the time of stacking should provide assurance that the cylinder is
properly orlented, whether any defects (e.g, dents) have occurred, and establish a
permanent record of the cylinder condition at the time of stacking, Routine monitoring
inspections should emphasize examination of those cylinders presently in the stockpile, which
are nonstandard with respect to dents or stacking clearances. These inspections should also
emphasize cylinders made of the same heat of A516 steel as the small-hole cylinder -and
cylinders with "U"-channel stiffening rings, Inspection procedures should be developed to
gain visual access to cylinders that, to date, have not been inspected in their entirety.

2. Documentation of the operations performed in the cylinder yards and of any potential
problem areas will assist future cylinder yard surveillance and could provide a basis for
reducing the frequency of routine inspections for the monitoring program,

3. Awareness training will ensure that all operators comprehend the susceptibility of weld areas
to handling damage, especially damage caused by impact by a lifting lug. Training to instruct
operators as to common handling and stacking requirements will also improve the quality
of inspections.

9.3 EXTENDED EVALUATIONS

To evaluate whether design changes could improve the mechanical integrity of the cylinders
for long-term storage, a better understanding of the fracture mechanics characteristics of the
cylinder is required. Additional information is also required to determine the long-term effects
of a breach in the cylinder wall that occurs in the gas above the level of solid UFg, since it has
been postulated that such an event could lead to more serious consequences than those
experienced with the subject failures. A study is also recommended to better define the
environmental effects associated with ground spills of UF, with respect to storage pad design.
Specific investigations needed to obtain the additional technical data are as follows:

1. As part of the current cylinder qualification program, a mechanical testing program should
be conducted to evaluate the impact loads required to puncture the cylinder from the
outside as a function of distance from the stiffening rings. The information obtained should
be applied to a fracture mechanics analysis to determine whether modifications in the
stiffening ring welds or in the cylinder wall thickness at the ring attachment point would
decrease the vulnerability of the cylinder to impact loads.

2. An experiment is needed to assess the effects of an accidental breach that penetrates into
the gas space of a UF,-containing cylinder that has been in storage for several years, A
relatively small UF, containment cylinder, sized to simulate the gas-to-solid volume ratio of
an actual storage cylinder, should be fitted with a mechanically sealed port at the top and
then filled with the designated volume fraction of UF, After the cylinder has been
repeatedly warmed and cooled to simulate diurnal atmospheric effects, the top port of the
cylinder should be opened to admit a controlled amount of water, simulating rain, Chemical
changes in the UF, should be analyzed as a function of exposure time and correlated with
changes observed in the current failures.
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With respeet to design speclfications for storage yards, an assessment s needed of the
environmental Impact of fallures of the type experlenced here in gravel-based yards as
opposed to concrete-based yards,

To better understand the effects of corroslon damage on structural integrity, cylinder
4G114310, the cylinder grooved as a result of contact with the large-hole reaction products,
should be examined under the Rupture Test Program,
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APPENDIX A

BREACHED CYLINDERS DESIGN SPECIFICATIONS, CONTEN'I’S
AND STORAGE LOCATIONS ,

Table A-1. Cylinder design specifications

Item Cyl. 4G127985 Cyl. 4G115688
Cylinder type G OM
Drawing No. UCC-ND E M-1483-A, Rev. 7 E-S-12292-A, Rev. 8
Specification No. JSP 553 R-5 NA
Manufacturer United Fabricators Inc. Modern Welding Co.
Fabrication date 1982 1975
Steel type AS16 A285
Desigi temp, °F 235 235
Design pres., psig 100 100
Tare wt, 1b 2590 2591

Table A-2. Cylinder contents
Item Cyl. 4G127985 Cyl. 4G115688
Fill date June 21, 1986 November 1976
Usys assay, % U, /U 0.2514 0.2588
U content, %U 67.61 67.62
Initial net wt, 1b 27,517 27,927
Present gross wt, b 30,107 30,507




Table A-3. Cylinder storage location

Item Cyl. 4G127985 Cyl. 4G115688
Stack date June 1986 1977
Yard X-745C X-745C
Section 3 1
Row 13 20
Shelf A (bottom) B (top)
Position 44 15




APPENDIX B
DETAILED FINDINGS AND ANALYSES

PART 1

Observations and Analyses of the Vapor Space

Contents and Corrosion Deposits
PART 2
Chemical Aspects of Corrosion of Breached
UF, Cylinders

PART 3

Chemical Aspects of - vlinder Corrosion and a

Scenario for Hole Formation
PART 4
A List of Reports

(A complete listing of all reports referenced in the document. The
reference numbers in Appendix B are keyed to this listing.)



APPENDIX B, PART 1 (B1)

OBSERVATIONS AND ANALYSES OF THE VAPOR
SPACE CONTENTS AND CORROSION DEPOSITS
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This appendix documents some qualitative observations and the quantitative measurements
and chemical analyses that have bearing on the development of the overall failure scenario critical
to decisions relative to assessment of the risks associated with the breaching of cylinders filled to
the shipping limit with solid UF,. In particular, the changes in cylinder weight, the pressure in
the vapor space, the composition of the gas in the vapor space, and the composition of the
various identified corrosion products developed exterior to the cylinder are reported on cylinder
4G127985, which had the small hole. In addition to these analyses, the gas pressure and
composition at various times and the composition of the 1.;action deposit layers within the cylinder
- are given for cylinder 4G115688, which had the large hole. '

Examination of the morphology of the deposits in both cylinders cannot be completed until
the UF; is removed from the cylinders and the radioactive uranium daughter products have
decayed sufficiently to permit working for a considerable period of time close to the deposits.
After emptying the UF,, a video view of the interior deposit in the vicinity of the small hole in
cylinder 4G127985 has been obtained using a fiber optics boroscope.'’? An X-ray picture of the
deposit in the vicinity of this hole was also obtained by an X-ray absorption technique. These
suggest that the deposit has the shapc of half of a crude ellipsoid and that the interior surface
of the deposit, which was originally next to the UF,, was at one time coated with a thin layer of
an orange-culored compound, which is believed to be U,0;F* or perhaps a-UOF,, also orange
in color.** The minor and major diameters of the ellipsoid are perhaps of the order of those of
a golf ball and a tennis ball.'2 Tt is planned to perform similar studies on the deposits in cylinder
4G115688 when the UF, has been removed.

QUALITATIVE OBSERVATIONS RELATING TO THE HOLE IN
CYLINDER 4G115688

The hole in cylinder 4G115688 and the plugging material in it were inspected up close, and
materials from these deposits were removed both by grab sampling and attempted core sampling.
While the identifications of the materials removed from within and around the hole are not all
absolutely positive, it is obvious from their appearance that, as one might expect from the
discussion in Appendix B, Parts 2 and 3, and from the work of Mallett,” there is a large quantity
of a ﬂuorescent yellow, hexavalent uranium oxyfluoride behind the outer deposit of hydrated UF,
salt.” The soft, porous, green UF, hydrate layer over this material has only recently s]oughed off
the deposit at the center of the hole.

During an inspection of the hole in August 1990, the strong odor of escaping HF was
evident under the canopy. With the canopy removed, the concentration of HF was measured by
industrial hygiene personnel at Portsmouth Gaseous Diffusion Plant (PORTS) and found to be
below the permissible exposure limit (PEL) of 2.5 mg HF/M®. The odor of HF becomes
detectable at a concentration of 0.1 to 1 ppm. The concentration of airborne U was determined
to be less than 0.001 mg U/M>,

During the removal of the deposits from the outside surface of the cylinder, preparatory to
attaching the cylinder patch, R. E. Dorning of PORTS reports that a viscous, wet-looking, acidic
solution was present on the cylinder surface at the bottom of the hole and was replaced when it
was removed." There was not a sufficient quantity of the fluid to permit sampling for analysis;
however, it should be noted that the existence of such a material is consistent with the chemistry
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presented in Appendix B, Part 3. The tail or eroded channel below the hole in each cylinder is
evidence for the existence of this acidic solution in both cylinders. Additional evidence for loss
of this solution from the large hole is the etched grooves in the lower-level cylinder directly below
the large hole and the presence of 32,000 ppm uranium in a soil grab sample taken at the point
where rainwater from the breached cylinder ran from the pad. The etched grooves in the cylinder
below the large hole were initially filled and covered by the green corrosion deposits. ‘

The attempted core sampling of the deposits within cylinder 4G115688 was only partially
successful, since the core samplers could not be driven completely through the yellow, hexavalent
uranium oxyfluoride layer to the UF(s). The fact that the layer of UF, hydrate is exterior to the
complex, hexavalent uranium oxyfluoride materials within the plug was clearly evident and samples
of the material deep within the plug were obtained. The analysis of these has not shown anything
different from grab samples of similar materials taken just under the UF, layer.** The outer
UF, hydrate layer is approximately 4-in. deep, and the overall plug extends more than 12 in. into
the cylinder.

Metallurgical examination of the cylinders will not be undertaken until the deposits have
been removed by decontamination, so these data also will have to be reported later.

WEIGHT CHANGES OF CYLINDERS 4G127985 AND 4G115688

While there was no unaccounted-for change in the weight of cylinder 4G127985 during the
4 years in which the small hole was developing, a measurable loss in weight did occur in cylinder
4G115688 during the 13 years the hole in this cylinder was enlarging.’ The gross and net weight
changes for these cylinders are given in Table B1-1. Given in Table B1-2 are the weights of UF,
and Fe needed to produce the material recovered outside these cylinders; the weight of the vapor
removed before weighing, in the case of cylinder 4G115688; and the current, net, unaccounted-for
weight change. For cylinder 4G115688, this last value should be reduced by the weight of the
material removed from this cylinder and the one below it at the time of patching; however, a
quantitative determination of the weight of this material is not available. Those who removed this
material described it as being "light and fluffy” and estimated that the total mass was small with
respect to the mass of the products previously recovered at this site (15 Ib). Thus, no corrections
have been applied to account for this material. The overall stoichiometry of the reactions
between UFg, water, and Fe occurring here is believed to be given by the following equation, as
explained in Appendix B, Part 3:

3UF, + 13.5H,0 + 2Fe = 3UF #2.5H,0 + 2FeF;s3H,0 (B1-1)

The residual unaccounted-for weight merely represents missing mass and does not necessarily
correspond directly to the quantity of UF lost from the cylinder. To determine the exact quantity
of UF, lost would require a complete knowledge of the reactions undergone by the UF, within
the cylinder and the quantity that has reacted. The information available is not that complete,
and one can only attempt to bound the problem based on the information available. Obviously,
the lower bound on the UF; lost is the missing mass. Upper bounds can be estimated using the
mass of iron, which is oxidized but not found in loose deposits outside the cylinder, and the mass
of UFg, which is estimated to have reacted with water inside the cylinder to produce the yellow
layer. Since the plug material in the hole in cylinder 4G127985 was colored green toward the
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Table B1-1. Weight changes of cylinders 4G127985 and 4G115688

Cyl. Cyl.

4G127985 4G115688

Operation (ref. 46) (ref. 5)

Gross wt of cylinder when filled in 1976, 1b 30,107 30,518
Wt of patches, etc., Ib 1 ‘ 26
Wt to be accounted for, Ib 30,108 30,544
Current gross wt, Ib | 30,107 30,507
Net wt change, Ib ‘ -1 -37

Table B1-2. Weight of UF and Fe to produce material recovered outside
the cylinder plus the weight of gas withdrawn from cylinder

Operation Cyl. 4G127985  Cyl. 4G115688

Mass of UF generating deposit outside cylinder, Ib 0.75 11

(use stoichiometry of Eq. B2-26, Appendix B, Part 2)
Mass of Fe in deposit outside cylinder, Ib - 0.08 1

(remainder of reacted Fe is weighed with cylinder)
Mass of HF bled from vapor space, Ib" 0 5
Mass of UF, bled from vapor space, 1b" 0 3
Wt of materials known to be removed, b 0.83 20
Unaccounted-for change in cylinder wt, Ib -0.17 -17

*An 8-1b mass of vapor from the vapor space of cylinder 4G115688 was transferred into an
evacuated cylinder. This vapor was 62% HF by weight (see Appendix B, Part 2).
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atmospheric side and orange toward the UF,, the yellow layer is presumed to have been present
between them in this cylinder also (see Appendix B, Part 2).

Since, as shown later in this part, this yellow layer is mostly amorphous, its structure is
unknown. Analysis shows this material to be a solvated uranyl fluoride” with an F-atom-to-
U-atom ratio of 3.05 and a U content of 67.4 wt %.® These results suggest a mixture of the
[H,0],[U(OH),F,], which Buslaev et al.” show forms in greater than 50% HY' solution, and
UO,F,. Both of these materials yield UO,F,*2H,0 on exposure to additional water. A 50:50
mixture of these materials on a molar basis yields the average composition, UO,F,*2H,0+HF,
which Pickrell* found to be formed by the vapor phase hydrolysis of UF; at low humidities. The
assumption of a material of this average composition for the yellow layer is made in the
estimation of the upper bound on the loss of UF,.

The stoichiometry of this reaction of the UF, with water vapor and the missing portion of
the iron cylinder is the same reaction given above for the loose deposits found outside the
cylinder, except that the UF, product is less hydrated; ie., about 50:50 UF,*1.5H,0 and
UF,*0.75H,0 as shown below: ‘

3UF, + 9.375SH,0 + 2Fe = 2FeFys3H,0 + 1.5UF 1.5H,0 + 1.5UF#0.75H,0 (B1-2)

Note that the only weight change is due to the addition of water, which would result in an
increase in the weight of the cylinder contents. As shown as the second entry in Table B1-3, the
gain in weight due to this reaction is about 10 Ib.

In Appendix B, Part 2, it is shown that, as an approximation, the quantity of UF, hydrolyzed
within cylinder 4G115688 is on the order of 27 times the quantity reduced by the iron for an
estimated total of 916 kg of UF, hydrolyzed. For cylinder 4G127985, the considerations discussed
in Appendix B, Part 2, led to an estimate of 13.7 kg (30 Ib) of UF, hydrolyzed. It is also shown
that about 15.8 Ib of HF is retained within cylinder 4G115688 and 1.8 Ib in cylinder 4G127985.
Based on the assumption that the average composition of the yellow layer is given by
UO,F,:2H,0:HF, the gain in weight of the cylinder would be due to the water reacting, as in the
following equation:

UF4(s) + 4H,0(aq. HF) = UO,Fys2H,0+HF(s) + 3HF(g) (B1-3)

The weights of water added to the contents of the cylinders to produce this HF constitute
the fourth quantity given in Table B1-3.

"The terms “solvated UO,F,” or “UO,F, solvate” indicate a chemical composition that can
be described by the general formula, UO,F,*xH,0+yHF. The water and HF are chemically bound
but not necessarily, as such, to the uranium. If only water is bound, the material is more precisely
described as "hydrated UO,F," or “UO,F, hydrate,” which specifies that the bound solvent is
water. Examples of “solvated UO,F,” are U(OH)F, or UO,F,+2H,0; H[U(OH),F;] or
UO,F,*2H,0+HF; and [H,0],[U(OH),F,] or UO,F,*»4H,0«2HF. All are products of the
hydrolysis of UF,.
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Table B1-3. Estimation of other weight changes accompanying reaction
(based on reaction scenario that suggests 69 and 916 Ib UF, reacted in
cylinders 4G127985 and 4G115688, respectively. See Appendix C.)

Operation Cyl. 4G127985  Cyl. 4G115688
Mass gain within cylinder from reaction of Fe with UF; and H,O
Mass of Fe retained, Ib 0.27 6.8
Wt of water added to cylinder by Fe
reaction with UF, and H,0, 1b 1.14 10.0
Mass gain from reaction of UFg with H,O to make retained HF
Mass of HF retained in cylinder, Ib 1.80 15.8
Mass of H,O added to generate retained HF, Ib 2.16 19.0
Mass gain from reaction of UF, with H,O to make HF lost
Mass of UF; so reacted, Ib 16.3 1848.0
Mass of H,0O added to generate HF lost, Ib 33 378.0
Mass of HF lost as solution, lb -2.8 -315.0
Net wt gain due to reactions, Ib 38 92.0
Net wt of unaccounted-for UFg, Ib (upper bound) 4.0 109.0

The remainder of the UF, hydrolyzed is assumed to produce the same retained uranium-
bearing material averaging 3F/U atom and HF, which leaks as solution saturated with
[H,O},[U(OH),F,] from the yellow layer. The quantity of water added to the cylinder to
accomplish this hydrolysis is the sixth figure given in Table B1-3. The weight of the HF lost from
the cylinder during the hydrolysis of this quantity of UF; to give the assumed yellow layer
products is the seventh figure in the table. The sum of these four weights (92 Ib for cylinder
4G115688) represents the net gain in weight of the cylinder contents due to reactions inside the
cylinder. This quantity should be added to the initial gross cylinder weight corrected for the
known weights of the recovered materials expressed as UF;, Fe, and HF. The difference between
this weight and the final weight of the cylinder is the total weight of the unaccounted-for UF,,
or 109 Ib for cylinder 4G115688.

There was no change in the gross weight of cylinder 4G127985 (ref. 46) within the weighing
error of the scale of + 2 Ib (1 kg), which means that the difference in two weights is not known
to be better than + 3 Ib. Given the nature of the assumptions going into the estimate of the
upper bound for this cylinder, it is not possible to say with certainty that there has been any loss
of uranium from the vicinity of the cylinder. Based on visual observations, only an insignificant
amount of material had fallcn to the concrete pad below the breach. No uranium was detectable
in the soil where rainwater wetting this cylinder drained from the concrete pad. Thus, it is a
reasonable conclusion that essentially all of the uranium that diffused from the cylinder over the
4-year period remains at the cylinder location. In contrast, significant losses have occurred from
cylinder 4G115688 over the 13-year period.> The actual quantity lost is not well quantified but
is believed to be between 17 and 109 Ib of UF (11.5 and 73.7 Ib of U).
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PRESSURES OF THE VAPOR SPACES OF CYLINDERS 4G127985 AND 4G115688
(refs. 30, 33, and 35)

The pressure of the vapor space of a cylinder at ambient temperature is usually referenced
as the “cold <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>