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President’s Message

Thanking and Honoring Volunteers
By Steve Ortiz 
INMM President

The first issue of the Journal for the New 
Year is a good opportunity to recognize 
and thank all of you for the hard work and 
the time you put into the Institute. The In-
stitute of Nuclear Materials Management 
is very successful as a volunteer organiza-
tion. Every nuclear materials management 
professional who serves in a leadership or 
supporting role of the INMM is a volun-
teer. Volunteers are individuals or groups 
who give their time, talent and abilities to 
a cause they believe in, without pay. We are 
successful because either you personally 
and/or the company you work for receives 
value from your participation in the In-
stitute of Nuclear Materials Management.  
As volunteers we give our personal time 
and sometimes spend our own money 
to support the mission and activities of 
INMM. This is part of the reason why 
volunteer organizations are inherently 
strong organizations—the members truly 
believe in the mission.  

Following is a quote on volunteers 
that I especially like:

“Snowflakes melt alone—but to-
gether they can be traffic stoppers! 
Teamwork allows common people to 
attain uncommon results.
Some people want it to happen, 
some wish it to happen, others make 
it happen. 
Volunteers aren’t paid, not because 
they are worthless, but because they 
are priceless.”
Anonymous

With the importance of volunteers in 
mind, I encourage you to think about the 
volunteers and others who give so much 
to our organization and/or our profes-
sion. Think about what they contribute 
and how they contribute and ask yourself, 
“Who among my colleagues and friends 
in our profession would I nominate for 

an award if I could?” Of course, through 
INMM’s award program you can nomi-
nate them. Take a few minutes to read the 
INMM Web site’s award page and then 
nominate your friend or colleague who 
has contributed so much and made such a 
difference. You’ll find all the information 
you need at www.inmm.org/awards/. 

Again, I want to personally thank all 
of you for the time and effort you put into 
the institute to maintain it as the premiere 
organization in nuclear materials man-
agement. I look forward to working with 
you for another year in being a service to 
nuclear materials management profession-
als. We serve our community. That is the 
reward.

INMM President Steve Ortiz can be reached 
at sortiz@sandia.gov.
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Technical Editor’s Note

Supporting Safe Storage of Plutonium-Bearing Materials  
Through Science, Engineering, and Surveillance
By Dennis Mangan 
INMM Technical Editor

Toward the end of April 2009, the 
JNMM was approached by Dr. Mac Lou-
than, a senior consulting scientist emeritus 
at the Savannah River National Laboratory 
(SRNL), about the possibility of having an 
issue dedicated to articles describing the 
tremendous amount of work that has been 
accomplished addressing the safe storage of 
plutonium. He noted that this endeavor, al-
though to be spear-headed by SRNL, would 
be a multi-laboratory effort. He opined that 
our audience as well as others in the United 
States and around the world might find this 
work interesting, and he suggested perhaps 
ten technical articles might adequately cov-
er the topic. We responded favorably, and 
informed him that such issues devoted to 
a particular topic normally come through a 
chair of one of our Institute’s Technical Di-
visions. Louthan contacted Steve Bellamy, 
chair of our Packaging and Transportation 
Technical Division, who was also very sup-
portive, as was Dr. Samit Bhattacharyya, 
director of SRNL.

Patricia Sullivan, JNMM’s manag-
ing editor, and I met with Kerry Dunn, 

an advisory engineer at SRNL, and Glenn 
Abramczyk, also from SRNL and our as-
sociate editor representing the Packaging 
and Transportation Technical Division. 
We were surprised when we learned that 
they had commitments for twenty ar-
ticles. In the course of the conversation, 
we discussed the possibility of splitting the 
twenty articles into two consecutive issues. 
As it turned out, the decision was made 
to have two consecutive issues cover the 
twenty articles. This issue is the first and 
the Spring 2010 issue will be the second. 
We also discussed the possibility of getting 
these articles peer reviewed. For those of 
you not familiar with our peer-review pro-
cess, when we receive an article for publi-
cation, we assign it to an associate editor 
of the appropriate Technical Division (or 
more than one if appropriate) who then 
arranges for a peer review. When a special 
JNMM issue is requested by a chair of a 
Technical Division, and the decision is 
made that a peer review is desired, then 
naturally that division (and its associate 
editor) is responsible for accomplishing 

the peer reviews. That was done for all the 
articles in this issue as well as the upcom-
ing Spring issue.

I trust you will enjoy reading these 
articles dedicated to the safe storage of 
plutonium. I personally found the ar-
ticles to be interesting, and quite varied. 
They provide good reading for a wide audi-
ence ranging from chemists to engineers 
to mathematicians. The theme might be 
described as “supporting safe storage of 
plutonium-bearing materials through sci-
ence, engineering, and surveillance.”

Dunn served as an excellent point 
of contact and accomplished her mission 
quite effectively and efficiently, and we ex-
press our appreciation to her and all the 
authors for a job well done.

Should you have any questions or 
comments, please do not hesitate to con-
tact me.

JNMM Technical Editor Dennis L. Mangan 
can be reached at dennismangan@comcast.net. 
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Foreword

The safe storage and disposition of plutonium containing materials and 
other radioactive elements is a legacy responsibility of nations that have 
nuclear reactors, access to nuclear materials, and/or facilities for nuclear 
materials separation. This responsibility is virtually global because of the 
widespread use of nuclear power. With the emergence of nuclear technol-
ogy, large quantities of plutonium-containing materials have been pro-
duced around the world in developed countries, both as an outgrowth 
of national weapons programs and the proliferation of nuclear power. 
Therefore the handling, storage, and disposal of plutonium materials in-
ventories is of worldwide concern and must be carefully managed until 
the inventory is either used as a nuclear fuel or placed in a safeguarded 
nuclear materials repository. The articles contained in the winter and 
spring 2010 issues of the Journal of Nuclear Materials Management sum-
marize the engineering, science, and surveillance activities that support 
the U.S. Department of Energy’s  (DOE) efforts to assure that the excess 
plutonium materials within the DOE Complex are stored in a safe and 
environmentally friendly manner. While the papers focus on plutonium 
materials, the approach and technical methodology presented is widely 
applicable to the storage of other nuclear materials. We hope that the 
information contained in these articles will contribute to assuring the 
safe and responsible management of the existing and emergent nuclear 
inventories throughout the world.

Plutonium is one of the most intriguing elements in the periodic 
table.  Plutonium isotopes have been used in various forms including for 
space power, e.g., for U.S. NASA’s Cassini mission and Mars mission, as 
source materials for calibration of analytical instruments, as fuel elements 
in nuclear power, and in weapons technology. The extensive technology 
and the comprehensive understanding of plutonium materials behav-
ior facilitate the development of the science and technology necessary 
to ensure a robust technical basis for the safe storage and handling of 
these materials.  The DOE is storing excess plutonium materials at the 
Savannah River Site near Aiken, South Carolina, USA. The materials be-
ing stored basically exist in two forms: plutonium metal and plutonium 
oxide. The inventory is stored in a safeguarded facility (K-Area Materials 
Storage or the KAMS facility) located within the 340-square-mile area 
that is the Savannah River Site. The storage inventory is packaged and 
handled according to DOE–STD–3013, a standard that was developed 
by a team of plutonium materials and packaging experts assembled from 
the various sites within the DOE Complex.

Effective long-term storage of plutonium-containing materials 
requires that the stored materials do not interact with the container 
and that age related degradation of the containment system does not 
occur. This could be readily accomplished if the plutonium existed as 
either a pure metal or a pure oxide. However the presence of halides 
in the DOE’s excess plutonium materials inventory challenges the de-
velopment and validation of the storage basis.  The DOE-STD-3013 
states that the storage containers be fabricated from “ductile, corro-
sion resistant materials such as 300 series stainless steel.” Types 304L 
and 316L stainless steels have been used by the packaging sites for 
the containment system. The DOE-STD-3013 requires stabilization 
of the plutonium materials prior to packaging and limits the mois-
ture content to 0.5 wt percent moisture to mitigate the potential for 
chloride corrosion- induced degradation of the 300 series stainless 
steel containers.  Additionally, the standard requires that a surveil-
lance program be established to monitor the condition of the stor-
age inventory and enable validation of the robustness of the storage 
technical basis. Because of the potential for corrosion-induced deg-
radation, many of the articles in these issues focus on corrosion and 
stress-corrosion cracking processes and the associated surveillance 
activities. The processes of corrosion and alpha-irradiation-induced 
radiolysis also provide the potential for pressure development within 
a container and many of the manuscripts focus on the modeling and 
measurement of container pressures.

The peer-reviewed manuscripts published in the winter and 
spring 2010 issues of this Journal illustrate the investment in tech-
nology required to assure long-term safe storage of the plutonium 
materials. The manuscripts provide only a snapshot of the ongoing 
effort. Other manuscripts describe completed efforts that qualified 
packaging materials and processes, investigated material composi-
tions or provided statistical relevance to the investigations. 

We are pleased to have played a role in the development and 
execution of a program to assure responsible storage of the excess 
plutonium materials existing within the DOE Complex. We are 
also pleased that the international Institute of Nuclear Materials 
Management chose to publish the engineering, science, and surveil-
lance activities associated with the plutonium storage and surveil-
lance program in these two special issues of the Journal. 

 

Special Issue 

Safe Interim Storage of Plutonium-Containing Materials
Natraj Iyer and Steve Bellamy 
Savannah River National Laboratory, Aiken, South Carolina USA 
 
Allen Gunter 
U.S. Department of Energy, Washington, DC USA 
 
Gary Roberson 
U.S. Department of Energy,  Aiken, South Carolina USA
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Supporting Safe Storage of Plutonium-Bearing Materials 
Through Science, Engineering, and Surveillance

Kerry A. Dunn, Gregory T. Chandler, Curtis W. Gardner, McIntyre R. Louthan Jr. 
Savannah River National Laboratory, Aiken, South Carolina USA 
 
James W. McClard and Elizabeth R. Hackney 
Savannah River Nuclear Solutions, Aiken, South Carolina USA 
 
Laura A. Worl  
Los Alamos National Laboratory, Los Alamos, New Mexico USA 
 
Gary D. Roberson 
U.S. Department of Energy, Aiken, South Carolina USA

Abstract
Reductions in the size of the U.S. nuclear weapons arsenal resulted 
in the need to store large quantities of plutonium-bearing metals 
and oxides for prolonged periods of time. To assure that the excess 
plutonium from the U.S. Department of Energy (DOE) sites was 
stored in a safe and environmentally friendly manner the pluto-
nium-bearing materials are stabilized and packaged according to 
well-developed criteria published as a DOE standard. The pack-
aged materials are stored in secure facilities and regular surveillance 
activities are conducted to assure continuing package integrity. The 
stabilization, packaging, storage, and surveillance requirements 
were developed through extensive science and engineering activi-
ties including those related to plutonium-environment interac-
tions and container pressurization, corrosion and stress-corrosion 
cracking, plutonium-container material interactions, loss of sealing 
capability, and changes in heat transfer characteristics. This paper 
summarizes some of those activities and outlines ongoing science 
and engineering programs that assure continued safe and secure 
storage of the plutonium-bearing metals and oxides. 

Introduction
The end of the Cold War caused dramatic reductions in the size of 
the U.S. nuclear arsenal and has resulted in large quantities of ex-
cess special nuclear materials. This excess includes plutonium-bear-
ing metals and oxides that require safe and secure containment for 
prolonged periods of time. Plutonium is a transuranium, actinide 
metal that is of practical importance because various isotopes, prin-
cipally 

94
Pu239, have attractive properties for energy production and 

nuclear weapons. Although trace quantities of plutonium occur 
naturally in uranium ore deposits, the vast majority of plutonium 
on earth today has been produced in nuclear reactors. Operat-
ing nuclear power reactors are currently producing approximately 

20,000 kg of plutonium per year, worldwide, as a byproduct of 
reactor operations. This power reactor produced plutonium is ei-
ther reprocessed to produce mixed plutonium and uranium oxide 
fuel or remains contained in spent fuel elements. The spent fuel 
is stored in a variety of ways including storage pools, dry storage 
canisters, and geologic repositories. The plutonium produced in 
power reactors is typically either fuel grade (~80-93 percent Pu239) 
or reactor grade (generally <80 percent Pu239). 

On the other hand, the excess plutonium in the U.S. nuclear 
arsenal was produced in nuclear materials production reactors pri-
marily located at the Hanford and Savannah River Sites, and was 
extracted from fuel elements designed specifically to produce plu-
tonium for nuclear weapon applications. This plutonium is consid-
ered weapons grade because it contains generally >93 percent Pu239. 
The breakup of the Soviet Union and the associated reduction in 
nuclear weapons in the U.S. stockpiles created an excess of pluto-
nium at various U.S. Department of Energy (DOE) sites includ-
ing, Hanford, Los Alamos, Rocky Flats, Savannah River, Lawrence 
Livermore and Idaho. To assure that the excess plutonium from the 
DOE sites is stored in a safe, environmentally friendly manner the 
plutonium-bearing metals and oxides are stabilized and packaged 
according to criteria provided in DOE-STD-3013.1 

The DOE Standard applies to plutonium-bearing metals and 
oxides that contain at least 30 wt percent actinides and is designed to 
assure that storage containers maintain integrity for at least fifty years. 
Significant research and development was required to provide the tech-
nical basis for the Standard. This research has generated the data and 
analyses required to predict that the plutonium-bearing materials will 
be safe and stable for long-term storage at DOE facilities and that the 
containers will maintain integrity and require only minimal surveil-
lance under anticipated handling, shipping, and storage conditions. 
The stored containers will ultimately be accepted by the DOE’s Ma-
terials Disposition Program for disposition2 or converted to a mixed 
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plutonium-uranium oxide for use as a fuel in nuclear reactors. 
Assuring against failure is a difficult concept especially 

when the storage conditions may change with time. Providing 
such assurance for the plutonium storage containers involves 
proving that age-related degradation processes cannot occur if 
certain conditions are established prior to storage and if certain 
conditions are maintained throughout the storage period. This 
paper summarizes a continuing multi-year multi-laboratory 
program conducted to assure that the excess plutonium in the 
DOE inventory is safely handled and maintained under condi-
tions conducive to future deposition or conversion. Basically, 
the program described is a failure-prevention program that in-
volves the application of science, engineering, and surveillance 
to assure the continuing integrity of stored containers contain-
ing plutonium-bearing materials.

The 3013 Standard
The DOE Standard for stabilization, packaging, and storage of 
plutonium-bearing materials is a living document that may be 
revised based on emergent information including beneficial com-
ments and pertinent data sent to the Technical Standards Project 
Office.1 Since its inception, the Standard has been revised several 
times. The 2004 version of the Standard notes that a significant 
portion of the DOE plutonium oxide inventory contains chlo-
rides and recommends that storage containers be fabricated from 
ductile, corrosion-resistant materials such as the 300 series stain-
less steels. These two notations almost immediately imply that a 
potential exists for stress-corrosion cracking in the container ma-
terial and attention must be given to assuring that, even if such 
cracking occurs, the container system will not be compromised. 
This assurance is addressed by concluding that “the Standard does 
not impose a limit on chloride contamination because the extent 
of corrosion is limited by the available moisture, rather than the 
available chloride. The moisture content limitation in this Stan-
dard (0.5 wt percent) is considered sufficient to avoid significant 
corrosion.” The Standard also imposes criteria for the stabilization 
of the plutonium-bearing materials, design of the containers for 
the materials and places limits on the container contents. The cri-
teria for plutonium metal and plutonium oxide differ significantly 
because of the differences between these two types of material. 

Plutonium Metal
Plutonium metal may exist in six different allotropic forms, de-
pending on temperature as shown in Table 1. 

The low temperature allotropes, α, β, and γ, have low sym-
metry and consequently low ductility. In fact the α-phase is so 
brittle that α-phase alloys are fabricated primarily by casting and 
machining. However, the face-centered cubic allotrope, δ, which, 
in pure plutonium is only stable at temperatures above 310°C, 
is quite ductile and amiable to wrought processing technologies. 
The δ-phase can be stabilized to room temperature by alloying 

with small amounts (1 to 2 at. percent) aluminum or gallium. 
The heat generated by radioactive decay of the various plu-

tonium isotopes may raise the temperature of the plutonium in 
the storage container. The equilibrium temperature will depend 
on the mass and isotopic content of the stored plutonium as well 
as the heat transfer characteristics of the storage system. How-
ever, because of the heat generation by radioactive decay of the 
plutonium and associated fissile materials, the potential for phase 
instability must be considered and because plutonium is a reac-
tive metal, corrosion and oxidation may occur, depending on 
the exposure atmosphere. Additionally, a storage temperature of 
only 184°C places the plutonium metal at one-half its absolute 
melting temperature and virtually assures vacancy migration and 
diffusion within the stored metal. Diffusion across metal-to-met-
al interfaces could support solid state interactions between the 
stored plutonium and the container material and these interac-
tions must also be considered.

Plutonium Oxide
Plutonium oxide, PuO

2
, has excellent chemical stability, a high 

melting temperature (<2450°C), and undergoes no phase trans-
formations. Pellets of this face-centered cubic oxide made with 
the isotope 

94
Pu238 have provided the heat sources for electrical 

production in virtually all of NASA’s deep space missions. These 
heat sources operate at about 1350°C and, because of the oxide 
stability, do not react with the container material, an iridium al-
loy. However, the oxide will adsorb moisture from the surrounding 
environment if the relative humidity is not very low. The added 
moisture, especially with salt impurities, is known to generate hy-
drogen gas within the environment. Therefore, the 3013 packag-
ing requirements require that the amount of moisture in the oxide 
not exceed 0.5 wt percent at the time of packaging. This moisture 
specification is considered critical for the prevention of corrosion 

Crystal Structure, Density, and Range of Stability for Plutonium Allotropes

Phase Crystal  
Structure

Density, g/cm3 Range of  
Stability, °C

Alpha, α Simple  
Monoclinic

19.86 Below 112

Beta, β Body-Centered 
Monoclinic 

17.70 112-185

Gamma, γ Face-Centered 
Orthorhombic

17.14 185-310

Delta, δ Face-Centered 
Cubic

15.92 310-452

Delta Prime, δ’ Body-Centered 
Tetragonal

16.00 452-480

Epsilon, ε Body Centered 
Cubic

16.51 480-640

Liquid 16.65 Above 640

Table 1.  Allotropic forms of Pu metal as a function of temperature
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of the container materials because many of the oxide mixtures 
at the various DOE sites are impure and contain chlorides. The 
chlorides are also hygroscopic and the combination of chlorides 
and moisture is a well-known corrosion-causing environment. 

The DOE sites packaging plutonium oxide materials are re-
quired by DOE-STD-3013 to ensure that the behavior of the 
materials they package are represented by one or more samples 
in the Materials Identification and Surveillance (MIS) Program.  
More than 60 items that are believed to reasonably represent the 
behavior of the currently identified 3013 material in storage for 
50 years are within this MIS Program.  The MIS represented in-
ventory includes material from the packaging sites and is intend-
ed to represent the principal processes that DOE used to produce 
oxides that are now stored in the 3013 containers.  The selected 
items are considered part of the MIS inventory and the justifica-
tion for representation was documented by each site and subse-
quently verified via sample characterization. The representative 
materials in the MIS inventory are characterized for chemical and 
physical attributes, and then some items are selected to be placed 
in instrumented containers as part of a shelf-life inventory.  The 
purpose of the shelf-life inventory is to provide an early warning 
of storage behavior that could result in container failures in stor-
age facilities. In addition to the materials that are provided by the 
sites, materials that have characteristics that push the limits of the 
standard are included in the shelf-life studies to gain an under-
standing of the sensitivity of the DOE-STD-3013 limits to actual 
phenomena associated with storage container failure3.

There are explicit requirements for stabilizing the oxides 
prior to packaging. These requirements include heating the ox-
ide material in an oxidizing environment at a temperature of at 
least 950°C for not less than two hours with a resulting moisture 
content of <0.5 wt percent. Properly stabilized oxides should not 
interact with either the container or the surrounding environ-
ment. The DOE-STD-3013 requires that the headspace of each 
container be inerted to remove all but 5 percent O

2
 to limit the 

amount of reactive gases present. However, any adsorbed mois-
ture could experience transfer from the stabilized oxides to the 
container wall or storage environment and undergo corrosion re-
actions with the container material or radiation induced decom-
position to hydrogen and water. 

The Containers
The 3013 container includes properly prepared plutonium-bear-
ing materials stored in a nested set of welded austenitic stainless 
steel containers (Figure 1). Type 316L and 304L stainless steel 
containers have been used in the packaging process, although the 
standard does not explicitly require the use of these alloys. The 
multi-barrier storage container system is essentially designed to 
be maintenance free over a storage period that may stretch to 
fifty years. The 3013 standard requires a minimum of two nested 
containers with weld closure but most packaging sites have also 
provided a third container, or convenience container, as the in-
nermost container of the assembly. The minimum design pressure 
for the outer container is 699 psi, which is about seven times the 
maximum pressure that could develop based on known credible 
mechanisms in properly packaged systems. 

The outer pressure vessel in the container system is designed 
and fabricated to meet ASME code requirements but is not 
stamped as being compliant with the ASME pressure vessel code. 
The fact that the final seal weld cannot be pressure tested precludes 
an ASME code stamp. However, because the final weld cannot be 
pressure tested, the weld qualification process was quite extensive

The design, fabrication, packaging, and sealing processes 
for the 3013 container systems have been developed to assure 
the long-term safe storage of the plutonium-bearing materials. 

Figure 1.  The 3013 container used by Savannah River Site (SRS) for 
oxides.  The outer container is consistent for all packaging sites in the 
DOE Complex.

Figure 2.  Schematic of 9975 shipping package
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To accomplish the storage mission the containers of plutonium-
bearing materials must be handled and transferred from location 
to location and the transfer may include cross country shipment. 
Shipments involve loading the plutonium bearing 3013 contain-
ers into U.S. Department of Transportation Type B packages cer-
tified for interstate shipping of radioactive materials and transfer 
of the containers between DOE sites. Additionally, many of the 
plutonium-bearing 3013 containers are stored in shipping pack-
ages at the Savannah River Site. Therefore a series of drop tests 
was conducted to assure that the 3013 containers could with-
stand an accidental drop of 9 meters (the maximum anticipated 
storage height) and remain leak tight (maximum leak rate less 
than 1 x 10-7 cm3/sec). Additionally, the inner containers were 
dropped from a height of 1.33 meters to assure that an accidental 
drop during packaging would not cause a leak in the 3013 inner 
container. These drop tests were part of the qualification program 

to support the handling necessary for placement of plutonium-
bearing 3013 containers inside shipping packages. A schematic of 
a 9975 shipping container is shown in Figure 2.

The engineering design and testing necessary to qualify a 
container for shipping radioactive materials is extensive and well-
developed.4,5 However, the use of a 9975 shipping package for the 
long-term storage of plutonium-bearing 3013 containers required 
a basic knowledge of the long-term behavior of the shipping 9975 
package materials. Among the variety of materials used to manu-
facture the 9975 are fiberboard for insulation (Figure 3) and Vi-
ton O-rings to seal the plutonium containers inside stainless steel 
containment vessels (Figure 4). The effects of long-term exposure 
to low-level radiation at anticipated storage temperatures on these 
two materials were determined to assure that the heat transfer 
characteristics of fiberboard and the sealing capabilities of the O-
rings will not be compromised during the storage period at SRS. 

The Contents
The nuclear characteristics that make plutonium useful in weapons 
and reactors limit the amount of plutonium that can be safely stored 
in any container or group of containers. Nuclear physics calculations 
made to assure that, even under the worst possible accident scenar-
io (flooding; for example), a nuclear criticality event cannot occur, 
demonstrate that a 4.53 kg sphere of 239Pu is not a critical mass even 
when fully water reflected. The k

eff 
of such a sphere is 0.95 and a k

eff
 

of 1.0 is required for nuclear criticality. Therefore, the absence of a 
criticality event is assured by limiting the fissile material content in 
any container to 4.4 kg. The margin of safety under these conditions 
is high because there is not enough plutonium to support a critical-
ity, the plutonium is not a sphere (the geometry that best supports a 
criticality) and the reflectivity of the container is nowhere near that of 
water. Photographs of plutonium metal samples and stabilized pluto-
nium oxide are shown in Figure 5.

Properly packaged plutonium metal is considered relatively 
easy to store. To minimize the potential for ignition, the 3013 
standard requires that the specific surface area of the metal be 
less than 200 mm2/g and that the metal be free of non-adherent 

Figure 3. Lower assembly fiberboard from 9975 shipping package

Figure 4.  O-ring seal from 9975 shipping package primary contain-
ment vessel (PCV)

Figure 5.  Examples of plutonium metal button and stabilized pluto-
nium oxides

Pu metal button                        Stabilized Pu oxide
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surface oxides and organic materials. Turnings from machining 
processes, wires and foils are specifically excluded and tramp ma-
terials are removed, if practical. The oxide materials are stabilized, 
as previously described, and the moisture content of the stabilized 
materials is determined by testing.

The radioactive decay of plutonium (and any other fissile 
material) generates heat that is removed by heat transfer through 
the storage system. The heat transfer processes are modeled and 
the models verified by experiment. The maximum amount of heat 
generated in any plutonium container is limited to 19 watts by 
the DOE-STD-3013. Although this value is less than the watt-
age of a typical room light, the equilibrium maximum tempera-
ture inside a 19-watt package may exceed 200°C. The maximum 
metal-container interface temperature is calculated to be 189°C 
(above one-half the absolute melting temperature of plutonium). 
Analytical evaluation of the impact of long-term storage at this 
temperature on potential interactions between the stored pluto-
nium and the storage container show that diffusion-induced ma-
terial exchange across the plutonium-container interface is very 
unlikely because of the low elemental diffusivities and the protec-
tive qualities of the surface films formed on both the plutonium 
and the container surfaces. 

Thermal gradients inside the container may cause moisture, 
especially water vapor, relocation to the colder portions of the 
container. Such relocation may impact the potential for corrosion 
of the container. For example, moisture condensation coupled 
with the presence of chlorides can lead to stress corrosion crack-
ing of austenitic stainless steels. An experimental program to 
evaluate the potential for corrosion and stress corrosion cracking 
in properly packaged 3013 containers has been ongoing for well 
over a decade.

 Stress-corrosion cracking is an electrochemical process and, 
as such, requires the presence of an electrolyte such as moisture 
on the container material. The tendency for moisture adsorption 
will depend on the relative humidity of the environment inside 
the container and the relative humidity will depend on the mois-
ture content of the container, the amount and type of salts pres-
ent in the container and the temperature or temperature gradi-
ents within the container. Analytical and experimental studies to 
establish the role of relative humidity in influencing the potential 
for stress corrosion cracking are also ongoing.

The Environment
The fill gas atmosphere over the plutonium-bearing material in 
the 3013 containers, including a convenience container, if used, 
is not specified but must not react adversely with the container or 
the plutonium-bearing materials. Additionally, the environment 
must allow for leak testing of the sealed containers. Helium gas 
is generally used to meet these requirements. The gas pressure in-
side the container may change during storage as a result of helium 
generation by the radioactive decay of the stored fissile materials, 
because of gases generated by evaporation and/or hydrolysis of 

contained moisture, and because of gas generation by moisture 
induced corrosion. The gas pressure inside the container at any 
given time will be determined by the temperature of the system, 
the free volume in the container and the total gas present at the 
time of interest. Extensive studies to determine the pressure in a 
container as a function of packaging and storage variables (vol-
ume of plutonium-bearing material stored, moisture content, gas 
fill pressure, alpha decay rates, storage time, etc.) have shown that 
the maximum conceivable pressure (~100 psig) is significantly 
less than design pressure (699 psig) of the container. 

Surveillance 
The design, materials selection, container fabrication, and mate-
rial requirements for the packaging and storage of plutonium-
bearing materials were carefully established to minimize the prob-
ability that the integrity of any container will be compromised 
during the storage period. The overall goal of the storage pro-
gram is that none of the thousands of containers processed will 
contain significant defects and that no defects adverse to storage 
will develop. However, engineering experience and conventional 
wisdom suggest that destructive and non-destructive surveillance 
programs are necessary to support a safe, efficient, and environ-
mentally friendly storage program. For example, the three condi-
tions necessary for stress-corrosion cracking, 1) a susceptible ma-
terial, 2) applied or residual tensile stresses, and 3) an electrolyte 
containing chloride may exist in properly packaged containers. 
The goal of the surveillance program is to use destructive and 
non-destructive inspections of a small fraction of the storage in-
ventory to provide a statistically justifiable conclusion that the 
integrity of the overall inventory of stored plutonium materials is 
not compromised during prolonged storage. To accomplish this 
goal, regular, routine surveillance of selected samples from the 
storage inventory must continue over the lifetime of the storage 
program. The container selection and evaluation processes are 
based on statistical methods to assure that known differences in 
container contents and storage temperatures are evaluated. 

Examples of Science and Engineering Support
The science and engineering activities supporting the storage of 
plutonium-bearing materials in 3013 container systems are con-
tinuing and include work that has been conducted over the past 
several decades. This R&D has been conducted, reviewed and/or 
evaluated by well-established technical experts at numerous DOE 
sites, including members of the Materials Identification and Sur-
veillance (MIS) Working Group. The MIS working group is an 
organization made up of highly qualified engineers and scien-
tists who were selected because their expertise was relevant to 
the safe handling and storage of plutonium-bearing materials. A 
significant portion of the work that supports the standard has 
been published in the peer-reviewed literature. For example, the 
references in the DOE-STD-3013 include papers authored by 
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more than sixty-five different researchers from within the DOE 
complex and numerous other individuals from university and in-
ternational laboratories. This paper describes a small fraction of 
the science and engineering activities that support the basis for 
the safe storage of plutonium-bearing materials. The activities are 
divided into six basic categories: 
 1)  ties between the containers and the 3013 standard  

requirements,
 2) temperature related issues,
 3) material characterization,
 4) statistical approaches to 3013 container surveillance,
 5) corrosion and corrosion prevention,
 6) gas generation and pressure buildup, and
 7) validating safe storage.

The following sections provide selected examples of work from 
each category to demonstrate the types and variety of work associ-
ated with developing a safe storage strategy for plutonium-bearing 
materials. This overview provides a flavor for the R&D required to 
support the safe storage of plutonium-bearing materials. The com-
pendium of papers in the winter and spring 2010 special issues of 
JNMM also, highlights a significant portion of the program. 

Weld Qualification:  
A Tie Between Containers and the 3013 Standard
The outer 3013 containers are fabricated from Type 316L stain-
less steel and conform to the ASME Section IX Pressure Vessel 
Code except that the filled container cannot be hydrostatically 
tested and the closure weld is not made by the container fabri-
cator. The DOE standard does not specify the welding process 
but states that container safety should be equal or superior to 
the intent of the code. Different weld processes are used for con-
tainer closure. These processes create an autogenous closure by 
either laser or gas tungsten arc welding. The laser welding process 
was developed in England and transferred to the United States 
by analysis and duplication of the weld system and qualification 
processes. However, both Hanford and Savannah River close the 
outer container by autogenous gas tungsten arc welding (GTAW), 
using an automated welder designed, qualified, and assembled by 
the Savannah River Technology Center (SRTC) (now the Savan-
nah River National Laboratory, SRNL). 

The weld joint, illustrated in Figure 6, seals the outer con-
tainer top to the 0.118 inch thick container side wall. The lip on 
the container top is 0.157 inches thick and the full penetration 
weld fusion zone must be confined between the top and the side 
wall. The rigor required to qualify the welding process is dem-
onstrated by the volume of data presented during a qualifica-
tion review for the welder that SRTC assembled and shipped to 
Hanford. A summary of the data is provided in the next several 
paragraphs.

The acceptance criteria for the qualification welds were that 
the welds must be: 1) leak tight (leak rate < 2 x 10-7cc/sec He), full 

Figure 6.  GTA weld joint for 3013 outer container

Figure 7.  3013 outer container after burst testing

Target Welding Parameters

Weld Tip Material Tungsten with 2% Th,

Weld Tip Geometry 60° angle, 0.030 inch flat, 6-8 Ra finish

Gas 97% Ar – 3% H2 shield gas

Tack Welds Seven small, equi-spaced tack welds

Amperage 185 Amps primary welding current @ 0.45 s with 
40 Amps background @ 0.02 s

Arc Gap 0.072”

Travel Speed 0.62 RPM

Additional Modified weld start, chill block used to control 
temperature

Table 2.  Target welding parameters for GTA seal welding of 3013 
containers
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penetration, sound (meet ASME VIII radiographic acceptance), 
meet strength criteria (burst strength, for example), and meet the 
ASME VIII weld bead geometry shown in Figure 7. Tests were 
conducted to evaluate controllable parameters affecting arc den-
sity, including the tungsten alloy used for the tip, tip geometry, 
weld shield gas and pulsed currents. Additionally, weld travel 
speeds, tacking prior to seal welding and the use of chill blocks 
were also evaluated. These evaluations led to the target welding 
parameters shown in Table 2.

After the target welding parameters were developed, one 
hundred production certified containers were welded and evalu-
ated. The welds were made with an ASME Section IX qualified 
welding procedure specification (WPS) by an ASME qualified 
welding operator. All welds passed the leak test requirements. 
Seventy-five of the welds were made at the nominal target param-
eters and twenty-five were made under upset conditions for pro-
cess evaluation. Metallographic evaluations of selected containers 
were made at the weld start/stop position and at 90°, 180°, and 
270° from the start/stop position. Five consecutive welds made 
under nominal welding conditions were evaluated to assure that 
the ASME weld geometry requirements were met and then a 
statistical parameter study was made to evaluate three primary 
variables. The welding current was varied from 160 to 200 amps, 
the travel speed varied from 0.58 to 0.66 RPM, and the arc gap 
varied from 0.062 to 0.082 inch. The variables were controlled so 
that heat input extremes were evaluated. All these welds met leak 
and weld bead geometry acceptance criteria. 

Selected welded containers were burst tested and none failed 
in the closure welds (Figure 7). The burst pressures (essentially 
4,600 psig) met the ASME Section VIII requirement of exceeding 
3,920 psig. The weld metallography (Figure 8) and radiography 
revealed sound, essentially pore-free welds that met the ASME 
Section VIII requirements. 

Fiberboard and O-ring Behavior:  
A Temperature Related Topic
Fiberboard and Viton O-rings are two essential non-metallic materi-
als in the 9975 shipping containers. The Viton O-rings provide the 
seals that separate the external environment from the 9975 contain-
ment volume. This separation is required to assure that, regardless 
of the behavior of the 3013 container, plutonium-bearing materials 
cannot contaminate the environment outside the 9975 containment 
vessels. The fiberboard provides the impact resistance, insulation, 
and criticality spacing necessary for the 9975 shipping container 
to meet DOT and other regulatory requirements. Additionally, the 
thermal behavior of the 3013 containers inside the 9975 will depend 
on the time dependent behavior of the fiberboard. The radiation lev-
els and temperatures inside the 9975 shipping container could, with 
time, affect the behavior of both the O-rings and the fiberboard and 
thereby impact the behavior of the storage system. 

The effect of irradiation, time, and temperature on the seal-
ing capacity of the Viton O-rings was evaluated by exposing O-

rings to gamma irradiation while the material was compressed in 
the apparatus shown in Figure 9. The time, temperature, and irra-
diation dose were controlled so that the individual and combined 
effects of these exposure variables on the sealing capacity of the 
O-ring could be determined. Sealing capacity was determined by 
measuring the compression stress relaxation (CSR) in the O-rings 
after the various exposures and as the CSR increased the sealing 
capacity decreased. Examples of O-ring sections having various 
compression sets are shown in Figure 10. Data obtained in labo-

Figure 8.  Cross-section of typical GTA weld on 3013 outer container

Figure 9. Apparatus used to compress O-rings for testing the effects 
of time, temperature and irradiation on the sealing capacity

Figure 10. Compression set in O-rings exposed to gamma irradiation 
at various temperatures
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ratory testing suggest that the O-rings at nominal service condi-
tions should remain functional throughout an extended storage 
period greater than twelve years. Ongoing laboratory and surveil-
lance tests will provide predictive capabilities of O-ring lifetime 
for storage periods greater than twelve years. 

The effects of irradiation, time, and temperature on the den-
sity and heat transfer characteristics of fiberboard were also mea-
sured. These studies demonstrate that the behavior of fiberboard 
has not been compromised by the storage conditions.

Plutonium/Stainless Steel Interactions: A Material Topic
The thermal analysis of the plutonium/container interface in a 
3013 container filled with plutonium shows that the interface tem-
perature can exceed 200°C if the plutonium is producing 19 watts 
and the 3013 container system is in a 9975 shipping container. At 
this temperature vacancies in the plutonium should be mobile and 
the potential exists for solid-state reactions between the plutonium 
and iron, chromium, and nickel in the stainless steel container. 
The phase diagrams for Fe-Pu and Ni-Pu show plutonium-rich 
eutectics that melt at 413°C and 465°C respectively. The Fe-Pu 
phase diagram is reproduced in Figure 11. The addition of about 
1 percent gallium (gallium may be an alloy element in some plu-
tonium metal pieces) to the iron eutectic can lower the melting 
temperature to about 400°C. This temperature represents the low-
est temperature liquid that could develop by solid state reactions 
between the plutonium and the container wall. Thus the lowest 
temperature where liquid metal could form in the container system 

is over 150°C above the bounding interface temperature during the 
transport and storage of plutonium. This temperature difference is 
certainly sufficient to assure the absence of interfacial liquids, even 
if the plutonium metal makes intimate contact with the stainless 
steel. However, intimate contact is highly unlikely because of the 
surface films that will be present on both the plutonium and the 
stainless steel.

Stainless steel is corrosion resistant because of the chromium 
rich film that naturally forms and protects the underlying metal 
from further reaction with the surrounding environment. Pluto-
nium metal surfaces are also covered with a naturally occurring 
protective film. The surface film, on either or both materials, will 
prevent or at least limit metal-to-metal contact between the stored 
plutonium and the container. In the absence of such contact, dif-
fusion of iron, chromium, or nickel from the container into the 
plutonium is highly unlikely even though vacancy movement may 
occur in the plutonium. The films will also mitigate any tendency 
for plutonium to diffuse into the container material. Additionally, 
even if intimate contact was established between the plutonium 
and container material, diffusion into the container is not antici-
pated because the temperatures are too low for significant vacancy 
migration in the austenitic stainless steel. For example, sensitiza-
tion of austenitic stainless steel does not generally occur at tem-
peratures below 300°C because of the inability of chromium to 
diffuse from the austenitic grains into the grain boundaries. This 
analysis suggests that there will be no solid state reactions between 
the plutonium and the storage container, a conclusion consistent 

Figure 11.  The plutonium-iron phase diagram
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with observations made for plutonium metals stored in steel con-
tainers for decades.

Corrosion and Corrosion Prevention Topics
Stress-Corrosion Cracking
The potential for stress-corrosion cracking exists whenever a sus-
ceptible material is simultaneously exposed to tensile stresses and 
an environment that promotes stress corrosion in the exposed 
material. Chloride environments have the potential to promote 
stress corrosion cracking in austenitic stainless steels. The pluto-
nium oxide residues within the DOE complex frequently contain 
chlorides and forming processes used to fabricate the 3013 con-
tainers produce high residual stresses in the as-fabricated contain-
ers. The presence of high residual stresses was demonstrated by 
exposing container sections to MgCl

2
 – H

2
O solutions boiling 

at approximately 150°C. These tests caused extensive cracking in 
the containers (Figure 12). The crack patterns revealed the re-
gions of high residual tensile stresses and outlined the regions in 
the container expected to be most susceptible to stress corrosion 
cracking. Knowledge of these locations provided the technical ba-
sis to focus the stress corrosion cracking surveillance activities in 
the susceptible regions. 

The amount of water in any storage container is severely lim-
ited (<0.5 wt percent) and stress-corrosion cracking of the con-
tainer walls was not anticipated. However, to demonstrate the lack 
of stress-corrosion cracking under simulated storage conditions a 
series of tests were conducted. One group of Type 304 stainless 
steel tear drop (U-bend) samples cracked within 166 days dur-
ing exposure to plutonium oxide mixtures containing CaCl

2
 salts 

at room temperature (Figure 13). The moisture content of this 
test group, 0.6 wt percent, was slightly larger than permitted by 
the 3013 Standard but the results demonstrate that the poten-
tial for cracking in properly packaged 3013 containers may exist. 
Companion samples of Type 316 stainless steel did not crack after 
similar exposures. Type 316 stainless steel is known to be more re-
sistant to stress-corrosion cracking than Type 304 but the increase 
in resistance is often simply a delay in the time to crack initiation 
and/or a decrease in crack propagation rates rather than immu-
nity vs. susceptibility. Since the exposure times for these tests were 
less than a year, the absence of cracking in the Type 316 stainless 
steel samples may not be relevant to a fifty year storage life. The 
observations of stress-corrosion cracking under unanticipated but 

storage relevant conditions caused the initiation of a test program 
designed to elucidate the results of this group of tests. Those tests 
are in progress and will be evaluated as results become available. 

Relative Humidity
Stress-corrosion cracking is generally thought to be an electro-
chemical process and as such, an electrolyte is required for crack-
ing to occur. The electrolyte may simply be a monolayer or two 
of moisture on the surface of the stainless steel but regardless of 
the amount required, an electrolyte is necessary. Under equilib-
rium conditions, the distribution of moisture among the vari-
ous components inside the 3013 container will depend on the 
relative humidity that is present inside the container. The relative 
humidity will depend on the amount of moisture contained in 
the container, the amount of corrosion and irradiation induced 
hydrolysis that has occurred, the temperature distribution in the 
container and the amount and types of chloride salts present. The 
occurrence of stress-corrosion cracking in seemingly dry environ-
ments has been known for decades and well-known since the 
discovery of hot salt stress-corrosion cracking in titanium alloys. 
However, the knowledge that chloride-induced stress-corrosion 
cracking occurs in austenitic stainless steels in fairly dry environ-
ments is relatively new. 

Recent studies have shown that MgCl
2
 and CaCl

2
 depos-

its on austenitic stainless steels will cause stress-corrosion crack-
ing at temperatures below 50°C when the relative humidity is 
barely above the deliquescence relative humidity for the salt. 
Under these conditions, the tendency for cracking increases as 
the temperature increases and decreases as the relative humid-
ity decreases. This effect is illustrated in Figure 14. The observa-
tions in this published study are consistent with the observation 
of stress-corrosion cracking in the Type 304 stainless steel U-bend 
samples exposed to plutonium oxide/chloride salt environments, 
as observed in the 3013 corrosion program. Because of the im-
portance of relative humidity to stress-corrosion cracking suscep-

Figure 12. Stress-corrosion cracks in 3013 container sections exposed 
to boiling MgCl

2
 Solutions

Figure 13. Stress-corrosion cracks in type 304L U-bend samples 
exposed to plutonium oxide-salt mixtures
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tibility, and because the relative humidity inside a 3013 container 
may be estimated by considering the amount of moisture present 
in the container along with the container contents and tempera-
ture distributions, a program has been initiated to assess the role 
of relative humidity and packaging conditions in determining the 
potential susceptibility of a container of plutonium-bearing ma-
terial to stress-corrosion cracking. 

Pressure Development: A Gas Generation and  
Pressure Buildup Topic
The environment inside sealed 3013 containers storing pluto-
nium-bearing materials will change with time because of the alpha 
radiation and interactions between adsorbed moisture and the 
stored materials. For example, alpha irradiation may cause radi-
olysis of adsorbed water to produce hydrogen and oxygen and 
may also cause radiolytic recombination of hydrogen and oxygen 
to water. Adsorbed moisture can evaporate, react with plutonium 
to form plutonium oxide and hydrogen, or with stoichiomet-
ric plutonium oxide to form super-stoichiometric plutonium 
oxide and hydrogen. Gasses such as HCl may be generated in 
containers having impure, salt containing plutonium oxides 
and helium is generated by the plutonium decay processes. The 
DOE-STD-3013 requires that the headspace of each container 
be inerted to remove all but 5 percent O

2
 to limit the amount of 

reactive gases present. Therefore, there are basically three sources 
for gas pressure inside the container:
 1) the container fill gas,
 2)  the gas mixture created by vaporization, radiolysis, des-

orption, and chemical reactions, and
 3) helium produced by alpha decay.

The pressures generated by these gasses will depend on the 
temperature and free volume of the sealed container as well as 
the number of moles of each gas present in the container. The 
amount of container fill gas should not change during storage 
and the alpha decay helium will increase in a predictable fashion. 
However, the gas mixture created by radiolysis, desorption, and 
chemical reaction is not readily predictable from first principals 
but can modeled based on the results of laboratory testing and 
analytical assessments. 

The free volume inside the sealed inner 3013 container will 
depend on the volume of the inner container, the volume of the 
convenience container, and the volume of plutonium-bearing 
materials loaded into the container. Each of these volumes can 
be calculated, or accurately estimated, based on container dimen-
sions and the characteristics of the plutonium-bearing materials. 
For example the volume occupied by a convenience container 
may be calculated by dividing the container weight by the den-
sity of the container material (generally a 300 series austenitic 
stainless steel) and the volume of the plutonium-bearing mate-
rial can be calculated in the same fashion except that the particle 
density may not be accurately known for the impure oxide pow-
ders. However, the particle density can be satisfactorily estimated 
through weight measurements, knowledge of the particle packing 
factors and an established empirical relationship between bulk 
density and pycnometer density. 

A wide variety of measurements have shown that, typically, 
the pressure in sealed plutonium-bearing material containers in-
creases slightly with storage time. Originally, over-pressurization 
of properly packaged containers was considered to be a viable 
failure mechanism, however, laboratory testing and surveillance 
data have determined that to be very unlikely. For example, the 
measured pressure increase with stored containers undergoing 
surveillance has been less than 20 psi and the pressure increases 
in laboratory tests at bounding conditions are generally less than 
100 psi. 

Surveillance:  A Statistical Approach to  
Validating Safe Storage
The goal of the surveillance program is to detect any incipient 
failures in the storage inventory before such failures affect the 
safety or integrity of the inventory. Safety/integrity issues include 
container degradation, pressure buildup, and changes in the plu-
tonium-bearing materials or in the storage systems. The packag-
ing and storage requirements were established to minimize, if not 
eliminate, the potential for safety to be compromised. Therefore, 
if the packaging requirements program is totally successful, the 
surveillance program will not identify any issues and may ap-
pear inconsequential. However, unforeseen issues often emerge 
in unique or novel systems and surveillance is necessary to detect 
and mitigate any unanticipated emergent problem. 

The amount or number of surveillances required to assure 
continuing safe performance in any program depends on sev-

Figure 14.  Conceptual plot of corrosion risk as a function of relative 
humidity within a container. Curves are shown for alkali chlorides 
(NaCl, KCl) [dotted line] and for a representative collection of alkaline 
earth chlorides (labeled AEC’s) [solid lines]. Risk is shown as increasing 
rapidly beginning at the threshold for liquid formation (deliquescence). 
The range of relative humidity to which material was exposed during 
packaging is shown for comparison.
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eral factors including: experience, understanding of the factors 
affecting performance, and the risk involved with unsatisfactory 
performance. The total risk to the storage program is also the 
combination of risk factors, including: risk to the general public, 
risk to workers, economic risks, and perception risks. When deal-
ing with nuclear materials, especially plutonium, economic, and 
perception risks often overwhelm any physical risks to plant per-
sonnel or the general public. Consequently, the success of the sur-
veillance program for the 3013/9975 plutonium storage systems 
is dependent upon enabling one of two very different statements. 
The program must be able to conclude that either:
 1)  “We have recently examined the inventory and found 

nothing,” or
 2)  “We detected a potential issue and acted to mitigate the 

effects of that issue.”
The statement, “We examined the inventory several years 

ago and found nothing,” cannot satisfy the perception risk and 
can create economic risks simply by causing extensive interac-
tions with intervener groups and regulatory agencies.

The 3013 container surveillance program is based on a sta-
tistical approach designed to validate safe storage through both 
destructive and non-destructive examination of containers from 
the storage inventory. 

The non-destructive evaluations include weight measure-
ments, radiography to determine the condition of the container 
inventory and the position of container lids and other pressure 
indicating devices, and visual examinations. Because the corro-
sion program has identified the most likely sites for corrosion-in-
duced degradation in the 3013 containers, the radiographic stud-
ies can focus on these likely sites. The destructive examinations 
determine the condition of the container walls, the condition of 
the plutonium-bearing materials, and the pressure and content of 
gasses inside the storage containers. 

Discussion
The examples of science and engineering activities summarized 
above demonstrate, to a limited extent, the huge effort that is 
involved in assuring against failure during prolonged storage of 
plutonium-bearing materials. Failure prevention in such stor-
age systems is paramount because of the environmental hazard 
of plutonium. The failure-prevention process involves virtually 
all aspects of the handling, packaging, and storage processes. For 
example, the storage containers and packaging processes are de-
signed to meet the intent of the ASME Pressure Vessel Codes 
and numerous tests are conducted to ensure that containers con-
form to the appropriate acceptance criteria. Conformance to ac-
ceptance criteria is required for the materials selected and used, 
for the container fabrication processes and, as illustrated in the 
welding process section of this paper, in weld closures. Visual in-
spections, metallography, and radiography are used on selected 
containers to assure that quality welds continue to be made. All 

containers are leak tested after welding. Although no significant 
degradation of the 3013 containers is anticipated, the continuing 
surveillance program is designed to detect any unanticipated deg-
radation processes in their incipient stages. The use of multi-layer 
robust containment also assures that even if an unanticipated 
event compromises the inner containment vessel, plutonium-
bearing materials will not be released to the environment. 

Potential age-related degradation processes were considered 
and packaging processes controlled to mitigate, or at least mini-
mize, the potential for degradation. Some potential degradation 
processes such as solid state interactions between the stored mate-
rials and the storage containers could be discounted through anal-
ysis and comparison with related experiences. Other processes, 
such as stress-corrosion cracking could not be totally discounted 
and laboratory studies were established to help determine which 
portions of the stored inventory are most vulnerable. The obser-
vation of stress corrosion cracking in U-bend samples exposed to 
chloride containing plutonium oxide mixtures containing only 
0.6 wt percent moisture was unexpected at room temperature 
and within such a short period of time. Because of this obser-
vation, extensive new testing and analyses programs were insti-
tuted. The literature related to the corrosion and stress corrosion 
cracking processes is constantly being reviewed and analyzed and 
laboratory tests are initiated to assess the role of irradiation in ac-
celerating the processes. The results of the corrosion studies are 
being published in the peer-reviewed literature, as is other work 
in the failure prevention program.

The surveillance activities demonstrate that seven years of 
storage has not compromised the integrity of the containers ex-
amined. The program also demonstrates that pressure buildup 
inside the storage containers is not significant and there is no 
indication that the container pressure will reach the 100 psig 
maximum conservatively estimated by pre-exposure testing and 
analysis. The overall results of the surveillance program confirm 
the quality of the failure prevention program and provide assur-
ance that container degradation is not occurring. However, the 
unanticipated observation of stress-corrosion cracking in labora-
tory samples demonstrated the need for continuing surveillance 
and laboratory testing. 

It is significant that this currently very successful failure-pre-
vention program has involved the cooperative efforts of hundreds 
of investigators from at least ten laboratories within the DOE 
complex. Discussion, team work, and expert assessment have 
been the cornerstones of the program. Hopefully, this paper and 
the compendium of related papers included in this issue and the 
spring 2010 issue of the Journal of Nuclear Materials Management 
will serve as an example of success through cooperation and dem-
onstrate that failures in nuclear materials storage systems can be 
prevented through the application of engineering and science to 
design, fabrication, and operation problems.
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Conclusions
The engineering and science determinations of the behavior of 
plutonium and plutonium oxide containers provide a technical 
basis to establish criteria for the packaging and storage of excess 
plutonium-bearing materials currently in the U.S. DOE inven-
tory. Although this paper outlines only a small fraction of the 
supporting work, the data and analysis presented demonstrate the 
long-term safety of materials packaged and stored according to 
the DOE 3013 Standard. This safety is assured by the prevention 
of container failures through: 1) the design, fabrication, and ro-
bust conservative nature of the 3013 container, 2) the strict plu-
tonium packaging requirements, 3) ongoing laboratory activities 
that assess the behavior of container materials under simulated 
and actual storage conditions, and 4) the surveillance and moni-
toring of the 3013 storage containers. 

The optimism expressed in this paper is certainly reflected by 
the willingness to declare the program to store plutonium-bearing 
materials a success before the program is completed. However, it 
is our judgment that the worth of saying, “I told you” based on 
the results of a strong engineering and science program far ex-
ceeds that of an “I told you” after a failure has occurred. We hope 
that this paper and the associated papers also published in the 
Journal of Nuclear Materials Management will encourage other in-
vestigators to describe of how they used engineering and science 
in failure prevention processes to assure safe and environmentally 
friendly management of nuclear materials.
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Abstract
The multi-barrier 3013 container used to package plutonium-
bearing materials is robust and thereby highly resistant to identi-
fied degradation modes that might cause failure. The only viable 
degradation mechanisms identified by a panel of technical ex-
perts were pressurization within and corrosion of the containers. 
Evaluations of the container materials and the fabrication pro-
cesses and resulting residual stresses suggest that the multi-layered 
containers will mitigate the potential for degradation of the outer 
container and prevent the release of the container contents to the 
environment. Additionally, the ongoing surveillance programs 
and laboratory studies should detect any incipient degradation 
of containers in the 3013 storage inventory before an outer con-
tainer is compromised. 

Introduction
The Materials Identification and Surveillance (MIS) Working 
Group (WG) is a selected group of technical experts from each 
of the participating sites within the U.S. Department of Energy 
(DOE) Complex. These experts are responsible for coordinating 
and resolving issues associated with the stabilization, packaging, and 
storage programs for excess nuclear materials in the DOE Complex. 
The MIS Working Group determined that the only potentially vi-
able degradation mechanisms for the container materials are pres-
surization due to gas generation and/or corrosion associated with 
impurities (specifically chlorides and fluorides) and moisture in the 
plutonium-oxides.1 The MIS WG was instrumental in identify-
ing critical features of a containment package system to mitigate 
these potential degradation mechanisms. The packaging features for 
plutonium-bearing materials are specified in the DOE-STD-3013.2 
These critical features include specifications that:
•	 The	3013	package	shall	consist	of	at	least	two	individually	

welded, nested containers to isolate the stored materials from 
the environment. 

•	 The	 use	 of	 an	 additional	 container,	 sometimes	 referred	 to	
as a convenience container, is optional. However, to date, 
all DOE Complex packaging sites have used convenience 
containers as the innermost vessel to contain the plutonium-
bearing materials.

•	 The	minimum	design	pressure	of	the	outer	container	shall	

be 4,927 kPa (699 psig). This design pressure is based on 
the maximum viable pressure that could be reached within 
the 3013 system and will thus preclude any pressure induced 
release of the container contents to the surrounding environ-
ment. 

•	 All	containers	must	be	fabricated	of	ductile,	corrosion-resis-
tant materials, such as 300 series stainless steel.

In addition to the features required of each package, the 
outer 3013 container was standardized to facilitate compliance 
with shipping and storage at the different facilities in the DOE 
Complex. The standardization included dimensions, material 
type (316L SS), and fabrication method. A typical 3013 con-
tainer set is shown in Figure 1 which shows an outer container, an 
inner container, and a convenience container. The convenience 
container is not a requirement of the DOE-STD-3013, however, 
it has been used in all cases where plutonium-bearing oxides have 
been packaged. 

The requirements and standardizations provide a robust 
package designed to contain plutonium-bearing materials for a 
proposed fifty-year system lifetime. However, to validate the as-
sumptions related to the safety of these containers multi-pronged 
technical evaluations that include laboratory testing and surveil-
lance activities are conducted.

Figure 1. The 3013 container used by Savannah River Site (SRS) for 
oxides. The outer container is consistent for all packaging sites in the 
DOE Complex. 
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Background
 The technical conclusion that the only viable degradation mech-
anisms for the 3013 containers are pressurization due to gas gen-
eration and/or corrosion associated with impurities (specifically 
chlorides and fluorides) in the plutonium-oxides1 was based on 
significant research and development. The 4927 kPa (699 psig) 
design pressure of the outer container is based on the maximum 
gas pressure that could develop in a system that contained 0.5 wt 
percent moisture, was generating 19 watts of heat, and had a gas 
temperature of 211°C. These conditions provide an upper bound 
to the conditions that could exist in a properly packaged 3013 
container system. Thus, the 4,927 kPa (699 psig) design pressure 
exceeds the pressure that would develop in a container if all the 
moisture were converted to gas and the gas temperature was at the 
maximum conceivable level. Additionally, a number of experi-
ments have been done to measure pressurization3 as a function 
of gas composition, time, and temperature. The resultant data 
convincingly demonstrate that the maximum pressure measured 
is only a small fraction of the design pressure. Therefore, the pres-
sure boundaries of the 3013 package, as defined in the 3013 stan-
dard, are sufficiently robust to contain any pressure that could 
conceivably develop within the outer container. 

Potential forms of corrosion, the second viable degradation 
mechanism for the 3013 package, have also been evaluated4 and 
include pitting, crevice corrosion, and stress-corrosion cracking 
(SCC). Corrosion is possible because of the impurities in the 
plutonium-bearing materials, mainly chlorides and fluorides, 
and the presence of moisture (an electrolyte) in the container. 
The DOE-STD-3013 moisture limit of <0.5 wt percent for the 
material is fairly conservative; however, the presence of chlorides 
and fluorides along with the very small quantity of moisture is 
of concern. Literature studies along with laboratory testing and 
surveillance activities have shown that it is unlikely for crevice 
corrosion or pitting to penetrate even one barrier let alone the 
multi-barrier 3013 package.5

However, in small-scale laboratory experiments designed to 
bound the aggressive exposure conditions possible in actual 3013 
containers packaged across the DOE Complex, stress-corrosion 
cracks developed in two Type 304L stainless steel test specimens.6,7 
The significance of these tests is that the cracking occurred at room 
temperature after only 166 days of exposure. The cracks developed 
at the plutonium-oxide stainless steel interface and only occurred 
in test samples exposed in actual plutonium-oxide. Similar sam-
ples exposed to surrogate non-radioactive oxides did not crack. 
Such cracking illustrates the importance of environment-specific 
testing. The cracking of these laboratory samples was not antici-
pated and the results suggest that the potential effects of stress 
corrosion of the convenience can and the inner container must be 
evaluated to assure that the multi-barrier design provides a robust 
package that maintains its integrity, even if the inner container 
should experience stress-corrosion cracking.

Stress-corrosion Cracking
Stress-corrosion cracking (SCC) is caused by the simultaneous 
presence of a susceptible alloy, sustained tensile stresses, and a 
particular environment8 as shown in a Venn diagram in Figure 
2. Remove any one of these parameters and SCC will not occur. 
A discussion of the 3013 package relative to stress, material and 
environment is developed below.

Stress
In the 3013 containers, the primary stresses are the residual stresses 
induced by the forming operations used to fabricate the contain-
ers and the residual weld stresses developed by the weld closure 
operations. Experience has shown that gas pressures that develop 
in the containers are well below the design pressure and therefore 
the pressure induced tensile stress imparted to the container is 
insignificant relative to the residual stresses. The residual fabri-
cation stresses from the forming operation are not well defined 
but should approach the yield strength of the container material 
as will the residual weld stresses. Taken together, these residual 
stresses will provide sufficient stress in any 3013 container to sup-
port stress-corrosion cracking should the other two conditions for 
cracking be achieved. 

Material
Austenitic stainless steels, such as the 300 series stainless steels 
used for the 3013 containers, are often chosen for applications 
that require a corrosion-resistant material that is fabricable and 
weldable. Although generally a good option, the 300 series steels 
are susceptible to chloride-induced stress-corrosion cracking and 
sensitization. Sensitization is a metallurgical change that can oc-
cur when austenitic stainless steels are heated under conditions 
that promote the grain boundary precipitation of chromium rich 
carbides. This precipitation reduces the resistance of the steel 

Figure 2. Venn diagram showing relationship of stress, environment 
and material on stress-corrosion cracking.
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to corrosion and can lead to intergranular corrosion and stress-
corrosion cracking in specific environments. Type 316L SS was 
chosen as the material of construction for the outer container 
and either 304L or 316L SS was chosen as the material of con-
struction for the inner and convenience containers. The “L” in-
dicates a low carbon content and was selected to minimize the 
tendency for sensitization, however, it is possible for sensitization 
to occur in the L grade steels. The heat-affected zones in welded 
300 series austenitic stainless steels are often sensitized and, even 
without sensitization, are often susceptible to SCC. Additionally, 
annealed microstructures and the microstructures associated with 
wrought processes such as flow forming are also susceptible to 
SCC. Therefore, several regions in the 3013 containers are sus-
ceptible to chloride-induced SCC. These regions include the clo-
sure welds in both the inner and outer containers and the heavily 
deformed regions of the inner and outer containers as well as the 
convenience containers. There is also a container fabrication weld 
in the outer container. 

The evaluations of the 3013 container stresses and materials 
demonstrate that both of these factors place the containers under 
conditions where SCC is possible if the environment will support 
the cracking process. Such evaluations provide one of the reasons 
that the moisture content of the packages is controlled to such a 
low level and illustrate the significance of the cracking observa-
tions in the small scale test specimens. 

Environment
Environmental parameters in the 3013 package include tempera-
ture, moisture, radiation, and plutonium-oxide/salt composition. 
The small scale test results suggest that SCC is possible in a 3013 
container. However, to date, SCC has not been observed in any 
packaged container. Stress-corrosion cracking has only been ob-
served in a laboratory test that exposed highly stressed, welded 
coupons to plutonium-oxide/salt mixtures at bounding moisture 
contents. In this focused laboratory setting, only one composi-
tion of plutonium-oxide/salt at bounding moisture levels resulted 
in stress-corrosion cracking. The cracking occurred near the weld 
interface which was in contact with the plutonium-oxide/salt ma-
terial. No evidence of SCC was seen in similar laboratory samples 
exposed in the headspace gas region. 

The design of the tear drop laboratory test coupons used in 
the small scale tests includes a highly stressed region with a weld 
interface and a potentially sensitized microstructure in the heat 
affected zone (HAZ) of the weld. There are two significant fac-
tors associated with the small scale test results: 1) cracking did not 
occur in the non-welded regions of the stressed test samples, even 
though those regions were in contact with the plutonium-oxide/
salt mixtures and the stresses in those regions were high enough 
to support stress corrosion, and 2) no cracking was observed in 
samples that were not in contact with the plutonium-oxide/salt 
mixtures. The microstructures in the laboratory coupons corre-

late to microstructures in the nested 3013 containers. However, 
no welds in the 3013 container configuration are in direct contact 
with the plutonium-oxide/salt mixture because they are only lo-
cated in the headspace gas region. 

The occurrence of SCC in the small scale test specimens 
exposed to the plutonium-oxide/salt mixtures at the bounding 
environmental conditions (except for temperature) was not an-
ticipated. This observation suggests that the environment in the 
3013 containers may support SCC under certain circumstances. 

The evaluation of the three factors shown in the Venn dia-
gram demonstrates that under conditions that closely correspond 
to conditions anticipated in some 3013 container systems, stress-
corrosion cracking may occur in areas where the plutonium-
oxide/salt mixtures contact the container surface. Cracking in 
the headspace gas regions and other regions where contact is not 
achieved has not been demonstrated but cannot be entirely dis-
counted at this time. However, because of the nested arrange-
ment of the container system, cracking of the outer container will 
require the presence of an appropriate environment to crack the 
convenience container, movement of the environment through 
the cracks in the convenience container into the inner container 
and the development of new cracks in the inner container, which 
propagate through the inner container wall. After the inner con-
tainer cracks, the environment must reform inside the outer con-
tainer and another set of new cracks must initiate and propagate. 
Experimental observations, outlined in the following sections of 
this report, suggest that this will not occur. 

Cracking Observations 
Stress-corrosion cracking in the two 304L stainless steel tear 
drop coupons only initiated in regions where the samples con-
tacted a plutonium-oxide/2 percent chloride salt mixture (with 
0.2 percent calcium chloride) loaded with approximately 0.6 
percent water.6,7 The cracking occurred mainly along the in-
terface between a transverse autogenous weld at the center of 
curvature of the coupon and the parent metal. The depth of the 
weld was about half the parent metal thickness. Metallography 
showed that the highly branched cracks propagated along the 
parent metal/weld interface, across the weld itself, and finally 
through the weld into the underlying parent metal. The cracks 
within the parent metal were transgranular and consistent in ap-
pearance with aqueous chloride-induced stress-corrosion cracking 
of 304L stainless steel.

The teardrop coupons were chosen as a screening test for 
stress-corrosion cracking because of their compact size, the elimi-
nation of a need for hardware or fixturing to maintain a stressed 
condition, and the ability to simulate the metallurgical condi-
tions and stresses in the containers. The stresses in the sample 
are a combination of tensile stress developed by clamping and 
welding the specimen ends to form a teardrop and other residual 
stresses developed during sample fabrication. A transverse autog-
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enous weld was placed on the metal strip before the strip was 
bent into the teardrop shape. This weld was used to simulate the 
microstructure of the closure weld in the 3013. Testing of similar 
teardrop samples in boiling MgCl

2
 solutions demonstrated that 

numerous regions contained stresses sufficient to support stress 
corrosion. These regions included the autogenous weld, the ma-
chined edges of the coupons, the weld made to produce the tear-
drop shape and the stresses in the U-bend region of the sample. 
As previously stated, the only area to crack in the plutonium-
oxide/salt tests was associated with the autogenous weld where 
the weld interface contacted the plutonium-oxide/salt mixture. 
The lack of cracking in the other, very SCC-susceptible areas of 
the teardrop samples demonstrates the critical role that plutoni-
um-oxide/salt mixture contact plays in the cracking process and 
suggests that the only regions of the 3013 container system that 
may be susceptible to SCC in the packaging environments are the 
regions where such contact exists. This observation demonstrates 
that the potential regions for SCC may be limited, even though 
the residual stresses in the 3013 containers are sufficient to sup-
port cracking in numerous regions. 

The stress in the teardrop coupon is above the yield stress 
of the non-bent steel,9 and should be approximately equal to the 
residual stresses in the 3013 containers because of the severe de-
formation that accompanies the container fabrication processes. 
The applied stress from the pressure loading of the containers is 
at levels much below the yield stress of the material. The pressure 
boundary on the outer container was built to ASME Code5 allow-
able stresses, which are limited to two-thirds of the material yield 
strength. After the first five years of the Integrated Surveillance 
Program,1 forty-three destructive examinations have been per-
formed. The ages of the containers examined ranged from three 
to six years and all pressures observed have been below 20 psig. 
This data shows that the pressure levels in the 3013 containers are 
well below the design pressure further assuring that the applied 
stress is significantly below the yield strength.

Therefore the main driving force for the stress-corrosion 
cracking in the 3013 package is the residual stress from fabrication 
just as the main driving force for cracking of the teardrop samples 
was residual stresses created by fabricating the tear drop. Sources 
of residual stress in the containers include the welding operations 
and the forming operations used to fabricate the containers. The 
inner containers also include through-wall closure welds that at-
tach the top to the containers. The outer container has two welds. 
The bottom head is attached to the outer container with a single 
groove full penetration circumferential butt weld and the lid of 
the outer container is attached with a full penetration circumfer-
ential corner joint weld that seals the container during packag-
ing. The residual stresses created by the container fabrication and 
welding processes establish numerous regions where the residual 
stresses are sufficient to support SCC and to determine the “most 
SCC susceptible” locations in the 3013 containers, a series of tests 
were conducted in boiling MgCl

2
 solutions. 

In 2002,10 a stress-corrosion cracking test was performed for 
the outer container and more recently in 2009 for the inner and 
convenience containers.11 The testing was performed to ASTM G 
thirty-six using boiling MgCl

2
 solutions. Several of the tests were 

terminated after forty-eight hours. Severe cracking was observed 
in the container walls, however no leakage of the MgCl

2
 was ob-

served through the container. The metallurgical evaluations fol-
lowing the tests confirmed that through-wall cracks were present 
in the containers. Although these branching, primarily trans-
granular cracks penetrated the container walls, the crack system 
was so torturous and the crack openings so small that the MgCl

2
 

solution did not leak through the crack system. The residual 
stresses in the container components were the driving force for 
cracking and the occurrence of cracking illustrates that residual 
tensile stresses were in excess of 10 ksi.8 The top closure weld in 
the outer container has been evaluated using finite element tech-
niques and shown to have residual stress levels as high as yield.12 
This evaluation is consistent with upper bound welding residual 
stresses at yield levels being used in the pressure vessel and piping 
industry for the evaluation of crack like flaws. Additionally, when 
weld heat input is high, the stress distribution can be at yield 
levels through the wall.13,14 These observations demonstrate that 
although the residual stresses in the 3013 containers are high, 
these fixed displacement stresses do not cause significant crack 
openings and therefore do not create an easy path for the migra-
tion of the plutonium-oxide/salt mixtures.

The residual stress levels resulting from the forming of the 
convenience and inner container have not been fully evaluated. A 
literature review, however, indicates the residual stress level result-
ing from deep draw forming processes can be significant in both 
the axial and circumferential directions.15,16 Additional evaluations 
would be required to quantify the forming residual level in the 
convenience and inner containers. Analysis of the metallurgical 
data that is currently available from the destructive examination 
being performed as part of the 3013 Surveillance Program will 
provide qualitative evidence of the presence of forming residual 
stress. A review of the fabrication procedures could provide a qual-
itative assessment of forming residual stress in the convenience 
and inner container. However, regardless of the outcome of these 
evaluations, the MgCl

2
 tests have demonstrated that residual stress 

driven cracks in the containers will provide relatively tight, tortu-
ous paths, even if they should penetrate the container wall.

Quantifying the residual stress magnitude in the 3013 pack-
age remains a priority because such quantification would allow 
direct comparisons with stress corrosion testing as performed in 
the tear drop test9 and better define the potential for crack open-
ings as the residual stress fields redistribute during the cracking 
process. The stress analysis of the teardrop coupon showed that 
the Von Mises stress at the location of the crack was approxi-
mately 70,000 psi. This stress is slightly above the yield stress 
of the parent metal, which was assumed in this analysis to be 
66,000 psi, before the metal is deformed into the tear drop shape. 
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The stress analysis showed further that the maximum Von Mises 
stress in the coupon was not found at the center of curvature, 
but rather was found to be about 93,000 psi at the shoulders of 
the coupon, due to the cold working operation as the metal is 
bent into the teardrop shape. The observation that the cracks in 
the teardrop samples exposed to plutonium-oxide/salt environ-
ments developed near the weld, rather than in the highest stress 
regions suggests that the welding process increased the material 
susceptibility to cracking. Increases in SCC susceptibility have 
been observed in SCC situations where weld-induced alterations 
in the microstructure of the material are present. 

The experimental observations of cracking in the teardrop 
samples and the 3013 container sections provide a technical basis 
to conclude that if stress-corrosion cracking does occur in the 
3013 container system, the cracking will:
 1)  Occur in regions where the container material is in con-

tact with the plutonium-oxide/salt mixtures, and
 2)  Produce a torturous crack path with minimal crack 

openings, even if the container wall is breached.

These conclusions, as will be further discussed in the next 
section, demonstrate that the nested, multi-barrier 3013 contain-
er design virtually precludes the initiation of SCC in the outer 
container. 

Multi-Barrier Container Arrangement, Welds, 
and Stress-corrosion Cracking

A detailed summary of each of the DOE Complex packaging 
site’s 3013 container configuration and its corresponding weld re-
gions are provided in Table 1. A subset of Hanford and SRS con-
tainers is expected to represent those containers with the highest 
potential for SCC due to relative humidity conditions at loading. 
The 3013 container configuration is a robust package because of 
the multiple barriers that contain plutonium-oxide against release 
to the environment. Although the mechanism by which the ob-
served SCC occurred is not fully understood, current data from 
the experimental program supports the conclusion that SCC of 
the containers requires that the plutonium-oxide material to be in 
contact with a high stress region of the 304L and 316L stainless 
steel materials.6, 7 This conclusion is further supported by the fact 
that SCC has not been observed in the headspace gas region with 
any of the numerous 3013 corrosion tests conducted at SRNL or 
LANL.17 

When considering the potential for plutonium-oxide mate-
rial to transfer from one container to the surrounding container, 
each site’s storage configuration and container design, including 
welds, need to be considered. There are no welds in several of 
the convenience containers used for packaging the plutonium-
bearing material. These convenience containers provide a barrier 
to material contact with the 3013 inner container. The Hanford 

convenience container lid contains a filter for venting. The filter 
is attached to the container using a seam fusion weld. The SRS 
convenience container lids contain notches for venting purposes. 
The seam weld on the Hanford convenience container filter is 
initiated on the external side of the convenience container lid, is 

RFETS and LLNL Configuration

Container Description Weld Description

CC BNFL convenience container 
body 316 SS sheet with container 
threads that are 316 SS bar. 
The threads are silver plated 
threads to mitigate galling. Thread-
ed lid is fabricated from Type 416 
SS bar to permit remote handling 
via magnetic mechanism.

Smooth (on external surface) and 
continuous full penetration weld 
on the container body ~6.5” 
from bottom of container. No 
closure weld.

IC BNFL inner container ASTM 
A240 316 SS. IC lid also ASTM 
A240 316 SS.

Hollow plug press fit into inner 
container to allow for laser 
closure weld. No container  
fabrication welds.

SRS configuration

Container description Weld Description

CC SRS convenience container 304L 
SS with threads. Threaded 304L 
SS lid with slots in screw threads 
to facilitate venting.

Fabrication method for con-
tainer was flow-forming method. 
Threads of the container were 
machined once the container was 
formed. There are no welds in 
either the container or lid.

IC Bagless transfer inner container 
304L SS with low sulfur content 
fabrication using precision flow-
forming, IC lid also 304L SS

No fabrication welds in the 
container. GTAW closure welded 
only

Hanford configuration

Container description Weld Description

CC Hanford convenience container. 
Very similar to the SRS  
convenience container. Lid  
material is 304/304L and  
contains vent filter.

Lid has vent filter welded in place 
via a seam fusion weld. Seam 
weld on exterior of lid and does 
not penetrate through wall. No 
welds in container.

IC Bagless transfer inner container 
304L SS with low sulfur content. 
Container body fabrication using 
precision flowforming. IC lid also 
304L SS.

No fabrication welds in the 
container. GTAW closure welded 
only.

Outer container description

OC BNFL outer container body 316L 
SS seamless pipe, base is 316L SS 
plate and lid 316L SS plate.

Smooth and continuous full pen-
etration autogenous weld ~0.5” 
from bottom of container to con-
nect container body to base cap. 
Lid press fit into body and laser 
(RFETS & LLNL) or GTAW (SRS 
& Hanford) closure welded.

Table 1. 3013 container assemblies used at RFETS, SRS, and Hanford. 
The containers are nested in the following order: CC - convenience 
container, IC - inner container, OC - outer container. A short descrip-
tion of each container is given along with the welds.
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not through wall, and therefore, it is not in direct contact with 
plutonium-oxide powder. In the SRS convenience containers the 
notch may allow for some small amount of plutonium-oxide ma-
terial to transfer into the inner container. It is expected that this 
material will settle at the bottom the inner container away from 
the closure weld region that is considered to have the most SCC 
susceptible microstructure in the container. Basically, however, 
the transfer of significant quantities of plutonium-oxide into the 
inner container of either the Hanford or SRS packages requires a 
breach of the convenience container. 

The residual stresses in the convenience containers11 are 
sufficient to support SCC in boiling MgCl

2
 solutions, however 

a susceptibility to cracking in relevant plutonium-oxide/salt/
moisture environments has not been demonstrated. The only 
plutonium-oxide induced cracking that has been observed has 
occurred in near weld regions, even when these regions contained 
lower stresses than were present in non-cracked regions of the 
same samples. This observation suggests that the stress level is less 
significant than the metallurgical condition of the material that 
results from a welding operation. Therefore, the 3013 packag-
ing process results in the plutonium-bearing materials being in 
direct contact with low susceptibility regions of the convenience 
containers and stress-corrosion cracking of the convenience con-
tainers is not expected. However, in order to conservatively assess 
the robustness of the 3013 package, a through-wall crack due 
to stress-corrosion cracking of a 3013 convenience container is 
postulated. Intuitively, a through-wall crack may provide a path 
for potential material transport through the container. However, 
because of the tight, torturous path created by the stress corrosion 
crack, the transport of oxide and salt particulates through a SCC 
in a 3013 container is not considered credible. 

Stress-corrosion cracks have occurred in stainless steel piping 
in aqueous systems and in laboratory experiments. As a result, 
models have been developed to evaluate water leakage through 
such cracks in leak-before-break demonstrations.18 Although not 
directly applicable to the analysis of particulate transport, the 
mechanistic description of water flow through a stress-corrosion 
crack with an area controlled by crack length, pressure loading, 
and material compliance, with flow rates directly related to stress-
corrosion-crack tortuosity and the fluid velocity regime, is rel-
evant to an assessment of particulate transport. 

A through-wall crack in a material is opened (crack open-
ing displacement) under membrane and bending stresses. The 
amount of opening is depending on the crack length and stress 
level.18 That is, a crack that has grown under a residual stress field 
cannot be opened unless a sustained pressure loading is present or 
the residual stress is not significantly relieved by crack propaga-
tion. Furthermore, the channel traversing the section of steel is 
not smooth—the morphology of stress corrosion cracks in stain-
less steel show crack paths to be comprised of numerous turns 
and branches along the crack channel as observed in the SRNL 
results.18 Particles of plutonium-oxide at sizes even well below the 

typical stainless steel container material grain sizes of 25-50 μm 
could not be expected to pass though the crack channel. In addi-
tion, a driving force would be needed to move a particle through 
the crack channel. Only entrainment in a fluid flow (e.g., water or 
high velocity gas) could provide a driving force on the particle. 

This case is not credible in any of the containers in the 3013 
system, first because high gas pressures have not been observed 
and second because any gas pressure loading on a crack would be 
expected to be quickly relieved without any significant transport 
of material from one nested container into the next. Additionally, 
because of the Hanford filter and the SRS notches, neither of 
those convenience containers is capable of pressurization, which 
means that entrainment of particulates through stress corrosion 
cracks in those containers is not credible. Therefore, bulk trans-
port of oxide and salt particulate material through a stress corro-
sion crack without wide openings due to high membrane stresses 
and sustained flow is not feasible. As discussed earlier, the applied 
stress due to pressure is much below the yield stress of the mate-
rial and even if high pressures did develop those pressures would 
dissipate as soon as the container wall was breached. Additionally, 
a sustained pressure would be needed to keep the crack open. 
This conclusion is supported, in part, by the observations in the 
MgCl

2
 test of the outer container that showed that a high-viscos-

ity solution (MgCl
2
) did not leak through a container.6

Additionally, because of the ductile nature of 304L and 316L 
stainless steels, the container will not fall apart or crumble, even 
if a crack is present in the 3013 containers. This is a common 
and well known metallurgical phenomenon. The integrity of the 
convenience container, because it is austenitic stainless steel, is 
adequate to maintain the containment of the plutonium-oxide 
material, except for contamination levels and the inner contain-
er provided yet another barrier to reaching the outer container. 
Therefore, it is not likely that the quantities of plutonium-oxide/
salt mixtures necessary to initiate SCC will reach the inside of an 
outer 3013 container packaged at any of the packaging or stor-
age sites. To reach the outer container the plutonium-oxide must 
transfer from the convenience container into the inner container 
in sufficient quantities to create a through-wall SCC then transfer 
enough material to the outer container to create another SCC. A 
single crack initiation-material transfer process is, for reasons de-
scribed in this report, unlikely, and the possibility that the initia-
tion/transfer event will occur multiple times in a 3013 container 
system is not considered credible. 

Conclusion
Evaluations of the container materials, fabrication, and residual 
stresses in the 3013 package suggest that the multi-barriers and 
robust nature of the system will mitigate the potential for degra-
dation of the outer container even though stress-corrosion crack-
ing was observed in small scale laboratory coupons. The technical 
basis for this conclusion is focused on the following:



23Journal of Nuclear Materials Management Winter 2010, Volume XXXVIII, No. 2

•	 The	robust,	multi-barrier	nature	of	the	3013	container	sys-
tem, monitored through the surveillance program, should 
preclude a breach of the outer container. 

•	 Transport	of	oxide	and	salt	particulates	through	a	stress	cor-
rosion crack in a 3013 container is not credible. 

•	 Regardless	of	whether	a	crack	is	present	in	any	of	the	3013	
containers, the ductile nature of 304L and 316L stainless 
steels prevents the container from falling apart or crumbling.

•	 Welds,	which	are	known	to	contribute	high	residual	stresses	
and potentially stress-corrosion cracking susceptible micro-
structures, are not present in the convenience container.

•	 Plutonium-oxide	material	is	not	in	contact	with	welded	re-
gion of inner container, the area most susceptible to stress-
corrosion cracking. 

This technical basis is also supported by other observations, in-
cluding the facts that: 
•	 The	cracks	were	observed	in	Type	304L	stainless	steel,	which	

is more susceptible to stress-corrosion cracking than the Type 
316L stainless steel used to fabricate the outer 3013 containers.

•	 Cracking	was	observed	in	the	oxide/coupon	contact	region	
for only one composition of oxide salt. In previous corrosion 
studies, many other samples have been exposed to salt bear-
ing, plutonium-oxide materials and no evidence of stress-
corrosion cracking was found.

However, an evaluation of the SCC behavior and the poten-
tial for SCC within the 3013 package headspace is continuing 
because of the importance of the conclusion that, under 3013 
relevant conditions, contact with salt material in an aqueous solu-
tion is necessary for cracking to occur. 
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Abstract
Excess plutonium materials in the U.S. Department of Energy 
(DOE) Complex are packaged and stored in accordance with 
DOE-STD-3013.  This standard specifies requirements for the 
stabilization of such materials and subsequent packaging in dual 
nested seal-welded containers. Austenitic stainless steels have 
been selected for container fabrication. The inner 3013 container 
provides contamination control while the outer 3013 container 
is the primary containment vessel and is the focus of this paper.  
Each packaging site chose a process for seal welding the outer 
3013 containers in accordance with its needs and expertise.  The 
two processes chosen for weld closure were laser beam welding 
(LBW) and gas tungsten arc welding (GTAW).  Following de-
velopment efforts, each system was qualified in accordance with 
DOE-STD-3013 prior to production use.

The 3013 outer container closure weld joint was designed to 
accommodate the characteristics of a laser weld.  This aspect of 
the joint design necessitated some innovative process and equip-
ment considerations in the application of the GTAW process.  
Details of the weld requirements and the development processes 
are presented and several potential enhancements for the GTAW 
system are described.

Introduction and Background
DOE-STD-30131 governs the stabilization and packaging 
of plutonium-bearing materials within the U.S. Department 
of Energy (DOE) Complex.  This standard specifies that the 
material be stored in two nested containers that are fabricat-
ed from a ductile, corrosion resistant metal or alloy and seal 
welded.  Austenitic stainless steels (Types 304L and 316L) 
were selected for container fabrication. Furthermore, mate-
rial shipped to the Savannah River Site for storage must meet 
requirements2 in addition to those specified in the 3013 stan-
dard.  The integrity of containment is assured through the 
container design, material specification and fabrication re-
quirements, closure weld integrity, and post-closure testing.  
This paper focuses on the closure weld integrity for the outer 

container, and the weld systems that have been developed to 
provide an acceptable closure weld.

The corner joint of the 3013 outer container is formed by 
pressing an interference-fit (nominally 0.04 mm interference) lid 
into the container, creating a square-groove, weld preparation 
(Figure 1).  The closure weld is made autogenously (without ad-
dition of filler).

Description of Closure Weld Systems
Five sites within the DOE complex have packaged plutonium-
bearing materials in accordance with DOE-STD-3013.  Rocky 
Flats Environmental Technology Site (RFETS) and Lawrence 
Livermore National Laboratory (LLNL) used a laser beam weld-
ing (LBW) system, while Hanford Site (Hanford), Savannah Riv-
er Site (SRS), and Los Alamos National Laboratory (LANL) used 
a gas tungsten arc welding (GTAW) system.  

The LBW system was developed by British Nuclear Fuels 
Limited (BNFL), which also established the design details for the 
outer container.  As the first site to begin packaging excess pluto-
nium material, RFETS used the BNFL system, which was origi-
nally envisioned for use throughout the DOE complex.  How-
ever, because of site-to-site differences in expertise and economic 
considerations, alternate weld closure solutions were developed 
and deployed.  The weld closure systems that emerged include:
1) Rocky Flats Environmental Technology Site:  The RFETS 
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Gary R. Cannell 
Fluor Enterprises, Inc., Greenville, South Carolina USA 
 
Scott A. Breshears 
Los Alamos National Laboratory, Los Alamos, New Mexico USA

Figure 1. Sketch of 3013 outer container (left) and photo container 
after welding
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system was a fully automated, glovebox enclosed system that 
integrated plutonium stabilization operations with packaging 
the material in both the 3013 inner and outer containers.  The 
LBW system used a 2 kW Nd:YAG laser for both the inner 
and outer container closure welds.  A packaging control sys-
tem controlled the closure weld process, and a data manage-
ment system provided some data collection capability.3, 4

2) Lawrence Livermore National Laboratory:  LLNL chose to 
use the same laser technology, but incorporated several modi-
fications.  The LLNL system used much less automation, and 
changed some of the weld parameters (slower speed, increased 
power) to improve the weld bead shape.4, 5

3) Hanford Site:  Hanford decided to pursue the development 
of a GTAW system, and contracted with Savannah River 
National Laboratory (SRNL) for this effort.  It was believed 
that a hands-on, less complex system would provide a more 
robust process (i.e., more forgiving of minor process varia-
tions), which would better support Hanford’s plutonium 
packaging cost and schedule requirements.

  The Hanford system consisted of standard off-the-shelf 
orbital GTAW equipment modified to accommodate the 
outer container design, including the addition of a copper 
alloy chill block, modifications to the clamping system, the 
use of a thoriated (2 percent ThO

2
) tungsten electrode and 

other mechanical features.  In addition, a data acquisition 
system (DAS) was developed.6, 7 The DAS acquired infor-
mation to assure that proper process control was maintained 
throughout the welding process. The actual weld sequence 
was programmed to proceed automatically, but all other me-
chanical operations were performed manually.

4) Savannah River Site:  SRS used the GTAW technology that 
was developed for Hanford, with several improvements 
based on the experience at Hanford.  The system retained 
the same degree of manual operation and the DAS was up-
graded to capture more weld process information.  During 
initial testing, a number of weld failures (blowouts) were 
experienced due to the pressure developed in the container 
interior.  Insertion of the container lid increases the internal 
pressure to above atmospheric and this pressure can increase 
further as the weld operation heats the container. Occasion-
ally the internal pressure reached the point that a weld blow-
out occurred and elimination of such blowouts presented an 
operational challenge to the welding process. This challenge 
was addressed by backfilling the container with less than 760 
torr (1 atm) pressure, so that inserting the interference-fit lid 
would create an internal pressure just above, but not signifi-
cantly greater than 760 torr (1 atm).  

5) Los Alamos National Laboratory: LANL developed its own 
closure weld system based on GTAW technology.  The 
LANL system used a fixture to rotate the outer container 
during welding.  The weld head and fixture were located in-
side a welding enclosure (similar to a small glovebox) with 

a helium atmosphere.  This ensured that the container was 
filled with 100 percent helium.  The interference fit between 
the body and the lid was overcome by heating the top of 
the body to about 120°C (250°F) with a band heater; ther-
mal expansion then allowed the lid to be seated manually 
through a gloveport.

Each of these DOE sites pursued the development and/or 
acquisition of a closure weld system that was consistent with their 
expertise, needs and available resources.  Each system offered ad-
vantages, and performed the assigned mission.

Following their respective development, each of the closure 
weld technologies (LBW, GTAW) underwent testing to demon-
strate the closure system met the requirements of References 1 and 
2. This included 9.1 m (30 ft) drop tests (dropping a container 
onto a flat surface), 3 m (10 ft) crush tests (dropping a container 
onto a second container), hydrostatic proof and burst testing, met-
allographic and radiographic examination, and stacking (stack of 
multiple containers) tests.  Leak tightness had to be demonstrated 
following the drop, crush, proof, and stacking tests.

At each site, the outer container welder (OCW) underwent 
an initial qualification run, as required by the governing stan-
dard,2 before it was placed into production.  This run consisted 
of completing twenty-five successive successful welds, and per-
forming subsequent analysis to demonstrate the integrity of all 
twenty-five welds.  This analysis included:
•	 Visual	examination	of	closure	weld
•	 Leak	test	of	the	sealed	container
•	 X-ray	examination	of	the	entire	length	of	closure	weld
•	 Metallographic	examination	of	four	(or	more)	cross-sections	

through the closure weld

Post-Weld Quality Checks
Once approved for production use, every container that is suc-
cessfully seal welded receives several inspections to ensure its in-
tegrity.  These inspections include the following:
•	 The	data	acquisition	system	report	is	reviewed	to	verify	that	

the weld parameters were within established ranges.
•	 The	weld	receives	a	visual	inspection	for	surface	flaws	or	dis-

continuities.
•	 The	 container,	 which	 was	 filled	 with	 helium	 prior	 to	

welding, is placed under a belljar for a helium leak test.  
Separate criteria are used to identify gross leakage and fine 
leakage.  The leak rate must be < 2.0 E-7 std cc He/sec, per 
ANSI 14.5.

•	 In	 order	 to	 fit	 within	 a	 shipping	 package,	 the	 container	
must meet strict dimensional requirements. The height and 
diameter are verified to meet these requirements. (A small 
relaxation of the diameter requirement was approved for 
RFETS.)
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Beyond these minimum requirements, LANL also recorded 
a video of each production weld, both during the weld and after 
the weld was completed.  SRS performed digital radiography on 
every closure weld, to screen for unacceptable porosity or other 
internal defects.

As a minimum, every twenty-fifth production weld is made 
on a container with surrogate content.  After all other inspections 
are completed, the lid (with the closure weld) is separated from 
the outer container.  The closure weld is x-rayed and sectioned for 
required metallographic examination.2  The x-ray examination is 
conducted and evaluated in accordance with ASME Section VIII, 
Division 1, UW-51 (7.3).  The metallographic examination in-
terrogates the weld cross-section at four (or more) locations, and 
must show full penetration, be free of cracks and lack of fusion (at 
10X magnification), and have a weld bead geometry in compli-
ance with ASME Section VIII, UW-13.2 (d).  RFETS received 
relief from the weld bead geometry requirement,4 which evolved 
from arc welding processes and is difficult to meet with a highly 
focused laser weld.  This is one reason that LLNL changed the 
welding parameters from those used at RFETS. 

Process Challenges Inherent to Each System
There are inherent differences between the LBW and GTAW 
systems that presented both opportunities and challenges in meeting 
the requirements of the 3013 closure.  Some of these include:
•	 The	LBW	system	is	more	complex	than	a	GTAW	system.	In	

the RFETS system, several integrated functions were housed 
together.  Activities such as content stabilization, container 
loading, inner can welding/cutting were interconnected, 
with a chain of automation that hampered reliability and 
increased operational difficulties.  As a result, this system was 
unreliable and difficult to operate.3  

•	 The	 relative	 simplicity	 of	 the	 GTAW	 system	 led	 to	 lower	
capital and maintenance costs.  It also reduced down-time 
and supported a more aggressive packaging schedule.

•	 The	 LBW	 system	 was	 capable	 of	 faster	 welding	 speed	 and	
demanded less heat input, so the welded canisters required 
less cool-down time before post-weld operations.  However, 
integration with other controlling steps such as nuclear ac-
countability negated much of the production rate advantage.

•	 GTAW	is	a	mature	technology,	with	a	long	history	of	use	in	
similar applications.  Some of the sites had a greater institu-
tional familiarity with this technology, and were therefore 
more comfortable in its use.

•	 The	LBW	produces	a	weld	bead	with	a	narrower/deeper	as-
pect ratio than GTAW.  This created a challenge for the LBW 
systems in meeting the ASME Section VIII, UW-13.2(d) re-
quirement.  The same weld bead dimension requirement cre-
ated a challenge for the GTAW systems to achieve full joint 
penetration without melting into the top edge of the lid.

Aside from the above issues that are specific to the 3013 
outer container closure, each weld system had several challenges 
based on its particular characteristics.  For the LBW systems, the 
challenges included energy dispersion from plume disturbance, 
beam to surface coupling, control of pool depth, personnel pro-
tection controls, gas entrapment (porosity) issues, and underbead 
inconsistencies.  For the GTAW systems, the challenges included 
achieving the correct depth to width profile, gas coverage, gas en-
trapment (porosity) at overlap areas, and depth of penetration.

The challenges presented to both technologies by the ASME 
Section VIII, UW-13.2(d) requirement were met in different 
ways.  RFETS was granted regulatory relief from the require-
ment.  LLNL successfully met the requirement for weld bead 
aspect ratio by implementing a reduced weld speed and increas-
ing the heat input.  The challenges this requirement presented to 
GTAW systems were different.  The aspect ratio for the weld bead 
is relatively easy for a GTAW system to meet, but the closure joint 
design provided inadequate space for the relatively wide GTAW 
weld bead.  This was addressed primarily through the use of a 
chill block, as discussed in the next section.

Development Efforts for GTAW Systems
The 3013 outer container closure, designed for LBW, incorpo-
rates a corner joint placed very close to the top edge of the con-
tainer (Figure 1).  This placement was selected because the LBW 
weld profiles are characterized by a relatively small weld width to 
depth aspect ratio that allows the weld to be readily made without 
melting the lid edge.  However, GTAW welding tends to produce 
welds having a larger aspect ratio.  Because of the closure joint 
placement, the requirement to not consume (melt) the lid edge 
necessitated additional development activities to produce an ac-
ceptable GTAW weld.  It should be noted that redesign of the 
3013 Outer Container closure joint, to accommodate the typical 
GTAW weld profile, was not an available option.  The follow-
ing describes some specific modifications and other activities per-
formed during development of acceptable weld processes using 
the GTAW systems.

Figure 2. Chill block sketch and details
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The Hanford and SRS systems used an off-the-shelf orbital 
weld head, modified to incorporate a dispersion-strengthened 
copper alloy chill block (Figure 2).  The chill block, which cou-
pled to the top of the container, removed excess heat at the lid 
corner, restricting bead width and thus preventing melting of the 
lid edge.  In addition, the chill block helped register and align the 
closure joint to the electrode.  The container was welded while 
in an upright position, such that the weld was made on a vertical 
surface moving in a horizontal plane (2G position).

A series of test welds designed to identify welding parameters 
that would produce the needed bead shape (small aspect ratio) was 
performed.  The test welds were designed to evaluate electrode ma-
terials, shielding gases, and other parameters affecting bead shape.  
Based on the results of these tests, a 2 percent thoriated tungsten 
electrode material and 2.6 – 2.9 percent hydrogen (argon remain-
der) shielding gas were selected for this pulsed arc weld.  A para-
metric study was then conducted to optimize the weld parameters 
(current, arc gap, travel speed).  The weld schedule synchronized 
the pulsed weld current with the stepped advance of the electrode.  
This allowed a high current while controlling the weld pool freeze 
rate to improve the width to depth aspect ratio.

The LANL system used an automated GTA welder mounted 
on a three-bar fixture that was used to rotate the container.  The 
container was on its side so that the weld was made on a horizon-
tal surface (1G position).  A copper chill block wrapped around 
the container body and another cooled the lid.  The lid/container 
cooling induced by these copper chill blocks prevented consump-
tion of the lid edge during the welding operation.  

The LANL system provided programmable control of the 
electrode position. The weld process was completed within a 
helium-filled weld enclosure to ensure helium content in the 
container after weld completion. Development tests with this 
system led to the selection of a 1.5 percent lanthanated tungsten 
electrode material and helium shielding gas. Weld data collec-
tion included arc current and voltage, rotation (travel) speed, and 
electrode position.

The effects of sulfur on bead penetration and shape in fusion-
welded austenitic stainless steels are well documented.8  To limit 
the potential for variation in bead shape and penetration, testing 
was performed to identify acceptable levels of sulfur.  From this 
work, sulfur limits more restrictive than those specified in the 
general material specification were established.  The limits are: 
50 – 250 ppm sulfur in the shell and 100 – 250 ppm sulfur in 
the lid.  

The evaluation of early Hanford production welds showed 
that weld penetration was relatively low near the weld start, and 
increased as the weld advanced along the joint.  To increase the 
tendency toward deeper weld penetration, a preheat phase was 
added at the weld start location, and the weld speed was reduced 
for the first several inches of travel.  The LANL system main-
tained a single weld speed, but improved the initial depth of pen-
etration with a two second preheat at the weld start.

Because there is an interference fit between the lid and the 
container body, pressure buildup in the container can occur as the 
lid is pressed into position and increase further during welding, 
as the internal gases heat up.  On occasion, this internal pressure 
would affect the molten weld puddle, creating a weld void defect.  
This was addressed in the SRS system by backfilling the container 
to a pressure slightly less than atmospheric prior to pressing the 
lid.  The LANL system approached this issue differently, by add-
ing a small vent path to the lid.  The vent was positioned to be 
welded closed at the end of the weld sequence.  Both of these 
methods effectively eliminated weld defect issues associated with 
internal pressurization.

Improvements for Next Generation  
GTAW System
With the planned construction of a new facility at SRS that will 
handle and package plutonium materials, the SRS GTAW sys-
tem has been reviewed, and potential improvements identified.  
Development efforts have begun on several such improvements, 
including:
•	 Arc	 length	controller—Occasional	 loss-of-arc	upsets	 to	the	

GTAW process were observed during the outer container 
welding campaigns.  These upsets were typically arc initia-
tion failure, arc loss, or stub-out (contact between the elec-
trode and weld pool).  A portion of these upsets were at-
tributed to variations in the gap between the outer container 
surface and the electrode.  An “arc length controller” (Figure 
3) was developed to provide a more consistent arc gap by pro-
viding a constant standoff from the weld joint surface.  The 
arc length controller includes a spring-loaded compliance 
mechanism with a standoff guide that allows the electrode to 
follow the outer container contour and maintain a consistent 
arc gap throughout its orbit, regardless of variations in can-
to-weld-head alignment.

Figure 3.  Arc length controller installed in the SRS GTAW weld head
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 Limited testing of the arc length controller mechanism indi-
cates that it reduces failures relating to arc initiation, arc loss 
and stub-outs.  Maintaining a consistent arc gap may also be 
expected to result in a more uniform weld profile, though 
this attribute has not been evaluated yet.  The validity of the 
arc length controller design has been demonstrated, but ad-
ditional work is needed to make it more robust for a produc-
tion environment.

•	 Vented	lid—Most	of	the	outer	containers	that	were	welded	
during development of the arc length controller utilized the 
LANL vented lid design.  No defects from internal pressure 
occurred during this period.  Although the number of con-
tainers welded during these tests was insufficient for mean-
ingful comparison with the occurrence of such defects in 
production, plans are to adopt the vented lid for future cam-
paigns to eliminate the need to closely control the helium 
pressure prior to pressing the lid into place.

•	 Increased	 current—Limited	 testing	 was	 performed	 to	 in-
vestigate the impact of increased weld current on the outer 
container weld profile, especially with respect to penetration.  
As expected, the containers welded at higher current levels 
exhibited greater average penetration and greater penetration 
at the minima locations.  

  However, higher current also generated a wider weld 
bead, the edge of which increasingly approached the top 
edge of the lid as current was increased.  Since the outer 
container weld is performed in the 2G position at SRS, in-
creased weld current can increase the sag of the weld bead.  
Excessive sagging of the weld bead can cause the finished 
outer container to exceed the maximum allowable diameter.  
Additional testing is needed to optimize the weld current.  
The greater margin of penetration produced by higher cur-
rent must be balanced with a) the diminished clearance be-
tween the weld bead and the top edge of the lid, and b) the 
increased sagging of the weld bead potentially exceeding the 
maximum allowed diameter.

	•		 Rewelding—Limited	testing	was	performed	to	determine	if	
rewelding an outer container could be used to reduce weld 
porosity, thus potentially salvaging a noncompliant outer 
container.  Five outer containers that had initially failed 
the porosity criteria (as determined by radiography) were 
rewelded using a reduced weld current (170 vs 180 amps).  
Subsequent radiographic analysis showed that although not 
all rewelded outer containers passed the porosity criteria, po-
rosity was significantly reduced.  Additional testing is needed 
to evaluate the feasibility of rewelding to reduce porosity and 
salvage outer containers that are initially rejected.

Conclusions
Five DOE sites have developed systems to successfully complete 
the closure weld on 3013 outer containers.  The details of imple-

mentation at each site varied, but all sites used either a LBW or 
GTAW system.  Each site has been successful in performing its 
mission with its selected system.  Additional improvements and 
feedback from the experience of the other sites are being considered 
in a next-generation GTAW system at the Savannah River Site.
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Abstract
The U.S. Department of Energy (DOE) Complex is packaging 
plutonium-bearing materials for storage and eventual disposition 
or disposal. The materials are handled according to the DOE-
STD-3013, which outlines general requirements for stabilization, 
packaging, and long-term storage. The storage vessels for the 
plutonium-bearing materials are termed 3013 containers. Stress-
corrosion cracking has been identified as a potential container 
degradation mode and this work determined that the residual 
stresses in the containers are sufficient to support such cracking. 
Sections of the 3013 outer, inner, and convenience containers, in 
both the as-fabricated condition and the closure welded condi-
tion, were evaluated per ASTM standard G-36. The standard re-
quires exposure to a boiling magnesium chloride solution, which 
is an aggressive testing solution. Tests in a less aggressive 40 per-
cent calcium chloride solution were also conducted. These tests 
were used to reveal the relative stress-corrosion cracking suscep-
tibility of the as fabricated 3013 containers. Significant cracking 
was observed in all containers in areas near welds and transitions 
in the container diameter. Stress corrosion cracks developed in 
both the lid and the body of gas tungsten arc welded and laser 
closure welded containers. The development of stress corrosion 
cracks in the as-fabricated and in the closure welded container 
samples demonstrates that the residual stresses in the 3013 con-
tainers are sufficient to support stress-corrosion cracking if the 
environmental conditions inside the containers do not preclude 
the cracking process.

Introduction
The U.S. Department of Energy (DOE) Complex is packaging 
plutonium-bearing materials for storage according to the DOE-
STD-3013,1 which outlines, in part, the specification for the 3013 
storage containers. The internal environment for some 3013 con-
tainers is such that chloride stress-corrosion cracking (SCC) is a 
potential degradation mode of the stainless steel containers dur-
ing storage.2 The three factors necessary for SCC are a susceptible 
material, a corrosive environment, and a tensile stress. The stress 
can result from either an applied load or a residual stress resulting 
from fabrication or welding processes. For the 3013 containers, 
both fabrication and welding residual stresses may be present. The 
outer container has both a fabrication weld that joins the bottom 
to the sidewall and a closure weld. The convenience and inner 

containers tested were made by a flow form process, which cold 
works the stainless steel during fabrication. The inner containers 
also are sealed at the container top with a closure weld to the seal-
ing plug. The residual stresses that are produced by fabrication 
and welding processes may exceed the nominal yield strength of 
the stainless steel and are particularly problematic in the weld 
heat affect zone (HAZ) where microstructure also contributes to 
the potential for SCC.3

Testing was performed under several conditions to deter-
mine if the residual stresses were sufficient for the initiation and 
propagation of SCC. Testing in boiling magnesium chloride is 
an accepted ASTM standard practice for assessing the effects of 
material properties (composition, surface finish, microstructure, 
heat treatment, etc.) and stress conditions on susceptibility to 
chloride SCC.4 The boiling magnesium chloride solution is a se-
vere environment that may be much more aggressive than the 
actual exposure environment as that encountered in 3013 con-
tainers during storage.4,5 

Less aggressive SCC testing has been developed so that the 
test results correlate better with actual industrial service. Two 
such environments are a boiling acidified sodium chloride solu-
tion (ASTM G1236) and a 40 percent calcium chloride solution 
at 100°C. The 40 percent calcium chloride solution was used in 
this study because cracking had occurred during corrosion tests 
under simulated storage conditions with salts containing calcium 
chloride.7,8 For these simulated storage tests, the test coupons 
were teardrop-shaped coupons fabricated of Type 304L stainless 
steel. Similar teardrop-shaped coupons and an inner-container 
welded-top section were tested in the 40 percent calcium chloride 
solutions to provide comparative results for assessing the effect 
of residual stresses in a less aggressive environment that is more 
relevant to 3013 containers. 

Experimental Test Setup
The SCC testing was performed with different solutions, expo-
sure conditions, and samples to assess the effect of residual stress-
es on the SCC susceptibility of 3013 containers. The various test 
conditions are discussed herein. 

Test Samples
Test samples consisted of both standard commercial teardrop 
coupons and specimens cut from 3013 containers. The teardrop 
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coupons were made of 304L stainless steel (304L). Two sizes were 
used with dimensions of 0.16 cm (0.0625 in) thick × 1.91 cm 
(0.75 in) wide × 10.16 cm (4.0 in) length and 0.16 cm (0.0625 
in) thick × 1.27 cm (0.5 in) wide × 6.35 cm (2.5 in) length. The 
different sizes were used to develop comparison data with previ-
ous testing performed in simulated 3013 environments contain-
ing plutonium and the test results with actual 3013 containers. 

A 3013 container system consists of up to three contain-
ers, outer, inner, and usually a convenience container, which 
are shown in Figure 1. The outer container is made of 316L 
stainless steel (316L), while the inner and convenience con-
tainers are made of 304L. The 316L outer container is fab-
ricated from a formed bottom, a sidewall, and a top lid. The 
sidewall and bottom sections are butt joined together by GTA 
welding. The two types of closure welds approved for use on 
the outer container were tested, namely a laser beam weld and 
a gas tungsten arc (GTA) weld. The inner and convenience 
container bodies are fabricated by a flow form process. Flow 
forming is a cold metal forming process where a preform is 
extruded over a rotating mandrel to produce a rotationally 
symmetrical hollow component. At the Savannah River Site 
and Hanford Site, the inner container lid is also GTA welded, 
while a convenience container, if used, does not have a welded 
top. For these tests, the containers were sectioned by electro-
discharge machining (EDM) at the center height so that the 
residual stress states would remain as undisturbed as possible. 
Each container half was used as both a test specimen and a 
solution container. 

The inner containers had been used previously for other 
types of testing and had several small holes in the bottom and side 
walls. To prevent the test solution from leaking through the con-
tainer sections, these holes were filled with weld filler metal and 
then ground flat. The holes on the bottom were not completely 

filled so a small 0.64 cm (0.25 in) diameter hole partially through 
the bottom was present on the solution side. 

Table 1 gives the test matrix for the container sections and 
teardrop coupons. Post-test analyses were primarily visual evalu-
ations documented by photography. Limited metallographic ex-
aminations and dye penetrant testing were performed also. 

Test Solutions
Test samples were exposed to either a boiling magnesium chloride 
solution per ASTM G36 or a 40 percent calcium chloride solu-
tion at 100°C following the guidance of ASTM G123. ASTM 
G36 is an accelerated, aggressive test and involves exposing test 
samples to a boiling magnesium chloride solution for a user-de-
fined test period. The calcium chloride test at 100°C was per-
formed to determine crack initiation and propagation rates in an 
environment that was more similar to the small scale corrosion 
test environment where SCC was observed.6 

Test Setup
The magnesium chloride tests used the container section as the 
sample as well as the vessel to contain the chloride solutions. The 
test section was placed in a larger containment vessel to collect any 
solution that may leak through the container specimen if crack-
ing occurred during testing. The nested assembly was then placed 
on a hot plate. The test solution (45 percent magnesium chloride) 
components, 600 g of MgCl

2
. 6H

2
O and 15 mL of water, were 

placed into the container specimen. A glass lid was made to fit 
snugly into the opening of the container specimen with ports 
for a thermometer and a water-cooled condenser, which had a 
liquid trap on top. A solution of 25 percent magnesium chloride 
was placed in the liquid trap per the ASTM standard. Once the 
boiling temperature of the test solution was established at 155.0 
± 1°C, any necessary temperature adjustments were made during 
the test by either adding additional magnesium chloride or water. 
The teardrop coupons were suspended in boiling (155°C) mag-
nesium chloride solutions contained in glass vessels. Tests gener-
ally were conducted until the samples cracked. 

Figure 1. 3013 containers (outer, inner, convenience) used by Savan-
nah River Site for oxides

Test Sample Boiling MgCl
2
  

at 155 °C
40 percent CaCl

2
 

at 100 °C

Outer container – welded top X

Outer container – bottom X

Inner container – bottom X

Inner container – welded top X X

Hanford convenience X

SRS convenience X

304L teardrops X X

Table 1. Test matrix
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At the conclusion of a test, the container specimens were 
filled with water to determine if leaking occurred from both 
known and unknown cracks. If leaking did not occur the con-
tainer specimens were tested with dye penetrant to determine if 
cracking had occurred. 

The potential for corrosion in the interior vapor space of 
3013 containers was tested on one inner container with a welded 
top that was suspended over a boiling magnesium chloride solu-
tion for five days. The solution and container top section were 
enclosed in a glass vessel. The remainder of the set up was similar 
to the procedure described above. 

The calcium chloride test solutions were prepared using stan-
dard reagent chemical and distilled water that was added to either 
the container specimen or standard laboratory glassware for the 
teardrop coupons. The container specimen set up was similar to 
that used for the magnesium chloride testing shown in Figure 2. 
The test solution was heated to 100°C and maintained until the 
container specimen or teardrop coupons cracked.

Results
Cracking occurred in all container specimens exposed to either 
the boiling magnesium chloride or the 40 percent calcium chlo-
ride solutions. These results demonstrate that residual stress levels 
were sufficient to cause SCC in numerous locations in the 3013 
containers. The test results for the 3013 container specimens 
tested in boiling magnesium chloride solutions are summarized 
in Table 2. Multiple tests were performed on inner container bot-
tom sections because of the variable results and the complications 
from the previous testing holes, which were located in the bottom 
and sidewall. Two inner container top sections were tested for 
reproducibility. 

Figure 2. Test setup for boiling magnesium chloride testing

Container Section Hours in Test Crack Locations

Outer Container – 
bottom with  
fabrication weld

48 Axial cracks in sidewall
Radial cracks in bottom

GTAW closure 
weld outer  
container

48 Axial cracks in sidewall
Radial cracks in bottom
Parallel crack near weld

LBC Weld outer 
container

48 Axial cracks in sidewall
Radial cracks in bottom
Pitting on interior container bottom

Inner container  
#1 – bottom
No sidewall hole

5 EDM cut rim
Bottom drilled hole
Circumferential

Inner container  
#4 – bottom

24 Sidewall hole
Bottom drilled hole
Circumferential

Inner container  
#2 – bottom

48 Sidewall hole
Bottom drilled hole
Circumferential and axial in sidewall

Inner container  
#3 – bottom
No sidewall hole

48 EDM cut rim
Bottom drilled hole

Inner container  
#3 – top

2 Perpendicular to weld

Inner container  
#1 – top

3.5 Parallel and perpendicular to weld

Inner container  
#2 – top – vapor

120 Small cracks in crevice perpendicular 
to weld

SRS convenience 
container

5.5 Axial in sidewall and radial in bottom

Hanford conve-
nience container

48 Circumferential and axial in sidewall

304L teardrops 1.3 Through-wall near weld

Table 2. Boiling magnesium chloride test results for 3013 container 
specimens
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Outer Container — Fabrication Weld
Through-wall cracks were observed in the bottom half of the as-
fabricated container specimen after forty-eight hours of testing 
in boiling magnesium chloride solutions (Figure 3). Other cracks 
were observed on the interior of the container specimen that did 
not appear to propagate through the wall. Five through-wall cracks 
which ranged in length from 0.38-2.06 cm (0.15-0.81 in) were 
visible. All of the cracks observed were generally perpendicular to 
the base-to-container fabrication weld. Metallographic examina-
tion of one crack showed that the cracking initiated in the HAZ 
and grew into the weld and base of the container specimen (Figure 
4). The cracks were typical of stress corrosion cracks with regions 

of branching along their length and some areas of cracking 90° 
from the main crack. The location and orientation of the cracks 
are consistent with the residual stresses expected as a result of the 
base-to-container weld and indicate that the residual stress state is 
significant in the weld region of the as-fabricated container. 

Outer Container — GTAW Closure Weld
Through-wall stress corrosion cracks perpendicular to the GTAW 
closure weld and along the length of the container specimen body 
were observed after forty-eight hours of testing in boiling mag-
nesium chloride solutions. See Figure 5 (a). Through thickness 
radial cracks were also observed on the lid. See Figure 5 (b). All of 
these cracks are consistent with the residual stresses expected as a 
result of the GTAW closure weld. A crack, which grew perpendic-
ular to the weld while in the weld metal turned to be parallel to 
the closure weld in the heat affected zone was also observed using 
dye penetrant testing. The external cracks in the lid and through 
the weld along the length of the container specimen (Figure 5) 
were not imaged using dye penetrant testing. This observation 
indicates that the external crack was insufficiently open to allow 
the dye penetrant to move into the crack even though the cracks 
penetrated through the container wall. 

Figure 3. Bottom of as-fabricated 3013 outer container after boiling 
magnesium chloride test: a) Exterior through-wall cracks; b) Interior 
cracks, arrows indicate cracks

Figure 4. Metallographic cross section of through-wall crack at the 
container to base fabrication weld in 3013 outer container after boil-
ing magnesium chloride test: a) Overall macrograph showing base of 
container through fabrication weld and container body; b) Stress-cor-
rosion crack from sample shown in (a). Note the crack branching and 
the position of the crack, beginning in the weld region and propagating 
into the base of the container

Figure 6. Laser beam closure welded 3013 outer container after boiling 
magnesium chloride test with interior pitting on lid as well as crack 
indications

Figure 5. Top half of GTAW closure welded 3013 outer container 
section with through-wall cracks after boiling magnesium chloride test: 
a) Exterior of container with cracks perpendicular to GTAW weld and 
running into container body (b) Exterior of lid showing appearance of 
cracks perpendicular to GTAW weld in lid
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Outer Container — Laser Beam Welds
Through-wall cracks perpendicular to the weld and along the length 
of the container specimen body were observed in a sample contain-
ing a laser closure weld. These cracks were observed after the sample 
was exposed to boiling magnesium chloride solution for forty-eight 
hours. Radial cracks on the lid were also observed, (Figure 6). All of 
these cracks are consistent with the residual stresses expected as a result 
of the laser closure weld. Pits were also observed inside the container 
specimen (Figure 6). The pits may be chloride induced pits that are 
exacerbated by the high residual stresses developed during the closure 
weld. Dye penetrant testing of the exterior of the container specimen 
showed that the cracks in both the lid and the body were through-wall 
cracks and ran continuously from the lid into the body.

Inner Container — Bottom
The cracking in inner container bottom specimens occurred at 
several locations and not all container specimens cracked at each 
location. The container specimens all had a hole drilled in the 
bottom, which was sealed with weld metal as discussed previ-
ously. The container specimens cracked and generally leaked at 
this location. Two container specimens had a hole in the sidewall, 
which was formed during a container puncture test and cracking 
also occurred at these holes. Cracks from both these holes fol-
lowed an irregular circuitous path. 

Post-test water leak checks showed leaks only from the bot-
tom and the sidewall drilled hole. Dye penetrant testing on the 
container interiors however showed a circumferential crack near 
regions of the container where the diameter changed (Figure 7). 
Small portions of these cracks were through-wall. One inner con-
tainer bottom section did not develop any cracks other than those 
associated with the drilled holes. This variability in cracking for 
the inner container bottom may be associated with differences in 
container fabrication as well as testing variability. 

Inner Container — Welded Top
The welded tops on the inner container specimens cracked after 
two and three-and-a-half hours exposure in the boiling magne-
sium chloride. Testing was stopped because large amounts of the 
test solution leaking from the cracks. The cracks were along the 
weld, perpendicular to the weld along the container specimen 
axis, and radial from the plug perimeter (Figure 8). The crack 
along the weld occurred in the container specimen that was ex-
posed for the longer time and covered approximately 60 percent 
of the perimeter. The cracks in the sidewall were greater in num-
ber than those in the plug. Additionally, the cracks were longer 
(0.5-0.9 cm [0.2-0.35 inch] length) and a greater number of the 
cracks had propagated through-wall. The radial and perpendicu-
lar cracks were straight and unlike the cracks typically generated 
at the drilled holes. 

The welded top of inner container #1 was sectioned to look 
for evidence of corrosion within the crevice formed by the top 
plug and sidewall. Although large pits were found in the plug 
and sidewall there was no evidence of crevice corrosion. In many 
cases the pits that were observed were associated with the cracks 
as shown in Figure 9. The small cracks had multiple orientations 
relative to the pits. The growth patterns for these cracks indicated 
a complex stress state near the weld. 

The welded tops of the inner container specimen exposed to 
the vapors of the boiling magnesium chloride solution had small 
cracks in both the sidewall and top after five days of exposure. The 
cracks were not through-wall. The container specimen interior 
showed only a small degree of corrosion although the surface was 
wetted during testing. The container specimen was sectioned by 
EDM so that the interior surface of the crevice could be inspected 
for pitting and cracking since the use of dye penetrant testing 
was unsuccessful. Several pie-shaped sections were cut from the 
container specimen. The crevice was revealed by flattening. Large 

Figure 7. Dye penetrant testing of 3013 inner container bottom  
section; dark lines indicate crack locations and dark spots are the 
drilled hole locations

Figure 8. 3013 inner-container welded-top section after exposure to 
boiling magnesium chloride showing container interior with sidewall 
and plug cracks
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pits and small axial cracks were found inside the crevice and when 
the sample sections were flattened to open the crevice, the cracks 
also opened up (Figure 10). Additional cracks were found on the 
side of plug. 

Convenience Container
The two convenience container specimens both cracked in the 
boiling magnesium chloride test. One container did not leak after 
forty-eight hours while the other leaked to such an extent that the 
test had to be stopped after only 5.5 hours of exposure. Most of 
the cracks were in the region of the diameter change of the con-
tainer specimen (Figure 11). No cracks were found on the bot-
tom of one convenience container specimen, while the other had 
radial cracks. The convenience container specimens that lasted 
for forty-eight hours showed only minimal leaking during the 
post-test leak check, but leaked severely after tapping to loosen 
the cracks. 

304L Teardrop Coupons
304L teardrop coupons with autogenous welds were exposed 
to plutonium-oxide-bearing material with 0.2 percent calcium 
chloride in simulated 3013 corrosion tests performed at room 
temperature. These specimens cracked after 166 hours of ex-
posure.6 The relationship of corrosion susceptibility of these 
teardrop coupons to flow formed 304L containers has not been 
established. As a measure of this relationship, teardrop coupons 
identical to those used in the small scale test were tested in boiling 
magnesium chloride solution. The teardrop coupons failed after 
approximately 1.3 hours of exposure with a full-width through-
wall crack (Figure 12). The crack was near the weld but outside 
the HAZ. The small-sized teardrop coupon failed in approxi-
mately two hours with a through-wall crack at a similar location 
to the cracks in the large teardrop coupons.

Inner Container – Welded Top – Calcium Chloride Test
The test with the inner container welded-top specimen exposed 
to calcium chloride solutions at 100°C was performed for ap-
proximately eighty-four hours. Multiple cracks grew perpendicu-
lar to the weld in the sidewall, similar to those in the boiling 
magnesium chloride tests. The cracks were approximately 0.5-0.7 
cm (0.2-0.27 in) long as measured macroscopically on the ex-
terior sidewall. Many of these cracks were through-wall. Cracks 
were also found in the top plug but only two were suspected to 
be through-wall. 

Discussion
The boiling (155°C) magnesium chloride test is designed to indi-
cate the susceptibility of stainless steels and related alloys to SCC 
and is not meant to be a quantitative test. The test was used in 

Figure 9. 3013 inner-container welded-top section after exposure to 
boiling magnesium chloride solution showing pit associated with  
cracking in sidewall

Figure 10. 3013 inner-container welded-top section exposed to vapors 
of boiling magnesium chloride solution: interior container crevice 
between the side wall and seal plug spread open showing small cracks

Figure 12. 304L teardrop coupons after exposure to a boiling  
magnesium chloride solution
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this study to identify locations of high residual stresses associated 
with fabrication and welding of the stainless steel 3013 container. 
Time to failure in these solutions is inversely related to the level 
of residual stress.9 

The 3013 outer, inner, and convenience containers all had 
sufficient residual stresses to crack in the boiling magnesium chlo-
ride solution, although in some tests where leaking did not occur 
the time to failure is not known. For the 316L outer containers, 
leaking did not occur during the test, but cracks were evident 
in the as-fabricated container specimen after forty-eight hours. 
The closure welded regions of the outer container specimens also 
developed similar cracks. The cracks observed in the as-fabricat-
ed outer container specimen, however, were not as numerous as 
those observed in the closure welded container specimens. Cracks 
observed in the laser closure welded container specimens were 
numerous and appeared to be more severe when compared to 
those observed in the GTAW closure welded specimens.

The 304L teardrop coupons had a very short time to failure 
(approximately 1.3 hours) and clearly provide a conservative esti-
mate for the behavior of the 3013 containers. The stress levels in 
a teardrop coupon have been shown to exceed the yield stress and 
approach levels equivalent to the ultimate tensile strength.8 By 
comparison a welded top of an inner container specimen failed 
in two hours, which suggests that the residual stresses in the weld 
may be lower than the stresses in the teardrop coupons. The other 
welded top of an inner container specimen was tested for 3.5 
hours and had a more significant degree of cracking with a cir-
cumferential crack running parallel to the weld. The perpendicu-
lar and parallel cracking near the weld indicate a complex stress 
state in the weld region. The inner container bottom section ap-
pears to have lower stress levels than those in the seal welds since 
the degree of cracking was less (i.e., smaller number of through-
wall cracks) and the time to cracking is greater (i.e., one container 
tested for forty-eight hours had no cracks in the sidewall). 

The times to cracking for the convenience container speci-
mens were approximately 5.5 hours. Fabrication stresses for the 
convenience container may thus approach those resulting from 
welding since times to failure were similar to the welded tops of 
the inner container specimens. 

Additionally the inner container welded-top specimen 
cracked in the vapors of the boiling magnesium chloride solution. 
The cracks were small and not through-wall, but extended expo-
sure beyond the five-day test period could have resulted in similar 
cracking to those inner container welded-top specimens exposed 
directly to the boiling magnesium chloride solution. These results 
show that the residual stresses in a weld are sufficient to cause 
cracking when chloride-containing vapors condense on the stain-
less steel surface. 

The results from the calcium chloride test showed that crack-
ing can occur in the 3013 containers in environments less severe 
than a boiling magnesium chloride solution, and as expected, the 
time to cracking was significantly longer. Testing was conduct-
ed with only an inner container welded-top specimen. Similar 
results would be expected for the other containers but only at 
longer times since they failed at longer times in the magnesium 
chloride tests. The cracking morphology was similar to that ob-
served in the magnesium chloride tests, i.e., short perpendicular 
cracks to the weld. Cracking also is possible in the vapor space of 
such environments since cracking occurred in the 304L teardrop 
coupons, which was exposed to the vapor of a 40 percent calcium 
chloride solution. The vapor space cracking was significantly less 
than that observed on teardrop coupons immersed in the solu-
tion. Crack growth rates were not determined for the immersed 
teardrop coupons because multiple cracks initiated. 

Conclusion
The 3013 container is a nested set of three low-carbon grade 300 
series stainless steel containers and is robust for packaging pluto-
nium-bearing materials and eventual storage at various sites in the 
DOE Complex. Corrosion associated with impurities (specifically 
chlorides and fluorides) in the plutonium-bearing materials may 
lead to SCC of the containers. ASTM standard G-36, an aggres-
sive testing procedure with boiling magnesium chloride solution, 
was used to identify the regions of the 3013 container that are 
most susceptible to potential degradation associated with SCC. 
For the 3013 outer container, significantly large residual stresses 
were in the bottom half of the as-fabricated container, which 
resulted from the base to container fabrication weld. This ob-
servation indicated that regardless of the closure weld technique, 
sufficient residual stresses exist to provide the stress component 
necessary for SCC. Cracks observed in both the lid and the body 
of the GTAW and the laser closure welded containers indicates 
that significant residual stresses are inherent in the closure weld-
ing process regardless of the closure weld method. 

Testing of 3013 inner and convenience containers has shown 

Figure 11. Convenience container section after exposure to boiling 
magnesium chloride solution: container exterior with axial cracks in 
sidewall
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that residual stresses sufficient to support SCC exist at both the 
inner container closure weld and in sections of the containers 
where the container diameter changes, i.e., near the container 
bottom. Cracking was found to occur sooner in the inner con-
tainer welded-top specimen than the container bottom specimen 
of either the inner or convenience container. This shorter time is 
indicative of higher residual stresses from welding than fabrica-
tion. The microstructure in the HAZ is likely to provide an added 
component for pitting corrosion and SCC. 

Teardrop coupons are a conservative marker for the contain-
ers since failure in the boiling magnesium chloride test occurred 
in even shorter times than the welded top. Cracking from the 
condensed vapors of both the hot calcium chloride and boiling 
magnesium chloride solutions occurred, so SCC may be a plausi-
ble mechanism for the 3013 containers if a thin chloride-bearing 
film forms above the oxide/salt mixture. The chloride concentra-
tions in the 3013 containers are expected to be a small fraction of 
those used in this testing.

The net result of these studies is that the microstructure of 
the austenitic stainless steel and the residual stresses present in the 
steel combine to create 3013 containers (convenience, inner, and 
outer) that are susceptible to chloride induced stress-corrosion 
cracking. Therefore, assurance against such cracking must be pro-
vided by environmental controls during the packaging and stor-
age processes. The 0.5 wt percent moisture limit is the primary 
control designed to provide this assurance.
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Abstract
The mission of the 9975 package, originally designed only for 
transportation of radioactive materials, has been broadened to in-
clude storage at the Savannah River Site. Two components of this 
package, namely the containment vessel O-rings and fiberboard 
overpack, require continued integrity assessment under the stor-
age conditions. The performance of the components over time 
is being evaluated using accelerated-aging studies. Compression 
stress relaxation (CSR) and leak testing are being used to measure 
the performance of O-rings. The performance of the fiberboard is 
being evaluated using compression strength, thermal conductiv-
ity, specific heat capacity, and other physical properties. Models 
developed from the data collected provide an initial prediction of 
service life for the two components, and support the conclusion 
that normal service conditions will not degrade the performance 
of the package beyond specified functional requirements for the 
first assessment interval. Increased confidence in this conclusion 
is derived from field surveillance data and destructive evaluation 
of packages removed from storage.

Introduction
The Savannah River Site (SRS) is storing plutonium (Pu) materi-
als in the K-Area Materials Storage (KAMS) facility. The Pu ma-
terials are packaged according to the standard DOE-STD-3013, 
which requires nested, welded, stainless steel containers. Within 
KAMS, the welded 3013 containers are stored in U.S. Depart-
ment of Transportation (DOT) Type B 9975 packages. The 9975 
package consists of two nested stainless steel containment vessels 
(CV) closed with threaded cone seal plugs, surrounded by a lead 
shielding body and fiberboard overpack, all contained within a 
thirty-five-gallon stainless steel drum (Figure 1). The 9975 pack-
age is part of the approved storage configuration for Pu materials 
in KAMS. As such, it will be continuously exposed to the service 
environment for a period of time greater than the approved trans-
portation service period. The studies documented in this report 
were undertaken to verify the integrity of the containment vessels’ 
O-ring seals and the fiberboard overpack over time in the envi-
ronment they will be exposed to in KAMS for an initial storage 
assessment period of ten years. It is anticipated that the packages 
will be used up to fifty years and that replacement of aged compo-

nents may be necessary. The work described in this paper presents 
data to an initial assessment period of ten years.

Each containment vessel is sealed with O-rings (compounds 
V0835-75 or VM835 75, Parker Hannifin Corporation, Lexing-
ton, Kentucky USA) based on Viton® GLT/GLT S fluoroelas-
tomer (Dupont Performance Elastomers, Wilmington, Delaware 
USA). Viton® fluoroelastomer O-rings are placed on the cone-
seal plugs in each package: two O-rings, inner and outer, sealing 
the primary containment vessel (PCV) and two O-rings, inner 
and outer, sealing the secondary containment vessel (SCV). In 
transportation service, the O-rings are replaced on an annual ba-
sis and leak tested to a 1 x 10-7 ref cc air/sec (leaktight) criterion 
per ANSI N14.5. However, while in storage the O rings are not 
replaced and cannot be leak tested. The outer O-ring in each ves-

Figure 1. Illustration of 9975 package including fiberboard, lead  
shielding, and double containment vessels
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sel is credited for containment. The inner O-ring provides a vol-
ume for leak testing and a secondary barrier to product release. To 
function as a seal, the O-rings must maintain mechanical elastic-
ity and exert a compressive force against the sealing surfaces.

The overpack used in the 9975 package is Celotex® cane 
or softwood fiberboard (Knight Industries, Northfield, Illinois 
USA) and is located between the outer Type 304L stainless steel 
drum and the lead shield. The fiberboard performs three main 
functions: i) thermal insulation to limit internal temperature dur-
ing a fire; ii) criticality control (by neutron moderation and spac-
ing); and iii) resistance to mechanical crushing of the package. 
Properties of importance to demonstrate acceptable performance 
of the material over time include dimensional stability, density, 
compressive strength, thermal conductivity, and specific heat ca-
pacity. Baseline and initial aging data on these properties have 
been previously reported.1-4

Experimental Laboratory Testing
Viton® GLT O-rings
Compression Stress Relaxation
Compression stress-relaxation (CSR) is an industry standard measure 
of seal performance.5,6 When an elastomer is compressed, the inter-
nal cross-linked polymer structure imposes a spring like counterforce 
on mating surfaces to provide a seal. Over time, the sealing force 
is reduced due to physical and chemical relaxation processes. If the 
elastomer is exposed to aging conditions long enough, all of the seal-
ing force can be lost, compromising the seal in a dynamic situation. 
Once the elastomer ceases to apply a counterforce, it is considered to 
have lost 100 percent of sealing capability. 

Long-term CSR behavior of the O-rings is being measured 
per ASTM D6147. Parker Seals O-rings (compound V0835-75) 
size 2-213, with a nominal thickness of 0.353 cm (0.139"), the 
same thickness as O-rings used in 9975 packages, are used in the 
CSR jigs (Figure 2) along with metallic inserts to create a nominal 
inner diameter (ID) stretch of 20 percent and a nominal 18 per-
cent compression to duplicate the sealed O-ring configuration in 
the 9975 package. A 0.0025-0.0050 mm (0.0001 0.0002") gap is 
maintained between mating surfaces in the CSR jig to maintain 
electrical insulation between the two platens. Electrical insulation 
is needed for the CSR measurement device (relaxometer) to func-
tion. The sealing force is measured periodically during aging.

Samples were thermally aged at 79, 113, 121, 149, and 
177ºC (175, 235, 250, 300, and 350ºF). The lowest tempera-
ture, 79ºC, corresponds to the maximum service temperature 
in KAMS; 149ºC is the containment vessel design temperature 
limit, 121ºC and 177ºC were chosen to flank the CV design tem-
perature limit with 177ºC being halfway between the CV design 
temperature limit and the O ring manufacturer’s continuous ser-
vice temperature limit. In addition to thermal effects, the possible 
effects of gamma radiation on CSR behavior were investigated. 
O-rings were irradiated to a fifty-year dose of 8.8 x 10-3 Gy (0.88 

Mrad) at a dose rate of 4.4 x 10-3 Gy/hr (0.44 Mrad/hr) prior to 
thermal aging. This dose was selected because it corresponds to 
the maximum dose the O-rings would receive during fifty years 
of exposure in the 9975 packages at a bounding dose rate of 2 
rad/hour. For comparison purposes, a non-stretched O-ring was 
also aged at 121ºC (250ºF). K-type thermocouples were mount-
ed onto each jig to monitor temperature during aging and CSR 
measurement. 

Compression Set
Compression set is a measure of permanent change in seal dimen-
sions as a result of compression over time. Upon 100 percent 
loss of sealing force, O-ring samples aged at 149ºC (300ºF) and 
177ºC (350ºF) were removed from the stretch inserts and mea-
sured dimensionally. The equation used for compression set (CS) 
comes from ASTM D395 Method B:

  (1)

where t is the average thickness of the O-ring at four locations 
along the circumference after the compression set tests, 0.139" is 
the original O-ring thickness and 0.0395" is the depth the non 
compressed O-ring protrudes beyond the O-ring gland. This 
equation takes into account that the samples were compressed 
within an O-ring gland of known depth and could not compress 
more than 0.0395" (0.1 cm). Compression set is also being deter-
mined on O-rings removed from surveillance packages. 

Leak Testing
Full-sized PCV O-rings are tested on modified Cone-Seal Plugs 
with an additional weep hole to allow for leak testing of both 
inner and outer O-rings to a criterion of 1 x 10-7 std cc air/sec. 

Figure 2. CSR jig with custom stretch insert
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The dimensions of the O-ring gland are identical to the cone 
seal gland in service. O-rings are being aged at two temperatures, 
93ºC and 149ºC (200ºF and 300ºF), and periodically leak tested 
at room temperature. 

Cane Fiberboard Overpack
Thermal Properties
Cane fiberboard samples were tested for thermal conductivity. The 
thermal conductivity instrument interrogates an area of 10 x 10 cm 
(4 x 4 inch) within a sample up to 30 x 30 cm (12 x 12 inch) in 
size, following ASTM C518. Two sample orientations are tested; 
the axial orientation measures the conductivity of heat perpendicu-
lar to the fiberboard layers, and the radial orientation measures the 
conductivity of heat parallel to the fiberboard layers. Mean testing 
temperatures were 25, 50, and 85ºC (77, 122 and 185ºF). Specific 
heat capacity was measured following ASTM C351 on 2.5 cm (1.0 
inch) diameter by 3.8 cm (1.5 inch) long cylinders. 

Mechanical Properties
Compression testing is performed in two orientations, with the 
load applied either parallel or perpendicular to the plane of the 
fiberboard layers. A load cell that is controlled to an 11,300 kg 
(25,000 lb) limit, was used. Samples were 5 cm (2 inch) cubes 
with no side constraint. The displacement rate applied was 4.8 
cm/min (1.9 inch/min) and samples were compressed at this rate 
until the test was terminated.

The weight and density of samples in each environment have 
been tracked. Each property is normalized to its initial value.

Cane fiberboard samples were taken from several different 
packages, with a range of package histories. Table 1 summarizes 
the total duration of exposures for each aging environment. Envi-
ronments which include humidity control have the shortest dura-
tion, as all samples rely on a single environmental chamber and 
have been aged sequentially.

Field Surveillance Testing
Viton® GLT O-rings
The 9975 packages selected for surveillance were disassembled 
in KAMS and O-rings were removed from the cone-seal plug. 
Within thirty minutes of loosening the containment vessel lid, 
thickness is measured on four areas of the O-ring in the radial and 
axial directions. O-rings are then individually packaged and sent 
to SRNL where they are re-measured an average of 100 days after 
field testing. Compression set values are then calculated assuming 
nominal initial dimensions and following Equation 1.

Cane Fiberboard Overpack
The fiberboard assemblies from four packages removed from ser-
vice have been destructively examined. These packages had been 
stored in KAMS from four months to five years. Testing included 
thermal and mechanical properties, following the same protocols 
described for aged material. 

Results
Experimental Results
Viton® GLT Fluoroelastomer O-ring
Compression Stress-Relaxation
The compression stress-relaxation behavior of Viton® GLT O-
rings is shown in Figure 3. The effects vary with aging tempera-
ture. The aging temperature of 176ºC (350ºF) resulted in a 100 
percent loss of relative retained sealing force over a period of 162 
days. It is noted that this temperature is lower than the O-ring 
manufacturer’s continuous service temperature limit of 204ºC 
(400ºF) based on 1,000 hours of aging and demonstrates the dif-
ficulty in using short term tests to predict long term behaviors. 
The O-ring exposed to an aging temperature of 148ºC (300ºF) 
resulted in a 100 percent loss of relative compression stress-relax-
ation force over a period of 310 days. The O-rings exposed to the 
lower aging temperatures have experienced less severe changes and 
have not yet reached complete loss of sealing force. As expected, the 

Figure 3. Percentage retained sealing force versus aging time; aging 
temperature noted in plot for each sample

Temperature Exposure in 
“dry” oven

(weeks)

Exposure in chamber with humidity 
controlled to the specified value 

(weeks/percent RH)

121ºC (250 ºF) < 142 - - - - - - - - -

101ºC (215 ºF) < 100 - - - - - - - - -

90ºC (195 ºF) 2 2/40 2/100 - - -

85ºC (185 ºF) < 139 < 32/30 < 28/70 - - -

71ºC (160 ºF) - - - < 32/50 - - - - - -

51ºC (125 ºF) < 122 2/40 < 17/70 2/100

25ºC (77 ºF) - - - 2/40 8/70 2/40

Table 1. Summary of fiberboard sample exposures prior to testing, for 
data used for statistical analysis
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O-rings exposed to the lowest aging temperature appear to have 
the greatest potential for the longest lifetime before failure. 

No significant effect of ID stretch or irradiation has been ob-
served. The measurable absence of irradiation effects may be due 
to the fact that the irradiation occurred prior to the thermal aging. 
This might allow some annealing or self-healing of radiation dam-
age to occur. However, the fifty-year dose of 8.8 x 10-3 Gy (0.88 
Mrad) is relatively low for most polymeric materials and the dose 
was imposed at a relatively high rate. In addition, characterization 
of O-rings immediately after irradiation indicates no significant 
damage. Dose rate effects are possible but are not expected at the 
low dose rates involved. However, if the lack of simultaneous ir-
radiation and thermal exposure mitigated the irradiation damage, 
then the CSR-based lifetime could be shortened. 

Compression Set
The calculated CS values for the O-ring thermally aged at 148ºC 
(300ºF) for eighteen months and 177ºC (350ºF) for eleven and 
a half months were ~62 percent and ~70 percent, respectively. A 
slight difference in CS exists between the two samples with the 
more extreme temperature resulting in a higher CS. It is difficult 
to directly compare the CS values because the CS calculation as-
sumes nominal initial dimensions. Furthermore, the time period 
between removing the O-ring from compression and the actual 
dimensional measurement varies. The 148ºC O-ring was mea-
sured ten months after compression removal whereas the 177ºC 
O-ring was measured twelve months after compression removal.

Leak Testing
No fixtures with three-plus years of aging have failed the leak 
criterion.

Cane Fiberboard Overpack
Physical Properties
Normalized weight and density versus time at temperature are 
summarized in Figures 4 and 5. Samples from multiple material 
source packages that have been environmentally aged show simi-
lar behavior. A continuous weight loss beyond an initial change 
due to moisture loss/gain is observed in samples aged at tempera-
tures equal to or greater than 71ºC (160ºF). The rate of weight 
or density loss is greater with higher temperatures and increased 
humidity. No noticeable change was observed in material aged at 
52ºC (125ºF) and below. The fluctuation in the physical proper-
ties of an overpack aged at 52ºC (Figures 4 and 5) results primar-
ily from seasonal humidity variation.

Mechanical Properties
Typical compression stress-strain curves for samples aged in ovens 
at 121ºC (250ºF), see Figure 6, show a noticeable drop in com-
pression strength over time. However, no significant decrease is 
seen at 85ºC (185ºF) or lower, except in the presence of elevated 
humidity.

A range of behaviors has been observed during compression 
testing, making sample-to-sample comparisons difficult. The inte-
grated area under the stress-strain curve up to a strain of 40 percent 
provides a relative measure of the energy absorption capability of the 
sample, and is a consistent metric for comparison. While the 40 per-
cent strain level ignores part of the stress-strain curve, it provides a 
degree of consistency between unconstrained test samples and the 
partially constrained fiberboard within the package. Compressive 
strength varies from one package to another. However, the rate of 
degradation in strength is similar for all packages. 

Thermal Conductivity
Thermal conductivity data for two aging environments are sum-
marized in Figure 7. In Figure 7(a), samples aged at 121ºC (250ºF) 
show continued decrease in thermal conductivity over time. Fig-
ure 7(b) shows data for samples aged at 85ºC (185ºF), but with 
two humidity levels. The box symbols indicate periods when the 
samples were held at 70 percent relative humidity (RH), and the 
remainder of the time the samples were in an oven without hu-
midity control. The relative humidity in this oven is typically 2 
percent or less, depending on ambient conditions. No significant 
change occurs with low humidity, but a steep decrease in thermal 

Figure 4. Normalized weight versus time at temperature for fiber-
board in several temperature and relative humidity environments

Figure 5. Normalized density versus time at temperature for fiber-
board in several temperature and relative humidity environments
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conductivity is seen at 70 percent RH at this temperature. This 
decrease is not recovered by returning to a lower humidity.

The specific heat capacity data exhibit scatter from one trial 
to the next. Accordingly, the results are averaged over all samples 
and trials for a given aging interval and test temperature. The 
measured specific heat capacity decreased by about 10 percent 
following long-term aging at 121ºC (250ºF). This may be an ar-
tifact resulting from sample shrinkage, which has occurred during 
two-and-one-half years at this temperature. No change in specific 
heat capacity has been observed in materials tested in other envi-
ronmental conditions.

Field Surveillance Results
Viton® GLT Fluoroelastomer O-rings
Approximately 480 O-rings have been evaluated from 120 field 
packages having up to five years of service. Dimensional measure-
ments are taken in the field within thirty minutes of package disas-
sembly. The average nominal CS value of O-rings from measure-
ments performed on field packages is 26 percent after an average 

LD2 material, parallel orientation

Aging period (weeks) Area under Curve to 40 percent 
Strain (ksi)

8 0.020

16 0.018

32 0.016

64 0.011

MSC material, perpendicular orientation

Aging period (weeks) Area under Curve to 40 percent 
Strain (ksi)

2 0.052

7 0.052

32 0.021

47 0.012

64 0.016

Table 2. Decrease in area under the stress-strain curve for mate-
rial parallel and perpendicular orientation with increasing aging time 
period

Figure 6. Engineering stress-strain compression curves for select fiber-
board samples aged and tested at 121ºC (250ºF), (a) parallel orienta-
tion, LD2 material (b) perpendicular orientation, MSC material

Figure 7. Thermal conductivity versus time data for two aging environ-
ments. In each plot, the test temperature is indicated by the symbol: 
diamonds – 25ºC, squares – 51ºC, triangles – 85ºC. Open symbols 
denote azial orientation samples, closed symbols denote radial orien-
tation samples. In plot (b) with the cycling humidity, the periods within 
the boxes are at 70 percent relative humidity.
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of 1,200 days or approximately 3.3 years in service. O-rings were 
subsequently re-measured on average 100 days later. The later mea-
surements showed that the average CS was found to relax to 7 per-
cent, reverting back toward the original shape and thickness. Actual 
compression set values are unknown as starting O-ring dimensions 
and part dimensions are not documented. However, the results 
demonstrate that after a service exposure of ~five years at true stor-
age conditions, the O-rings maintain elasticity and are able to relax 
toward original thickness. 

Cane Fiberboard Overpack
Fiberboard material from four surveillance packages has been 
tested following up to five years storage. Testing included ther-
mal and mechanical properties, following the same protocols 
described for aged material. The fiberboard from these packages 
has shown a range of thermal and mechanical behavior, and that 
range is consistent with the range of behavior observed in labo-
ratory samples without any exposure. While the baseline condi-
tion for these field packages is unknown, their aggregate behavior 
suggests that the fiberboard properties were not significantly de-
graded by the service history. This, in turn, supports the model 
predictions that indicate minimal changes in properties for nomi-
nal storage conditions.

Discussion
Viton® GLT Fluoroelastomer O-ring
Using the time-temperature superposition theory based on the 
William-Landel Ferry (WLF) method,7 estimated times to fail-
ure can be determined for the O-rings based on the thermal ag-
ing CSR data. A master curve using 79ºC (175ºF), the lowest 
temperature data set, as a reference temperature, T

ref
, was con-

structed from the CSR data (Figure 8). Empirically determined 
shift factors, a

T
, were utilized to develop the master curve. The 

shift factors were then used to determine the activation energy, 
E

a
, through the relationship:

log a
T
 = E

a
/(T-Tr

ef
)    (2)

The calculated E
a
 for the degradation reaction from the fit of 

the shift factor at various temperatures was 56 kJ/mol, see Figure 
9. From the master curve, the estimated lifetime of the O-ring 
is twenty to twenty-seven years at a constant seal temperature of 
79ºC (175ºF), based on 100 percent loss of sealing force. This 
is a bounding case, assuming a constant ambient temperature of 
40ºC or 104ºF and maximum payload of 19 W. Lower ambient 
temperatures and/or payloads reduce seal temperatures and in-
crease seal lifetime. Seal temperatures also lag behind the ambient 
temperature by many hours or days due to the overpack ther-
mal insulation, so the assumption of constant exposure at peak 
temperature is conservative. This model assumes no significant 
influence of radiation or ID stretch, as these effects have not yet 
been observed. The model also assumes that the activation energy 
will remain constant across the service temperature range. This is 
expected, though it is possible that the activation energy or deg-
radation mechanism could change at lower temperatures. This 
can only be determined by continuing tests at lower tempera-
tures or by measuring ultrasensitive parameters such as oxygen 
consumption rates. The activation energy of 56 kJ/mol suggests 
that the oxidation degradation mechanism for CSR behavior in 
the O-rings is impeded due to the lack of oxygen exposure with 
the O-ring resting in the O-ring gland. When oxygen permeation 
is unimpeded, activation energies associated with the oxidation 
reaction range from 80-120 kJ/mol.8

Figure 8. Time-temperature superposition curve for V0835-75 CSR 
data (T

ref
=76ºC, 175ºF)

Figure 9. Plot of log a
T
 shift factors versus temperature. The activation 

energy derived from the linear fit is 56 kj/mol.
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Cane Fiberboard Overpack
The 9975 package does not provide an air-tight or water-tight seal 
for the fiberboard enclosure. However, a properly closed drum 
does provide a significant degree of isolation of the fiberboard 
from the ambient environment.4 Accordingly, it is recognized 
that any moisture originally in the fiberboard assembly will likely 
remain in the package for a long time. Due to the heat gener-
ated in the 3013 containers, the fiberboard within a package will 
develop temperature and moisture gradients. Moisture will tend 
to migrate to the cooler regions of the fiberboard, and the total 
moisture content of the package will change very slowly. 

During a postulated loss of ventilation accident in the KAMS 
facility, the maximum ambient temperature is 58ºC (137ºF), 
and the corresponding lead shielding body temperature is 91ºC 
(196ºF). The maximum fiberboard temperature is assumed to be 
similar to the Shielding Body temperature. However, the normal 
ambient temperature in KAMS is less than 32ºC (90ºF), even in 
the summer. The fiberboard temperature should remain below 
~65ºC (~150°F). Therefore, testing for storage-induced changes 
in the fiberboard must include exposure to several temperatures. 

Exposures of the fiberboard to moisture and temperature 
cause time dependent property changes. Such changes may oc-
cur as the sample comes to equilibrium in the 9975 package. 
The change in moisture content simply induced by the thermal 
gradients developed in the package may produce changes in 
the sample’s properties and long term changes may occur as a 
result of degradation. The literature identifies that slow pyroly-
sis occurs at modest temperatures.9 In addition to water vapor, 
compounds from pyrolysis are evolved at temperatures as low 
as 95ºC (203ºF). This is strongly evidenced in samples aged 
at 121ºC (250ºF). Such samples show an immediate weight 
loss of 8-10 percent (moisture loss), followed by an additional 
15 20 percent per year weight loss. At the higher temperature 
and humidity levels, test samples change visually. The samples 
darken, and the coarse fibrous appearance changes to a finer 
particulate texture.

The aging models that are discussed below do not include 
the effect of initial moisture and given the tendency for the 9975 
drum to provide a high degree of isolation, significant moisture-
related changes might not occur in service unless the package was 
closed in a very humid atmosphere. 

Fiberboard Service Life Estimates
Data for each property have been analyzed statistically for best fit 
models. The model for fiberboard density and the corresponding 
service life predictions are described below. A similar approach 
is used for the other properties and provides additional service 
life estimates. The limiting property may vary depending on the 
specific service conditions.

Density data were fit to a model that predicts the rate of 
change as a function of temperature and humidity. The rate is the 
percentage change in density per year, T is the exposure tempera-

ture in ºC, and RH is the percent relative humidity. A constant 
rate of change is consistent with the data shown in Figure 5.

Rate (density) = 0.0004496 – 4.876E-6 * 
T – 2.389E-6 * RH – 5.446e-8 * (T – 76.11)2 – 
7.18E-8 * (T – 76.11)*(RH – 21.65) – 
1.263E-7 (RH – 21.65) 2 * 365 * 100  (3)

Predictions from this model are shown in Figure 10 for sev-
eral temperature/humidity combinations. Density is predicted to 
increase slightly at the lower temperature environments, while the 
data have shown no net change in these mild environments. This 
tendency of the model to predict a density change is likely a result 
of the minor seasonal fluctuations driven by variation in ambient 
humidity. While this produces no long-term change in density, 
some samples that were aged for shorter durations may show a 
net increase or decrease in density depending on when they began 
aging. This aspect of the model should improve with the accumu-
lation and incorporation of additional data.

Predictions from the density model can provide a service 
life estimate based on density. The minimum allowable density 
to provide the required criticality control is 0.21 g/cc, and the 
minimum measured density for a fiberboard assembly is 0.242 g/
cc. Therefore, the service life within a specific environment will 
be the time required for a 13 percent decrease in the overall den-
sity of the fiberboard assembly. Since the fiberboard will develop 
temperature and moisture gradients in service, potential exists for 
local variations in degradation rate throughout the assembly.

For an ambient temperature of 28ºC, typical fiberboard 
temperatures in service might range from ~35ºC along the outer 
diameter surface to ~58ºC along the ID surface, with a maximum 
heat load present. The total moisture content will vary from pack-
age to package, but it can be assumed that the typical package will 
have no more moisture than would be absorbed from the air at 

Figure 10. Predicted density change of fiberboard versus aging  
temperature
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23ºC and 100 percent RH. Without any redistribution of mois-
ture, the elevated service temperatures would reduce the relative 
humidity in the package to ~55 percent along the outer diameter 
surface and ~17 percent along the inner diameter surface. For 
these conditions, the model predicts no decrease in density along 
either the inner diameter or outer diameter surface. 

In reality, however, there will be moisture redistribution with-
in the package. As the local humidity increases above 55 percent 
for a range of temperatures, the model predicts a decrease in den-
sity over time, with a corresponding finite service life. However, 
this rate would apply only to a local region along the fiberboard 
exterior surface. The overall average rate of density change for the 
full assembly will still be low, and is judged to provide a service life 
in excess of the initial storage period in KAMS. This judgment is 
supported by observation of packages removed from service after 
up to five years storage in KAMS. Examination of these packages 
has shown a range of fiberboard densities consistent with that of 
un-aged fiberboard, with no discernable change in the fiberboard 
exterior surface compared to the rest of the assembly. 

Conclusions
Two components of the 9975 package, Viton® GLT fluoroelas-
tomer O-rings and Celotex cane fiberboard overpack, have been 
studied for lifetime evaluation in KAMS storage conditions. 
The GLT fluoroelastomer O-rings were subjected to accelerated 
thermal and radiation aging and evaluated for changes in com-
pression stress-relaxation, compression set, and leakage behavior. 
Fiberboard was evaluated for changes in dimensions, thermal 
conductivity, specific heat capacity, and mechanical strength. 
Service life is strongly dependent on actual storage conditions. 
Combined surveillance and laboratory results conclude that both 
the Viton® GLT based fluoroelastomer O-rings and Celotex® 
cane fiberboard are expected to exceed the initial storage period 
in KAMS. Based on current data, O-rings are expected to last at 
least twenty years in service, but may require replacement before 
the end of the total storage period. Increased confidence in this 
conclusion is expected with the accumulation of additional data 
from both the laboratory testing and surveillance. 
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Abstract
The 3013 containers are designed in accordance with the DOE-
STD-3013-20041 and are qualified to store plutonium (Pu) bearing 
materials for fifty years. The U.S. Department of Energy (DOE) 
certified Model 9975 shipping package is used to transport the 
3013 containers to the K Area Material Storage (KAMS) facility 
at the Savannah River Site (SRS) and to store the containers until 
the plutonium can be properly dispositioned. Detailed thermal 
analyses to support the storage in the KAMS facility are given in 
References 2, 3, and 4. The analyses in this paper serve to provide 
non accident condition, non bounding, specific 3013 container 
temperatures for use in the surveillance activities. This paper pres-
ents a methodology where critical component temperatures are 
estimated using numerical methods over a range of package and 
storage parameters. The analyses include factors, such as ambient 
storage temperature and the content weight, density, heat genera-
tion rate, and fill height, that may impact the thermal response 
of the packages. Statistical methods are used to develop algebraic 
equations for ease of computations to cover the factor space. All 
computations were performed in BTU FT-Hr-°F units.

Introduction
9975 Packaging Configuration
The 9975 package is designed by analysis and testing to meet the 
requirements of 10 CFR Part 715 to ensure that the environment 
and public health are not adversely impacted when the package 
is used to transport radioactive materials (RAM) under normal 
conditions of transport (NCT) and under hypothetical accident 
conditions (HAC). Figure 1 shows the schematic of the 9975 
package in a vertical orientation. Only the vertical orientation is 
analyzed in this paper since this is the orientation for both trans-
portation and storage. The package consists of an outer thirty-
five gallon stainless steel (SS) drum, a primary containment vessel 
(PCV) for the RAM, a secondary containment vessel (SCV) for 
added protection, a lead shield, and Celotex as the insulating and 
energy-absorbing material for the protection of containment ves-
sels during accidental impact and fire conditions.

3013 Container Assembly
The 3013 container assembly consists of an outer container, an 
inner container, and, in most assemblies, a convenience container. 
The convenience container houses the RAM contents and loosely 

fits inside the inner container. The inner container in turn loosely 
fits inside the outer container that goes inside the PCV. The outer 
container is a standard British Nuclear Fuels Limited (BNFL) 
welded design; it is made of 316L SS, one design is 254 mm tall 
and 125 mm in diameter.

6
 The inner container designs are U.S. 

Department of Energy (DOE) site specific but are designed 
to fit inside the standard BNFL outer container. The analyzed 
inner container is also a welded design: it is made of 304L SS, is 
213 mm tall and 117 mm in diameter.6 Figure 2 shows a 3013 
container assembly with Rocky Flats inner container and a con-
venience container inside a PCV. 

Surveillance Program
The 9975 package was designed as a transportation package and 
was not qualified for the long-term storage of materials. There-
fore, a comprehensive surveillance program was set up to assess 
the material and thermal performance of the 9975 components 
to ensure that the design limits of the package are not violated un-
der the long-term storage conditions.7 In addition, since the outer 
and inner 3013 containers have high residual stresses and contain 
chlorides and moisture, the stress corrosion potential of these ves-
sels is an important consideration in the surveillance program. 
The program examines the outer and inner containers, samples 
for signs of stress corrosion, tests O-rings for leakage rate, and 
tests Celotex properties at elevated temperatures to ensure that 
their performance is not degraded over time. The 3013 contain-
er assemblies are also examined for gas generation and pressure 
build up to ensure that the design limits are not violated during 
the long-term storage. 

Thermal Output Variables
Thermal output variables required to meet the surveillance needs 
are the temperatures of the O-rings, Celotex, and the 3013 
container at selected locations. This paper covers the 3013 as-
sembly component temperatures. The containers temperatures 
are calculated at three locations (T1, T2, and T3) on the inner 
container, the outer container, and the convenience container. 
These locations are shown in Figure 3. T

G
 is the average gas/con-

tent temperature.

Design Parameters 
Thermal performance of the 9975 packaging depends upon its 
content characteristics (i.e., density, weight, and decay heat rate) 
and the ambient storage conditions. Limits are placed on the 
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maximum decay heat rate (19 watts) and the fill height (17 cm) 
of the radioactive material inside the convenience containers. Per-
formance also varies to a small extent based on the composition 
of the fill gases since the thermal properties of the oxide contents 
vary with the fill gases. The fill gas assumed in this paper is a 
mixture of 75 percent He and 25 percent air at atmospheric con-

ditions to simulate the “no greater than 5 percent oxygen limita-
tion” required in the 9975 package Safety Analysis Report for 
Packaging (SARP).5 The 3013 containers are normally loaded in 
glove boxes with a helium environment and therefore no air is 
expected in the fill gases. Since the thermal conductivity of he-
lium is higher than the conductivity of the He-Air mixture, the 
temperatures reported here are conservative (2°F to 3°F higher). 
Table 1 gives the expected values of parameters and the limitations 
for the plutonium oxide (PuO

2
) contents in the Rocky Flats 3013 

container assembly. 
PuO

2
 fill heights and heat rates are calculated based on oxide 

mass and bulk density, but are never to exceed a fill height of 17.0 
cm or a heat rate of 19.0 watts. Table 2 gives the resulting heat 
loads consistent with the fill height and the powder density.

Mathematical Model
The computational thermal model solves the following steady 
state heat transfer equation in cylindrical coordinates.

  (1)

Figure 3. Output locations

Figure 1. 9975 schematic with key components  Figure 2. 3013 container in PCV



49Journal of Nuclear Materials Management Winter 2010, Volume XXXVIII, No. 2

Where q’’’ is the volumetric heat generation by the fissile mate-
rial per unit time, k

1
 and k

2
 are the thermal conductivities of the ma-

terials in the r and z directions, and T is the temperature. The values 
of k

1
 and k

2
 are the same since the materials are isotropic. For some 

materials thermal conductivity is a function of temperature.

Statistical Methods
Estimating the 3013 component temperatures for parameter 
(density, heat load, and storage temperature) values other than 
used in Table 1 is best accomplished by performing regression 
analyses. However, regression analysis is a statistical method and 
certain conditions must be met for the regression equation to be 
a good predictor.8 These conditions are:
 1. The errors (residuals) have a zero mean.
 2. The errors (residuals) have constant variance.
 3.  The errors (residuals) are uncorrelated, i.e., they are  

independent.
 4. The errors (residuals) are normally distributed.

A general linear regression equation is of the form:
 T = β

0
 + β

1
 D + β

2
 W + β

3
 T

a
 + β

4
 D2 + β

5
 W2 + β

6
 T

a
2 + β

7
 

DW + β
8
 DT

a
 + β

9
 WT

a
 + ε

 
Where:
T is the component temperature, (°F)
D is the content density, g/cc
W is the content decay heat, watts
T

a
 is the ambient temperature

DW, DT
a
, and WT

a
 are the interaction terms,

ε is the error term, and 
β

1
, β

2
, etc. are the regression parameters that will be calcu-

lated from the computed temperature data.

Thermal Models
The differential equation 1 is solved numerically by a general 
purpose conduction-radiation computer code MSC/PATRAN/
Thermal.9 The data required for creating the thermal models are 

the component geometries, material properties, thermal loads, 
and boundary conditions. The inputs and simplifying assump-
tions made in creating these models are given in detail in the proj-
ect report in Reference 10. Since the 9975 and 3013 geometries 
are cylindrical, two axisymmetric models were created consistent 
with the fill heights shown in Table 2. These two models with 
materials depicted as different colors are shown in Figure 4.

Boundary Conditions
The boundary conditions are the ambient storage temperatures, natu-
ral convection losses, and the radiation losses from the 9975 packaging 
surface. The convection correlations and surface emissivities used in 
the models are given in Reference 10. The 9975 package is modeled in 
an upright configuration with the bottom assumed adiabatic and heat 
losses occurring only from its cylindrical and top surfaces.
Analysis Runs

Variable Low Mid High

Fill height (cm) ?a ?a 17.0

Oxide bulk 
density (g/cc)

1.0 3.0 5.0

Heat generation 
(W/kg)

3.0 6.0 12.0

Total heat load 
(W)

5.0 10.0 19.0

Oxide mass (g) 2000 3000 5000

Table 1. 3013 plutonium oxide variables

Density
(g/cc)

Rocky Flats Configuration

Height
(cm/inches)

Weight
(kg)

Heat Load
(watts)

1 17/6.693 1.592 4.78

3 13.62/5.364 3 10

5 13.62/5.364 5 19

Table 2. Fill height of PuO
2

a Height to be calculated to meet the constraints
Figure 4. Rocky Flats 9975 models
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The two models shown in Figure 4 are analyzed for different val-
ues of PuO

2
 density, heat rate, and ambient storage temperatures. 

Additional analyses are also performed to include low probability 
cases of high density contents with impurities having low heat 
rates and contents with low density and high heat rates. Table 3 
gives the analyses that were performed to cover the entire param-
eter space. Inclusion of these additional analyses (Analyses 13 to 
20 in Table 3) will result in more accurate response surface when 
regression analyses are performed. 
Results

The analyses enumerated in Table 3 are run using the MSC/
Thermal computer code.9 Temperatures at locations T1, T2, and 
T3 are picked from the nodes in the models close to the loca-
tions shown in Figure 3. Gas temperature is the nodal average 
of the entire content volume. Regression analyses error tests are 
performed using the statistical software MINITAB.11 

 

 Outer Container 
Temperatures
The temperatures at the indicated locations in the outer 3013 
container are summarized in Table 4. The highest gas tempera-
ture is 281°F while the highest container temperature is 293°F.

Regression Analyses
The regression analysis results in terms of PuO

2
 density (D), heat 

rate (W), and storage temperature (T
a
) are given below. The sta-

tistical error independence test and normality test results for loca-
tion T1 are shown in Figures 5 and 6. These figures show that the 
errors are independent and normally distributed. The errors for 
location T2, T3, gas temperature T

G
 are also independent and are 

normally distributed.
The regression equations using statistical software MINITAB 

are: 
Temp (T1) = - 9.16 + 0.322 D + 9.038 W + 0.983 T

a
 - 0.146 

W2 + 0.237 DW – 0.0058 WT
a
 

Temp (T2) = - 12.66 + 0.407 D + 10.53 W + 0.981 T
a
 - 

0.187 W2 + 0.321 DW – 0.006 WT
a

Temp (T3) = - 13.66 + 0.372 D + 9.73 W + 0.985 T
a
 - 0.187 

W2 + 0.353 DW – 0.005 WT
a

Temp (Gas) = - 10.7 + 0.361 D + 9.56 W + 0.983 T
a
 - 0.162 

W2 + 0.270 DW -0.006 WT
a

Inner Container
Temperatures
The temperatures at the indicated locations in the inner 3013 
container are summarized in Table 5. The highest gas tempera-
ture is 285°F while the highest container temperature is 295°F.

Regression Analyses
The regression analysis results in terms of PuO

2
 density (D), heat 

rate (W), and storage temperature (T
a
) are given below. The sta-

tistical error independence and normality test results for location 
T1 are shown in Figures 7 and 8. These figures show that the 
errors are independent and normally distributed. The errors for 
location T2, T3, gas temperature T

G
 are also independent and are 

normally distributed.
The regression equations using statistical software MINITAB 

are:
Temp (T1) = - 9.19 + 0.325 D + 9.16 W + 0.983 T

a
 - 0.146 

W2 + 0.237 DW – 0.006 WT
a

Temp (T2) = - 12.37 + 0.360 D + 10.66 W + 0.978 T
a
 - 

0.190 W2 + 0.326 DW – 0.006 WT
a

Temp (T3) = - 14.8 + 0.726 D + 10.33 W + 0.983 T
a
 - 0.186 

W2 + 0.303 DW – 0.006 WT
a

Temp (Gas) = - 10.57 + 0.355 D + 9.76 W + 0.983 T
a
 - 

0.162 W2 + 0.270 DW – 0.006 WT
a

 

Analysis No. Density
(g/cc)

Decay Heat 
Rate (Watts)

Ambient  
Temperature 

(ºF)

1 1 4.78 55

2 1 4.78 85

3 1 4.78 120

4 1 4.78 162

5 3 10 55

6 3 10 85

7 3 10 120

8 3 10 162

9 5 19 55

10 5 19 85

11 5 19 120

12 5 19 162

13 1 19 55

14 1 19 85

15 1 19 120

16 1 19 162

17 5 4.78 55

18 5 4.78 85

19 5 4.78 120

20 5 4.78 162

Table 3. Model analyses
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Density
D (g/cc)

Decay Heat
W (watts)

Temp.
Ta (ºF)

Location T1
(ºF)

Location T2
(ºF)

Location T3
(ºF)

Gas
(ºF)

1 4.78 55 84.47 87.35 83.14 85.18

1 19 55 162.78 173.62 159.49 165.72

3 10 55 126.25 136.09 128.74 129.42

5 19 55 182.75 200.56 188.87 188.51

5 4.78 55 90.62 95.56 91.84 92.15

1 4.78 85 113.18 116.03 112.09 113.92

1 19 85 188.70 199.39 186.07 191.69

3 10 85 153.44 163.07 156.22 156.56

5 19 85 208.20 225.70 214.71 213.87

5 4.78 85 119.12 123.96 120.50 120.65

1 4.78 120 146.80 149.59 145.94 147.55

1 19 120 219.35 229.88 217.41 222.39

3 10 120 185.45 194.84 188.52 188.50

5 19 120 238.38 255.58 245.36 243.98

5 4.78 120 152.51 157.22 154.04 154.03

1 4.78 162 187.34 190.07 186.74 188.11

1 19 162 256.95 267.34 255.82 260.06

3 10 162 224.25 233.39 227.64 227.24

5 19 162 275.69 292.55 283.24 281.21

5 4.78 162 192.81 197.37 194.49 194.31

Table 4. Outer container temperatures

Figure 5. Error independence test for outer container Figure 6. Error normality test for outer container
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Figure 7. Error independence test for inner container Figure 8. Error normality test for inner container

Density
D (g/cc)

Decay Heat
W (watts)

Temp.
Ta (ºF)

Location T1
(ºF)

Location T2
(ºF)

Location T3
(ºF)

Gas
(ºF)

1 4.78 55 84.98 87.92 84.80 86.24

1 19 55 164.70 175.65 169.08 169.60

3 10 55 127.32 137.30 133.06 131.45

5 19 55 184.67 202.74 196.19 192.25

5 4.78 55 91.14 96.18 93.98 93.19

1 4.78 85 113.68 116.57 113.68 114.95

1 19 85 190.59 201.37 195.49 195.47

3 10 85 154.49 164.24 160.36 158.58

5 19 85 210.10 227.82 221.76 217.59

5 4.78 85 119.64 124.56 122.55 121.66

1 4.78 120 147.29 150.12 147.45 148.55

1 19 120 221.21 231.81 226.65 226.07

3 10 120 186.48 195.97 192.46 190.50

5 19 120 240.24 257.65 252.13 247.67

5 4.78 120 153.01 157.80 155.99 155.00

1 4.78 162 187.82 190.57 188.15 189.07

1 19 162 258.76 269.21 264.86 263.63

3 10 162 225.26 234.48 231.38 229.22

5 19 162 277.52 294.56 289.68 284.88

5 4.78 162 193.30 197.29 196.33 195.25

Table 5. Inner container temperatures
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Figure 9. Error independence test for convenience container Figure 10. Error normality test for convenience container

Density
D (g/cc)

Decay Heat
W (watts)

Temp.
Ta (ºF)

Location T1
(ºF)

Location T2
(ºF)

Location T3
(ºF)

Gas
(ºF)

1 4.78 55 86.91 89.17 84.05 93.73 

1 19 55 171.82 180.30 162.75 199.58

3 10 55 130.50 141.64 131.33 146.48

5 19 55 190.23 210.50 193.45 212.74

5 4.78 55 92.68 98.34 93.17 98.40

1 4.78 85 115.57 117.80 112.96 122.46

1 19 85 197.56 205.94 189.21 225.53

3 10 85 157.60 168.49 158.71 173.57

5 19 85 215.53 235.47 219.14 238.10

5 4.78 85 121.14 126.67 121.77 126.87

1 4.78 120 149.12 151.31 146.77 156.09

1 19 120 228.01 236.30 220.43 256.21

3 10 120 189.51 200.11 190.91 205.47

5 19 120 245.55 265.16 249.63 268.22

5 4.78 120 154.47 159.85 155.26 160.21

1 4.78 162 189.59 191.74 187.52 196.63

1 19 162 265.39 273.61 258.69 293.86

3 10 162 228.19 238.51 229.92 244.17

5 19 162 282.69 301.92 287.32 305.48

5 4.78 162 194.71 199.92 195.65 200.45

Table 6. Convenience container temperatures
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Convenience Container 
Temperatures
The temperatures at the indicated locations in the convenience 
3013 container are summarized in Table 6. The highest gas tem-
perature is 305°F while the highest container temperature is 
302°F.

Regression Analyses
The regression analysis results in terms of PuO

2
 density (D), heat 

rate (W), and storage temperature (T
a
) are given below. The sta-

tistical error independence and normality test results for location 
T1 are shown in Figures 9 and 10. These figures show that the 
errors are independent and normally distributed. The errors for 
location T2, T3, gas temperature T

G
 are also independent and are 

normally distributed.
The regression equations using statistical software MINITAB 

are:
Temp (T1) = - 8.51 + 0.326 D + 9.43W + 0.983 T

a
 - 0.141 

W2 + 0.217 DW – 0.006 WT
a

Temp (T2) = - 14.31 + 0.448 D + 11.33 W + 0.98 T
a
 - 0.208 

W2 + 0.361 DW – 0.006 WT
a

Temp (T3) = - 14.32 + 0.397 D + 10.1 W + 0.984 T
a
 - 0.196 

W2 + 0.369 DW – 0.005 WT
a

Temp (Gas) = - 13.79 + 0.386 D + 12.31 W + 0.98 T
a
 - 0.198 

W2 + 0.142 DW – 0.006 WT
a

Conclusions
Detailed finite element analyses are performed to assess the ther-
mal performance of the 3013/9975 container configuration. 
Temperatures are calculated at specific locations of the 3013 con-
tainer components. Regression equations are developed for the 
temperatures in terms of PuO

2
 density, heat rate, and the ambient 

storage temperature. The gas temperatures of a convenience con-
tainer may exceed 300°F as may the temperature of the container 
wall, depending on the regression variables. Although these tem-
peratures are higher than those anticipated in actual containers, 
it is clear that the predicted temperatures are sufficient to support 
corrosion-induced degradation processes.
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Abstract
The thermal conductivity of self-heated materials such as those 
containing plutonium determines the temperature profile, rela-
tive humidity profile, and, therefore, the potential for material 
phases to vary within a finite volume of initially homogeneous 
material. The thermal conductivity of complex powdered materi-
als is difficult to reliably estimate from composition alone and 
is strongly influenced by processing history and impurities. The 
thermal conductivity of a high purity plutonium oxide and a 
number of MIS represented materials consisting of plutonium 
oxide and salt-based impurities are determined from measured 
temperature gradients in 3013 containers. The influence of mate-
rial heat generation, fill level, and thermal conductivity on the 
magnitude of thermal gradients expected within materials in 
3013 containers is discussed.

Introduction
A complete description of the thermal behavior of filled DOE 
STD 3013 (3013) containers requires accurate values for the 
thermal conductivity of the contained materials. Detailed ther-
mal analyses of 3013 containers have been conducted to ensure 
that gas pressures remain within design criteria1 and to ensure 
that containers stored for more than five years can be opened safe-
ly during surveillance.2 A correlation by Deissler and Eian is used 
in these analyses to calculate the effective thermal conductivity of 
the plutonium oxide powder/fill gas combination (note: the ther-
mal conductivity of the powder, including the gas and the solid 
powder, will be referred to as the effective thermal conductivity).3 
The Deissler-Eian correlation describes the effective thermal con-
ductivity in terms of the porosity of the powder and the thermal 
conductivity of the crystalline solid material and the fill gas.

The Deissler-Eian correlation is derived assuming particle 
arrays consisting of solid cylinders and spheres. Plutonium oxide 
powder particles have a complicated geometry with considerably 
more surface area than a solid sphere of the same size. The mea-
sured surface to volume ratios indicate that the plutonium oxide 
particles have internal voids accessible to gas and are not consis-
tent with the Deissler-Eian assumptions. We have experimentally 
determined the effective thermal conductivity of a high-purity 
plutonium oxide powder using both He and Ar as the fill gas.4 
The plutonium oxide powder was obtained from oxalate precipi-

tate from nitric acid anion exchange purified plutonium solution. 
The powder has a particle size distribution and specific surface 
area typical of weapons grade plutonium oxides packaged in 
3013 containers. The observed effective thermal conductivity dif-
fers from the effective thermal conductivity calculated using the 
Deissler-Eian correlation. We developed a model that reproduces 
the observed effective thermal conductivity over a broad range of 
pressures of the Ar and He fill gases, referred to as the Bielenberg 
Model and described further below. In order to accurately fit the 
observed trends, a parameter related to the size of internal voids 
was necessary. The first section of this paper will describe impor-
tant aspects of this model and contrast the differences in effective 
thermal conductivity calculated using this model with those cal-
culated using the Deissler-Eian correlation.

Plutonium oxides with chlorine impurities are problematic 
materials within 3013 containers due to their demonstrated abil-
ity to cause corrosion, especially stress corrosion cracking. Tem-
perature gradients within the contained material can cause large 
differences in the local relative. Such differences in combination 
with specific material and water contents can result in conditions 
conducive to corrosion at the container walls in material that 
would not be corrosive if there were no thermal gradients. The ef-
fective thermal conductivity of impure chloride materials is thus 
of importance to the long-term integrity of the 3013 contain-
ers. The second section of this paper will report measurements of 
the effective thermal conductivity of chloride materials in 3013 
containers and evaluate the ability to determine the effective ther-
mal conductivity in stored materials using what is known about 
their elemental composition. The results can be used in assessing 
thermal gradients in the various configurations of stored 3013 
containers and their effect on relative humidity gradients and ul-
timately the potential for corrosion within 3013 containers.

The Bielenberg Model
A model for determining the thermal conductivity of materials 
with large void fractions was developed using experimental obser-
vations of temperature profiles in beds of high-purity plutonium 
oxide with He and Ar fill gases.4 The experimental data covers fill 
gas pressures from 0.05 kPa to 334 kPa. The plutonium oxide bed 
was kept constant while the fill gas and pressure were changed. 
The bed geometry was a cylinder where the centerline tempera-
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ture near the midpoint of the bed height was determined by the 
heat generation and the effective thermal conductivity of the ma-
terial.  The heat conduction was mainly in the radial direction at 
this bed height. The model had to explain a number of unusual 
observations:
•	 The	centerline	temperature	continued	to	decline	as	the	fill	

gas pressure increased above one atmosphere, for both He 
and Ar, indicating that the effective thermal conductivity 
continues to increase with increasing gas pressure.

•	 At	pressures	above	one	atmosphere,	the	ratio	of	the	increase	
in temperature from the wall to the centerline for He and 
Ar fill gases (approximately 2.8) was much smaller than the 
ratio of the thermal conductivity of the gases alone (8.2).

•	 At	very	low	pressures	the	increase	in	centerline	temperature	
exceeded 350°C and the radial temperature profile could not 
be fit by considering conduction pathways only but required 
the inclusion of thermal radiation effects.

A thermal conductivity model was developed to predict the 
thermal behavior of this fine, highly porous powder because the 
experimental measurements could not be reasonably interpreted 
using existing thermal conductivity models. The following dis-
cussion is a simplified version of the more complete discussion 
found in Bielenberg.  The thermal conductivity expression was 
derived using the powder schematic in Figure 1. 

Heat conduction occurs through two parallel pathways in 
the gas and solid regions of the powder. The bed porosity (ε

b
) is 

used to define the relative areas of the gas and solid regions in the 
powder and, as defined herein, is synonymous with void fraction 
defined later in Equation 6.  The gas region is defined here as the 
gas-only region of the powder whereas the solid region contains 
two solid particles (that may or may not have a porous structure) 
thermally in series with an interparticle domain that contains 
both solid–solid and gas–solid conduction pathways. Because the 
conductances are additive for parallel pathways, the effective ther-
mal conductivity (k

eff
) is written as    

 (1)

In this expression, k
eff

 is the effective thermal conductivity 
of the powder, ε

b
 is the bed porosity, k

g,o
 is the thermal conduc-

tivity of the fill gas in the outer pore region, k
s
 is the thermal 

conductivity of the solidregion, and L/D, the interparticle contact 
fraction, defines the region where conduction occurs between the 
solid particles across a small gap.  The thermal conductance of 
the solid region is a series combination of conductance through 
the solid particles and the interparticle region. The interparticle 
region contains parallel gas and solid conductance pathways. The 
resulting conductivity of the solid region is given as:

        

 

(2)

In this expression, k
PuO2

 is the thermal conductivity of solid 
PuO

2
 crystals at theoretical density, kg,in is the gas thermal con-

ductivity in the interparticle area where the effective pore size is 
much smaller than the pore size in the outer “gas” region, δ is the 
contact roughness (defined as the interparticle distance (d) di-
vided by the total cell distance (D)), and φ defines the solid-solid 
contact region in the interparticle contact fraction.  Combining 
Equation 1 and Equation  2 yields Equation 3, the effective ther-
mal conductivity across the powder cell shown in Figure 1.

 (3)

To calculate the thermal conductivity from this expression, 
the porosity is experimentally measured, the gas and solid thermal 
conductivities are available from the literature, and the spheric-
ity (φ), contact roughness (δ), and interparticle contact fraction 
(L/D) are fit parameters.  A fit to the measured radial temperature 

Figure 1. (a) Schematic for the powder thermal conductivity model.  
The model includes two parallel pathways through the gas and solid 
regions of the powder with the fractions determined by the bed 
porosity or void fraction (ε

b
).  Within the solid, 1-ε

b
 region, conduc-

tion occurs between the solids phase through a small contact length, L 
(nondimensionalized as the parameter L/D).   The relative areas of the 
solid-solid contact vs. the solid-gas-solid contact in the interparticle 
contact fraction (L/D) are set by the parameter, φ, the sphericity.  The 
other parameter in this model, δ, is the interparticle distance, d, di-
vided by the total cell distance (D).  (b) Idealized schematic of particle 
packing and contact in the powder.
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profiles at various pressures for He and Ar yielded values of the 
fit parameters that should be the same for oxalate precipitation 
derived high-purity plutonium oxide powders. The parameters 
are given in Table 1 as reported by Bielenberg. The parameters 
λ

in 
and λ 

o
 are the pore size in the interstitial region and the outer 

pore region respectively.

The interstitial and outer pore sizes are reasonably in agree-
ment with images of the particles that make up the powder. A 
scanning electron microscopy (SEM) image of the high-purity 
plutonium oxide powder used by Bielenberg is given in Figure 
2.  The particles are best described as non-regular interpenetrat-
ing plates or columns with many internal voids.  The particle’s 
surfaces are rough, with a low probability of two particles having 
significant contact area.

With these parameters, the behavior of the effective ther-
mal conductivity as a function of fill gas, fill gas pressure, and 
temperature can be explored.  The thermal conductivity of solid 
PuO

2
 at theoretical density is taken from Bielenberg.  The ther-

mal conductivity values for gases are built into the Engineering 

Equation uation Solver (EES)5 software.  EES solves large sets 
of non-linear algebraic and differential Equations providing lin-
ear and non-linear regression, optimization, unit conversion and 
consistency checking, and uncertainty analyses. Built-in func-
tions are provided for thermodynamic and transport properties 
of many substances, including steam, air, refrigerants, cryogenic 
fluids, Joint Army-Naval-Air Force (JANAF) table gases, hydro-
carbons, and psychrometrics. Property data are provided using 
high-accuracy Equations of state models or from tabular data 
from National Institute of Standards and Technology (NIST), 
American Society of Heating, Refrigeration, and Air Condition-
ing Engineers (ASHRAE), and other sources. The behavior of 
the effective thermal conductivity with pressure is complicated 
by the existence of two pore sizes. At high pressures, the gas ther-
mal conductivity is in the continuum regime where the conduc-
tivity is relatively independent of pressure. At low pressures, the 
gas thermal conductivity operates in the free molecular regime 
where it is a linear function of pressure. A transition region ex-
ists at intermediate pressures where the gas thermal conductivity 
is a function of both the continuum and free molecular thermal 
conductivities. The ratio of the mean free path to the pore size 
determines the location of the transition region. The thermal 
conductivity of the gases He, Ar, air, and H

2
 in the outer pore 

region and the interstitial pore region are illustrated in Figure 3.  
In the outer pore region, the transition pressure regime for the 
light gases helium and hydrogen is between 10 and 100 kPa and 
for the heavier gases argon and air the transition pressure regime 
is between 2 kPa and 20 kPa.  In contrast, in the interstitial pore 
region, the transition pressure regime is just starting to appear at 
500 kPa for the lighter gases and the transition pressure regime is 
between 40 and 400 kPa for the heavier gases.  It is the interstitial 
region with its nearly linear increase in the interstitial gas thermal 
conductivity at the higher pressures that is responsible for the 

Parameter Value

δ 2.86x10-3

φ 1.71x10-4

L/D 0.086

λ
in
(μm) 0.56

λ 
o
(μm) 15.6

 Table 1. PuO
2
 parameter

Figure 2. SEM of high-purity plutonium oxide powder.  The powder 
was derived from oxalate precipitation of nitric acid anion exchange 
purified solution.  The oxalate was calcined at 600°C and then 975°C 
for four hours.  The length bar is 20 μm.

Figure 3. The gas thermal conductivity in the outer pore region and 
the interstitial pore region for fill gases He, Ar, air, and hydrogen as a 
function of the fill gas pressure at 300 K.
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pressure dependence of the powder’s effective thermal conductiv-
ity as reported by Bielenberg.

The effective thermal conductivity for this high-purity oxide 
for the four fill gases, as a function of pressure at a temperature of 
300 K, is illustrated in Figure 4.  At low pressures (below 0.1 kPa), 
k

eff
 is approximately 0.013 W m-1 K-1 and is independent of the 

fill gas. At this very low value of the effective thermal conductiv-
ity the centerline temperature of the plutonium oxide powder can 
become quite high and was observed to be nearly 350°C above the 
wall temperature. If gas is reintroduced into the container, the heat 
stored in the bed center is rapidly conducted to the walls, result-
ing in a significant temperature rise, which can be problematic if 
unexpected. The effective thermal conductivity rapidly rises as the 
pressure of the fill gas approaches 100 kPa. Above 100 kPa the ef-
fective thermal conductivity begins to level off, but, for the light 
gases, still has a strong pressure dependence at 700 kPa. Typically, 
the thermal conductivity of gases is assumed to be independent of 
pressure at these pressures but the small pore sizes found in these 
powders negates this assumption. And finally, the effective thermal 
conductivity is strongly dependent upon the fill gas.

The temperature dependence of the effective thermal con-
ductivity with He as fill gas as a function of pressure is given in 
Figure 5.  At high pressures, the effect of temperature is minimal.  
At low pressures, the effective thermal conductivity decreases 
from 0.013 to 0.007 W m-1 K-1. This decrease is due to the tem-
perature dependence of the thermal conductivity of the PuO

2
 

solid at theoretical density, which decreases by a factor of two 
over this temperature range.

The Deissler-Eian correlation
The Deissler-Eian correlation allows the effective thermal conduc-
tivity of a packed powder bed to be calculated in terms of the gas 

thermal conductivity (k
g
), the solid thermal conductivity of the 

particles (k
s
), and the void fraction (V

g
).  Four cases are defined:

1. All gas and no solid where V
g
 = 1 and Keff = kg.

2. Solid cylinders in a square array where V
g
 = 0.2146 and the 

effective thermal conductivity is given by:

(4)

3. Solid spheres in a cubical array where V
g
 = 0.4764 and the 

effective thermal conductivity is given by:

(5)

4. All solid and no gas where V
g
 = 0 and k

eff
 = k

s
.

The effective thermal conductivity for a powder with a void 
fraction of V

g
 is determined by interpolating between the two 

cases that bound the void fraction. The method of interpolation 
is not stated.  Knight and Steinke use a linear interpolation and 
Lam uses the natural logarithm of the effective thermal conduc-
tivity endpoints. For comparison purposes, we will use the meth-
od of Lam.

Results for Impure Oxides
The Bielenberg model reproduced the data for the high-pu-
rity oxide with 0.78 void fraction. However, material in 3013 
containers is very diverse. The actinide content can vary from 

Figure 4. The effective thermal conductivity of high purity plutonium 
oxide powder with He, Ar, air, and hydrogen fill gases as a function of 
the fill gas pressure.  The temperature for all curves is 300 K.

Figure 5. The effective thermal conductivity of high-purity plutonium 
oxide with He as fill gas calculated for temperatures from 300 K to 
600 K as a function of fill gas pressure.
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88 wt percent (high-purity oxide) to 30 wt percent. The void 
fraction of materials from packaged 3013 containers can 
be calculated from the pycnometer density and bulk den-
sity measured during destructive evaluation (DE).  The void 
fraction is given by      

(6)

where r
b
 is the bulk density and r

p
 is the pycnometer density.  

The range of observed void fractions from 33 DEs is 0.57 to 0.81.  
The lower void fractions correspond to materials with impurities.  
In order to evaluate if either model is capable of predicting the ef-
fective thermal conductivity of impure 3013 materials, measure-
ments on containers with impure materials were conducted.

The centerline temperature has been measured for two 3013 
containers during destructive evaluation.  After gas analysis, the 
convenience container lid was removed and replaced with a spe-
cial lid with thermocouples.  One thermocouple was aligned with 
the centerline of the container and a second thermocouple was 
located at 3.30 cm from the centerline. Both were located at a 
height of 6.86 cm from the can bottom. A thermocouple was 
also attached to the sidewall of the container at the same height.  
The fill gas was essentially air.  The parameters for the two beds, 
designated R610806 (RFETS) and H003119 (Hanford), along 
with the high purity PuO

2
 bed are shown in Table 2.  As shown, 

the bulk densities and void fractions of the beds decrease with 
increasing impurities. 

The material in the RFETS container was 77 percent ac-
tinide with 13percent impurities and a void fraction of 0.71 with 
an effective thermal conductivity of 0.14 W m-1 K-1 calculated 
from the wall temperature and the centerline temperature.  The 
material in the Hanford container was 70 percent actinide with 
19 percent impurities and a void fraction of 0.68 with an effective 
thermal conductivity of 0.16 W m-1 K-1. The thermal results for 
these beds are shown in Figure 6. The effective thermal conduc-
tivities of these impure 3013 materials are higher than the effec-
tive thermal conductivity of the high-purity oxide.

Discussion
The effective thermal conductivity equation is required to de-
termine the temperature gradients within the materials stored in 
3013 containers.  However, the effective thermal conductivity is 
strongly dependent upon the fill gas.  The containers begin with 
mostly helium with up to 20 percent air.  With time the oxygen 
that is associated with the air is depleted and the hydrogen in-
creases, depending upon the amount of water present.  Hydrogen 
has a gas thermal conductivity larger than helium.  The effective 
thermal conductivity with any fill gas can be calculated using the 
models described above if the material properties are represented 
correctly.  The measured effective thermal conductivities of the 
three materials studied to date are given in Table 3 along with the 
effective thermal conductivities calculated using the Bielenberg 
Model and the Deissler-Eian correlation.

In the case of the high-purity oxide PEOF1, the Bielenberg 
model is fit to the observed data and therefore, the values for 

Material Description Mass Volume Power Pycnometer 
Density

Bulk Density Void Fraction Measured 
Centerline 

Temperature

  [kg] [cm3] [W/kg] [g/cm3] [kg/m3]  [°C]

PEOF1 100% PuO2 5.00 1929 2.05 11.46 2.59 0.77 --

R610806 77% Actinides 
13% Impurities

4.26 1696 1.92 8.65 2.51 0.71 59.2

H003119 70% Actinides 
19% Impurities

2.43 1013 2.28 7.47 2.40 0.68 54.1

Table 2. Bed parameters for the tested impure oxide beds and for the pure oxide bed used for the Bielenberg 

Table 3. The effective thermal conductivity (W m-1 K-1) measured and calculated using the Bielenberg model and the Deissler-Eian correlation.  
The temperature of the calculation is 300°K.

Material Void Measured 
keff with air 

as fill gas

Bielenberg Model (P=100 kPa) Deissler-Eian Correlation

He air Ar He air Ar

PEOF1 0.78 --- 0.24 0.10 0.081 0.32 0.063 0.045

R610806 0.71 0.14 0.27 0.13 0.098 0.41 0.083 0.060

H003119 0.68 0.16 0.29 0.14 0.107 0.45 0.094 0.068
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He and Ar are the observed values. The Deissler-Eian correla-
tion overestimates the effective thermal conductivity for PEOF1 
with He by 33 percent and underestimates for PEOF1 with Ar by 
55 percent. The measured effective thermal conductivities of the 
materials with the lower void fractions were estimated using both 
models. The effective thermal conductivities calculated using the 
Bielenberg model are closer to the measured values than those 
calculated using the Deissler-Eian correlation.  When He fill gas 
is modeled, the Deissler-Eian correlation yields values that are 50 
percent higher than the Bielenberg model which would decrease 
or underestimate the temperature gradient within the 3013 con-
tainers by a factor of ~1.5.

Conclusions
An estimate of the effective thermal conductivity of materials 
within 3013 containers is needed in order to obtain realistic tem-
perature gradients, which influence the water distribution within 
the material.  Temperature measurements across high-purity plu-
tonium oxides have been used to develop a model (the Bielenberg 
model) to calculate the effective thermal conductivity taking into 
account the void fraction and the nature of the fill gas.  The new 
model is necessary because existing models do not reproduce the 
experimental data.  Temperature measurements across impure 

plutonium oxide materials with different void fractions have been 
used to test the Bielenberg model. The Bielenberg model per-
forms better than the Deissler-Eian correlation previously avail-
able. The Bielenberg model provides an effective tool to estimate 
the effective thermal conductivity of the plutonium containing 
materials stored in 3013 containers and thus provides a basis to 
determine thermal gradients and water distribution within 3013 
containers.
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Figure 6.  The temperature profile of two 3013 convenience contain-
ers modeled using the k

eff
 of 0.14 W m-1 K-1 for the RFETS container 

and 0.16 W m-1 K-1 for the Hanford container.  The k
eff

 is determined 
from the wall temperature and the centerline temperature.  The 
RFETS convenience container has a slightly larger diameter that the 
Hanford convenience container.  The offset temperature is reasonably 
close to the calculated temperature profile.
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Abstract
More than 5,500 containers of excess plutonium-bearing materi-
als have been packaged for long-term storage following the re-
quirements outlined in the DOE-STD-3013. Knowledge of the 
chemical impurities in the packaged materials is important be-
cause certain impurities, such as chloride salts, affect the behavior 
of the material in storage leading to gas generation and corrosion 
when sufficient moisture also is present. In most cases, the pack-
aged materials are not well characterized, and information about 
the chemical impurities is limited to knowledge of the material’s 
processing history. The alpha-particle activity from the plutoni-
um and americium isotopes provides a method of nondestructive 
self-interrogation to identify certain light elements through the 
characteristic, prompt gamma rays that are emitted from alpha-
particle-induced reactions with these elements. Gamma-ray spec-
tra are obtained for each 3013 container using a high-resolution, 
coaxial high-purity germanium detector. These gamma-ray spec-
tra are scanned from 800 to 5,000 keV for characteristic, prompt 
gamma rays from the detectable elements, which include lithium, 
beryllium, boron, nitrogen, oxygen, fluorine, sodium, magne-
sium, aluminum, silicon, phosphorus, chlorine, and potassium. 
The lower limits of detection for these elements in a plutoni-
um-oxide matrix increase with atomic number and range from 
100 or 200 ppm for the lightest elements such as lithium and 
beryllium, to 19,000 ppm for potassium. The peak areas from 
the characteristic, prompt gamma rays can be used to estimate 
the concentration of the light-element impurities detected in the 
material on a semiquantitative basis. The use of prompt gamma 
analysis to assess impurity concentrations avoids the expense and 
the risks generally associated with performing chemical analysis 
on radioactive materials. The analyzed containers are grouped by 
impurity content, which helps to identify high risk containers for 
surveillance and in sorting materials before packaging. 

Introduction
Beginning in 1999, excess plutonium oxide from various U.S. 
Department of Energy (DOE) facilities has undergone stabiliza-
tion and packaging for long-term storage, according to the re-
quirements of DOE-STD-3013, “Stabilization, Packaging, and 
Storage of Plutonium-Bearing Materials.”1 The material ranges in 
composition from pure plutonium oxide (or mixed plutonium-

uranium oxide) to impure, scrap material from various processes. 
The actinide content of the materials is well-known, but the 
other physical and chemical properties, such as the density, par-
ticle size, and chemical impurities, are not well-known. For much 
of the material, the only information concerning these proper-
ties is based on its processing history. Certain impurities, such 
as chloride salts, are of concern because they may increase the 
risk of time dependent container degradation. However, the cost 
and time associated with chemical analysis are too high for such 
analyses to be practical. Therefore, prompt gamma (PG) analysis 
has been used to identify some of the light-element impurities 
present in the plutonium oxide packaged in DOE Standard 3013 
containers. The light elements detectable by PG analysis include 
lithium, beryllium, boron, nitrogen, oxygen, fluorine, sodium, 
magnesium, aluminum, silicon, phosphorus, chlorine, and potas-
sium. The heavier elements, calcium through bismuth, are gener-
ally not detectable by this method. The qualitative results from 
the PG analysis are used to bin the containers by impurities pres-
ent and to identify containers with chloride salt impurities that 
may be at greater risk for container degradation. This informa-
tion is used to guide field surveillance activities. The gamma-ray 
peak areas for the light elements identified in the PG analysis cor-
relate with concentration when normalized to the peak areas for 
the plutonium isotopes. Calibration curves have been developed 
between the normalized peak areas obtained from the PG analysis 
and the concentration of the light elements. Prompt gamma anal-
ysis therefore offers a semiquantitative, nondestructive method of 
chemical analysis for the plutonium oxide materials.

Background
Prompt gamma analysis is a nondestructive, nuclear, elemental 
analysis technique that uses charged particle reactions to activate 
and interrogate a sample. In this technique, elements present in 
the sample matrix are identified through the characteristic gam-
ma rays that are emitted during or following nuclear activation. 
Previous research has shown that alpha particles emitted from 
plutonium have sufficient energy to activate certain light ele-
ments in the material matrix.2,3 This phenomenon was studied by 
McKibben in mixtures of 238Pu oxide (80 atomic percent 238Pu) 
and reagent-grade compounds containing various light elements 
as a method to detect light-element impurities in materials used 
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in heat-source production.2 Martin also observed the reactions in 
mixtures and compounds of 239Pu oxide (presumably 93 atomic 
percent 239Pu) with the same light elements to explain the un-
usually high neutron-emission rates of waste materials containing 
plutonium.3 Both researchers compiled catalogues of gamma-ray 
spectra showing the characteristic gamma rays associated with 
each light element detected. The most comprehensive catalogue 
of alpha-particle-induced PG rays was published by Giles and 
Peisach and included the observed gamma rays and sensitivities 
for twelve light elements from lithium to potassium and twenty-
six of the heavier elements from calcium through bismuth on the 
periodic table.4 However, gamma rays produced from alpha-par-
ticle-induced reactions on transition metal impurities in plutoni-
um have not been observed. Giles and Peisach bombarded sheets 
or discs of pure metals or pellets of powdered compounds with 
5 MeV 4He+ ions produced in a Van de Graaff accelerator, there-
by eliminating the “plutonium background” in the gamma-ray 
spectra. Elimination of the plutonium background was necessary 
because many of the gamma rays produced from alpha particle-
induced reactions on the transition metals are found in the region 
of the spectrum that is dominated by gamma rays from the decay 
of the plutonium and americium. This makes the detection of the 
transition metals difficult or impossible when they are present as 
impurities in plutonium oxide. The light elements that PG analy-
sis can detect in nuclear fuels are listed in Table 1 along with the 
associated reactions and gamma rays used for detection. 

Attempts have been made at using PG analysis as a method 
to quantify the light elements present in nuclear fuels.2,5,6 The 
gamma-ray yields and lower limits of detection for alpha parti-
cle-induced reactions were measured for various mixtures of the 
light elements with plutonium. The gamma-ray yields have also 
been calculated for the light elements in various types of nuclear 
fuel, 238Pu, 239Pu, 241Am, and U-Pu mixed fuels using computer 
models.7 Thick-target yields for the light elements have also been 
determined by irradiation of light-element samples in alpha-
particle beams.8,9,10 However, the gamma-ray yields obtained in 
the various studies are not directly applicable to the analysis of 
impure plutonium-oxide materials. The results depend on the 
experimental conditions, which include the chemical form of the 
element, particle size, sample size, density, and isotopic composi-
tion of the plutonium.3,7 These properties control the amount of 
alpha particles that react with the light elements. Because these 
properties are not known for the material packaged in each 3013 
container, it would be impossible to accurately obtain theoretical 
yields for the alpha-particle-induced reactions. 

Another approach was to use statistical methods to develop 
the trends between the gamma count rates for the alpha-particle-
induced reactions and the concentration of the light elements 
measured in plutonium-oxide samples into a calibration. One 
correlation was developed by Fazzari to estimate chlorine content 
(as chloride salt) in scrap plutonium oxide from the electrore-
fining process.11 The estimates of chloride concentration for the 

materials analyzed by this method showed good agreement with 
those obtained by analytical chemistry.12 However, this correla-
tion was detector specific and required that the concentration of 
241Am, a significant contributor to the alpha-particle activity, was 
the same for all materials. Because the age of the materials be-
ing packaged in 3013 containers varies considerably, the 241Am 
concentration also varies and must be considered. Therefore, we 
have developed a method to estimate the concentrations of vari-
ous lights elements, including aluminum, beryllium, chlorine, 
fluorine, magnesium, potassium, and sodium that are present as 
impurities in plutonium oxide. In this method, the PG data are 
normalized to the count rates of 239Pu and 241Am. The normaliza-
tion corrects for the amounts of 239Pu and 241Am, which together 
account for approximately 80 percent of the alpha-particle activ-
ity in the material. The normalization also provides an internal 
correction for the counting system efficiency and attenuation, 
both self-attenuation of the material and attenuation caused by 
shielding from the container and the detection system. Using the 
normalized PG data and analytical chemistry data available for 
113 pure and impure plutonium-oxide samples, calibration equa-
tions have been developed. The calibration equations can be used 
to predict the concentration of several impurity elements found 
in the packaged materials, particularly those found in chloride 
salts that could lead to the degradation of the steel containers. 
The original calibration curves have since been revised with the 
addition of eighty-eight standards to the dataset.13,14

Element Reaction Gamma Ray
(MeV)  

Lithium 7Li(α,α'γ)7Li 0.478

Beryllium 9Be(α,nγ)12C 4.439

Boron 10B(α,nγ)13C 3.684

Nitrogen 14N(α,pγ)17O 0.871

Oxygen 18O(α,nγ)21Ne 2.438

Fluorine 19F(α,nγ)22Na 0.891

Sodium 23Na(α,pγ)26Mg 1.809

Magnesium 25Mg(α,nγ)26Mg 1.779

Aluminum 27Al(α,pγ)30Si 2.236

Silicon 28Si(α,pγ)31P 2.234

Phosphorus 31P(α,pγ)34S 2.127

Chlorine 35Cl(α,pγ)38Ar 2.168

Potassium 39K(α,pγ)42Ca 1.524

Table 1. Light elements sensitive to PG analysis and
corresponding reactions and gamma rays used for detection4
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Materials and Methods
Prompt gamma analysis is performed on each 3013 container 
packaged with plutonium-oxide mixtures that have an actinide 
concentration of less than 85 wt percent (pure 239PuO

2
 has an 

actinide concentration of approximately 87 percent). The con-
tainers are counted using a high-resolution, coaxial high-purity 
germanium detector as part of the nondestructive analysis (NDA) 
process. Originally, the containers were counted for fifteen min-
utes, but the count time was later extended to sixty minutes to 
increase detection capability. The gamma-ray spectrum files are 
analyzed with Prompt Gamma Analysis (PGA) Software devel-
oped at Los Alamos National Laboratory.15 The analysis software 
reads the raw spectrum files, performs an energy calibration, lo-
cates all peaks in the spectrum, determines the area under each 
peak, and computes the normalized peak areas for the peaks that 
correspond with alpha-particle-induced reactions. The software 
then identifies the sensitive light elements present in the material 
based on the characteristic gamma rays observed in the spectrum, 
and provides the necessary data records. 

The normalized peak areas N
i
 are unitless quantities and are 

obtained by determining the net counts P
i
 for a given peak and 

dividing by the normalization factor n and the attenuation fac-
tor A

i
 as shown in Equation 1. The net counts were obtained 

by determining the gross counts G
i
 and subtracting the average 

background. The gross counts are the sum of the counts c in the 
region of interest (ROI) containing the j channels corresponding 
to the peak. 

 
(1)

The normalization factor is obtained from the net counts 
from the 239Pu peak at 0.414 MeV and the 241Am peak at 0.662 
MeV, as shown in Equation 2.

(2)

where S
Pu-239

 and S
Am-241

 are the specific alpha activities of 239Pu 
and 241Am and s

Pu-239
 and s

Am-241
 are the specific gamma activities 

of 239Pu at 0.414 MeV and 241Am at 0.662 MeV, respectively. The 
attenuation factor A

i
 is applied to correct for the differences in 

thickness for the various container configurations that may be 
counted. For example, the material may be counted in its pack-
aged state in the 3013 container, which is a nested configura-
tion consisting of the outer 3013 container, the inner container, 
and the convenience container, or it may be counted in just the 
convenience container. For a given container configuration, the 
attenuation factor is calculated from Equation 3. 

(3)

where the quantity (μ/r) is the mass attenuation coefficient for 
the steel for the energy of peak i, r is the density of the steel, and 
t is the total wall thickness of the steel containers.

Lead absorbers are often used to shield the counting system 
from the low-energy gamma rays from 241Am to reduce the dead 
time. Historically, the use of absorbers has not been recorded; 
however, it may be determined using the ratio χ of the 239Pu 
peak at 0.414 MeV to the 239Pu peak at 0.646 MeV. It has been 
demonstrated experimentally that values of χ less than or equal 
to thirty-nine indicate that the attenuation is significant, and a 
correction must be applied.14 This is done by determining the 
absorber thickness t from the χ using Equation 4.

 (4)

Equation 3 can then be used to calculate the attenuation 
caused by the absorbers (if present) using the appropriate density 
and the mass attenuation coefficients for each peak.

The estimated concentrations for several light-elements 
impurities may be calculated using calibration equations. These 
equations were developed using the normalized peak areas ob-
tained by PG analysis and analytical chemistry data obtained for 
the 113 standards.13,14 The fitted equations are in the form of 
power functions as shown in Equation 5. 

[C
i
=k

0
 . N

i
ki [ppm] multiplied by some random error. (5)

The data were fitted using a linear regression model of the 
form shown in Equation 6.

1n[C
i
]=k

1
 . 1n(N

i
) +k

2
 [ppm]  

plus random error, where k
2
 = ln(k

0
). (6)

The parameters k
1
 and k

2
 are listed in Table 2 along with the 

range of concentrations over which the calibration equations are 
valid. The parameters k

1
 and k

2
 are the slope and intercept of the 

calibration line. These parameters along with the R2 values for 
each of the calibrations are also listed in Table 2. The R2 value 
shows the proportion of the variance in the log chemistry data 
that is removed by conditioning on the log PG data. The p-values 
are obtained from an F-test that tests the importance of the slope 
or linear term. The p-values should be less than 0.05 to show 
there is only a 5 percent or less chance that the linear term is not 
important. The p-values for all of the fits are less than 1 × 10-6. 
The uncertainties in the estimates, which are obtained from the 
95 percent prediction intervals, are +/- 100 percent of the esti-
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mate or larger because of the large amount of scatter in the data 
set. Therefore, the estimates obtained from these equations are 
considered semiquantitative. 

Lower Limits of Detection
Prompt gamma analysis can only provide estimates of impurity 
concentration when elements that have calibration equations are 
detected. For cases where those elements are not detected or where 
a calibration equation is not available, the lower limits of detec-
tion (LLD) can provide an estimate of the maximum concentra-
tion for the sensitive light elements. The LLDs for the sensitive 
light elements in plutonium oxide were obtained using a method 
described by Gedcke (see Equation 7) that uses a Gaussian dis-
tribution to model the difference between the observed counts 
and background counts (the difference of two Poisson distribu-
tions).16 This method relies on the assumptions that the Gaussian 
distribution is a good approximation to the Poisson distribution 
and that concentration C is equal to some constant k multiplied 
by the integrated net peak area P. The net area of the peak is ob-
tained by subtracting the background B from the total integrated 
area. The background is estimated by integrating two additional 
regions of width (η

B
/2) at equal distances to the left and right of 

the peak. The value of η
B
 is arbitrary, but was selected so that 

neighboring peaks were avoided. The parameter η
P
 is the peak 

width, and L is the live time. The LLD is the value for which 
there is only a 5 percent chance of a false positive and a 5 percent 
chance of a false negative (based on the Gaussian distribution for 
the difference of the observed counts and background counts).

(7)

Results and Discussion
The elements routinely observed with PG analysis of the pack-
aged materials include beryllium, fluorine, sodium, magnesium, 
aluminum, chlorine, and potassium. Lithium, boron, and phos-
phorus were detected in less than 5 percent of the 3013 contain-
ers. Oxygen is detected in about one-third of the oxide containers 
through the (α,nγ) reaction on 18O. Although plutonium oxide 
(PuO

2
) contains about 12 percent oxygen, the gamma-ray yield 

for the 18O(α,nγ) reaction is very low because of the low abun-
dance (0.2 percent) for 18O. In addition, the 2,438 keV peak 
is often masked by the nearby broad peaks for magnesium and 
sodium when the materials have a high salt content. Therefore, 
prompt gamma rays from 18O are usually only observed in pure 
plutonium oxides. Although about 28 percent of the PG spectra 
show a peak at 871 keV that could be attributed to nitrogen, 
it was assumed that this peak was produced by alpha-scattering 
reactions on 17O, because nitrogen is not generally found in the 
chemical components present in these materials. Silicon is pres-
ent in some of the packaged materials, which is evident from the 
analytical chemistry data for the standards. However, the prompt 
gamma rays produced by the alpha particle-induced reactions 
with silicon are not unique and are also produced by alpha parti-
cle-induced reactions with aluminum and other elements making 
detection and quantification difficult. 

The LLDs for several of the light elements in 239PuO
2
 were 

obtained for one-hour and ten-hour count times. The LLDs for 
nitrogen and for silicon could not be determined. As shown in 
Table 3, the LLDs for the light elements tend to increase with an 
increasing atomic number because of the increased charge in the 

k
1

k
2

R2 Range (ppm)

C
Al

0.878 13.36 0.60 700—40,000

C
Be

1.169 11.76 0.83 100—11,000

C
Cl

1.039 16.40 0.88 5,000—200,000

C
F

1.014 13.47 0.89 500—230,000

C
Mg

1.310 15.74 0.60 100—310,000

C
K

0.694 14.57 0.59 10,000—70,000

C
Na

1.180 12.96 0.91 40—60,000

C
Cl
 = f 

(N
Na

)
0.709 12.79 0.50 40—60,000 ppm Na

Table 2. Calibration parameters used to estimate concentration of 
light-element impurities in packaged 3013 containers with plutonium 
oxide14

Isotope Isotopic
Abundance
(percent)

LLD60 min
(ppm)

LLD600 min
(ppm)

Detection Rate
(percent of 

total  
containers)

7Li 92.5 percent 240 Not available 0.05 percent

9Be 100.0 percent 80 20 11 percent

10B 19.9 percent 100 Not available 0.6 percent

14N 99.6 percent Not available Not available Not available

18O 0.2 percent 250 90 31 percent

19F 100.0 percent 2,000 330 24 percent

23Na 100.0 percent 140 20 47 percent

25Mg 10.0 percent 60 10 58 percent

27Al 100.0 percent 1,300 330 11 percent

28Si 92.2 percent Not available Not available Not available

31P 100.0 percent 8,200 3,600 3.9 percent

35Cl 75.8 percent 5,000 1,200 19 percent

39K 93.3 percent 19,000 7,000 11 percent

Table 3. Results of LLD calculation for 60 and 600-minute count times
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nucleus of the heavier elements. Other factors affecting the LLDs 
include the intensity of the peaks used for detection as well as the 
physical and chemical form of the element. In some cases, the 
highest intensity peaks cannot be used because of interferences 
with other elements. Using less-intense peaks results in the detec-
tion of fewer gamma rays for the reactions and raises the LLD. 

It is evident from the R2 values in Table 2 that the data used 
to develop the calibration equations have significant scatter, re-
sulting in large uncertainties for the predicted values (greater 
than 100 percent of the estimated value). The large uncertainty 
is caused by variations in the gamma-ray production for different 
samples having the same concentration for a given element. The 
variation results from differences in the degree of contact be-
tween the light element atoms and the alpha-particle emitters in 
the material. The alpha-particle-interaction rate and ultimately 
the gamma-ray production rates are very sensitive to the degree 
of contact because the kinetic energy of the alpha-particles is 
necessary to initiate a reaction with the light elements. As the 
alpha particles travel through the material, they continually de-
posit their kinetic energy within a short distance. The range of 
the alpha particles in the material matrix is on the order of tens 
of microns depending on the density of the material. In addition, 
the reaction cross-section or probability of reaction decreases 
sharply with energy of the alpha particle and, therefore, with the 
distance that the alpha particles must travel before encountering 
a light-element atom. Therefore, light-element atoms must be 
within several microns of the alpha-particle emitters in order for 
the reaction to occur. The reaction cross-section also decreases 
for the heavier components (phosphorus, chlorine, and potas-
sium), which makes having a high degree of contact especially 
important. For this reason, the heavier elements tend to have 
lower interaction rates and higher LLDs.

The chemical and physical forms of the impurities, particu-
larly the heavier components, in the material matrix can affect 
the interaction rates substantially. For example, a given amount 
of a light element that is chemically or physically bound to the 
plutonium would yield more gamma rays than if it was simply 
mixed with the plutonium oxide. It was demonstrated that simple 
mixtures of 5 percent NaCl/KCl in pure 239Pu oxide did not even 
yield sufficient PG rays for detection.17 The PG rays for sodium, 
potassium, and chlorine were observed in the PuO

2
-salt mixtures 

only after the mixtures were heated to at least 800ºC, which is 
the temperature necessary to cause the impurities to become 
molten. After heating, the salt was physically bound to the pluto-
nium oxide, and the reaction gamma rays were observed. For the 
lighter components, however, the chemical and physical forms 
are less important. For example, it was also demonstrated that the 
fluorine in calcium fluoride can be detected in a simple mixture 
with pure plutonium oxide because the reaction cross-section for 
fluorine is about an order of magnitude higher than that of chlo-
rine. Calcium fluoride was also added to the 5 percent NaCl/
KCl-PuO

2
 mixture, and the interaction rate for fluorine actually 

decreased slightly after heating at 800ºC suggesting that the chlo-
ride salt components were displacing the calcium fluoride.

Based on the results obtained from the PG analysis of the 
standards, we expect the PG to reliably identify and quantify the 
light-element impurities commonly found in the materials pack-
aged in 3013 containers on a semiquantitative basis. The heavier 
components are in the form of chloride salts that melt when the 
material is heated. Much of the material was stabilized at 950ºC 
or higher prior to packaging, which ensures that the salts became 
molten and good physical contact with the plutonium has been 
achieved. Some of the packaged material was stabilized at 750ºC. 
Although this temperature is below the melting temperature of 
the chloride salts, the processing history of the material ensures 
that the material reached temperatures that exceed the melting 
temperatures of the chloride salts during the lifetime of the mate-
rial. Because the lighter elemental impurities have higher reaction 
cross-sections, the physical contact with the plutonium is less im-
portant, and these elements are detected even as simple mixtures. 
Although detection of the impurities is reliable above the LLDs, 
the degree of contact of the impurities and the plutonium varies 
from container to container affecting the interaction rates and 
ultimately the uncertainty in the estimated concentrations. 

Prompt gamma analysis is primarily used to provide a quali-
tative record of the light-element impurities present in the pack-
aged plutonium oxides. This information is used to group the 
3013 containers by impurity content and place each container 
into a prompt gamma group (PGG). The PGGs include mate-
rials with chloride (PGCl), materials with high concentrations 
of fluoride without chloride (PGFHi), materials with low con-
centrations of fluoride without chloride (PGFLo), materials with 
impurities other than chloride or fluoride (PGMisc), and mate-
rials without any impurities detected by PG (PGNoImp). This 
information is used to match each 3013 container to one or more 
representative samples in the shelf-life surveillance program that 
are likely to exhibit similar behavior during the fifty-year storage 
and to provide some information as to the chemical process that 

Predicted Cl 
percent

Predicted F 
percent

Predicted Na 
percent

As-Received -- 6.5 0.03

Stabilized at 
600°C

0.2 6.5 0.05

Stabilized at 
800°C

4.2 5.2 1.72

Stabilized at 
950°C

3.9 4.8 1.77

Actual [Cl]: 
5 wt percent in 

as-received 
sample

Actual [F]: 
5 wt percent in 

as-received 
sample

Actual [Na]: 
1.8 wt percent 
in as-received 

sample

Table 4. Prompt gamma results from a PuO
2
–salt mixture prepared 

and calcined at various temperatures13,17
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generated the material.18 The quantitative data from PG analysis 
is most frequently used in the binning process to select specific 
containers for field surveillance activities.19 

Chlorine is considered the most important elemental impu-
rity in the material. Alkaline earth chloride salts such as MgCl

2
 

and CaCl
2
 are hygroscopic and have the capacity to absorb mois-

ture from the glovebox air prior to packaging. Radiolysis of the 
absorbed moisture can lead to pressurization of the sealed con-
tainer over time. If sufficient amounts of absorbed moisture are 
present in the material, the alkaline earth chloride salts may form 
liquid phases that increase the potential for corrosion of the stain-
less steel container. Currently in the binning process, any positive 
PG results for chlorine forces the item into the corrosive category 
because chloride salts and moisture are expected to be the leading 
causes of stress corrosion cracking and pitting. The quantitative 
PG results are used to estimate the amount of alkaline chloride 
salts that may be present in the containers.

Fluorine is known to promote pitting in austenitic stainless 
steels, but its involvement in gas generation is relatively unknown. 
The LLD for fluorine is lower than the LLD for chlorine by about 
a factor of three, which results in a large population of containers 
with small amounts of fluorine and no chlorine detected. To pre-
vent dilution of the pressurization and corrosion bin, only items 
with fluorine concentrations above 0.8 wt percent were placed in 
the corrosive category. It is expected that these containers would 
have the greatest risk of the containers in the fluoride group, and 
that any problems associated with fluorine would be observed in 
these containers. 

The PG results can also be used to guide engineering judg-
ment decisions. For example, small-scale shelf-life experiments 
identified a material with a particular composition that simul-
taneously generated both hydrogen and oxygen in flammable 
concentrations and produced corrosion on the surfaces of the 
test container.20 The material was 90 wt percent plutonium oxide 
and approximately 2 wt percent soluble salt components (magne-
sium, calcium, sodium, potassium, chlorine, and fluorine) with 
the remainder comprised of insoluble metal oxides. The PG re-
sults were used to identify materials in storage with similar com-
positions that may have the potential to exhibit similar behavior. 
However, the gas generation behavior observed in the small-scale 
shelf-life experiments is not considered likely because the mois-
ture concentration of the containers identified by PG was signifi-
cantly lower than the test container. 

Conclusion
Prompt gamma analysis has been used as a semiquantitative NDA 
technique to identify and quantify the light-element impurities in 
more than 3,600 containers of plutonium oxide packaged accord-
ing to DOE-STD-3013. For most of the containers, PG analysis 
provides the only record of the impurities present in the material 
because analytical chemistry data were not available. The informa-

tion obtained from PG analysis has been used to place the contain-
ers into groups with similar impurities and to match the containers 
to representative containers in the shelf-life surveillance program. 
Most importantly, this information has been used to identify con-
tainers that may have a higher risk of corrosion and/or pressuriza-
tion resulting from the chloride salts and the absorbed moisture so 
that they may be closely examined in field surveillance activities.

Variables and Constants
A

i
 = Attenuation factor for peak i

B
i
 = Average background under peak i [counts]

c
j
 = Counts in channel j [counts]

C
i
 = Concentration of the impurity element corresponding 

 with peak i [ppm]
G

i
 = Gross area under peak i [counts]

k
m
 = Regression constants, m = 0, 1, 2

L = Live time [s]
n = Normalization factor
N

i
 = Normalized peak area of peak i

P
i
 = Net counts from peak i [counts]

s
Pu-239

 = Specific gamma activity of 239Pu at 413.7 keV =
 3.457 × 104 [g-1s-1]
s

Am-241
 = Specific gamma activity of 241Am at 662.4 keV

 = 4.624 × 105 [g-1s-1]
S

Pu-239
 = Specific alpha activity of 239Pu = 2.299 × 109

 [g-1s-1]
S

Am-241
 = Specific alpha activity of 241Am = 1.245 ×

 1011[g-1s-1]
t = Absorber thickness [in]
χ = Ratio of counts of the 413.7 keV peak to the 662.4 keV
 for 239Pu
η

P
 = Width of the peak

η
B
 = Width of the region used for calculation of background
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Abstract
Calcined plutonium oxide salt mixtures are packaged according 
to U.S. Department of Energy (DOE) Standards for long-term 
storage in austenitic stainless steel containers. The behavior of 
the salts during packaging and storage can be critical to the in-
tegrity of the package because deliquescence of the salt can pro-
vide an electrolyte that supports stress-corrosion cracking of the 
stainless steel. Pure alkaline earth chlorides such as MgCl

2
 and 

CaCl
2
 are known to form crystalline hydrates and to deliquesce 

at low relative humidities. When the alkaline earth chlorides are 
calcined with other salts such as KCl and NaCl, new salt phases 
such as KCaCl

3
 and KMgCl

3
 can form. Little is known about 

the hydration and deliquescent properties of these multicompo-
nent salts. The interactions of water vapor with the pure phase 
salts and calcined mixtures were studied using X-ray diffrac-
tion, a moisture sorption analyzer, and environmental scanning 
electron microscopy. Pure phase double and triple salts such as 
KCaCl

3
, K

2
MgCl

4
, and K

3
NaMgCl

6
 were synthesized. For cal-

cined MgCl
2
/NaCl/KCl mixtures, a variety of phases including 

K
3
NaMgCl

6
 are formed. The anhydrous salt K

3
NaMgCl

6
 decom-

poses to KMgCl
3
∙6H

2
O (carnallite) and the respective alkali ha-

lides upon exposure to water vapor. Carnallite then controls the 
mutual deliquescence relative humidity at ~57 percent relative 
humidity (RH). For calcined CaCl

2
/KCl/NaCl mixtures, KCaCl

3
 

(chlorocalcite) is formed. Chlorocalcite does not form crystalline 
hydrates before it deliquesces at ~16 percent RH. 

Introduction
Materials packaged for storage under the U.S. Department of En-
ergy 3013 Standard are allowed to have up to 70 percent impuri-
ties by weight.1 Common impurities are residual processing salts, 
which can include the alkali chlorides, NaCl and KCl, and the 
alkaline earth chlorides, MgCl

2
 and CaCl

2
. Generally, these pro-

cessing salts contain minor amounts of the alkaline earth chlorides 
in a balance of the alkali chlorides. The 3013 Standard limits the 
amount of moisture to 0.5 wt percent or less. Moisture adsorp-
tion by plutonium oxide materials containing salts is a complex 
process with known mechanisms of water uptake including sur-
face adsorption of approximately a monolayer, formation of hy-
drated salts, and deliquescence. Deliquescence is the transforma-
tion of a salt from a solid phase to an aqueous solution by the 

sorption of vapor phase water. The deliquescent relative humidity 
(DRH) of a salt is the lowest humidity at which a solution forms. 
In equilibrium, the DRH is also the humidity above the saturated 
solution. For a single salt such NaCl, the DRH is a function only 
of the temperature. For multicomponent salts, the DRH is also 
a function of composition. For humidities above the DRH, the 
solution becomes more dilute as the humidity is increased. Pure 
alkaline earth chlorides such as MgCl

2
 and CaCl

2
 are known to 

form crystalline hydrates and to deliquesce at low relative humid-
ities (RH). The affinity of the alkaline earth salts for water can 
lead to significant water uptake at low humidities, which in turn 
may lead to container pressurization and H

2
 gas production, due 

to the radiolysis of the water, and corrosion of the stainless steel 
by high ionic strength solutions.2 The 3013 Standard requires the 
stabilization of materials by calcining at high temperatures prior 
to packaging. For mixtures of alkaline earth and alkali chlorides, 
this heat treatment can lead to the formation of multicomponent 
salts such as KCaCl

3
 and KMgCl

3
.

The thermodynamics of the interaction of water with the 
single salts are generally well understood. NaCl and KCl deli-
quesce at 75 percent and 84 percent RH respectively at room 
temperature.3 In the saturated solutions, there are ~9 waters 
per salt molecule for NaCl and ~11 for KCl at 25ºC.4 Neither 
forms hydrates above 0ºC. MgCl

2
 can form a number of crys-

talline hydrates. Between 0 and 120ºC, the most fully hydrated 
form is the hexahydrate, MgCl

2
∙6H

2
O.5 At room temperature, 

MgCl
2
∙6H

2
O forms at ~2 percent RH and deliquesces at 33 

percent3 with ~9 waters per salt molecule in the saturated so-
lution.4 CaCl

2
 is more complicated. The most fully hydrated 

forms of CaCl
2
 are the hexahydrate, CaCl

2
∙6H

2
O, up to ~29ºC, 

the tetrahydrate, CaCl
2
∙4H

2
O, from 29 to 45ºC, and the dihy-

drate, CaCl
2
∙2H

2
O, from 45 to ~175ºC.6 In addition, at least 

two metastable forms of CaCl
2
∙4H

2
O have been identified. At 

room temperature, CaCl
2
∙6H

2
O forms at ~21 percent RH and 

the relative humidity above a saturated solution is 29 percent. 
There are on average only 6.1 waters per salt molecule at 25ºC 
in the saturated solution.4

Candidates for the multicomponent salts that could form 
on calcining mixtures of alkaline earth and alkali chlorides can be 
established by examining the available binary and ternary phase 
diagrams. Based on the binary phase diagrams,7 the double salts 
KMgCl

3
,8 K

2
MgCl

4
,9 and KCaCl

3
 are stable at room tempera-
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ture. Both NaCl and MgCl
2
 are immiscible in CaCl

2
 and do not 

form double salts. Based on the ternary phase diagrams, a poten-
tially important triple salt is K

3
NaMgCl

6
.10 This triple salt melts 

incongruently (i.e. decomposes into a liquid and another solid) 
at 470°C, so its formation may depend on how quickly a melt is 
cooled. 

Information on the moisture uptake of these multicompo-
nent salts is limited. We have not found any information in the 
literature on any hydrates of K

2
MgCl

4
, K

3
NaMgCl

6
, or KCaCl

3
. 

KCaCl
3
 is a rare mineral referred to in the geochemical litera-

ture as either chlorocalcite or baumlerite and is often described as 
deliquescent without further detail. The only reported hydrate of 
these multicomponent salts is KMgCl

3
∙6H

2
O, also known as car-

nallite. The interactions of water with carnallite have been exten-
sively modeled due to its importance in geological systems such as 
the Dead Sea and in the industrial production of potash.11,12 The 
DRH can be obtained from the solubility data computed by the 
thermodynamic models in.11,12 The thermodynamic models have 
been extended to higher temperatures.13 A mutual deliquescence 
relative humidity ternary plot for the NaCl, KCl, and MgCl2 sys-
tem at a temperature of 90°C has been calculated using Pitzer’s 
thermodynamic model.14 The mutual deliquescence relative hu-
midity (MDRH) is the relative humidity at which a multicom-
ponent salt mixture such as carnallite deliquesces. According to 
the model, the MDRH for carnallite is 59 percent at 25°C11and 
48 percent at 90°C.14 

Given the number of compounds that can potentially form 
when a salt mixture is calcined at high temperatures and that 
the interactions of water with these salts are not known, we have 
studied the formation and hydration properties of several calcined 
alkaline earth/alkali chloride mixtures. A number of single phase 
multicomponent salts were synthesized. Three mixtures spanning 
a range of compositions were prepared as well: a K/Na/Mg mix-
ture, a K/Na/Ca mixture and a K/Na/Mg/Ca mixture. The anhy-
drous salts were characterized using X-ray diffraction (XRD) to 
determine what species were produced on calcining. The hydrate 
formation and deliquescence of the pure phases and mixtures 
were examined using XRD, an environmentally-controlled mi-
crobalance for determining hydrate formation and deliquescence, 
and a scanning electron microscope (SEM) equipped with an en-
ergy dispersive X-ray spectrometer to measure deliquescence and 
sample elemental compositions.

Materials and Methods
The salt compounds and salt mixtures were prepared from anhy-
drous CaCl

2
, anhydrous MgCl

2
, and reagent grades of KCl and 

NaCl. As MgCl
2
 and CaCl

2
 are very hygroscopic and can hydro-

lyze when heated above 200ºC in air, most of the salt compounds 
and mixtures were prepared in dry inert atmosphere gloveboxes. 
The necessary ingredients were weighed, combined, and ground 
into fine powders. The powders were poured into a porcelain cru-

cible and placed in a furnace set between 800ºC and 850ºC. The 
mixtures were held at temperature for fifteen to sixty minutes. Af-
ter cooling to room temperature, the salts were removed from the 
crucible, ground with a mortar and pestle, and placed in glass vi-
als. The initial experiments on the K/Mg/Na salts indicated that 
the glass vials were not effective in preventing moisture uptake 
over extended periods outside the glovebox. Therefore, the glass 
vials with the Ca-containing salts were placed in leak-tight stain-
less steel containers. In general, the Ca-containing samples were 
exposed to ambient air for less than a minute. 

Moisture absorption tests were conducted on each of the 
prepared compounds and mixtures with the Symmetric Gravi-
metric Analyzer 100 (SGA-100) from VTI Corporation. The 
instrument, located outside of the glovebox, controls the tem-
perature and relative humidity of the atmosphere surrounding a 
sample and measures the weight change of the sample as a func-
tion of time. The instrument controls the relative humidity in the 
sample chamber by mixing a stream of dry and wet nitrogen gas 
and flowing the gas mixture over the sample. A water bath is used 
to control the temperature of the sample chamber. The weight of 
the sample is measured by a microbalance; readings are given to 
± 0.1 μg. Salt samples (typically 5 to 20 mg) were weighed out in 
the inert glovebox and placed into the quartz sample holder. The 
sample holder was sealed in a vial, removed from the glovebox, 
and taken to the gravimetric analyzer. The sample holder was re-
moved from the vial and placed in the sample chamber, which is 
backfilled with dry nitrogen. The salt sample was exposed to the 
ambient atmosphere for approximately 5 to 10 seconds while it 
was transferred. The relative humidities at which the salt samples 
absorb moisture to form the hydrates are determined by rais-
ing the relative humidity in steps of 1 percent RH at constant 
temperature. The instrument controls the relative humidity for 
a specified time and waits for a weight change to occur prior to 
proceeding to the next step. If a weight change occurs, the in-
strument waits until the rate of change approaches zero and the 
sample is at equilibrium before raising the relative humidity to 
the next step. The DRH is determined as the relative humidity at 
which liquid droplets are first observed in the salt sample.

The XRD experiments were performed on a diffractometer 
with copper radiation and a solid state Peltier detector. The Ca-
containing samples were mounted in an airtight environmental 
chamber in an argon atmosphere glovebox. The environmental 
chamber is equipped with a beryllium window to minimize the 
attenuation of X-rays. The environmental chamber atmosphere 
was controlled using sodium hydroxide solutions, and moisture 
levels were confirmed with a relative humidity gauge fastened to 
the environmental chamber. For the other samples, the X-ray 
diffraction experiments were conducted in room air. For some 
samples, either KCl or LaB

6
 were added as internal standards to 

calibrate for the displacement error of the sample. All measure-
ments were performed at ambient temperatures. 

Samples of the salts were also examined in an environmental 
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SEM. This instrument has the ability to acquire images with an 
overpressure of gas, in this case water vapor. The sample tempera-
ture was controlled using a Peltier stage (0-35ºC) and the sample 
exposed to controlled pressures of thoroughly degassed water. The 
procedure is to image while increasing the water vapor pressure at 
0.1 Torr increments through the deliquescent relative humidity. 
The error in the relative humidity measurements is approximate-
ly +/- 0.5 percent RH based on calibrations using well studied 
salts such NaCl and KCl. Operationally, deliquescence is deter-
mined to have occurred when the salt particles begin to change 
morphology and lose their sharp features due to the formation of 
a liquid phase. Elemental mapping by Energy Dispersive X-Ray 
Spectroscopy (EDS) was obtained for the elements Mg, K, Na, 
and Cl. Elemental maps indicate that most of the starting samples 
are chemically homogeneous. Exceptions are noted below. 

Results and Discussion
Single Salts (KCl, NaCl, MgCl

2
, and CaCl

2
)

The interactions of water with the alkali chlorides, NaCl and 
KCl, have been well studied due to their importance in mod-
eling the thermodynamics of electrolyte solutions.11-13 and in 
the formation of atmospheric aerosols.15 Deliquescence relative 
humidities for these salts have been determined from measure-
ments of the relative humidity above saturated aqueous solutions 
and also from the formation of solution through the exposure 
of the solid to water vapor. Both methods are thermodynami-
cally equivalent. Similar measurements have also been made for 
MgCl

2
 including the deliquescence of the solid through vapor 

phase absorption of water. The humidities above CaCl
2
 solutions 

have been studied extensively due to the use of such solutions 
as thermodynamic standards for isopiestic measurements.16 The 
relative humidity above a saturated solution of CaCl

2
 at room 

temperature is 29 percent RH.3 There appears, however, to be 
no literature on the direct measurements of the deliquescence of 
CaCl

2
 solids by water vapor. For this reason, we have examined 

the hydration properties of the alkaline earth chlorides. Moisture 
absorption tests were conducted on both MgCl

2
 and CaCl

2
 at 25 

and 70°C to measure the relative humidity at which the various 
hydrates form and to determine the conditions under which these 
compounds form a liquid in the presence of water vapor. MgCl

2 

forms the crystalline hydrate, MgCl
2
∙6H

2
O, at ~2 percent RH 

(25°C) and 7 percent RH (70°C). MgCl
2
∙6H

2
O deliquesces at 

33 percent RH (25°C) and 27 percent RH (70°C). These results 
are consistent with literature values and provide a measure of the 
accuracy of the microbalance apparatus (~1 percent RH). The 
results for MgCl

2
 and all the other pure salt phases studied are 

presented in Table 1. 
At 25°C, as determined using the microbalance, CaCl

2
 con-

verts to CaCl
2
∙2H

2
O at 2 percent RH. CaCl

2
∙2H

2
O converts to 

CaCl
2
∙4H

2
O at 13 percent RH. At 20 percent RH, a solution 

forms. This result was confirmed with the environmental SEM. 

Micrographs of a CaCl
2
 particle at 8 percent RH and 20 percent 

RH are shown in Figure 1. While slowly changing the humidity 
from 8 to 19 percent RH, the well-defined crystals were large-
ly unchanged. Upon changing to 20 percent RH, the particle 
abruptly converted into a larger, rounded, and less-resolved drop-
let, indicating deliquescence. These experiments were repeated 
several times in both the microbalance and the SEM with con-
sistent results. A reagent grade sample of the CaCl

2
∙6H

2
O was 

examined in the microbalance and deliquesced at 30 percent RH 
as expected. From the available thermodynamic data, the transi-
tion from CaCl

2
∙4H

2
O to CaCl

2
∙6H

2
O should occur at ~21 per-

cent RH at 25°C.17 The present results suggest that conversion 
of the tetrahydrate to the hexahydrate or to a saturated solution 
occur at similar humidities and that formation of the solution 
by the absorption of water vapor is kinetically favored. At 70°C, 
CaCl

2
∙2H

2
O is the most fully hydrated species which hydrated at 

2 percent RH and deliquesced at 17 percent RH. 

Multicomponent Salts
i. KCaCl

3

A KCaCl
3
 sample was prepared by combining CaCl

2
 with a 10 per-

cent molar excess of KCl. The salts were ground together, heated to 
800ºC for fifteen minutes, and allowed to cool in the furnace. The 
excess KCl was added to achieve complete conversion of the CaCl

2
 

to KCaCl
3
, thereby avoiding any interference from potentially un-

reacted CaCl
2
 in the moisture absorption experiments. 

An XRD pattern was obtained for the salt sample under anhy-
drous conditions. The pattern showed KCl and an unknown phase 
believed to be from KCaCl

3
. Neither anhydrous CaCl

2
 nor any of 

Figure 1. SEM images of a CaCl
2
 particle just below the DRH (top) 

and just above the DRH (bottom)



72 Journal of Nuclear Materials Management Winter 2010, Volume XXXVIII, No. 2

its hydrated forms were observed in the pattern, indicating the 
complete conversion of the CaCl

2
. Based on a literature search, 

KCaCl
3
 was found to have an orthorhombic distorted perovskite 

structure, but the parameters necessary for calculating its pattern 
were not available.18 Therefore, a theoretical pattern for KCaCl

3
 

was obtained by adjusting the 020, 200, and 002 peaks in the 
pattern from the structurally related KMnCl

3
 compound and de-

termining the d-spacings. The space group is Pnma with the result-
ing lattice parameters of 7.54 Å (a), 10.44 Å (b) and 7.26 Å (c) and 
the calculated pattern for the KCaCl

3
 sample is in good agreement 

with the observed data. The calculated and measured XRD pat-
terns for anhydrous KCaCl

3
 are shown in Figure 2.

Moisture absorption tests were conducted on KCaCl
3
 at 

25ºC and 70ºC. The results indicate that KCaCl
3
 does not form 

crystalline hydrates at either temperature. At room temperature, 
KCaCl

3
 is anhydrous from 0 to 15 percent RH. At 16 percent 

RH, KCaCl
3
 deliquesced. The MDRH for KCaCl

3
 at 70ºC is 21 

percent. SEM images of a KCaCl
3
 particle at 12 and 17 percent 

RH are shown in Figure 3. The well defined particle began to 
liquefy at 17 percent RH consistent with the moisture absorption 
measurements. Note that the droplet was not uniform. In par-
ticular, bright structures were observed within the droplet. These 
features persisted at higher relative humidity. Spot X-ray fluores-
cence measurements were performed on both the dry salt and the 
deliquesced material. The analysis of the starting material indi-
cates that it is chemically homogeneous at the resolution of the 
X-ray spectrometer (~10μ). For the droplet, on the other hand, 
the bright features contain mainly K and Cl whereas the liquid 
is Ca-rich. This indicates that KCaCl

3
 dissolves incongruently. 

Many multicomponent materials exhibit incongruent dissolution 
where the elemental ratios in the solution are not the same as 
those of the compound. For KCaCl

3
, the CaCl

2
 component dis-

solves preferentially resulting in an aqueous solution of Ca2+, K+ 

and Cl- enriched in Ca2+and KCl as the solid portion.

ii. KMgCl
3

Unlike all the other materials, KMgCl
3
 was prepared outside a 

glovebox from reagents kept in an enclosure dried with Drier-
ite™. Equimolar amounts of KCl and anhydrous MgCl

2
 were 

mixed, heated to 825°C for one hour and allowed to cool. After 
the synthesis, a small weight loss was observed. MgCl

2
 is known 

to hydrolyze to MgO at high temperatures in the presence of 
adventitious water.5 A sample of the salt was dissolved in water 
and the chloride concentration measured to be less than the start-
ing materials. An estimated 10 percent conversion of the MgCl

2
 

to MgO was consistent with both the overall weight loss and 
the decrease in the Cl- concentration. X-ray fluorescence (XRF)
measurements, in conjunction with the SEM studies, were per-
formed. While the majority of the sample particles exhibited the 
expected stoichiometry for KMgCl

3
, occasional, structurally-dis-

tinct particles did show high oxygen content, further confirming 
that some small amount of hydrolysis occurred during sample 
preparation.

Moisture sorption experiments showed that KMgCl
3
 forms 

a hexahydrate at 2 percent RH at both 25°C and 70°C. The 
deliquescence of a KMgCl

3
∙6H

2
O particle is shown in Figure 4. 

Onset of deliquescence occurs at ~57 percent RH. Note that the 
dissolution was not uniform, similar to KCaCl

3
. KMgCl

3
∙6H

2
O 

is known to dissolve incongruently. X-ray fluorescence measure-
ments confirmed that the bright features are K-rich and the so-
lution is Mg-rich. On closer examination, it was observed that 
many of the brighter features are cube shaped. KMgCl

3
∙6H

2
O 

adopts a pseudo-hexagonal crystal habit; KCl adopts a cubic hab-

Figure 3. SEM images of a KCaCl
3
 particle just below the DRH (top) 

and just above the DRH (bottom). Note the bright features in the 
deliquesced particle which are KCl crystals.

Figure 2. X-ray diffraction data for KCaCl
3
. The experimental data is 

shown in the top graph and the calculated XRD pattern is shown in 
the bottom graph. LaB

6
 was added as an internal standard.
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it. We conclude that the deliquesced structures are KCl crystals in 
a Mg-K solution. Upon increasing the water vapor pressure, these 
cubes persisted to ~85 percent RH, consistent with the deliques-
cence relative humidity of KCl. 

In thermodynamic equilibrium, when the relative humid-
ity is lowered to just below the DRH, KMgCl

3
∙6H

2
O will be-

gin to precipitate leaving the solution deficient in KCl. The re-
maining solution will then dissolve the solid KCl until all of the 
material precipitates as KMgCl

3
∙6H

2
O. This was not observed 

experimentally. Upon lowering the relative humidity over par-
ticles that had been exposed to a ~60 percent RH, the particles 
did not solidify or effloresce at relative humidities just below the 
MDRH as would be expected thermodynamically. Instead, the 
efflorescence relative humidity, while variable from particle to 
particle, generally did not occur until relative humidities below 
~52 percent. An example is shown in Figure 5. Between these 
humidities, the droplet is a metastable, supersaturated salt solu-
tion. Such metastability upon dehydration is commonly observed 
in aerosol particles.15 Upon solidification, two general structures 
were observed, often from the same original particle: pseudo-
hexagonal structures, consistent with KMgCl

3
∙6H

2
O, and cubes, 

consistent with KCl. Elemental analysis from XRF supports this 
assignment. The extent to which carnallite or KCl and MgCl

2
 

was formed varied from particle to particle. Some appear to be 
exclusively carnallite, while others appear to be completely phase 
separated into KCl and MgCl

2
.

iii. K
2
MgCl

4
 and K

3
NaMgCl

6

The K
2
MgCl

4
 and K

3
NaMgCl

6
 behaved similarly when exposed 

to water. Both salts were produced by calcining stoichiometric 
amounts of the starting single salts at 825°C for 1 hour and then 
cooling to room temperature. 

The two samples were examined in the SEM. Both samples 
had been stored in only the glass vials and were outside the glove-
box for up to several weeks before being studied in the microscope. 
Due to vapor leakage into the vials, these samples were exposed 
to an undetermined humidity. Based on the particle morpholo-
gies, the samples had not deliquesced, indicating that humidities 
obtained in the vials were not excessive. XRF measurements of 
the K

2
MgCl

4
 sample showed that it was chemically homogeneous 

with the expected 2:1 stoichiometry of K:Mg and there were no 
significant impurities. Initial deliquescence occurred at ~57 per-
cent RH and was incomplete, see Figure 6. Elemental analysis 
of the hydrated particle indicated that the solid components are 
K-rich and the droplet is Mg rich with respect to the starting 
material. Upon lowering the relative humidity, phase separation 
occurred, with regions containing mixed K/Mg and other regions 
containing exclusively K or Mg. Based on the XRF, no regions 
with a 2:1 K:Mg stoichiometry were retained after dehydration 
indicating that K

2
MgCl

4
 formation from solution is unstable with 

respect to carnallite and the simple K and Mg salts. Similarly, 
K

3
NaMgCl

6
 deliquesced at 57 percent RH and phase separated at 

lower relative humidity to KCl, NaCl, and carnallite. 
XRD was performed on the as-made salts. For these studies, 

Figure 4. SEM images of carnallite, KMgCl
3
∙6H

2
O. (top) particle at 17 

percent RH, (bottom) same particle beginning to deliquesce at 57 
percent RH

Figure 5. SEM images of two carnallite, KMgCl
3
∙6H

2
O, particles after 

recrystallization. The top particle exhibits the pseudo-hexagonal habit 
of carnallite. The bottom particle is completely phase separated into 
KCl (central cube) and MgCl

2
.
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the environmental chamber was not available and the analyses 
were performed in the laboratory under ambient conditions. The 
XRD patterns for as-made K

2
MgCl

4
 and K

3
NaMgCl

6
 samples are 

shown in Figures 7 and 8 along with the calculated patterns for 
the pure components. K

2
MgCl

4
 and K

3
NaMgCl

6
 are the major 

phases in the respective samples. There were no minor phases 
seen for the K

2
MgCl

4
. The K

3
NaMgCl

6
 did have some minor, as 

yet unidentified phases. The unknown diffraction peaks could be 
from other unidentified ternary salt phases. However, elemental 
images of this sample did show a few particles that were highly 
enriched in magnesium and also contained significant quantities 
of Al and Si. The aluminum and silicon could have come from at-
tack of the porcelain crucible. These samples were then examined 
again after exposure to room air for several days. The XRD of the 
K

2
MgCl

4
 sample after eight days is shown in Figure 9. After eight 

days, all of the K
2
MgCl

4
 lines were nearly gone and the new set 

of lines indexed to KMgCl
3
∙6H

2
O grew in. A similar set of ex-

periments for the K
3
NaMgCl

6
 were conducted. The K

3
NaMgCl

6
 

phase decreases, and the KMgCl
3
∙6H

2
O, KCl and NaCl phases 

grow in. The kinetics of the conversion of K
3
NaMgCl

6
 are slower 

than K
2
MgCl

4
. Some K

3
NaMgCl

6
 was still observed after six days, 

while the K
2
MgCl

4
 was essentially gone after only three days. 

The XRD and SEM results indicate that when these more 
complex salts are exposed to humid air, they decompose into their 
respective alkali halides and KMgCl

3
.6H

2
O. Thus these salts be-

gin deliquescing at the same relative humidity, the MDRH of car-
nallite (57 percent RH at 25°C). This suggests that the hydrates 
of K

2
MgCl

4
 and K

3
NaMgCl

6
 are thermodynamically unstable 

with respect to carnallite in humid atmospheres. It is interest-
ing to note that while carnallite is a naturally occurring mineral 
found in the evaporites from brines and seawater, to the best of 
our knowledge, the hydrates of more complex K:Mg chloride 
salts have not been reported, lending further support to their in-
stability in humid environments.

Salt Mixtures
The residual processing salts that have been stabilized and packaged 
to the 3013 standard are not simple single phase salts, but rather 
mixtures of several phases. As such, several salt mixtures were pre-
pared. The first salt mixture was prepared to simulate the residues 

Figure 6. SEM images of K
2
MgCl

4
. Material appeared homogeneous 

with respect to elemental distribution. Measured elemental fractions 
by ESD are K 35 percent, Mg 18 percent, Cl 47 percent (w/o O). 
(top) Dry particle, (bottom) 60 percent RH, deliquesced

Figure 7. X-ray diffraction data for a mixture of KCl and K
2
MgCl

4
. KCl 

was added as an internal standard. The experimental data is shown in 
the top graph and the calculated XRD pattern is shown in the bottom 
graph. The intensities have been scaled to emphasize the magnesium 
component of the mixture.

Figure 8. X-ray diffraction data for K
3
NaMgCl

6
.The experimental data 

is shown in the top graph and the calculated XRD pattern is shown in 
the bottom graph. The intensities of the graphs are scaled to emphasis 
the minor peaks. 



75Journal of Nuclear Materials Management Winter 2010, Volume XXXVIII, No. 2

of the Pu electrorefining process at Rocky Flats and was synthesized 
from equimolar KCl/NaCl with 7 mole percent MgCl

2
. A second 

salt mixture was prepared to investigate the behavior of CaCl
2
 in salt 

mixtures and was synthesized from equal weights of NaCl and KCl 
with 10 wt percent of added CaCl

2
. The final salt mixture was pre-

pared to investigate the behavior of the chloride salt component in a 
specific plutonium oxide obtained from the Rocky Flats Plant prior 
to closure. This material, known as 011589A, was generated prior 
to 1990 at Rocky Flats in Building 707 and was associated with 
plutonium foundry processing. The gas pressure within a test unit 
loaded with 011589A material at 0.5 wt percent moisture reached 
a maximum pressure of 225 kPa (32.6 psia) at approximately one 
year, at which time it contained a mixture of 46 percent H

2
 and 

14 percent O
2
 with the remaining gases being nonflammable. Re-

ports have shown that the O
2
 accumulation in certain test units was 

related to the concentration of MgCl
2
 and CaCl

2
 in the salt com-

ponent and the amount of absorbed moisture.2 The chloride salt 
component from the 011589A material was reproduced by com-
bining the single chloride salts based upon the metal weight ratios 
of Mg:Ca:Na:K measured in the 011589A material. 

i. K/Na/Mixture
Equimolar NaCl-KCl was prepared by grinding the salts together, 
heating to 850°C for one hour, and cooling to room temperature 
in the furnace. This salt mixture was ground to powder and 7 
mole percent anhydrous MgCl

2
 was added. This mixture was then 

heated at 850°C for one hour. Elemental mapping in the SEM in-
dicated multiple phases present in this salt, in contrast to the stoi-
chiometric salts discussed above. In general, the mapping showed 
that in locations where potassium concentrations were high, the 

sodium concentrations were low and vice versa. The magnesium 
was generally associated with potassium. The XRD pattern, see 
Figure 10, shows that major phases were NaCl and KCl. All the 
rest of the minor phase lines, expect for a small as yet unidentified 
peak at approximately 18º, can be indexed on the basis of the cal-
culated diffraction pattern for K

3
NaMgCl

6
. The KCl and NaCl 

diffraction peaks are shifted slightly, indicating the formation of 
solid solutions. Based on the phase diagram for KCl/NaCl solid 
solutions should not exist at room temperature. The XRD results 
are consistent with a phase separation that quenched at ~300°C 

Figure 9. The XRD pattern of the K
2
MgCl

4
 material after eight days 

in room air. The experimental data is shown in the top graph and 
the calculated XRD pattern is shown in the bottom graph. The 
pattern is well matched to a mixture of KCl and KMgCl

3
∙6H

2
O. 

The peak just below 35º (34.6º) in the experimental XRD data is 
assigned to residual K

2
MgCl

4
.

Figure 10. X-ray diffraction data for the K/Na/Mg salt mixture. Top 
graph is of the experimental data; the intensity scale is adjusted to 
emphasize the minor magnesium component of the salt. The bot-
tom graph shows calculated XRD patterns of the pure compo-
nents scaled so that the intensities of the principal peaks match the 
intensities seen in the experimental data.

Figure 11. X-ray diffraction data for the K/Na/Mg salt mixture be-
fore and after exposure to room air. The scale has been expanded 
to highlight the minor features. The three XRD peaks for the 
as-made sample at 33.5º, 34.3º, and 35.6º are from K

3
NaMgCl

6
. The 

peak at 30.4º in the exposed sample is from KMgCl
3
∙6H

2
O.
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during cool down, presumably due to very slow diffusion below 
this temperature. An expanded view of a region highlighting the 
diffraction features from the K

3
NaMgCl

6
 phase are shown in Fig-

ure 11. The three XRD peaks for the as-made sample were at 
33.5º, 34.3º, and 35.6º and are indicative of K

3
NaMgCl

6
. After 

exposure to room air for three days, these features decreased and a 
new feature at 30.4º indicative of KMgCl

3
.6H

2
O appeared. This 

change in the XRD peaks indicates that water vapor absorbed 
during the exposure decomposed the K

3
NaMgCl

6
 into carnallite 

and the alkali chlorides. The deliquescence of this mixture begins 
at 57 percent RH, also consistent with the presence of carnallite. 

ii. K/Na/Ca Mixture
Equal amounts of NaCl and KCl with 10 wt percent of added 
CaCl

2
 were ground together, heated to 825ºC for fifteen minutes, 

and allowed to cool in the furnace. Moisture absorption tests were 
performed at 25ºC and 70ºC. The salt did not absorb any mois-
ture prior to deliquescence at either temperature. Deliquescence 
occurred at 16 percent RH at 25ºC and 21 percent RH at 70ºC. 
The SEM confirmed the initial deliquescence of this mixture at 
16 percent RH at 25ºC. XRD patterns were obtained for this salt 
mixture using the environmental chamber at anhydrous condi-
tions, 10 percent RH, and at 17 percent RH at room temperature. 
The XRD results, shown in Figure 12, indicate the presence of 
multiple phases that include KCaCl

3
, KCl, and NaCl under an-

hydrous conditions and at 10 percent RH. At 17 percent RH, 
only the KCl and NaCl peaks were observed, indicating that the 
KCaCl

3
 phase has deliquesced. The KCaCl

3
 phase controls the in-

teractions of water with this mixture at low relative humidity. The 
results also indicate a complete conversion of CaCl

2
 to KCaCl

3
 in 

this calcined mixture and that the presence of the sodium chloride 

does not affect the low humidity moisture absorption behavior.

iii. K/Na/Mg/Ca Mixtures
This mixture was prepared by combining KCl, NaCl, MgCl

2
, and 

CaCl
2
 in the same proportions of the metal cations measured for 

the Rocky Flats material 011589A. The mole fractions for the 
starting materials are: 0.28 (KCl), 0.38 (NaCl), 0.13 (MgCl

2
), 

and 0.21 (CaCl
2
). The salts were ground together, heated to 

825ºC for 15 minutes, and allowed to cool in the furnace. Mois-
ture absorption tests indicate that this salt begins to absorb mois-
ture between 1 and 2 percent RH at both 25ºC and 70ºC. Liquid 
formation occurs at 16 percent RH at 25ºC and 18 percent at 
70ºC. XRD patterns were obtained for this salt mixture under 
anhydrous conditions, at 10 percent RH, and at 17 percent RH, 
see Figure 13. The diffraction patterns for this salt mixture are 
more difficult to interpret than those of the other salt mixtures. 
The anhydrous pattern contains numerous broad peaks. The 
sharp features are associated with either NaCl or the LaB

6
 in-

ternal standard. Broad diffraction features are typically ascribed 
to either small crystallites or significant lattice strain.19 The peak 
broadening mechanism in this system is not known. The broad 
peaks are, however, consistent with the pattern for KCaCl

3
. In the 

anhydrous sample, there are no clear features associated with any 
Mg-containing salts. The anhydrous pattern shows no evidence 
of KCl, K

3
NaMgCl

6
 or KMgCl

3
∙6H

2
O. At this point we can only 

speculate that they may be present but that these phases are amor-
phous or their diffraction peaks are too broad to observe. At 10 
percent RH, all the peaks become sharper and there are many 
new features, indicating a number of phases. There are clear peaks 

Figure 12. X-ray diffraction data for the K/Na/Ca salt mixture. The 
experimental data are shown in the top graph and the calculated 
XRD patterns are shown in the bottom graph. LaB

6
 was added as 

an internal standard.

Figure 13. X-ray diffraction data for the K/Na/Mg/Ca salt mixture. 
The experimental data are shown in the top graph. The labels 
a,b and c refer to anhydrous, 10 percent RH and 17 percent RH 
respectively. The calculated XRD patterns in the bottom graph. 
LaB

6
 was added as an internal standard, refer to figure 12 for a 

calculated LaB
6
 XRD pattern.
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which are indicative of KMgCl
3
∙6H

2
O and KCl. As the relative 

humidity increases to 17 percent, the KCaCl
3
 peaks decrease and 

the KCl peaks increase. The above results show that this mixture 
is quite complicated and contains a number of different salt phas-
es. It is likely that KMgCl

3
∙6H

2
O is the species formed between 

1 and 2 percent RH. At room temperature, KCaCl
3
 controls the 

formation of solutions at low relative humidities. Unlike the Mg-
free salt discussed in the previous section, at 70ºC, this salt mix-
ture deliquesces at relative humidity that is lower than that for 
pure KCaCl

3
. We currently do not understand this temperature 

effect. Nonetheless, the inclusion of Ca in the salt mixtures results 
in deliquescence at very low relative humidities. 

Summary and Conclusions
The results for the crystalline hydrate formation and deliquescence 
for all of the single phase salts studied are presented in Table 1. For 
pure CaCl

2
 at 25ºC, exposure of the solid salt to water vapor re-

sulted in the deliquescence of CaCl
2
∙4H

2
O at 20 percent RH, con-

trary to initial expectations that CaCl
2
∙6H

2
O would deliquesce at 

29 percent RH. The interactions of water vapor with KCaCl
3
 have 

been examined for the first time. No crystalline hydrates are formed 
and KCaCl

3
 deliquesces at 16 percent RH at 25ºC. The interac-

tions of water with K
2
MgCl

3
 and K

3
NaMgCl

6
 have been studied 

and these salts decompose to KMgCl
3
∙6H

2
O and KCl (and NaCl) 

at low relative humidities. The deliquescence and efflorescence of 
KMgCl

3
∙6H

2
O was examined. Metastable, supersaturated solu-

tions can form on drying. Phase separation into either carnallite or 
KCl/MgCl

2
 mixtures can occur when solid phases crystallize out of 

these supersaturated phases. For the salt mixtures containing Mg, 
KMgCl

3
∙6H

2
O can form, leading to water uptake at low relative 

humidities. In the absence of Ca, the formation of aqueous solu-
tions is controlled by the deliquescence of KMgCl

3
∙6H

2
O which 

is 57 percent RH at 25ºC. For the Ca-containing mixtures under 
most of the conditions studied, the formation of aqueous solutions is 
controlled by the deliquescence of KCaCl

3
 which is 16 percent RH 

at 25ºC. For the K/Na/Mg/Ca salt mixture at 70ºC, deliquescence 
occurs at a lower than expected humidity through a currently un-
known mechanism. These observations demonstrate that calcined 
Ca-containing plutonium oxide salt mixtures may deliquesce at very 
low relative humidities to provide a chloride containing electrolyte 
on an austenitic stainless steel surface in a 3013 container. Such an 
electrolyte can potentially support corrosion induced degradation 
within the container system.
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Abstract
The 3013 surveillance sampling approach combines statistical 
and judgmental sampling to provide a powerful, cost-effective 
method for ensuring the safe storage of 3013 containers. To select 
the statistical sample, the population of containers is organized 
into three bins based on a container’s contents and estimated po-
tential for degradation. Using pressure and corrosion as the po-
tential degradation mechanisms, the three bins are Pressure and 
Corrosion, Pressure Only, and Innocuous. The requirement of 
99.9 percent probability of observing at least one of the worst 5 
percent (in terms of potential degradation) is used to guide the 
statistical sampling process for the Pressure and Corrosion and 
Pressure Only bins. The statistical sample for the Innocuous bin 
is based on evaluating the assumption that these containers will 
show no degradation; therefore, these containers will have almost 
no variability in the surveillance results. The judgmental sampling 
uses engineering judgment and results of the shelf-life studies to 
augment the statistical sample with additional containers that are 
judged to have the greatest potential for degradation. 

Introduction
The U.S. nuclear weapons program has generated large quantities 
of excess plutonium. This material must be safely stored pending 
final disposition. Requirements for packaging and storing plutoni-
um-bearing materials have been addressed in the Department of 
Energy (DOE) Standard, “Stabilization, Packaging, and Storage of 
Plutonium-Bearing Materials,” DOE-STD-3013,1 and are being 
implemented throughout the DOE complex. In order to ensure 
the safe long-term storage of plutonium in 3013 containers, the 
3013 standard directed that a surveillance plan be developed and 
used for monitoring the condition of the containers during storage. 
DOE has implemented an Integrated Surveillance Program (ISP),2 
which is designed to integrate individual sites into a corporate, 
cost-effective surveillance effort. The ISP consists of two programs: 
the shelf-life program to closely monitor the behavior of selected 
materials under laboratory conditions and the field surveillance 
program to destructively and nondestructively evaluate the condi-
tion of production 3013 containers and materials during storage.

The field surveillance program includes evaluation of containers 
from statistically based and judgmentally based samples of contain-
ers. To select the statistical sample, the population of containers has 
been organized into three bins based on a container’s contents and as-
sumed potential for experiencing selected degradation mechanisms. 
Potential degradation mechanisms include corrosion due to chemical 
attack on the container walls and welds and pressurization due to gas 
generation from radiolysis of moisture and thermo-chemical reac-
tions. The three bins have been designated: Pressure and Corrosion 
(pressurization and corrosion mechanisms possible), Pressure Only 
(pressurization only, corrosion unlikely) and Innocuous (pressuriza-
tion and corrosion unlikely). 

The criterion of a 99.9 percent probability of observing at 
least one of the worst 5 percent of the containers (worst in terms of 
pressurization and corrosion) is used to determine the number of 
containers in the statistical sample for the Pressure and Corrosion 
and the Pressure Only bins. Using this criterion, 128 containers are 
needed for the sample from the Pressure and Corrosion bin and 
130 are needed for the sample from the Pressure Only bin.

A different criterion is used for the Innocuous bin. In this 
bin the goal is to check the assumption of little variability be-
tween containers and no observations of degradation or signifi-
cant pressurization. The initial Innocuous bin sample includes 
ten containers. 

The number of containers in the bin sample from each pack-
aging site [e.g., Hanford Site, Lawrence Livermore National Labo-
ratory (LLNL), Los Alamos National Laboratory (LANL), Rocky 
Flats Environmental Technology Site (RFETS) and Savannah River 
Site (SRS)] is determined by multiplying the proportion of items in 
a bin from that site by the total sample size for that bin.

The statistical sample is augmented with judgmental sam-
pling to provide a powerful, cost-effective tool for assuring the 
safe storage of the 3013 containers. The selection of a judgmental 
sample is based on engineering judgment, results of the shelf-life 
studies, comparison of the statistical sample to the population, 
packaging and stabilization data and field surveillance. The judg-
mental sample targets items deemed to have the greatest potential 
for degradation.

Sampling Approach to Validate the Safe Storage of  
Plutonium-Bearing Materials

Elizabeth J. Kelly, Larry G. Peppers, Laura A. Worl, and James McClard 
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Background
Field surveillance began in Fiscal Year (FY) 2005 and the first 
documents describing the field sampling program were released 
at that time.3,4,5 The field surveillance program has been evaluated 
annually and modifications have been made based on new infor-
mation.6,7 The new information consisted of new prompt gamma 
data and revised prompt gamma calibration information8, updat-
ed site packaging information, and improved moisture measure-
ment evaluations. Modifications included changes to bin assign-
ments that resulted in changes to the statistical sample.

The Pressure and Corrosion sample containers (128) are to 
have non-destructive evaluations (NDE) and destructive evalu-
ations (DE); some NDE began in FY 2005 and DE began in 
2007. These evaluations are scheduled to be completed by 2016. 
The Pressure Only bin requires 130 containers for the statistical 
sample. These containers require NDE only, because significant 
pressure increases can be measured by NDE techniques. These 
NDE evaluations began in FY 2005 and were completed in FY 
2009. Since a requirement for evaluating pressurization is that 
the container be three years old, the 2009 completion date means 
that only containers produced by 2006 could be included in 
the Pressurization Only bin at this time. Therefore, LANL and 
some LLNL containers packaged after 2006 are not included in 
the statistical sampling. Sampling of these containers will be ad-
dressed when packaging is complete at these sites. In addition to 
the NDE, beginning in FY 2007 two Pressure Only containers 
have DE performed each year (for a minimum of three years), to 
validate the assumption that there is no corrosion occurring in 
these containers. 

Binning of Containers
Binning consists of a three-tiered review of all 3013 containers 
with the primary objective of placing each container into one of 
the three bins for the purpose of surveillance.
 Tier 1—Decision Tree (Figure 1): containers that have al-

ready been packaged are assigned to the appropriate surveil-
lance bin based on information in their data packages.

 Tier 2—Engineering Review: containers that have already 
been packaged but have failed the initial decision tree screen-
ing and required an engineering review before they were as-
signed to an appropriate bin. 

 Tier 3—Items not yet packaged from LLNL and LANL: 
assigning these items to a bin requires engineering review 
and process knowledge. It is recognized that actual packag-
ing numbers and bin assignments are likely to differ from 
current projections. 

Binning Decision Tree 
The first step of the binning process is the application of the bin-
ning decision tree to the ISP database. Figure 1 shows a compos-
ite binning decision tree for all sites, however, site-specific trees 

have been developed. The decision trees were developed by the 
Materials Identification and Surveillance (MIS) Working Group 
and have evolved over time. 3,4,5,6,7

The initial binning decision assigns containers with Pu metal 
and associated metal impurities to the Innocuous bin, as illustrat-
ed by the decision tree (Figure 1). The second binning operation 
identifies containers with a potential for corrosion. The primary 
constituent for causing corrosion is chloride salts or possibly fluo-
ride containing materials. Using information from the database, 
containers identified as containing either chloride (greater than 
1,000 ppm) or fluoride (greater than 8,000 ppm) are placed in 
the Pressure and Corrosion bin. Identification of chloride or fluo-
ride can be accomplished by chemical analysis, prompt gamma 
analysis, or process knowledge of the material. 

The third criterion, used for the binning of pure oxide mate-
rial that showed no evidence for containing corrosive materials, 
is the final moisture content of the oxide. For the purpose of this 
evaluation, pure plutonium oxide was defined as material where 
the sum of the Pu + Np + Am is greater than 85 wt percent. This 
means that the total impurities, other than oxygen, are less than 
3 wt percent. Uranium is not included in this instance because 
of the high uncertainties associated with uranium measurements. 

Figure 1. Generic decision tree for binning 3013 items for field surveillance
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The DOE-STD-30131 sets the moisture limit for oxide materials 
at 0.5 wt percent. However, the actual acceptance limit for mois-
ture content was less than 0.5 wt percent and varied from site to 
site depending on the uncertainty associated with the site-specific 
moisture analysis. 

To accommodate the different measurement techniques used 
by each site, a conservative moisture limit was established for bin-
ning of the pure oxide materials. Containers with a loss on igni-
tion (LOI) result greater than 0.05 wt percent were assigned to 
the Pressure Only bin. When moisture was measured by thermal 
gravimetric analysis (TGA), Fourier-transform infrared spec-
trometer (FTIR), or mass spectroscopy (MS) analysis, a moisture 
limit of greater than or equal to 0.10 wt percent was established 
for placing the container in the Pressure bin. Containers with 
pure oxide with moisture content below these limits are placed in 
the Innocuous bin unless fluoride is detected and/or there is no 
prompt gamma data.

If a container successfully passes the screening test for Pres-
sure and Corrosion as well as for Pressure Only, and had less than 
85 wt percent (Pu + Am + Np), it must have an engineering re-
view (ER).

Engineering Review (ER)
All existing containers selected for ER are prescreened as described 
above using the logic diagram shown in Figure 1. Uranium is ex-
cluded from the prescreening process because its large measure-
ment uncertainty might skew the binning results. However, the 
presence of uranium is considered during the ER. The criteria for 
binning ER containers are listed below.
• Criterion 1: Containers with greater than 85 wt percent Pu 

+ Am + Np + U (total actinide) are placed in the Innocuous 
bin. These containers were reviewed on an individual basis to 
ensure that the material came from a historically pure stream, 
so that the uranium measurement uncertainty cannot cause 
an impure material to be binned as innocuous.

• Criterion 2: Containers with total actinide content between 
80 wt percent and 85 wt percent are reviewed on an indi-
vidual basis. Those containers from a process that historically 
produced pure material with a moisture content of less than 
0.05 wt percent are placed in the Innocuous bin unless there 
is a suspected problem with the moisture analysis identified 
through a nonconformance report (NCR) or other docu-
mented production comment. Containers not meeting the 
moisture criteria are placed in the Pressure Only bin.

• Criterion 3: Containers with a total actinide content of less 
than 80 wt percent are placed in the Pressure Only bin. (Ex-
ceptions are oxide containers evaluated under Criterion 4.)

•	 Criterion	4:	Oxide containers produced by magnesium hy-
droxide precipitation from pure plutonium nitrate solutions 
represent a special class of items where the major impurity is 
magnesium oxide and prompt gamma indicates no other sig-
nificant impurities. These are placed in either the Innocuous 

bin or the Pressure Only bin. Details of how this decision is 
made can be found in reference 7.

•	 Criterion	5: If hydrogen chloride (HCl) is detected in the 
FTIR or MS analysis, then containers are placed in the Pres-
sure and Corrosion bin. 

Binning results for all 3013 containers (as of 2009) are sum-
marized in Table 1. The results from an evaluation of containers 
yet to be packaged are also included in this table to provide a 
picture of the distribution of the total 3013 containers expected 
to be in storage. 

Sampling Approach
The requirement of 99.9 percent probability of observing at least 
one of the worst 5 percent (denoted as 99.9 percent/5 percent) 
is used to guide the statistical sampling process for the Pressure 
and Corrosion and Pressure Only bins. The hypergeometric dis-
tribution is used to determine the number of containers, n, that 
need to be evaluated to meet this requirement. The hypergeo-
metric distribution describes an Urn Model with M red and K 
black balls. It is a discrete probability distribution that describes 
the probability of drawing m red balls and n-m black balls in a 
sequence of n draws from a finite population without replace-
ment.9,10 In this application, containers from the worst 5 percent 
are considered the M red balls and the hypergeometric distribu-
tion is used to determine the required sample size (n) so that there 
is a 99.9 percent probability of seeing at least one (m=1) red ball 
(e.g., at least one of the worst 5 percent) in a sample of n contain-
ers from a bin. 

Using this criterion does not necessarily mean that containers 
have significant degradation. It simply means that (in theory) at 
the end of fifty years, all containers could be evaluated and ranked 
for their degree of degradation (higher rank, higher degradation). 
This ranking could take place even if there was very little, if any, 
degradation, and even if the containers varied little in terms of 
degradation. The 5 percent with the highest scores would be the 
worst 5 percent. It is not necessary to actually rank the containers 
to implement this statistical approach.

The main attribute of this approach is that it requires no as-
sumptions about which containers or groups of containers are the 
worst. The random sampling alone provides the specified degree 
of confidence (e.g., 99.9 percent) that at least one of the contain-
ers from the worst 5 percent will be observed. It should be noted 
that an important assumption of this approach is that a container 
has a valid assessment of its ultimate (fifty years) degradation 
when it is examined.

The statistical calculations for the sample sizes (using the hy-
pergeometric distribution9,10) are generally independent of popu-
lation size when the population has more than 500 items (all bins 
meet this criterion). However, the number of items in the worst 5 
percent clearly depends on the population size.
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The statistical sample for the Innocuous bin is based on 
the assumption that these containers will show no degradation; 
therefore, there will be almost no variability in the pressurization 
evaluations. A random sample of ten containers from this bin is 
evaluated to test the assumptions of negligible variability in the 
pressurization measurement and no degradation.

The statistical samples for the Pressure and Corrosion bin 
and Pressure Only bin give a very high level of confidence (99.9 
percent) that a potential problem affecting at least 5 percent of 
the population will be detected. These samples also provide data 
for predicting the pressurization and corrosion tendencies for the 
entire population. However, the question remains, what if there 
are just a few “problematic containers” that are very different from 
the rest of the containers in the population? To address this issue, 
the statistical samples are augmented with judgmental sampling. 
The judgmental sampling uses engineering judgment, results of 
the shelf-life studies, results of the statistical sampling, and other 
sources of information to target containers that could have the 
greatest potential for degradation. The combined approach of 
statistical and judgmental sampling is a powerful, cost-effective 
tool for ensuring the safe storage of the 3013 containers. 

Statistical Sample (2009)
Based on the number of containers in the Pressure and Corrosion 
and Pressure Only bins given in Table 1, sample sizes of 128 con-
tainers for the Pressure and Corrosion bin and 130 containers for 
the Pressure bin meet the 99.9 percent/5 percent criterion. The 
statistical software, S-Plus,10 was used to determine sample sizes 
and generate the random samples.

The Pressure and Innocuous random NDE sampling cam-

paigns began in 2005 and will be completed in 2009.6,7 Contain-
ers must be at least three years old at the time of evaluation to en-
sure that pressurization will have occurred, if it is going to occur. 
Therefore, the 130 containers in the Pressure random sample and 
the 10 containers in the Innocuous random sample must have 
been packaged as of June 2006. 

The random sample is allocated proportionally to each pack-
aging site. For example, for Hanford, the number of containers in 
the Pressure and Corrosion bin sample is

 551 (Hanford containers)/ 1303(total containers in bin) x 128 
(bin sample size) = 54(Hanford containers in the sample).

For the Pressure bin the sample allocation to sites depends 
on the number of containers packaged in 2006, for LLNL 

9 (LLNL 2006 containers)/ 1608 (total 2006 containers in 
bin) x 130 (bin sample size) = 1(LLNL container in the sample).

Table 2 gives the distribution of sample sizes across the vari-
ous sites for the Pressure and Corrosion and Pressure Only bins 
(as of 2009). 

Bin Change Impacts to the Statistical Sample
A key component of the surveillance sampling approach is the 
regular review of container bin assignments. Bin assignments can 
change based on new information, such as prompt gamma mea-
surements, shelf-life study results, revised packaging information 
and field evaluations. The revised bin assignments can lead to re-
vised field surveillance sampling plans. While the field surveillance 
approach remains fixed, the actual field sampling plans can change 
as needed over time. All revisions are documented in detail.6,7

There have been two major rebinning efforts. 6,7 These rebin-
nings did not change the total bin sample sizes, since the bins are 
large. However, the rebinnings did affect the site proportions in 
the bins and therefore the site-specific sample sizes. In addition, 
one of the rebinning efforts6 resulted in a significant number of 
items moving from the Pressure and Corrosion bin to the Pressure 
Only bin. Since none of the Pressure and Corrosion bin items 
had been evaluated at the time of the rebinning, the statistical 
sample for the Pressure and Corrosion bin was simply redrawn. 

Site Innocuous Pressure Pressure and 
Corrosion

Total

Rocky Flats 
Packaged

808 718 362 1888

Hanford  
Packaged

925 778 551 2257

LLNL Pack-
aged as of 
2006 Total 
Planned

9
117

9
9

56
159

74
285

SRS Packaged 744 103 71 918

LANL*
Packaged as 
of 2006 Total 

Planned

0
25

0
83

0
160

0
268

Total 2622 1691 1303 5616

Table 1. Binning of ALL DOE 3013-Type Containers as of 2009

Pressure and  
Corrosion

Pressure

Hanford 54 63

LLNL 16 1

Rocky Falls 35 58

SRS 7 8

LANL 16 0

TOTAL 128 130

Table 2. Distribution of sample sizes in the pressure and corrosion and  
pressure bins across sites (as of 2009)
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However, for the Pressure Only bin many items in the sample 
had been evaluated. Therefore, the Pressure Only bin sample was 
adjusted in the following way. The total sample size (n) was pro-
portionately allocated between items previously in the bin and 
the new items, resulting in n

1
 sample items from the new items 

and n
2
 items from the previous items (n = n

1
+n

2
). The n

1
 sample 

was randomly selected from the new items and the n
2
 sample was 

randomly selected from the previous n sample items. 
To address changes in site-specific sample sizes the following 

approach was taken.
1.  Site-Specific Sample Size Decreases:
 a.   Pressure bin. Items from the sample have been deselect-

ed randomly. If these items have already been evaluated, 
it results in additional items in the sample.

  b.   Pressure and Corrosion bin, since very few items have 
been evaluated so far and since the cost of the DE is very 
high, items are deselected randomly from those items 
not yet evaluated.

2.  Site-Specific Sample Size Increases:
 For both the Pressure and Corrosion and Pressure Only bins, 

additional items are chosen randomly from the remaining 
population of items not in the sample. For the Pressure Only 
bin when new items entered the population, care was taken 
to proportionately allocate between old and new items for 
each site (as discussed above).

When LANL and LLNL finish packaging a decision will be 
made as to the need for additional Pressure Only bin sampling. A 
possible approach will be to determine the 99.9 percent/5 percent 
sample sizes for each site based on all Pressure Only bin items 
(e.g., those packaged by 2006 and those packaged after 2006). A 
proportional number of items from LANL and LLNL will be in 
this 99.9 percent/5 percent sample. This number of items will be 
randomly selected from the LANL and LLNL Pressure Only bin 
items. The number of items in the final sample from the other 
sites will decrease accordingly (since there will be around 130 
items total). Therefore, for the other sites the current Pressure 
Only bin random sample will be more than adequate to meet the 
99.9/5 percent requirement.

Innocuous Bin Sample
The material in the Innocuous bin containers is either plutonium 
metal or relatively pure plutonium oxide with low water content. 
It is not credible for plutonium metal packaged per the 3013 
standard to generate pressure except for the relatively low pres-
sure of helium generated from alpha decay.11 In addition, failure 
of the container from corrosion or metal-to-metal interaction 
between the plutonium metal and the storage container is not 
credible.12 For these reasons, the MIS Working Group concluded 
that metals present no risk of pressurization or corrosion, and 
that the surveillance sample for the innocuous bin is focused on 
oxide containers only. This assumption will be further evaluated 

at LANL when a metal item packaged at RFETS in a 3013 con-
tainer is opened for programmatic use.

The ten containers that make up the initial Innocuous bin 
random sample were selected randomly from the oxide popula-
tion of innocuous items packaged by 2006. The decision to do 
additional Innocuous bin sampling for LANL and LLNL will be 
based on surveillance results.

Judgmental Sample
The statistical sample is augmented with judgmental sampling to 
provide a powerful, cost-effective tool for ensuring the safe storage 
of the 3013 containers. The judgmental sampling uses engineer-
ing judgment, results of the shelf-life studies, comparison of the 
statistical sample to the population, packaging, and stabilization 
data and field surveillance results to identify additional containers 
for surveillance. The judgmental sample targets containers with 
the greatest potential for degradation and data gaps, if any, in the 
statistical sample.

The process for selecting containers for the judgmental 
sample includes a detailed comparison of the 3013 population 
to the existing containers in the statistical sample to determine 
if there are any important properties of the population that were 
not represented adequately in the sample. No significant gaps in 
sample coverage have been identified in the sample versus the 
total population.5 

Containers for the judgmental sample are also selected based 
on a specification of those properties considered to be most im-
portant in terms of potential container pressurization and/or cor-
rosion based on the expert judgment of the MIS Working Group 
and others. The properties that have been identified include high 
water content, chloride concentration in the container, HCl gen-
eration during moisture measurement, detection of high levels of 
SO

2
 or CO

2
 during moisture measurement, weight gain between 

sampling and packaging, and containers with the maximum es-
timated pressure generation (based on an algorithm documented 
in Reference 13). 

In addition, items are selected based on the results of the on-
going small-scale test program at LANL, which identified three 
categories of containers for judgmental sampling:
1.  items showing significant pitting corrosion with relatively 

high hydrogen generation,14 
2.  items with the highest total gas generation of all MIS small-

scale test samples,15 and 
3.   items generating both hydrogen and oxygen gas, which has 

reached flammable levels in the small-scale test reactor.16,17

Finally, testing work being performed by the MIS program 
has indicated that there is a potential for stress corrosion crack-
ing (SCC) under certain conditions. Containers were selected in 
FY2009 to evaluate SCC.
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Conclusions
The Pressure Only bin statistical sample (as of 2009) consists of 
130 containers, which have all had NDE. None of these have 
shown significant pressure increases.18 The statistical sampling is 
now complete for the Pressure Only bin. Based on the sampling 
specification, this means that there is a 99.9 percent probabil-
ity that if there is any significant pressurization in the Pressure 
Only bin containers, it is in less than 5 percent of this population. 
Stronger statements as to the limits of pressurization for the Pres-
sure Only bin can be made by analyzing the NDE radiography 
pressurization measurements (see Reference 18). Any additional 
evaluations of items from this bin will be chosen based on expert 
judgment to look at the effects of extended storage. 

Six containers from the Pressure Only bin had DE to evalu-
ate the assumption that corrosion was not a concern for these 
containers. These containers were chosen based on engineering 
review and none of the containers showed corrosion.

In addition to the 130 randomly selected containers, there 
are 16 additional Pressure Only bin containers that have had 
NDE. These additional NDE’s targeted containers of interest and 
none of these targeted containers have shown significant pressure 
increases. Another 73 containers from the Pressure and Corrosion 
bin (some random, some targeted) have also had NDE’s and none 
of these containers have shown significant pressure increases. In-
cluding these additional containers in the calculations with the 
assumption that the targeting is effective, the probability is very 
high (approximately 99 percent) that if significant pressurization 
exists, it is in less than 3 percent of the population.  

The ten containers from the Innocuous Bin have been evalu-
ated. None of these have shown significant pressurization or any 
degradation. However, because of radiography measurement dif-
ferences between sites, variability evaluation is problematic. A de-
tailed discussion of these data is provided in reference 18.

The Pressure and Corrosion bin statistical sample (as of 
2009) consists of 128 containers, of which 37 have had DE. 
None of these containers have shown significant corrosion ef-
fects. There have been 43 DE’s to date (37 from the Pressure and 
Corrosion bin and six from the Pressure Only bin). The results 
of these evaluations suggest that the binning process has success-
fully segregated the 3013 containers19. For example, evidence of 
very shallow pitting on the inner surfaces of some convenience 
containers from the Pressure and Corrosion bin has been associ-
ated with chloride rich particles on the container surfaces. None 
of the six containers having DE from the Pressure Only bin show 
any signs of corrosion. These results indicate that the binning has 
correctly focused sampling to determine the risk of corrosion-
induced degradation. Continued destructive evaluations of con-
tainers from the Pressure and Corrosion bin will provide addi-
tional data to quantify the risk of corrosion induced degradation 
in the storage inventory.
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Safeguards Advocate
University of Missouri 
Columbia, Missouri USA 
Hosted by: The INMM University of  

Missouri Student Chapter in partner-
ship with the INMM Central Region 
Chapter and the Central Region  
Chapter of INMM

E-mail: jscole@mail.mizzou.edu 

February 24–26, 2010
International Workshop for Users  
of Proliferation Assessment Tools 
Workshop I: Users in Regulatory Roles
Texas A&M University, 
College Station, TX USA      
Sponsors/Organizers:
 INMM Standing Committee on 

Proliferation Assessments and Method-
ologies, Texas A&M University INMM 
Student Chapter, and the INMM 
Southwest Chapter

Web site: http://www.inmm.org

March 21–24, 2010
INREC’10
1st International Nuclear &  
Renewable Energy Conference
Jordan University of Science and  
Technology
Amman, Jordan
Web site: http://inrec10.inrec-conf.org/ 

April 11–16, 2010
Northwest International Conference 
on Global Nuclear Security:  
The Decade Ahead
Portland, OR USA
Sponsors: Pacific Northwest Chapter of 

INMM and Eastern Washington  
Section of ANS

Contact: Carrie Mathews
 Pacific Northwest National Laboratory
 +1-509-375-6783
 E-mail: carrie.mathews@pnl.gov
Web site: http://pnwcgs.pnl.gov/PNIC/

PNIC.stm 

June 6–11, 2010
INMM & WINS International Work-
shop on Containment & Surveillance: 
Concepts for the 21st Century
Oak Ridge National Laboratory
Oak Ridge, Tennessee USA
Contact: Peggy York, yorkpj@ornl.gov
Sponsored by: The NNSA Office of Non-

proliferation Research & Development

July 11–15, 2010
51st INMM Annual Meeting
Marriott Waterfront Baltimore Hotel
Baltimore, MD USA
Sponsor: Institute of Nuclear Materials
 Management
Contact: INMM
 +1-847-480-9573
 Fax: +1-847-480-9282
 E-mail: inmm@inmm.org
Web Site: http://www.inmm.org/meetings

October 3–8, 2010
PATRAM 2010
16th International Symposium on  
the Packaging and Transport of  
Radioactive Materials
IMO Headquarters
London, UK
Hosted by: Department for Transport of 

the United Kingdom, in cooperation 
with the International Atomic Energy 
Agency, the International Maritime 
Organization and the World Nuclear 
Transport Institute

 E-mail: admin@patram2010.org
Web site: http://www.patram2010.org
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• High Visibility display.
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Smart MCA Software — Onboard ROI-based Nuclide ID and activity calculation.

And NOW:  available with Custom Software Applications
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