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ENHANCED SAFETY IN THE STORAGE OF 
FISSILE MATERIALS 

ABSTRACT 

The need for increased storage capacity in an existing fissile-material storage vault 
is a problem frequently encountered by criticality safety specialists. Unfortunately, com
mon means of achieving increased storage capacity—the construction of additional vault 
space or the purchase of commercially available neutron-absorbing media for high-density 
storage arrays—are often prohibitively expensive. Lawrence Livermore Laboratory has 
developed an inexpensive boron-loaded liner of epoxy resin for fissile-material storage con
tainers that can be easily fabricated of readily available, low-cost materials. Computer 
calculations indicate reactivity will be reduced substantially if this neutron-absorbing liner 
is added to containers in a typical storage array. These calculations compare favorably with 
neutron-attenuation experiments with thermal and fission neutron spectra, and tests at the 
Laboratory's Fire Test Facility indicate the epoxy resin will survive extreme environmental 
and accident conditions. The fire-resistant and insulating properties of the epoxy-resin liner 
further augment its ability to protect fissile materials. Boron-loaded epoxy resin is adap
table to many tasks but is particularly useful for providing enhanced criticality safety in the 
packaging and storage of fissile materials. 

INTRODUCTION 

Fissile materials are stored in only a few facilities at Lawrence Livermore Laboratory; of these, the 
Central Vault provides the largest storage capacity. Like other Laboratory vaults, the Central Vault must 
meet extensive security and safely standards. These include being intruder-proof, secure from such natural dis
asters as tornadoes and earthquakes, and having provisions for possible accidents including fire and 
criticality.1 Consequently, the Central Vault is an expensive structure, and the storage space it provides must 
be used effectively. 

By necessity, most storage spaces in the Central Vault are filled, yet unusually massive (overmans) 
units must occasionally be added to the storage array. Criticality safety calculations indicate the Laboratory's 
criticality safety limit could be exceeded in such cases, necessitating some alternate means of storage.2 

Therefore, to isolate fissile materials and thereby conform to the criticality safety limit, either separation or a 
neutron-absorbing agent must be employed. 

To effectively use the Central Vault, it appeared more reasonable to devise a low-cost method for 
isolating overmass units within the existing array than to construct a vault addition. However, neutron-
absorbing materials, although available from several suppliers, are generally expensive and have properties 
like high heat resistance or rigidity that are not particularly advantageous for use in storage arrays. Typical 
costs for commercially available materials range from about $5-38/ft2 of shielded area and, in some cases, ex
tensive labor is necessary to install the material. 
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MATERIAL FABRICATION 

FORMULATION 

The Criticality Safety Committee and the Maleruls Management Group asked the Laboratory's 
Plastics Shop to formulate a suitable mixture of "plastic-like" supporting material impregnated with a 
neutron-absorbing agent that could be used to "line" the inner surfaces of fissile-material storage containers. 
The resulting material costs less than S3/ft2 and consists, by weight, of 50% food-grade borax, 25% coal tar, 
and 25% epoxy resin. It also absorbs enough neutrons to piovide the desired isolation between units of Fissile 
material. Although this boron-loaded epoxy resin may not be the most economical formulation possessing 
such desirable mechanical properties as flexibility and machinability, it is less expensive than commercial 
products and displays adequate structural qualities. The ratios of borax to coal tar to epoxy resin are a com
promise between an economical mixture containing primarily borax suspended in coal tar and the more ex
pensive epoxy resin needed for structural integrity. At S2/lb for epoxy resin vs SO.25-0.50/lb for the other in
gredients, minimizing the epoxy resin is the secret to the low cost. 

CONTAINER LINING 

The Plastics Shop mixed the liner ingredients and appropriate catalysis in a commercial dough mixer 
(Fig. I) to form a liquid with strong, thermal-neutron-absorption properties. Once the liquid was thoroughly 
mixed and ready to solidify, they introduced part of it into the fissile-material storage containers. Then they 
slowly rotated each container in a horizontal drum-rotation apparatus (Fig. 2) until a relatively uniform layer 
of material bonded to the container's metal sides. After the liner set. they added a portion of the liquid to the 
bottom of each container. Two 0.208-m3 (55-gal). two 0.114-m3 (30-gal), twelve 0.038-m1 (10-gal), and six pit 
containers were lined in this manner. Table 1 lists the liner thickness in 20 of these containers, and Fig. 3 
shows the Fnal result for the pit containers. 

FIG. 1. Commercial 0.019-m3- (5-gal-) capacity FIG. 2. Horizontal dram-rotation apparatus with 
dough mixer. pit container mounted. 
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TABLE I. Neutron-absorption factors for 0.038-m 3, 
0.114-m 3 , and pit containers. 

Liner Neutron-

Container 
Type of 

container 3 

thickness, 
cm 

absorption 
factor1 1 

1 0.038-m 3 2.1 41 
2 2.3 62 
3 1.8 SO 
4 2.2 37 
S 2.6 70 
6 1.4 24 
7 1.4 25 
8 2.0 32 
9 1.4 23 

10 1.8 29 
II 1.9 30 
12 1.3 25 
M-l 0.114- m 3 m* 2.2 40 
M-2 1.4 30 
D-7395 Pit 1.4 10 
D-7182 1.5 10 
D-8079 1.3 10 
D-7057 1.2 9.5 
D-7320 1.4 10 
D-V399 1.2 9.8 

a N o measurements were attempted for the 0 .208-m 3 container. 
"The neutron-absorption factor is the neutron count rate 

outside a lined container divided by the neutron count rate 
inside a lined container, as measured by a bare BFj detector. 

FIG. 3. Pit containers lined' on sides (lefi) and bottom (tight) with boron-loaded epoxy resin. 
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lit;. 4 Fixtures attached to the bottom of the pit 
container prevented complete lining. 

QUALITY CONTROL 

Little quality control was exercised in the container-lining process: consei;iienll\. liner thicknesses 
ranged Iron ! to 2.6 cm although only u I-to 1.5-em thickness vuis requested. Because ol' variations in wall 
thickness and possible variations in material composition, the neutron-absorption factors shown in Table I 
varied considerably from the average. Although a minimum thermal-neutron absorption factor of 20 was 
sought lor all containers, the pit storage containers exhibited an absorption factor of less than 20 primarily 
because the fixtures (Fig. 4) attached to the bottom of each container kepi them from heing lin»d completely. 

SUITABILITY FOR CRITICALITY SAFETY 

NEUTRON ABSORPTION 
The Monte Carlo neutron-transport and criticality safety code. MORSH-C, indicated a much en

hanced safety margin for containers lined with the boron-loaded epoxy resin. For example, a 4 x 4 X 4 array 
Of 10-kg oralloy spheres packed as closely together as permitted in the 0.038-m-1 containers has a multipli
cation constant (k) of about 0.93.' In other words, such an array would not be considered safe according to 
Laboratory convention, where a k greater than 0.9 defines the unsafe region. However, the same array would 
have an effective k of only about 0.70 if each p-irt were enclosed in a cylinder lined with neutron-absorbing 
epoxy resin. This reduction in the state of criticality would be sufficient to allow overmass units of up to 26 kg 
of oralloy or 6 kg of plutonium in the form of solid spheres to be stored in the floor storage areas of the Cen
tral Vaul. array without exceeding an effective k of 0.9. F.vcn larger masses would be possible depending on 
the actual geometry of each pari.** 
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KIRE RESISTANCE 

Materials Management provided several 1.5- to 2-cm-thick sheets of boron-loaded epoxy resin and 
live 0.(UX-ml lined containers lor destructive testing. General safety considerations demanded the material 
have several properties that would ensure it did not increase some other hazard while reducing the criticality 
factor in the vault. One signifieanl hazard associated with any hydrocarbon is its flummability. To establish 
that containers lined with the neutron-absorbing epoxy resin would not appreciably increase the possibility or 
severity of a lire in l!ie vault, the lire Science Group of Hazards Control Department conducted a series of 
tests. Among uiher things. I hey tested the lire-propagation properties of a free-standing sheet of the material: 
the duration and intensity of fire necessary to cause the material to fail as a liner or as a free-standing neutron 
absorber: and the material's smoke-evolution properties. 

Fire-Propagation Properties 
1 or the ("ire-propagation lest, the lire Seienee Group u^ed a Meeker burner to ignite the bottom 

edge of a vertical, 2-cm-thick sheet of boron-loaded epoxy resin. 1 lames did not propagate on the material 
regardless of the intensity or duration of exposure. In a similar lest, flumes from a natu-al gas burner that 
horizontally contacted one entire surface of a slab of material also failed to promote flame propagation. 
Alihouyh exposure* lasted up lo 10 min. no unsupported burning occurred. In all cases, any flame associated 
with the epovy resin died within a feu seconds following termination of the natural gas name. Although '.he 
material developed a charred, brittle surface (I ig. 5) and lost about \4r> of its mass as steam and combustion 
products, its interior remained pliable and could sustain it* o*wi weight 

Endurance 
I nd ura uce testing of storage containers lined with the epoxy-resin test material involved partially or 

totally immersing several containers in a 160.000-kJ min flame (I ig. 6). I or each test, the lire Science Ciroup 
instrumented a container with thermocouples to determine the rate of temperature rise at several points within 
the container. I ollowing each immersion lest, some of which lasted 20 nun. they assessed the condition of the 
liner. Then they compared ihe neutron-absorption characteristics for each destructively-tested lined container 
lo preIIre tesl characteristics. 

FIG. 5. Samples of boron-loaded epoxy resin befW FIG. 6 Lined 0.038-in3 container immersed in a 
(left) and after (right) exposure to flame. 160,0Pi)-kJ/min flame. 
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KIG. 7. Temperature rise inside a lined container immersed in a 160,000-kJ/min flame. 

Figure 7 shows typical temperaiure-vs-time plots lor the containers. In each case, the liner provided 
a fair degree of insulation until the surface temperature tutned water trapped in the borax to steam, causing 
the liner to separate from the container wall. In all eases, the steam pressure between the inner surface of the 
container and the outer surface of the liner caused the liner to crack and partially collapse into the central void 
of the container. At this point, the temperature in the central void rose abruptly to about I20"('. However, the 
partial collapse of the liner was not severe er.ough lo damage the contents of the container or to degrade its 
neutron-absorption characteristics. 

Neutron-Absorption Properties 
Before fire testing the five containers lined with epoxy-resin material, the Criticality Safely Commit

tee tested their neutron-absorption properties. After exposing each container lo flames (as described above) 
for 10 to 20 min, they reevaluated these properties. Table 2 shows the ratio of thermal neutrons detected out
side each lined container to those inside the lined container for two neutron spectra, both before and after fire 
testing. Although the 2 5 2 Cf fission spectrum consisted in large part of intermediate-energy and fast neutrons, 
the liner reduced the low-energy component of the spectrum by a factor of about 12 before and after fire 
testing. When the 2 5 2 Cf fission spectrum was moderated by 25 cm of D 2 0, the liner reduced the low-energy 
neutron flux by an average factor of about 50 both before and after fire testing. The neutron-absorption 
properties of the liner were not greatly affected by the fire test despite the partial collapse of the epoxy resin 
and considerable material loss (as much as 8%) in the form of steam. 

Smoke-Evolution Properties 
The smoke-evolution properties of tne epoxy resin were, to a large extent, dependent on the mode of 

exposure. While slabs of material exposed to flame appeared to smoke very little, smoke was prevalent in the 
absence of flames. The lined containers also produced small amounts of smoke: however, the flames involved 
in the tests burned a substantial part of the smoke released. Samples of cpoxy resin exposed lo high-flux 
radiant heat (2.5 lo 5 W/cm2) produced up to eight times ;is much smoke as did wood (Douglas fir). On the 
basis of radiant-heat testing, epoxy resin must be considered a heavy smoke producer. 
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TABLE 2. Neutron-absorption factors for lined, 
0.038-m3 containers before and after fire testing. 

Fission spectrum Moderated fission spectre--

Before After Before After 

13 14 41 42 
12 IS *2 57 
13 14 50 56 
!Q 11 37 42 
13 14 70 65 

12 13 49 54 

OTHER PROPERTIES 

In addition to subjecting the epo:;y restate fire and neutron-absorption testing, the Criticality Si/ely 
Committee attempted several other tests. Yo establish thai the material did not lose its neutron-absorption 
characteristics if wet, they immersed a sample .*f it ta water for 60 h. Only 1 3% of the material dissolved. 
presumably because the coal lar and resin waterproofed most of the borax. The dissolved borax consisted of 
surface grains exposed by the sample-culling process. Therefore, sprinkler systems, ra jn, or other accidental 
exposure to water are not expected to degrade the material's performance. 

The Criticality Safely Committee found the material pliable at room temperature and rigid and 
breakable at freezing temperatures. Unsupported sheets of the material sagged badly when exposed to the 
summer sun. and the material smelled of coal tar (i.e.. like creosote). The odor lessened with time, however, 
and is not a serious disadvantage. 

CONCLUSION 

Horon-loaded epoxy resin is a suitable liner for fissile-material r.lora: containers because it has ade
quate strength and pliability at room temperature and can survive even the severe conditions of a fire without 
losing its neutron-aitenualion properties. Also, it costs less to produce than o> mcrciall} available materials 
and can be easily adapted for other uses. Boron-loaded epoxy resin is safe for use in fissile-material storage 
facilities and will preserve the enhanced criticality safely factor desired for storage arra\s. even for those co • 
turning overmans units. 
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