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ABSTRACT

We report on a program to evaluate the compatibility of energetic fluids with candidate containment
materials. The energetic fluids are constituents of various extrudable explosives developed by
Lawrence Livermore National Laboratory. These paste-like explosives consist of explosive
particulates (HMX, TATB for example) suspended in mixtures of energetic liquids and are
designed to remain extrudable over a wide temperature range for many years. It is important to
preclude or minimize interactions between the constituents of the paste and the containment
materials since such interactions could result in decreased reliability or failure of the containment
vessel as well as intrinsic changes in the flow or explosive characteristics of the paste.

In this report we focus on one specific paste formulation: RX-52-AE (Transferable Insensitive
Explosive, TIE), composed principally of the solid explosive TATB and the energetic liquid,
FEFO. Compatibility between a number of organic and metallic materials with neat FEFO has
been evaluated. The 300 series stainless steels, Al 6061-T6, and Monel 400 showed evidence of
surface attack (oxidation or pitting). Polished gold coupons became discolored and XPS analysis
revealed the formation gold cyanide. Platinum, iridium, titanium, tantalum and Ta-10% W showed
little evidence of reaction.

Among the organic materials, the per-fluorinated materials showed only slight interaction with the

FEFO while the polyethylene, polyester and Aclar® materials were attacked by the liquid. These
interactions were manifested in changes in color, net weight gain and mechanical properties. The

changes were exaggerated by higher temperatures. %‘3
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A Compatibility Study Of Containment Materials In FEFO,
Bis-(2-Fluoro-2,2-Dinitroethyl) Formal

Introduction

The use of transferable paste explosives requires the qualification of containment materials for
long-term exposure. Either organic or metallic materials may be used in a containment or transfer
system. Metallic materials can be used for the main structural components while organic materials
can be used for permeation barriers and flexible structures such as bladders, membranes, and
seals. Previously, we have tested the compatibility of FM-1, one of the liquid constituents of the
paste explosive, RX-08-FK! (also called PEX) against an extensive matrix of materials.2 These
liquids were found to be very aggressive towards many metallic and organic materials.

In the present study, we investigate material compatibility with a new formulation developed by
Lawrence Livermore National Laboratory which is based on the solid explosive,
triaminotrinitrobenzene (TATB) in the form of a fine particulate. The principal liquid constituent is:
bis-(2-fluoro-2,2-dinitroethyl) formal (FEFO). There are also small additions of polymeric
viscosity modifiers. The composition of this paste, designated as RX-52-AE, is :

TATB 65.0 wt.%;
FEFO 32.0 wt.%;
polyvinyl formal 1.6 wt.%;

polycaprolactone diol 1.4 wt. %.

This paste explosive is also known as TIE, Transferable Insensitive Explosive.

The majority of the work consisted of exposing materials to neat FEFO since TATB is essentially
inert with regard to material corrosion and degradation. The choice of materials selected for FEFO
exposure was aided by the above referenced earlier study in which many materials were found to
perform unsatisfactorily when exposed to FM-1. Since one of the components of FM-1 is FEFO,
few of those materials were included in the present work. The metals chosen for the present work
included common structural alloys and elemental metals that the extrudable explosive might contact
in its service life. The organic materials included flexible materials for use as collapsible extrusion
membranes or permeation barriers, rigid engineering resins which might be used as matrices for
composite structural vessels, and the polymer viscosity modifiers used in the final formulation.

Materials were exposed to the FEFO at 22 and 74 °C for up to eight months. Changes in weight,
appearance, and mechanical properties (polymers only) were measured. Surface corrosion
products were characterized using electron dispersive spectroscopy, Auger analysis and X-ray
photoelectron spectroscopy. The FEFO was analyzed for dissolved impurities that could have
come from the exposed materials as well as changes in its chemical composition.

The effects of these exposures to FEFO are compared to material exposures in the explosive paste
itself. In this way we can assess if exposure in neat FEFO was representative of an exposure to
the actual paste.



Experimental

FEFO

The FEFO (a hazard class 1.1 mass detonating, high explosive) was supplied as a 30-35 %
solution in ethyl acetate. The material was manufactured in 1971 by Rocketdyne and had been
stored since in polyethylene-lined containers under uncontrolled conditions (temperature, humidity,
etc.). The diluted FEFO was stripped of ethyl acetate first on a rotary evaporator then under
vacuum. Pure FEFO is known to be a colorless liquid.3 Because of the age of the FEFO, its deep
yellow color, and its unknown history, the FEFO was stirred with 5 wt. % each activated carbon
and neutral alumina and then filtered. The carbon filtration was repeated causing the yellow color
of the FEFO to lighten. Analysis by gas chromatography/mass spectrometry (GC/MS) and GC/IR
of the purified material showed a number of minor impurities including polymeric formals and
numerous molecules varying slightly in their structure from FEFO. The impurities are 1-2% of the
total mass and are the subject of another study.# Trace element analysis (ICP-MS) of the FEFO
impurities showed only aluminum, silicon, and calcium present at >1 ppm. Chlorine was not
present at the detection limit of 2 ppm.

Metals

Several elemental metals were chosen for study: gold, platinum, iridium and tantalum. In
addition, a number of corrosion resistant alloys were examined: Monel 400, aluminum 6061, Ta-
109%W, titanium-Grade 12, and two stainless steels: 304 SS and 21-6-9. Corrosion coupons
measuring 6 mm x 25 mm were machined from these materials. All of the metal coupons were
polished to a 0.1 pm finish using standard metallographic techniques. In addition, gold foils (0.05
mm x 2 cm x 5 cm) were placed in exposure to maximize the surface area in contact with the FEFO
so that any chemical reaction, weight change or dissolution would be clearly evident.

Organics

Coupons and mechanical test specimens of the following organic materials were chosen for
exposure: polyethylene; PET polyester; Aclar 22C; a graphite epoxy composite; a vinyl ester
thermoset resin, Derakane 8086 and 470-36; and five Teflons: PTEE, FEP, PFA, and Kalrez
(carbon-black-filled Compound 4079 and unfilled Compound 1045). Samples of 0.25 mm PFA
Teflon were coated on one side with either vapor deposited gold or aluminum and placed in
exposure as well.

Exposures

All exposures were performed at the Mason and Hanger, Pantex Plant, Amarillo, Texas. All
specimens were submerged in FEFO in borosilicate glass vials. However, duplicate sets of the
gold coupons were exposed in PTFE Teflon vials. The uncapped vials were arranged in PTFE
Teflon racks and placed into gold plated stainless steel canisters. The canisters were sealed with an
aluminum gasket and degassed with repeated evacuation cycles to 20-50 torr refilling each time
with helium. The exposures were performed under = 500 torr of helium. One canister was aged
in a 74 °C oven, the other was aged at room temperature (21 +2 °C). At 74 °C, background off-
gassing from the FEFO should be minimal.5 Periodically, samples were removed for observation
and weight change analysis. Twice during the test, half of the tensile samples were removed for
mechanical properties analysis.
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Results

Metals

None of the elemental metals (except for gold) showed any visible signs of interaction with FEFO
at either room temperature or 74 °C. The titanium and Ta-10%W alloys also exhibited good
corrosion resistance at both temperatures. Below, we summarize specific observations regarding
the interaction of FEFO with the less compatible metallic materials. Trace metal analysis of the
exposed FEFO using ICP-MS failed to detect iridium, tantalum, titanium, aluminum, platinum or
the elements of the stainless steels at concentrations significantly above those found in the FEFO
controls. Fifty ppb of metal would have been an obvious spike above background and control
concentrations.

Stainless Steels - The 304 stainless steel showed clear evidence of attack. Corrosion was
evident after 55 days exposure at 74 °C, and after 125 days at room temperature. The specimens
developed discrete 1-2 mm diameter areas of corrosion surrounded by unblemished metal.
Extensive pitting was associated with each corrosion feature. The morphology of these corrosion
features is shown in Figure 1, a scanning electron micrograph, which suggests that the pitting was
crystallographic in nature. Much of the metallic corrosion products easily washed off when the
specimens were rinsed clean of FEFO. Indeed, most of the corroded or attacked areas on the steel
samples showed no remaining corrosion products as determined by energy dispersive x-ray
spectroscopy (EDS). Oxides have been observed in previous studies where similar steels were
exposed to mixtures containing FEFO.2 In that instance, EDS spectra indicated only the presence
of the principal alloying elements of stainless steel — Fe, Cr and Ni and oxygen.

Figure 1. Scanning electron micrograph shows pitting on the polished surface of a 304
SS coupon after exposure to FEFO at 74 °C for 125 days.



In the present work, EDS revealed that there were silicon-base deposits surrounding these pits.
These deposits result from the dissolution of the borosilicate vials by the FEFO. The vials became
clouded and etched after months of exposure to the FEFO at 74 °C. The dissolution of the glass
and its re-deposition occurred on many of the metallic coupons and was especially severe at the
elevated temperature, but was also evident at room temperature.

The 21-6-9 immersed in FEFO at 74 °C also showed obvious of attack after 55 days of exposure.
The corrosion products had a rust color, which is consistent with an iron-based oxide. The
coupon exposed to FEFO at room temperature was somewhat less attacked after 55 days but was
clearly oxidized after 125 days of exposure.

Analysis of liquid FEFO in which these coupons were exposed (using ICP-MS) did not reveal the
metallic constituents of the steel, indicating that these products were insoluble in the liquid.
Though the precise corrosion mechanism and identity of the corrosion products remain unclear, the
300 series stainless steels are clearly unsuitable for use as long-term containment materials.

Monel - Monel exposed at 74 °C exhibited visual evidence of corrosion after 125 days. An SEM
micrograph (Figure 2) reveals the presence of crystallographic pitting. The attack appears to be
identical to that observed in our earlier study? in which this pitting was preceded by the formation
of surface blisters. These blisters subsequently exfoliate to form the pits shown in Figure 2.
Eventually the corrosion features spread to cover the entire surface. EDS analysis showed only the
principal alloying elements (on both the blistered surfaces or within the pitted regions).

Figure 2. Scanning electron micrograph of Monel coupon reveals extensive pitting
resulting from the spallation of surface blisters.

Traces of nickel and cobalt were found in some of the FEFO exposed to Monel. The metal levels
were >10 times higher than the detection limit of these analyses (70 ppb), but not consistent from
sample to sample. We attribute this to solid corrosion products yielding a heterogeneous
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distribution of particulates in the liquid. These FEFO samples were not filtered prior to ICP/MS
analysis, so different amounts of solids would yield apparently different concentrations of
“dissolve” metals.

Aluminum - At room temperature the most prominent response of the 6061 alloy was the
formation of a silica film that completely covered the specimen surfaces. This film formed from
the dissolution and re-deposition of the glass vial. The film ranged in thickness from a few tenths
of a micron to approximately 4 microns. At 74 °C the silica was less uniform and formed
irregularly shaped deposits. There was some evidence of pitting after exposure at 74 °C for 227
days. However, this pitting was minor compared to that which occurred in the stainless steels after
comparable (or even much shorter) times. ICP/MS analysis of the FEFO exposed to aluminum at
either temperature showed the metal present at 3-10 ppm, the same levels as found in the control
samples of FEFO. Recent results, from as yet unpublished work, demonstrate that aluminum
alloys are not compatible with FEFO and other similar energetic liquids.6

Gold - The gold specimens developed an obvious, uneven tarnish film after 55 days of exposure
at 74 °C and after 159 days at room temperature. The gold foil exhibited a weight change over time
that coincided with the formation of this tarnish film, see Figure 3. The reactions between FEFO
and gold have been studied in detail elsewhere.” In that work, XPS analysis of gold exposed
under
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Figure 3. Gold weight change vs. time. Initial weight change correlates with the
appearance of a tarnish film.
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similar conditions reveals that this surface film results from the formation of gold cyanide.
Although the extent of these reactions appears to be small, they are of great interest because of the
usual inert nature of gold when exposed to aggressive media. With further study, gold may be
found suitable for use as an electroplated barrier in conjunction with conventional, but FEFO-
incompatible alloys. These reactions have been subject to a more detailed study.®

The FEFO exposed to the gold was analyzed by ICP/MS. Less than 0.5 ppm of gold was found in
FEFO from each temperature. Gold was not found at the detection limit of 0.01 ppm in any of the
control FEFO samples. We assume that the dissolved gold represents gold cyanide dissolved from
the tarnish film on the metal.

Organics

Vials containing only FEFO were placed in exposure along with the material coupons. After 227
days, the room temperature control was visually unchanged while the FEFO at 74 °C yellowed
slightly. The identity and distribution of the trace impurities changed in both the FEFO controls
and the FEFO exposed to metals. New impurities appeared in the high-temperature FEFO control
by the end of the study. These impurities were minor (total <2 %) and most of them resulted from
the loss of gIO or NO3 molecules from FEFO. These reactions are discussed in more detail
elsewhere.

The various organic materials showed different degrees of degradation after exposure. None of the
Teflon or polyester samples showed any visible changes after exposure at either temperature. The
graphite epoxy samples also appeared unchanged. The FEFO exposed to the graphite epoxy
sample at 74 °C was slightly more yellow than the control. Though the color changes of the
samples and surrounding FEFO indicate some reactions were occurring, no significant differences
in the chemical composition of the FEFO were noted by either NMR or GC/MS.

The polyethylene and Aclar 22C samples exposed at room temperature appeared unchanged, while
the ones aged at 74 °C yellowed after 227 days. Larger Aclar 22C samples used for weight change
measurements were rolled to fit into the vials. These samples developed stress cracks
perpendicular to the curl. The two Derakane formulations, 470-36 and 8084, both showed some
effects upon exposure that were accelerated at the higher temperature. The 8084 formulation
developed slight surface crazing after 159 days. The FEFO surrounding the 8084 darkened to an
orange color. The 470-36 formulation showed similar surface crazing and deep cracks. The
FEFO exposed to the 470-36 became dark brown.

PFA Teflon films were sputter coated with 100 nm thick layers of aluminum or gold and then
exposed to FEFO. The PFA film was a commercially available material that had been corona
discharge treated to promote adhesion. The coating was opaque and was adherent as measured by
standard tape tests. Upon exposure to FEFO for 68 days, these laminates degraded, especially at
74 °C. The aluminum had sloughed off the plastic in places and the remainder was easily wiped
off. The gold laminate showed small areas where the gold was gone and a uniform thinning of the
metal to a thinner, transparent layer. This effect was more apparent at the edges, suggesting that
the FEFO also reacted with the gold by infiltrating the plastic/metal interface. Again, the metal
could be easily wiped from the Teflon. The clear failure of these laminates precludes their use in
future engineered structures.
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Weight Change Measurements - Weight change of the polymers as a function of time was
examined as a quantitative measure of the interaction between the organic materials and the liquid.

Figure 4 shows the results of these measurements for coupons exposed at room temperature.
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Figure 4. Weight change measurements for coupons exposed at room temperature.

Due to the limitations of the balance used, weight changes of less than 0.05% were not considered
reliable. Some of the materials that exhibited weight changes less that this threshold are not shown
in the figure. In general, the weight changes at room temperature were quite small and are likely to
be of no consequence. Only the polyester exhibited systematic increases in weight above the
resolution of the balance. After 283 days of exposure the weight change of the polyester was

= 0.15%.

Figure 5 shows the results of the weight change measurements for coupons exposed at 74 °C.
Here, the weight changes were typically greater than at room temperature, but still small for many
of the materials. Again, the largest weight change observed was for the polyester, which exhibited
a 5% increase after 283 days of exposure. Further, the weight change of the polyester exhibited a
parabolic time dependence suggesting a diffusion controlled, self-limiting process. Permeation
parameters can be calculated for processes such as these.

The mathematics of calculating the permeability and diffusivity from diffusion into a planar sheet
are derived in the literature.10.11 These calculations have been applied to the diffusion of energetic
liquids,!2 water vapor,!3 and other solvents!4.15 in polymers. Assuming diffusivity is
independent of concentration, for a planar sheet of thickness (h), the diffusivity is calculated from
the slope (q) of the initial portion of an uptake plot (mol permeant/g polymer vs. time!/2);

D = n(hq/4Keq)?
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Figure 5. Weight change measurements for coupons exposed at 74 °C to FEFO and
to RX-52-AE.

Within the parameters of these experiments, the permeability in mol s m-! is the product of
diffusivity in m2/s, the equilibrium solublhty in moles of solvent/gram polymer, and the density
() of the membrane in gram polymer/m3.

P=DKegp

Some of the most rapid examples of permeation by FEFO were calculated and are tabulated in
Table I. Polyester was the only material where the room temperature solubility of FEFO in the
polymer was sufficient to accurately calculate permeation parameters. The permeation of FEFO

through barrier membranes is the subject of a separate study.!! These results demonstrate that
weight change measurements are not an obvious indicator of the magnitude of diffusivity and
permeability.

Table I: Some Permeation Parameters for FEFO

Diffusivity Permeability
Polymer (m2 s-1) (mol s-! m-1 atm-1)
Polyester (22 °C) 2.5x10-16 1.9x10-15
Polyester (74 °C) 8.5x10-16 1.8x10-13
Kalrez (Filled, 74 °C) 1.8x10-15 5.8x10-14
Derakane (74 °C) 1.0x10-14 3.4x10-13
13
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For Kalrez, the unfilled specimens showed markedly larger weight change than the carbon filled
material (Compound 4079). While it has inherently poorer mechanical properties than Compound
4079, the unfilled Kalrez is typically chosen for its superior performance in severely oxidizing
environments. Insofar as weight change is concerned, both Kalrez formulations appear adequate
for the present application. While measurable weight changes are not necessarily indicative of
fundamental incompatibility, they suggest that further assessments may be necessary before a
material can be qualified for prolonged exposure.

Mechanical Properties - Mechanical properties were measured for the organic materials after
125 and 227 days of exposure. Duplicate or triplicate tests were run for each material. Several
materials showed dramatic changes in ductility with exposure to FEFO. An example of this is
shown in Figure 6 which compares the tensile behavior of Aclar 22C exposed at room temperature
and 74 °C to the baseline behavior of unexposed material.
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Figure 6. Comparison of the tensile behavior of FEFO exposed Aclar-22C to the
baseline behavior of unexposed material.

Figure 7 shows the change in fracture strain as a percentage of baseline ductility (for unexposed
material) after the longest exposure period. Because of the limited number of specimens available
for repeat testing, changes of less than 20% should not be considered significant. Although PTFE
exhibited no significant weight change over the course of the experiment, the mechanical tests
revealed a measurable increase in ductility suggesting that the small amount of dissolved FEFO
plasticizes the polymer matrix. Only the polyester and Aclar exhibited significant ductility losses
under these exposure conditions. Neither the Derakane resins nor the graphite-epoxy specimens
are shown since their minimal ductility makes the kind of comparisons presented in Figure 7
unreliable. None of those materials exhibited any measurable changes in ductility or strength.
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Figure 7. Change in fracture strain of organic specimens exposed at 74 °C to FEFO
for 227 days.

Viscosity Modifiers

Two polymers are dissolved in FEFO to control viscosity in RX-52-AE. Their compatibility was
tested by aging them each with FEFO in deuterated 1,1,2,2-tetrachloroethane solution at 74 °C for
250 days. Control samples without FEFO were aged under the same conditions. The samples
were removed periodically from the oven and their GC/MS, 1H and 13C NMR spectra were
recorded. The polycaprolactone diol (Tone 240, Union Carbide) showed slightly different NMR
spectra with increasing aging time. Tone 240 is a diol initiated polycaprolactone that can rearrange
under acid or base catalysis. GC/MS traces of the aged mixture revealed no new volatile products
of consequence (<250 °C) We assume that the changes involve the terminal hydroxyls reacting
inter- or intramolecularly with other ester groups. These reactions change the molecular weight
distribution of the polycaprolactone without seriously degrading the performance of the polymer.
Though its exact structure may change substantially, as long as the polycaprolactone remains a
polymer, it should still serve to thicken the FEFO in which it is dissolved. The polyvinylformal
(Formvar 5/95E, Monsanto) showed almost no indication of any reaction with FEFO by NMR or
GC/MS and should function in its role as a thickening agent over prolonged periods.

FEFQ vs, Paste Exposure - The effect of exposure to FEFO was compared to exposure to the
explosive paste (TIE) itself (RX-52-AE). This was done to determine if exposure to the neat liquid
constituted a gross over test of compatibility relative to the paste formulation. The right hand
ordinate of Figure 5 shows the weight change after = 300 days of exposure of polyethylene and
both Kalrez materials to RX-52-AE. Obvious differences in weight changes were observed
relative to FEFO exposure, but the magnitude of the changes remains small.
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Figure 8 is another such comparison, showing the mechanical properties of PFA specimens
exposed to FEFO and RX-52-AE as well as unexposed baseline specimens. It is clear that both of
the exposed specimens show the same changes in mechanical properties relative to the as-received
material and that insofar as mechanical properties are concerned, FEFO-only exposures are
acceptable for characterizing material response to the complete paste formulation.
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Figure 8. Comparison of mechanical properties of PFA specimens exposed to
FEFO and RX-52-AE (TIE) as well as unexposed baseline specimens.
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Conclusions

The stainless steels did not exhibit adequate compatibility for long-term exposure to a FEFO-based
paste explosive. Oxidation appears to be the principal mechanism by which chemical attack
occurs. Monel 400 also proved to be an unacceptable containment material, exhibiting a tendency
to blister and pit while exposed to FEFO. The aluminum alloy showed some evidence of minor
pitting at 74 °C. Although the gold showed some evidence of interaction with the liquid, the level
of interaction with FEFO may not preclude it from use as an electroplated permeation barrier. The
rest of the alloys and elemental metals showed no evidence of degradation after exposure to FEFO
at either temperature.

The results presented here identify potentially useful organic materials such as Kalrez, FEP, and
PFA. None of these materials showed any visual, physical, or mechanical property changes after
exposure. For ambient temperature applications, polyethylene and polyester may be adequate.
The minimal reaction between the viscosity modifiers and FEFO suggests that RX-52-AE will not
degrade over time. While the differences in material response to FEFO and paste exposures were
typically small, the weight change results suggest that there can be measurable differences and
future studies must include paste exposures for final qualification of materials.

At this writing, additional tests are in progress that address the issue of material compatibility for

all of the liquid constituents of RX-08-FK. Many of the materials described here are included in
this test matrix.
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