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PREFACE

The selection of materials to be used with explosives, propellants, and similar high ener-
gy compounds is generally based on the physical properties required of the resulting
system. However, the ability to use a given material with a given high energy compound
is ultimately determined by the compatibility of the two within the resulting system,

There are two aspects of compatibility to be considered: the effect of the materials on
the high energy compound, and the effect of the high energy compound on the materials.

Compatible materials are those that may be used in conjunction with high energy com-
pounds and have no potential for interaction that could in a hazardous or environmentally
unstable device, Traditionally, compatibility has been determined by predictive test
techniques. For example, the effect of a high energy compound on a plastic material
may be tested by exposing the plastic to the high energy compound at elevated tempera~
tures, and at selected intervals removing samples and measuring properties considered
critical to operation of the device. On the other hand, the effect of a material on the be-
havior of a high energy compound is not routinely determined and, in fact, has been the
subject of extensive studies dating back to World War II. Mr. S. Axelrod of Picatinny
Arsenal in his report, "Effects Produced Upon Explosives by Contact with Plastics,
Report No, 1," dated December 1946, discusses use of the vacuum=-stability test to
evaluate compatibility. Miss Marjorie St. Cyr later published an early compilation of
vacuum stability compatibility results in a report entitled, "Compatibility of Explosives
with Polymers, ' dated March 1959. Also, several compilations of data have been pub-
lished by PLASTEC, Sandia Labs. Picatinny Arsenal, and others. To this day, vacuum
stability remains the most readily accepted test in predicting compatibility of materials

with high energy compounds.

Many authors have noted the problems associated with determining compatibility by vacu-
um stability: the test takes too long to perform, it yields no kinetic data, and there is a
propensity of some materials to absorb gasses, etc. Much work has been performed to
correct these problems. The result has included a number of outgassing test variations
as well as new techniqueé based on instrumental analysis. The goal has been a quantita-
tive approach to compatibility testing that will allow meaningful statements as to the
ability of a given system to perform reliably at some time in the future.

This conference is an attempt to review the current technology of evaluating the compat-
ibility of materials with high energy compounds. The materials discussed here are
plastics and related chemicals, but the test approaches are appropriate to all foreign
ingredients including other high energy compounds. Hopefully, this conference will im=-
prove communications between the scientists studying the compatibility of materials and
u'ltimately result in standardization of test techniques and data analysis.




The success of a conference such as this is dependent upon the authors willingness to pub-
lish the results of their work. Additionally, the support of Harrison C. Chandler, Jr.,
Firestone Tire and Rubber Company; Frank J. Lavacot, United Aircraft Corporation;
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THE COMPATIBILITY OF PLASTIC GUN AMMUNITION
COMPONENTS WITH ENERGETIC MATERIALS

D. E. Ayer and S. E. Mitchell
Naval Ordnance Station
Indian Head, Maryland

ABSTRACT

Two Navy case studies concerning the compatibility of plastics with Navy propellants are
discussed. The studies emphasize problems encountered with traditional compatibility
tests and recommend general areas that should be pursued in order to improve these tests.

1. INTRODUCTION

This paper outlines the background, data generated,
conclusions reached, and procedural details for two
compatibility case studies conducted by the Gun
Systems Engineering Division, Naval Ordnance Station,
Indian Head, Md. One study concerned the determi-
nation of the compatibility of an adhesive used to affix
a polyethylene foam wad in place above a propellant
bed. The second study examined the compatibility of
a polyurethane foam employed in the fabrication of

ammunition components used with propellants.

The purpose of this paper is to reinforce the argument
that there is a great need for systemization of compat-
ibility testing and the creation of a central clearing

house for the dissemination of compatibility data.
2. BACKGROUND

As the Navy's principal designer, developer, and

evaluator of gun ammunition propelling charges, the

Naval Ordnance Station, Indian Head, is particularly
concerned with the compatibility of energetic materials
with plastics. Those plastic components of the gun
ammunition propelling charge that are routinely eval-
uated for compatibility with propellants include: the
cartridge case closure plug, the wad, cartridge case
coatings, adhesives, and sealants. In addition, a
number of other plastic materials examined in R&D
programs have been evaluated for compatibility with

propellants.

Indian Head has generated compatibility data with
polymers and three types of gun propellants (single-
base, double-base, and modified double-base), as
well as black powder and pyrotechnic priming compo-
sitions. Those families of plasticé that have been
investigated include polyurethanes, epoxies, poly-
olefins, polyesters, vinyls, and polyamides, both

with and without numerous combinations of additives.

The compatibility of a propellant/polymer combination

is determined by employing a combination of test
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techniques that include: differential thermal analysis,
thermal gravimetric analysis, differential scanning
calorimetry, Taliani nitrogen analysis, heat tests,
vacuum stability testing, and surveillance testing,

if time allows. All of these data are collected and a

composite compatibility sheet is prepared.

The final decision on compatibility is always the re-
sponsibility of the project engineer. If the compati-
bility of a particular plastic/energetic material combi-
nation is in doubt, the project engineer will call for an
informal conference of cognizant personnel from each
of the special test areas in an effort to resolve the
compatibility question. It is at this point that the
dilemma often arises as to whether or not incompati-
bility exists. Generally, historical information as to
the compatibility of a particular combination of mate-
rials is not available in the literature and the opinions
of the individual specialists in attendance are often

mixed.
3. DISCUSSION

The relative locations of plastic ammunition compo-
nents employed in the propelling charge of conven-
tional Navy ammunition appear in Figure 1. Two
components, the plug and the adhesive, will be the
subject of two interesting case studies on the compat-

ibility question with which our office has dealt.

Primer Adhesive
I | IN N 2 -
) e e o o o+ e o o 4
2 ~ 4 a’
Cartridge case Propellant Wad Plug

FIGURE 1. TYPICAL NAVY
PROPELLING CHARGE

3.1 THE PLUG

The cartridge case plug protects the lip of the car-
tridge case as the round is cycled through the gun's
automatic handling system. It is important that the
physical properties of the plug are not deleteriously
affected by the propellants, owing to the extensive
physical loads to which the plug is subjected. The
rounds are typically cycled in a 5-inch rapid-fire
mount from three stories below deck to the loading
tray where they are rammed home in the gun breech

at a velocity of 22 feet per second.

Cartridge case closure plugs are molded of polyure-
thane foam. A typical formulation is polyester/TDI
(toluene diisocyanate) based, employing an 1-methyl-

morpholine catalyst and is water blown.

Historically, polyurethane, similar to the foam sys-
tem described above, has been rated as incompatible
with many Army and Navy propellants. 1) Further,
when Naval gun ammunition is assembled, propeliant
grains are often trapped between the plug and wad,
creating a potential for the propellant to contact the
plug. Therefore, the historical compatibility infor-
mation becomes extremely important to the ammuni-

tion designer and must be verified.

In 1971 and 1972, interest in alternate polyurethane
foam systems to that one traditionally used in car-
tridge case closure plugs prompted an extensive
compatibility test effort. The classic vacuﬁm stabil-
ity test was complimented with additional compati-
bility test techniques including differential scanning
calorimetry (DSC), differential thermal analysis
(DTA), Taliani nitrogen analysis, and surveillance.
Summaries of these test procedures are presented in

Appendixes A through E.
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The corresponding composite compatibility sheet for
two double-base propellant formulations (Appendixes
F and G) is presented in Table I. The conflicting

subjective compatibility ratings that appear in Table

I were based on the data summarized in Table II.

It is the paradox created by the differing results

shown here for the various tests that must be resolved.
The problem is further emphasized with a case study
concerning the compatibility of adhesive with propel-

lants.

Table I

COMPOSITE COMPATIBILITY SHEET
POLYURETHANE FOAM CARTRIDGE CASE PLUG
MATERIAL WITH DOUBLE-BASE PROPELLANTS

Prope?lant DTA | Taliani Vactfu.m DSC 80. C
technique stability surveillance
M-26 I 1 I C C
SGP-20 I - I M C
Key:

C - Compatible
I - Incompatible
M - Marginal Compatibility

Table II

SUMMARY OF COMPATIBILITY TESTING SGP-20 AND M-26 WITH
POLYURETHANE FOAM PLUG MATERIAL

DTA
80° C
Temperature | Temperature Breakaway Taliani Vacuum surveil
Material p ihe P tempera- stability [DSC* 1
to ignition at AT >0 slope K lance
i o ture reaction
(°C) (°C) o (days)
Q)
M-26 alone 151.0 135 120 0.97 - - 49-151
SGP-20 alone 162.0 135 120 - - - 178-183
Plug + M-26 149.0 129 100 2.49 6.54 1.0 155
Plug + SGP-20 152. 4 130 120 - 3.08 0.75 600

* Ratio of satisfactory to total no. test results based on statistical analysis of test data
of control versus propellant plus plastic (including variance, parallelism, coincidence,

and straight line fit).

3.2 THE ADHESIVE

The adhesive (noted in Figure 1) is used to affix both
the wad and plug to the cartridge case. It further
serves as a seal between the propellant and the atmo-
sphere. The adhesive that has been documented for
this use in nearly all Navy propelling charges is a
one-part, ketone solvent, nitrile rubber based adhe-
sive manufactured by 3M Company and designated
Scotchgrip-1099 Brand Plastic Adhesive. This adhe-
sive conforms to the requirements of government
specifications MIL-A-13883, Type 1, and MMM-A-
189A. Adhesive 1099 is routinely used in Navy ammu-
nition depots to assemble components in 5-inch,
54-caliber; 5-inch, 38-caliber; and 8-inch, 55-caliber

propelling charges.

In September of 1971, our office was informed that

a number of 5-inch, 54-caliber propelling charges
were loaded for fleet use employing adhesives other
than the 1099, but in accordance with documentation
that allowed use of an '"equivalent'' adhesive., Indian
Head was tasked to determine the compatibility of the
substitute adhesives with two single-base propellants,
Pyro and NACO (Appendixes H and I), used in the
fleet. The substitute adhesives used in the 5-inch

assemblies are given in Table IIL

As a preliminary screening method, vacuum stability
testing was conducted on the adhesives. The results
are outlined in Table IV. Based on results of the
preliminary vacuum stability testing, Ultrabond

76-125C was designated as incompatible with single-
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base propellants. Those rounds assembled with
Ultrabond were classed in a ''restricted' status
until further verifying compatibility data could be

generated.

Table III
ADHESIVES USED AS ALTERNATES TO 3M-1099

Adhesive Type Manufacturer

Firestone Tire
and Rubber Co.

Loxite 703-487 Nitrile (acetone)

General Adhesive
and Chemical Co.

Ultrabond 76-125] Nitrile-phenolic
(acetone)

Butadiene acrylo-|H. B. Fuller Co.
nitrile (acetone)

SC 840

Table IV

VACUUM STABILITY SCREENING OF ADHESIVES
FOR COMPATIBILITY WITH
SINGLE~BASE PROPELLANTS*

. Reactivity with .
Adhesive NACO Byro Rating
UB 76-125C 2.44 2.51 Incompatible
Lox 703-487 0.14 nil Compatible
SC 840 0.07 nil Compatible
3M-1099 nil nil Compatible

* Sample size of 0.5 gram propellant and 0.5 gram
of adhesive.

Four subsequent duplicate vacuum stability tests
were conducted on the Ultrabond plus single-base
propellants with nearly identical results to those
reported in Table IV, Further, as a compatibility
check, DTA's were run on all the adhesives with
NACO and Pyro propellant and those data are presen-
ted in Table V.

Based on the results of the DTA and vacuum stability
testing, the Ultrabond was selected as requiring
further evaluation. The Ultrabond was subjected to
DSC analysis by Honeywell along with a sample of

the standard adhesive 3M-1099. A statistical analysis
of the test data led to the compatibility ratings as-

signed in Table VI.

Table V

DTA RESULTS ON SINGLE-BASE PROPELLANTS
AND ADHESIVES

k
.B reakaway Temperature
tempera- N .
Sample to ignition Rating
ture ¢C)
Q)
Pyro propellant | 110-120 160-164 -
alone
NACO propellant{ 110-120 159-162.5 -
alone
UB 76-125 + 112 160.1 Compatible
NACO
UB 76-125 + 110 155.5 Marginal
Pyro |
3M-1099 + Pyro 100 158.5 Compatible
3M-1099 + NACO 110 160.5 Compatible
Loxite 703-487 + 110 160.5 Compatible
NACO
Loxite 703-487 + 110 156.7 Compatible
Pyro
SC 840 + Pyro 100 154.0 Marginal
SC 840 + NACO 100 155.7 Marginal
Table VI

DSC STATISTICAL COMPATIBILITY RATING OF
ADHESIVE WITH SINGLE-BASE PROPELLANTS

Adhesive Propellant Rating
3M-1099 NACO Marginal
3M-1099 Pyro Incompatible
UB 76-125 NACO Compatible
UB 76-125 Pyro Incompatible

With the problem of conflicting compatibility informa-
tion, there was no recourse but to place all assemblies
loaded with Ultrabond in a '"hold'! status. Further,

it was necessary to report that all rounds of Navy gun
ammunition in the fleet were loaded with an adhesive
(8M-1099) whose compatibility with propellants was
suspect. However, after a delay of 60 days required to
conduct accelerated surveillance tests at 80° C, both
adhesives were judged compatible with single-base
Navy propellants. This was also borne out by the

65° C surveillance testing.
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4. CONCLUSIONS AND RECOMMENDATIONS

The difficulties in determining the compatibility of
plastics with energetic materials has been shown in
the two Navy case studies presented here. There are
numerous other similar examples of conflicting com-
patibility data that this office could cite that have per-
plexed Navy project engineers, It is, with these

examples in mind, that we urge a reevaluation of even

the basic meaning of the term compatibility and recom-

mend that present test techniques be constructively

criticized.

Chemical compatibility test techniques must be refined
in order to be a meaningful tool for the project engi-
neer. Further, more reliable compatibility test
methods with shorter turn-around times on results
must be found. A central clearing house for compat-
ibility data, available to all the military services,
must be established and supported. Finally, we must
continue on an annual basis a forum for the exchange

of information between cognizant individuals.

Appendix A

VACUUM STABILITY TEST
PROCEDURE SUMMARY USED BY
NAVAL ORDNANCE STATION, INDIAN HEAD, MD.

1. Weigh 5. 00 grams of propellant and 0.50 gram of

plastic into separate, clean, dry, test tubes.

2. Heat at 90° C for 48 hours under vacuum and mea-

sure volume of gas evolved in milliliters (ml).

3. Combine the same weights of each of the respec-

tive materials in a clean dry test tube and apply step 2.

4. Record the reactivity as the arithmetic difference

between 3 and 2.

5. If the reactivity exceeds 5.00 ml, the materials
are considered "incompatible. ' Reactivity in excess

of 1,00 ml is a '"marginally compatible'' reading.

Appendix B

DIFFERENTIAL SCANNING CALORIMETRY
PROCEDURE SUMMARY USED BY
HONEYWELL, INC.

1. Cut 15-milligram (mg) sample from plastic test

specimen and combine with 5 mg of the propellant;

crimp into a standard DSC sample pan.

2. Scan sample as per standard DSC as used with a
Perkin-Elmer Model DSC-1BU procedure, from room
temperature to decomposition at heating rates of 80°,

40°, 20°, 10°, 5°, 2.5°, and 1, 25° C/min,

3, The temperature at which the decomposition rate

reached its peak exotherm is then recorded.

4. Corrected data from each propellant and propel-
lant-plastic combination are then Fortran program-
med to calculate activation energy, frequency factor,
and reaction rate constant at any temperature. The
program is also used to predict the extent of the
decomposition reaction over any desired period of
time at any temperature via the Arrhenius rate

equation,

5. Steps 1 through 4 are repeated with a control

sample (the propellant alone).

6. The criterion for judging a plastic/propellant com-
bination to be compatible is that there be no statistical

differences between the control and test sample data.
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Appendix C

DIFFERENTIAL THERMAL ANALYSIS
PROCEDURE SUMMARY USED BY THE
NAVAL ORDNANCE STATION, INDIAN HEAD, MD.

1. Weigh and combine 1. 8 grams of propellant and 0. 2

gram of plastic to be evaluated into a test cell.

2. Heat the combination of plastic/propellant along
with a reference sample of glass beads (of about the

same volume as the test sample) at the rate of 1° C/

min.

3. Plot the temperature of the sample minus the
temperature of the reference versus the temperature

of the reference sample.

4, The corresponding curve may be analyzed for
slope, temperature to ignition, and breakaway tem-
perature, - This information is compared to similar
information generated on the propellant alone, and a
subjective decision as to the compatibility of the

plastic/propellant combination is made,
Appendix D

AUTOMATIC TALIANI ANALYSIS
PROCEDURE SUMMARY USED BY THE
NAVAL ORDNANCE STATION, INDIAN HEAD, MD.

1. Weigh 1. 00 gram of propellant and 0. 10 gram of

plastic into separate, clean, dry test tubes,

2. Flush with nitrogen and heat at atmospheric pres-
sure (and at constant volume) and 110° C, for time
required to generate 100-mm (Hg) pressure for a

maximum of 5 hours.

3. Plot the pressure versus time of the test sample

and repeat with the propellant alone.

4, The corresponding curves are analyzed for slope
and a decision as to the compatibility of the propel-

lant/plastic combination is made.

Appendix E

SURVEILLANCE PROCEDURE
SUMMARY USED BY THE
NAVAL ORDNANCE STATION, INDIAN HEAD, MD.

1. Weigh and combine 45 grams of propellant and

4,5 grams of plastic in a clean, dry 1/2-liter jar.

2. Heat the sample at 80° or 65.5° C and survey on

a daily basis for observation of brown fumes.

3. Record and compare the number of days, from
sample entry to fuming, with that of a standard

(propellant alone).

4, A decision as to the compatibility is based on a
comparison of the number of days that it takes the

test sample to fume against the propellant alone.

Appendix F
M-26 PROPELLANT COMPOSITION
Ingredient Percentage
Nitrocellulose 67.25 +1.80
Type* I
Grade C
Nitroglycerin 25.00 +1.00
Ethyl centralite 6.00 +0.50
Barium nitrate 0.75 +£0.20
Potassium nitrate 0.70 + 0,25
Graphite 0.30 +£0.10
Total volatiles (max)
Type 1 2.00
Type II 1.50
Moisture (max) 0.70

* Type I: Cylindrical multiple-perforated grain.
(REF: MIL-STD-652A: Propellants, Solid)




Appendix G
SGP-20 PROPELLANT COMPOSITION

Ingredient Percentage
Nitrocellulose (12.0) 46.0 +1.25
Metriol trinitrate 38.5 £1.00
Triethyleneglycol dinitrate 3.0 £0.030
Dibutyl phthalate 8.1+0.50
Ethvl centralite 2.0 £0.30
Basic lead carbonate 1.0 £0.20
Potassium sulfate 1.3 +0.20
Candelilla wax 0.1 +0.,05
Moisture 0.5 max

Appendix H

PYRO PROPELLANT COMPOSITION

Ingredient Percentage
Nitrocellulose (12. 6) 100. 00 nominal
Diphenylamine 1.0 +0.10
Basic lead carbonate 0.75 £0.15
Total volatiles 5.0 max

Appendix I
NACO PROPELLANT COMPOSITION

Ingredient Percentage
Nitrocellulose (12.0) 93.75 nominal
n~-Butyl stearate 3.0 +0.3
Ethyl centralite 1.0+£0.2
Basic lead carbonate 1.0 +£0.2
Potassium sulfate 1.256 +£0.2
Water 3.0 max, 1.0 min
Total volatiles 5.0 max
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A COMPARISON OF THE ANALYTICAL TECHNIQUES FOR TESTING THE COMPATIBILITY
OF POLYMERS WITH HIGH ENERGY MATERIALS

John H. Fossum and Walter Y. Wen
Government and Aeronautical Products Division
Honeywell Inc.

Hopkins, Minnesota

ABSTRACT

Various methods have been used in our laboratories for testing the compatibility

of polymers with high energy materials.

These methods include the vacuum

stability test, thermal methods, mass spectrometry, gas chromatography,
chemiluminescence, colorimetry and spectrophotometry, and wet chemical
methods. Often, using a combination of two or more of these methods has

proven advantageous.

1.
In the design and manufacture of devices contain-
ing high energy materials, such as propellants
and explosives, it is critical that the materials
e

these methods.
INTRODUCTION
used in the device be completely compatible with
the high energy materials contained therein. Al-
though much effort has been expended in develop-
ing methods for measuring compatibility, many
of them have inherent shortcomings. Some
examples of these shortcomings are that: '
(1) The method is empiriical and based on
unvalidated assumptions,
(2) The method is not reproducible, espec-
ially from laboratory to laboratory.
(3) The method is slow and cumbersome.
(4) The method is too specific. .
(5) The definition of compatibility is
arbitrary, etc.
This paper will describe the various methods used

in Honeywell's Government and Aeronautical

Products Division's (G&APD) laboratories to meas-

ure high energy material/polymer compatibility

and will discuss their advantages and limitations

This paper discusses the advantages and limitations of

The methods to{f;é discussed include vacuum
stability techniques, thermal techniques (thermo-
gravimetric analysis (TGA), differential scanning
calorimetry (DSC), and differential thermal
analysis (DTA), mass spectrometry, gas chroma-
tography, chemiluminescence, colorimetry and
spectrophotometry, and wet chemical methods,
These methods have all been used with Varying
degrees of success. Often, a combination of
two or more of the methods has increased the *

value of the data obtained,
2. EXPERIMENTAL METHODS
2.1 VACUUM STABILITY TEST

Glassware was built and Vacuum Stability Testing
was conducted as described in MIL-STD-286B(1). o
Five grams of propellant were mixed with 0.5
gram of polymer, Both materials were ground in
a Wiley mill and conditioned in a humidity room
at 5 percent humidity. The mixture was heated
to 90°C and maintained at that temperature, under

vacuum, for 40 hours, after which the volume
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of gas produced was measured.
2.2 THERMAL ANALYSIS TECHNIQUES

All materials tested by thermal methods were
tested as received. The thermogravimetric
equipment consisted of a Cahn RG electrobalance
with a Perkin-Elmer furnace, A UU-1 program
was employed énd interfaced with a Honeywell
H112 computer, The differential scanning
calorimeter, a Perkin-Elmer model DSC 1B,
was also interfaced with the Honeywell H112
computer, The differential thermoanalyzer was
designed and built in Honeywell's Plastics Labor-

atory.

All thermogravimetric measurements were made
in a nitrogen atmosphere, whereas the measure-
ments taken with the differential scanning calori-
meter and differential thermal analyzer were
made in air. When conducting experiments in
the computer-controlled mode, the data acquisi-
tion process was automatic. The details of this
computer-controlled system have been described

by Wen and Dole(z). ‘
2.3 MASS SPECTROMETRY

Most of the work on the mass spectrometry was
conducted on a Dupont Model 21-492 medium
resolution mass spectrometer interfaced with a
Honeywell 716 computer, In studies involving the
gas phase analysis of polymer and propellant mix=
tures, heated under controlled conditions, a
limited amount of work has been done on a
Honeywell-assembled quadrapole mass spectrom-

eter equipped with a pulsed leak device.

The mass spectrometer was used in several
modes of operation to measure material compati-
bility. The analysis of the rate of gas evolution
and of the types of gas formed in an accelerated
aging test under reduced pressure was carried
out by mixing 5.0 grams of propellant with 0.5

gram of polymer in a Fisher-Porter tube. To

establish an internal standard, the tube was
evacuated and backfilled with neon to a pressure
of 20 Torr. The mixture was heated for two
hours at 100°C, and the gas phase analyzed by
directly introducing it into the mass spectrom-

eter.

In 2 second mode of operation, a polymer/ex~
plosive mixture was placed in a capillary tube
and inserted in the direct probe of the mass
spectrometer. The probe was heated from 50°C
to 600°C. Scans were made when change in total
ion count indicated that increased amounts of
materials were being given off. This method
was modified in that the polymer and explosive
were analyzed separately, before and after
accelerated aging. In a third mode of operation,
the effluent from the gas chromatograph was
analyzed to identify those compounds formed

during accelerated aging.
2.4 GAS CHROMATOGRAPHY

The analysis of the gases given off and pyrolysis
products produced after accelerated aging was
carried out in a Hewlett~Packard Model 7620A
gas chromatograph equipped with electronic
integrator. The gas chromatograph effluent
splitter was connected to the mass spectrometer
to permit identification of the various compounds
separated. The detector was flame ionization,
and the column used was 5 percent Carbowax

20M on Chromasorb G.
2.5 CHEMILUMINESCENCE

A McMillan Electronics Corporation chemilumi-
nescent nitric oxide detector, Model 1400, with
a minimum full-scale range of 100 ppm and a
maximum full-scale range of 10,000 ppm, was
used in the NOX mode to determine the amounts
of nitrogen oxides formed after accelerated

In these

tests, one gram of propellant was mixed with

aging of propellant/polymer mixtures.

0.1 gram of polymer after grinding both
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materials in a Wiley mill and conditioning them
in the humidity room at 5% humidity. The mix-
turc was placed in a Schwartz tube, and the tube
evacuated, -The tubes were heated to 100°F for
one hour. After they cooled to room temperature,
the tubes were filled to ambient pressure with

dry nitrogen. The resulting mixture was then

analyzed with the nitric oxide detector.

COLORIMETRY AND SPECTRO-
PHOTOMETRY

2.5

The propellant and polymer were mixed and aged

as described for the method of chemiluminescence,

The gases produced were analyzed for nitrogen
oxides by the Griess-Saltzmann reaction as

described in ASTM(3).

2.6 WET CHEMICAL METHODS

The polymer was hydrolyzed chemically, before
and after accelerated aging, and the reaction mix-
ture analyzed by the gas chromatograph or gas
For the
polyurethane studied, the polymer was hydrolyzed

chromatograph/mass spectrometer,
by refluxing with phenethyl amine,
3. RESULTS AND DISCUSSION

A major difficulty in compatibility testing is the
definition of compatibility. Small changes in
decomposition rates may not be significant, even
during prolonged storage periods of 10 or 20
years, In addition, incompatibility may affect
either the polymer or the high energy material,
or both. Over the years, more or less arbitrary
standards of acceptability have been established;
these probably define the term ''compatibility"

adequately.
3.1 VACUUM STABILITY METHOD

Although this method has been in use for nearly

100 years, it has serious disadvantages, some

(4)
The method is based upon the

of which have been pointed out by Reich' ™’ and

Leutscher(s)

assumption that incompatibility will result in the
formation of noncondensible gases. For a given
system, this assumption may or may not be valid.
Other disadvantages are long test times (40 hours)
and poor reproducibility, especially between

laboratories,

The vacuum stability method was used in our
laboratories as a reference method in a study
aimed at finding a faster, more reliable testing
method.
Ordnance Station at Indian Head, Maryland(s).

The study was performed for the Naval

3.2 THERMAL ANALYSIS TECHNIQUES

In general, the thermal decomposition kinetics
of most explosives or propellants are extremely
complex and their reaction mechanisms not
clearly defined. Therefore, present analytical
techniques for thermal analysis have been based

(5)

on empirical methods, Leutscher assumed
that if a chemical reaction occurred, heat would
be produced. On this assumption, he designed
a calorimeter to measure heat changes in & mix-
ture of propellants and polymers while heating

the mixture at 70°C for four days.

In thermogravimetric analysis, sample weight is
monitored while heating at a programmed heating
rate., It has been shown(z) that if no reaction
occurs between a high energy material and a
polymer, when they are mixed and heated, the
weight fraction remaining of a sample mixture
can be calculated from Equation 1,

o = cxp +(1-v ) Gy (1)

where ¢ is the fraction of high energy material

in the mixture, & _ is the fraction remaining in

the control run of pure polymer, a_ is the fraction
remaining in the control run of pure high energy
material and vy is the fraction of the high energy
material in the original mixture, If the polymer
is compatible with the high energy material, the
experimental curve of the mixture should overlap

or somewhat, or lie underneath that calculated
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from Equation 1. Obviously, Equation 1 is valid
only when all measurements are performed with’

an identical heating rate.

Figure 1 shows the thermogravimetric curves of
compatibility tests of two propellants, PYRO and
NACO, with a polyurethane foam (Freeman Chemi-
cals System 1732/1426).. The results indicate that
both PYRO and NACO have a thermal runaway
temperature or deflagration point of approximately
445°K and that their mixtures with the foam deflag-
At the
deflagration point, about 10 pefcent of the original
material has decomposed. The fact that the pro-
pellant-foam mixtures deflagrate at about the same

rates at slightly higher temperatures.

temperature as the pure propellants suggests that
the foam is compatible with both propellants, at '

least up to the thermal runaway temperature.

The differential scanning calorimeter measures

the enthalpic effects of a material when it is heated.

The compatibility criteria of this technique are
based on the exotherm peak temperatures shown on
the thermograms when a pure energetic material is
compared with a mixture of this material with a

A typical differential scanning calorim=-
This
curve measures the compatibility of EPON 815/U

polymer,
eter thermogram is shown in Figure 2.

with Composition B. Pure Composition B showed
an exotherm peak at 503°K. No observable
enthalpy change was detected for EPON 815/U
The

appearance of an exotherm peak at 487°K for the

alone in the temperature range studied.

mixture indicates that the system is incompatible.
The system had been tested by the vacuum stability
method, and a value of 98, 1 ml of gas evolved was

(7

reported According to current compatibility
standards, this system would be considered to
show excessive incompatibility. In using the
differential scanning calorimeter for determining
compatibility, it must be borne in mind that the
peak temperature of an exotherm is affected by
the heating rate and the effect is not necessarily
linear. Nevertheless, the method is adequate for

determining marginal compatibility of a system.

Differential thermal analysis also measures
N4

changes in enthalpy of a system during heating.

' Mixtures known to be compatible show a shift of

the exotherm peak of 3°K or less. The curves
obtained by differential thermal analysis of mix-
tures of NACO with methylene dianiline are shown
in Figure 3. The shift in the exotherm peaks

indicates that these materials are incompatible.

Table 1 summarizes the results by thermal
analysis of some of the systems tested in our
laboratories. Systems shown in this table repre-
sent both those with moderate incompatibility and
those with excessive incompatibility, as measured
by the vacuum vstability test. Thus, the system
Composition B/EPON 815/U has been reported to
yield a net volume of 9, 81 ml of gas and is thus
considered excessively incompatible; whereas the
system Composition B/Armstrong 6 was reported
to yield a net volume of 4. 77 ml and is thus con-
sidered to be moderately incompatible, when

(7). These

results indicate that thermal analysis methods

tested by the vacuum stability method

can detect both moderate and excessive incom=-
patibility. The weakness of the thermal tech-
niques, however, is that they give no indication of
the type of reaction occurring, or of the reaction
products formed. In this respect, the methods

are empirical,

' 3.3 MASS SPECTROMETRY

The mass spectrometer can be used in several
ways to analyze high energy material/polymer
compatibility. The mass spectrometer has the
distinct advantage of identifying reaction products
It thereby

provides useful information for the more empirical

and characterizing starting materials.

methods.

During the study to find a faster method for deter-
mining the compatibility of PYRO and NACO with
(6)

polyurethane foam ~’, the mass spectrometer was
used in two ways: In the first method, it was used
to show that when either of these two propellants

is heated with an incompatible polyurethane foam,
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nitric oxide is a major decomposition product.

The second method utilized either the quadrupole
or magnetic sector mass spectrometer to measure
excessive nitric oxide production after accelerated
aging. For quantitative determinations, neon was
used as an internal standard.

Table 2 summarizes data obtained by various non-
thermal methods for determining the compatibility
of both compatible and incompatible polyurethane
foams with NACO(S).

A major difficulty encountered during this study
was obtaining an incompatible foam. Incompatible
foams were obtained by adding a large excess of
the methyl morpholine catalyst to the polyurethane
foam system. Although the results in the accom-
panying table show these foams to be moderately
incompatible by the vacuum stability test, retest
of the same material at the Naval Laboratories at
Indian Head, Maryland gave results of over 6 ml
of gas evolved for all systems containing excess
catalyst. According to these results, the system

would show excessive incompatibility.

It was originally hoped that a direct correlation
could be obtained between the results from the
vacuum stability test and those from other non-
thermal methods. However, the variability of
results obtained from the vacuum stability test
prevented a correlation constant from being ob-
tained. However, it is evident that an incom-
patible system shows a marked increase in the
amount of nitric oxide formed in this system.
By obtaining kinetic data, it may be possible to
calculate an approximate change in shelf life of

a given system due to incompatibility.

In other studies, the mass spectrometer, either
by itself or coupled with the gas chromatograph,
was used to measure pyrolysis products of the

high energy material, and of the polymer before
and after accelerated aging. Incompatibility can
involve changes in either the polymer or the high

energy material, Although the main concern is

usually whether the high energy material has
been sensitized, changes in the polymer can
also result in device malfunction., Therefore,
this approach has the advantage of showing
chemical reaction of either the polymer or the
high energy material. The main difficulty en-
countered with this approach is interpreting the
results of the pyrolysis. The problem is simpli-
fied, somewhat, by using the gas chromatograph
to separate the pyrolysis products before mass
spectrometer analysis, but this approach limits
identification of the products to those sufficiently

volatile to pass through the gas chromatograph.

In a study to evaluate the compatibility of Compo-
sition B with a battery electrolyte, the tempera-
ture at which violent reaction of Composition B
occurred was measured using the direct probe

of the mass spectrometer. For this method, a
temperature-programmed probe is necessary to
obtain reproducible results because the behavior
of the high energy material depends upon the
heating rate. The temperature at which this
reaction occurs is easily determined by moni-
toring the total ion count, either from the com-
puter readout or from the beam monitor.
Examination of the scans at which a sudden
increase in total ion count occurs shows the
gaseous reaction products formed. This method
is very similar to thermogravimetric analysis
and has the advantage of giving information con-
cerning the reaction products. The difference,
of course, is that instead of measuring weight
loss as in thermogravimetric analysis, one is
measuring ion concentration by the evolution of
volatile material in the ionization chamber of the

mass spectrometer,

During this study it was found that after acceler-
ated aging, the Composition B sensitized in that
the temperature of sudden volatilization was
lowered significantly. In addition, by acceler-
ated aging of each of the components of the
electrolyte with the Composition B, it was
possible to determine those components having

a sensitizing effect on the Composition B.
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3.4 GAS CHROMATOGRAPHY

Should volatile decomposition products be formed
during accelerated aging, they can be separated
and measured with the gas chromatograph. If
available, this instrumentation can be adapted
Identi-

fication of the reaction products can be a problem,

readily for routine compatibility testing.

and, in this case, the use of the mass spectrom-
eter in conjunction with the gas chromatograph is
recommended.

3.5 CHEMILUMINESCENCE

If nitrogen oxides are the main products of decom-
position during accelerated aging, the chemilumi-
nescence method is ideal for routine compatibility
testing. In evaluating various methods for rapid
routine testing of NACO and PYRO with polyure-
thane foam(s), this was the recommended method,
for it is simple, rapid and does not require elabo-
rate instrumentation. The chemiluminescence

method is based on the reaction:

+
zhv

NO + O3 - NO2 + O
In the presence of an excess of ozone, the radiation
intensity is directly proportional to the concentra-
tion of NO. NOX concentrations may be obtained
by catalytically converting any N02 which may be

present to NO prior to analysis.

It was somewhat surprising in studying this
system that NO was the primary product of
decomposition. Very little NO2
possibly because NO2 is sufficiently acid to react
with the inhibitor used with the propellant and

was formed,

form a nonvolatile salt. Such a reaction would
also have an adverse effect on the use of the

vacuum stability test to measure incompatibility.

The main limitation of this method of compatibility
testing, of course, is that for the test to be valid

an oxide of nitrogen must be formed in the decom-

position process. This limitation can inhibit the

more general use of this test, but, when applicable,

it is ideal.

The high sensitivity of this test, as well as some
of the others we have used (such as mass spec-
trometry and gas chromatography), enables one to
reduce the time required for accelerated aging
tests. Whereas 40 hours and relatively large
amounts of explosives are required for the vacuum
stability test, 1 or 2 hours and much less material

are required for these more sensitive methods.

3.6 COLORIMETRY AND SPECTRO-
PHOTOMETRY

The use of these methods in our laboratories has
been limited to employment of the Griess-Saltzman
reaction for the detection and measurement of the
oxides of nitrogen. In this respect, their applica-
bility is similar to that of chemiluminescence.
The advantage of these techniques is that special
instrumentation is not required, as most labora-
have available some type of colorimeter or spec-
trophotometer, Their main disadvantage is the
preparation and maintenance of the reagents

required for the reaction.
3.7 WET CHEMICAL METHODS

These methods have had very limited use in our
laboratories for compatibility testing. In general,
they lack the sensitivity and speed of the various

instrumentation methods.

One exception, however, is the use of wet methods
to convert compounds having limited volatility to
more volatile ones which can be easily tested by
methods such as gas chromatography and mass
spectrometry. An example of this approach is the
hydrolysis of a polyurethane in phenethyl amine to
This method will

probably not show changes in molecular weight of

give readily volatile monomers,

a polymer during accelerated aging with a high

energy material, However, other changes or
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differences from one lot of polymer to another
should be readily detected,

Should the hydrolysis product be a relatively non-

volatile monomer, such as a carboxylic acid, it

may be necessary to convert this material into a

more volatile compound, such as an ester,

(1)

2)

(3)

(4)

(5)

(6)

\
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Table 1. Results of Compatibility Test on High Energy Materials with Various Inactive Materials
as Measured by TGA, DSC, and DTA., :

lligh Energy Material Inactive Material Test Method Compatibility a
NACO MDA DSC, DTA -b
NACO Polyurethane TGA, DSC, DTA +b
NACO Teflon TGA, DSC, DTA +
PYRO Teflon TGA, DSC, DTA +
PYRO Polyurethane TGA, DSC +b
Composition B Epon 815/U DSC, DTA -d
Composition B Li Electrolyte TGA, DSC -c
Composition B Armstrong 6/E DSC, DTA -d
Cyclotol Caytur 22 TGA, DSC -b

a - "+ compatible, "-" incompatible

b - Agrees with vacuum stability tests performed at Honeywell Inc.

c - Agrees with mass spectrometry tests performed at Honeywell Inc.

d - Agrees with vacuum stability tests of Reference 7

Table 2. Comparison of Compatibility Data by Various Methods
System Vacuum Stability Grie;se;scﬁgimann Chemiluminescence Specl::/i%fietry
Ratio Peak Heights
AMU30/AMU20

NACO + Correct Mix -0. 25 ml . 250 4 moles .1 u moles 1. 32

Polyurethane Foam

(0. 1% Catalyst)

NACO + Polyurethane

Foam Containing

Excess Catalyst
6% Catalyst 2.1 . 276 .670 2. 08 (5% Catalyst)
7% Catalyst 2.2 ---- . 360 3.36
8% Catalyst 3.0 . 312 . 480
9% Catalyst 2.5 . 404 .510 3.217
10% Catalyst 3.6 . 289 1,080 6.63

I-B-10




LONG TERM COMPATIBILITY TESTING OF DOUBLE -BASE PROPELLANTS

By Kenneth P, McCarty
Hercules Incorporated
Bacchus Works
Magna, Utah

ABSTRACT

Short term accelerated aging tests are useful for compatibility screening, but
results can be misleading if applied to long-term aging. Several examples are .
presented where the normal high temperature gassing tests failed to detect
double-base propellant incompatibility which showed up on longer term storage.
Analysis of the mechanism of double-base propellant decomposition and a compari-
son of observed safe-life with stabilizer depletion times is used to show that
stabilizer depletion measurement is an effective means of detecting long term .

propellant incompatibility.

DISCUSSION

Short-term accelerated aging tests are useful for
rapid detection of incompatible materials involv-
ing double-base rocket motor propellants. How~
ever, reactions that have low activation energies
and hence low temperature dependence will not be
observed in short-term high temperature compati-
bility testing. Longer term tests of tempera- ‘
tures approaching the use-temperature are needed.
High temperature gassing tests such as the German
tests, the Taliani, and the modified Taliani
tests have been successfully used to avoid com-
patibility problems in the manufacture of double-
base propellants and rocket motors containing
- double-base propellants. Materials of marginal
compatibility may not be detected in high temper-
ature gassing tests. Such incompatibility can be
due to physical effects as well as chemical, as
illustrated by the following examples. In one
case an RTV rubber that showed good stability in
the modified Taliani test (a measurement of the
gas generated on 23 hour storage at 93.3° C or
200° F) showed a rapid loss of stabilizer because
the stabilizer migrated from the propellant to

the rubber. As-a result, the safe life was

decreased. Chemical incompatibility was observed
in a second case. Severe chemical degradation
was observed in propellant in contact with a
Teflon coating. The stabilizer content was ob-
served to be much lower (0.2 percent) than ex-
pected from the temperature time history and in
addition, a high concentration of stabilization
product was observed at the surface. The bulk of
the propellant was normal (0.54 percent stabili-
zer), The cause was traced to small amounts of
soluble chromic acid on the surface of the Teflon.
Such an incompatibility had not been observed
previously, since the chromic acid is normally
volatilized in the coating process. The incom-
patible condition was reproduced by intentionally
modifying the coating process to leave soluble
chromic acid on the Teflon surface. ‘The modified
Taliani test did not indicate incompatibility,
but chemical degradation and rapid stabilizer de-
pletion were observed as before. A routine check
of Tefloned surfaces for soluble chromic acid

prevented a recurrence of this condition.

The failure of high temperature gassing tests to

detect long-term incompatibility can be understood




by examining the chemistry of double-base stabili-
zation. The first step in the decomposition of
double-base propellant is a breakdown of the

nitrate ester to form nitrogen dioxide

R-0-NO,—>R-0. + NO, ¢))
a variety of nitrogen oxides and acids can be
formed by subsequent reaction of the NO2
N0, ==N,0, ==NO" + NO]
2= 204 3 (2)
H20
2NO2 == HNO2 + HNO3 (3)
R' -CH,0. + .N02—+>R' -CH = 0 + HNO, (&)
2HN02->NO + NO2 + H20 (5)
The propellant decomposition is autocatalytic. If

the nitrogen oxides are allowed to accumulate,
rapid decomposition is observed. Effective sta-
bilizers for double-base propellants are nitra-
ting and nitroéating agents that scavenge the

nitrogen oxides.

OH OH
NOg (6)
OH OH
NO2
H NOY NO
Ar-N-R ————> Ar-N-R 7

The exact form of the nitrating or nitrosating
agent in the stabilization process has not been
demonstrated. As long as an active stabilizer is
present, no gas buildup is detected and autocata-

lytic decomposition is not observed.

Stabilizer depletion in double-base propellant is
a pseudo zero order reaction. An Arrhenius plot
of stabilizer depletion of typical double-base
propellants shows that the activation energy is
about 35 Kcal/mole which corresponds to the O-NO2
bond energy in the nitrate ester. The results

indicate that the nitrate ester decomposition is
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the rate-determining step, as would be required
for good stabilization. If the nitrogen oxide
content is to be kept low, the reaction of the
stabilizer with the nitrogen oxide must be faster
than the rate of nitrogen oxidé production by
nitrate ester decomposition. Sincé the nitrate
ester content is in excess, the rate of yeaction
does not change significantly during the life of
the stabilizer and an apparent zero ordér reaction

is observed.

As long as an active stabilizer is present no gas
buildup is detected and autocatalytic decomposi-
tion is not observed. As is shown in the Arrhen-
ius plot of stabilizer life in Figure 1, except
at very high temperatures (over 100° C), runaway
reaction and cookoff does not occur until the
stabilizer is depleted. The time for the modified
Taliani test (23 hours at 93.3° C) is also shown
in Figure 1. The stabilizer will not be depleted
and gases will not be evolved in this time at the
normal nitrate ester decomposition rate. -However,
if an incompatible material is present, the ni-
trate ester will decompose more rapidly, the
stabilizer will be depleted more rapidly, and a
gas pressure will be observed in the modified
Taliani test. Extrapolation of the modified
Taliani conditions with an activation energy of
35 Kcal/mole (as shown in Figure 1) shows that
the modified Taliani test is equivalent to 10
years at 100° F. However, if the activation
energy is lower, the modified Taliani conditions
represent considerably shorter times at use-
(For example, 1ess than a year at

20).

temperatures.

100° F for Ea

The activation energy for diffusion is about 10
Kcal/mole; therefore, rapid stabilizer loss due
to diffusion at use-temperatures would not be
detected by the modified Taliani tests as was ob-
served with the RTV rubber. Chemical reactions
leading to incompatibility may also have low
activation energies as is evident in the case «

involving incompatibility with chromic acid.

A very effective method of avoiding long-term




compatibility problems with double-base propel-
lants is to measure the stabilizer depletion rate.
(1) In-

compatibility can be detected early in the reac-

This method offers two major advantages:

tion thereby permitting safe life predictions from
data at or near use temperature, and (2) stabili-
zer depletion measurements at a series of tempera-
tures provide a means of extrapolation to lower
temperatures. Hercules routinely ages ''sand-
wiches" of propellant/casebond/insulator systems
(or other materials that contact propellant) to
determine stabilizer (and plasticizer) loss from
the propellant. At selected time intervals, the
stabilizer content is determined as a function of
distance from the interface. This approach per-
mits early detection of stabilizer migration or
abnormally high stabilizer depletion rate due to
chemical reaction to prevent problems in long-

term aging.

Stabilizer depletion measurements at a series of
temperatures will detect incompatibility regard-
less of the reason. If there is a direct incom-
patibility that could be a problem at use-tempera-
tures, a higher than normal depletion rate or a
low activation energy will be observed. This was
the case with the chromic acid on the Teflon coat-
ing. The incompatibility existed but the stabili-
zer functioned as intended to prevent nitrogen

oxide buildup and, in the process, prevented the

modified Taliani test from detecting incompati-
bility. Stabilizer depletion measurements did
detect incompatibility. If an inadequate stabili-
zer is usedvit will not scavenge all of the nitro-
gen oxides; the stabilizer depletion rate will be
low, If the stabilizer itself tends to accelerate
nitrate ester decomposition (as is the case for a
strong aromatic amine) the stabilizer action will
prevent gassing and hence no incompatibility will
be indicated in the modified Taliani test, but a
high stabilizer depletion rate will be observed.
In a chemical reaction that does not involve the
nitrate ester directly, but éenerates enough heat
to be hazardous, stabilizer depletion measurements
will still detect the potential problem. The
heat generated will accelerate the nitrate ester
decomposition and because of the high activation
energy, the resulting increased stabilizer deple-

tion rate will be readily apparent.

In summary, a combination of the modified Taliani
test and stabilizer depletion measurements has
been very successful for avoiding compatibility
problems with double-base propellants. The modi-
fied Taliani test is an effective method of rapid-
ly screening for compatibility and has ensured
safety in propellant and rocket motor development.
Longer term stabilizer depletion measurement has
ensured adequate compatibility for the long stor-~

age times required in use.
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RECENT DEVELOPMENTS IN VACUUM STABILITY TESTING

W Merrick
Ministry of Defence (Procurement Executive)
Atomic Weapons Research Establishment
Aldermaston, England

ABSTRACT

The history of the development of the vacuum stability test in the UK is
traced and reservations concerning the manner in which the test is variously
applied to HE stability and compatibility testing are discussed. Recent
developments have led to the updating of the apparatus in most UK establish-
ments by the introduction of pressure transducers and in some cases data
logging equipment. The modified equipment comprising heating tube and
transducer assembly is compact and can be transferred after test to a vacuum
rig which permits the separation, ‘collection and identification (if required)
of the liquid and gaseous products. This ancillary procedure is of value in
comparing the chemical reactivity of materials where the products are liquid
as well as gaseous. It may also provide better correlation between the
physical and chemical properties of the material and its reactivity with
explosives than the traditional gas only assessment.

1. INTRODUCTION assess the stability of explosives for both speci-

In the United Kingdom the assessment of the fication and research purposes and have been a
thermal stability of explosives or mixtures of significant factor, both inside a?d outside AWKE,
explosives and other materials as in a compatib~— in deciding if a particular material is suffioc-
ility test requires known weights of the iently chemically unreactive énd therefore
explosives or the mixtures to be heated under 'compatible’ to be incorporgted safely in a given
certain specified physical conditions and the environment involving explosive. It has become
volumes of gas produced to be measured. The accepted in the course of time that the amount of
relevant specifications lay down limits for the gas evolved on heating an explosive is the basic
quantities of gas allowed and these limits apply criterion of stability. It is one purpose of this
to the use of engineering materials in explosive paper to give some consideration to the philosophy
assemblies. The underlying principle is that the involved in this tyPe of stability tgsting and
evolution of gas is the accepted criterion for another to refer to‘a Bimple modification amd
comparing the chemical instabilities of explo- extension of the apparatus so that it employs
sives in the vacuum stability test and of mixtures modern equipment and allows it %o be used for
in a compatibility test. These tests work well in assessing some of the non-gaseous products.

practice. They are quick and cheap to perform and 2+ BACKGROUND

the assessment of the results in terms of the 2.1 Barly references to the routine use of a

relevant specification is in general unambiguous R iqs
P & gUuous. mercury meanometer for explosive stability assess—

For many years the results have begn used to ment was by Obermuller in 1904(1 and 1910(2).
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In the UK, Farmer published work in 1920(3) in

which he applied the technique to assessing the
thermal stability of production batches of the
explosive tetryl. The test was virtually the
same as the present day test; the gas criterion
was used and was almost ideally suited to the
purpose. The volume of gas evolved was related
to the small quantities of impurities in various
It was found that

small quantities of tetranitro phényl methyl

batches of the explosive.

nitramine which could be present as an impurity
in the trinitrophenyl methyl nitramine (tetryl)
accelerated the decomposition of the tetryl at
100°C as well as decomposing 25 times as fast as
tetryl itself. The test was simultaneously a
test for the intrinsic stability of the tetryl
and for the quality of the batch. Since the
former is a constant the test becomes in practice
a comparative one for the latter. This test was
most satisfactory from both the theoretical and
practical points of view because it was coupled
with 2 limit on the volume of gas allowed which
The method has with

equal justification been applied to the production

was specific for tetryl.
control of other explosives. Such applications
are thoroughly sound provided a corresponding
1imit on the gas evolution is applied which is
specific for the explosive. This assumes that
variations in the reactivity observed are due to
the same impurities or crystal quality defects
present in differing quantities and are related
to the amount of explosive decomposed. The
volume of gas is then an indicator of the amount
of chemical decomposition and reaction which has
taken place and therefore of the 'stability' of

the sample,

2.2 If the test is now extended to make com-
parisons between the thermal stabilities of
different explosives by comparing their respective
gas evolutions, the original justification does
not strictly apply.
explosives do not produce the same gas volume for

This is because differeht

a given amount of decomposition, and moreover the

ratio of gaseous to other decomposition products

varies for all explosives. The possibility of
getting decomposition products other than gaseous
ones should not be overlooked. It may be expecﬁed
that the main decomposition products from an ° '
explosive are gaseous since the primary function

of an explosive is to produce a large amount of hot
gas quickly. However under the conditions of
vacuum stability testing we have sometimes noticed
the presence of condeunsates in the manometer tubes,
the contribution of which to the quoted 'gas
evolution' is somewhat fortuitous being dependent
on the desigh of the apparatus and on the vapour
pressure of the liquid. Some of this may be mois—

ture or solvents from the explosives tested but

these cannot be distinguished from products of

reaction unless quantitative work is performed,
including control samples. Variations in the gas
composition from different explosives will also add-
to the errors of a gas volume measurement used as’
the basis for assessment of explosives decompos-

ition.

2¢3 The same basic criticism in comparing explo-
sives by gas evolution applies to compatibility
tests, the difference being one of degree rather
than principle. In the standard UK compatibility
test the sample conmtains 5% of deliberately added
impurity - the impurity being the non-explosive
Other testing establishments

in some cases use 50% of non-explosive sample in

material under test.

the standard mix for testing.

2.4 The purpose of the present programme, of which
this paper is intended to be an introduction, is

to validate the test as far as possible by a study
of those parameters referred to earlier and to
develop a more meaningful test whilst retaining

the speed and cheapness of the present test. It is

hoped that such a test will be applicable routinely,

if desired, to any solid explosive or mixture of

explosive and adulterant.

3. RELATED WORK

341 The concept of total volatile products has

MURPSSE=-5 P suine P mthan suling.. sl PN P = i sualinen. el = Siee. sulhen e muln i



been appreciated in principle by many workers.
There are many examples of investigations in which
‘stability or chemical reactivity studies have been
conducted so as to take account of these factors.
In many cases this is also combined with the con~-
cept that volatile reactants shall not be removed
from the reaction vessel by condensation in the
cooler parts of the system and in these cases the
reactants and the products are all kept at the
test temperature. Provided the reaction vessel

is sufficiently large to allow vaporisation of all
the liquid products of the reactioﬁ at the test
temperature, then such methods give reliable
estihates of the‘tctal volatile products of the
reaction. A well-known example of this type of
test is the Taliani type apparatus(4'5'6) in
which the reaction is performed in air at a
pressure somewhat above atmospheric. The appar-
étus is however complicated compared with the very
simple vacuum stability apparatus and probably for
this reason is not widely used whereas the vacuum
stability test is a standard test in very many
countries. A limitation of many of the designs of
enclosed apparatus (and also of the standard
vacuum stability apparatus) is that there is no
provision for removal from the reaction vessel of
the volatile contents nor for their separation
into gas and volatile liquids so that they can be
separately estimated and analysed. There are many
examples of the totally enclosed versions of
\reactivity apparatus reported, but for the purpose
of'this paper no useful purpose would be served by
attempting to provide detail or references to them.
However some reference should perhaps be made to
the simplest of all techniques - because of its
simplicity~ that of weighing a sample before and
after heat treatment and its more recent extension
Both these methods

allow for the estimation of the total volatile

to thermogravimetric analysis.
productse.

3.2 In its original and simplest form as pub-
Lished by A P Sy in 1903(7) for mitrocellulose
powders, losses of up to ten per cent were involved

over a period of 68 days of heating. This is

however a very different case from its use as a
stability or compatibility test for application to
high explosives where small fractions of one per
cent are looked for from quantities bf sample of
Apart from the

evident objection that all volatile products or

the order of 5 grams or smaller.

even reactants are completely removed from the
reaction zone, there are aiso the problems of
weighing sufficiently accurately the small losses
in weight from relatively large sample masses in a
suitable containing veésel. If this were applied
to a compatibility test on a mixture of explosive
and sample six weighings would be involved for a
complete assessment., This led to the introduction
by Guichard(a) in France in 1926 of a built-in
antomatic recording balance and the development in
recent years into the sophisticated designs of
thermogravimetric analysis apparatus(9’1o). Such
apparatus is however expensive and although val-
uable for special investigations in no way competes
with the simple vacuum stability test when large
numbers are to be tested for compatibility with

explosives.

343 There are of course concepts for dealing with
compatibility pioblems other than evaluating the
products of reaction such as methods dependent on
the changes which occur in the explosive properties
of a system or an explosive when heated, but these
are outside the scope of this paper.

3.4 Having made the above brief survey of the
various types of stability test it is perhaps worth
while surveying the problem more generally,making
some reference to the great deal of work done by
many workers using modern techniques which lead to
separation and/or identification of the products

of reaction.

345 To start at the beginning it might be asked
why the products of decomposition should be esti~
mated when what one really wants to know in the
general practice of stability testing and also in
reaction kinetics (as distinct from work on

reaction mechanisms) is how much explosive has
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decomposed. Why hot estimate the undecomposed
explosive? The answer is clear and is that in
spite of all the remarkable developments in analy-
tical chemistry, it is still not possible to l
analyse with sufficient accuracy the total quantity
of explosive left at the level of decomposition of
interest for safety and compatibility purposes.
Under conditions of more gross decomposition such
as in the determination of velocity constants or
reaction mechanisms there are certainly methods of
sufficient accuracy but these problems are not of
major interest in the context of this paper. To
verify the sort of precision attainable some work
was done at AWRE on the assay of one unadulterated
explosive(11). The method was essentially a
classical volumetric technique. The explosive
chosen was PETN because it was considered that this
explosive could probably be estimated with at least
as good precision, and probably better, than the
nitroaromatic or nitroamine type explosives. The
details are noted in the Appendix A and this shows
that for a discrimination of 0(1% at the 95% level
of confidence 17 replicates wouid be required, it
may well be that this precision could be improved
but the results are a long way from being suffic-
jently precise to compete with the vacuum stability
test.

of 1 mm of mercury is equivalent to about 0.03 ml
3

With the AWRE apparatus a change in pressure

of gas or 10" - per cent decomposition. Methods
other than volumetric analysis can be used to esti—
mate the total residual explosive but all suffer
from the lack of adequate sensitivity; in partic-
ular, liquid and thin layer chromatography and, in
suitable cases, gas chromatography. Methods for
estimating the unreacted explosive have one further
problem in common. They are complicated by the
presence in the residue of all the products of
reaction. Each method developed has to be specific
for the particular explosive and in the case of
compatibility tests would have to be suitable in
the presence of the adulterant which is different
in every case and is frequently of unknown and

complicated composition.

3,6 It therefore follows that we are constrained

to dealing with the products of decomposition. We

have already referred to the pressure measuring

and gravimetric approaches to the problem but a
large amount of work has been done using chromato-
graphic techniques for separating and/or estimating
the products of the reaction. With quantitative
improvement, any one of these could conceivably

lead to a new general approach for particular appli-
cations and it is worth while making some reference
to these. Some of these techniques are already at

or near to this stage.

3.7 Thin layer chromatography has been widely

(1244.25)

investigated by many workers and in some

cases applied quantitatively. With eluents spec—
jally selected for the system and with modern
quantitative instrumentation for dispensing micro-—
litre quantities of solutions which virtually
eliminate creep-back and capillation errors(26)
together with densitometer measurement of spot
intensities, a great deal of useful work can be
done on separating and identifying the products of
decomposition. In suitable cases accuracies of the
order of a few per cent can be achieved and since
the method is essentially one for minute quantities
of material this is a suitable accuracy for the
‘small amounts of decomposition products involved.
The identification of the constituents may be
integral with the technique when the chemistry of
the system is known, such as in the estimation of the
dimer and trimer of PETN or of the lower nitrated
penta—erythritols.
applied to the spot after removal from the plate.

Other techniques can also be

3.8 In applications where some suitable degree of
volatility of the constituents is involved, gas
chromatography has been pursued. This method is
quantitative within the limits of the technique
used and the response of the material, and can again
give accuracies of a few percent. Because of the
volatility limitation this technique has found
application to DNT, TNT, PETN, glycol esters,
NC(27"'32) rather than the essentially involatile

nitramine explosives.

3.9 A promising technique which is also applicable
to involatile explosives is liquid chromatography.
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Useful information on the technique in general is

given by the various mamufacturers and an introduc—

tion to the technique is given in a book by Hadden
and reviewed in Analytical Chemistry in 1973(33).
In all the above chromatographic techniques a
spectroscopic method can be applied to the separ-

Mass spectrometry and infra red

(34,

ated material.
are the most selective 35) but where applicable
UV spectroscopy can be aﬁplied more quantitatively.
Mass spectrometry and uv usually consume the

least material,

3.10 The above general picture of the 'state of
the art' in stability testing gives some impress-—
All the methods are

sound within their known limitations, but in spite

ion of the present trends.

of all these the very simple vacuum stability
apparatus persists and shows no sign of being
The test

is considered of sufficient interest to warrant a

replaced. Indeed the reverse is true.
great deal of consideration being given under the
auspices of NATO to bringing about a uniform
detailed testing technique. This is because, al~
thougﬂ\the basic technique is essentially the same
in various countries and within a country, there
are many variations in the conditions of use such
as time and temperature, the quéntity or composi-
tion of the explosive or the mikture, sample
preparation and the formula used for sentencing
etce The work at AWRE has had.one overriding
premise - namely that any modified test which
might be developed should include an assessment
identical with the standard test. It is fortunate
that this view was taken sincé the modification
finally proposed will how be applicable to any
revised NATO version of the test.

3.11
in adhering to the vacuum stability test with all

If then we accept that there is some value

its known disadvantages (which will not be dis-
cussed here because this is a separate and contro-
versial topic on its own), we can proceed to the
In brief this has

been to separate and determine the quantity of

AVRE approach to the problem.

liquid and gaseous material in the reaction tube

s .

and not the solids. For the purposes of this paper
only essentially solid explosives have been con~
sidered. Now it is quife practicable to devise a
single technique whiohvwill separate out from a
mixture of solids, liquids and gases those compon—
ents which are gasebus and liquide Such a method
can depend on the vapour pressure differences
involved., Thistcan be done irrespective of the
chemical compoesition, and depends solely on adopt~
ing a practical definition of what is to be called
'liquid® and 'gas's On the other hand it is not
possible to have a single method applicable to any
mixture for separating the solid decomposition
products from the original solid reactants since
this must depend on the chemistry of the various
solid components present. These are all different
and, except for the original explosive and in a few
cases the sample, are unknown. This is a natural
limitation of this type of system which has no

simple solution.

3.12 The problem with the conventional VS apparatus
is that it is cumbersome and ahkward to handle and
not designed to take off the products for separate
examination. To overcome these defects a study was
made of alternative methods of pressure measurement
and as a result the mercury manometer has been
This

modification at once makes the apparatus more port~

replaced by a small pressure transducer.

able and also updates it since it can then be used

with data logging devices.

4. EXPERIMENTAL

4.1 The experimental technique for measuring gas
and liquid produc%s ?as been described at another
36

and will be available when

A general summary
only of the apparatus will therefore be given here

Symposium in 1973
the Proceedings are published.

but some features of both the apparatus and the
technique quoted at the earlier Symposium will be
updated.

4.2 In the conventional apparatus we have a reac—

tion tube and a mercury-filled manometer. In the
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modified apparatus the manometer is replaced by a
small pressure transd,ucer(36). The two are con=—
nected by an :zdapter. At AWRE this is a simple

36)

glass adapter with a side arm for evacuation.
At other UK establishments various designs of
metal adapters(38’ 39’40), and in one case a PIFE
(TEFLON) one 37), are in use or under developmeént.
In some cases these are fitted with pressure
release safety va.lves(37’39’4o) and sometimes a
rubber septum(39’4o). At the present time the
various designs cannot be considered finalised.
No problems have been found with the AWRE glass
adapter which has no release valve and at present
no rubber septums The internal volume of the
assembly should be the same as the conventional
apparatus which it replaces, so that any auto~-
catalytic effects due to decomposition products
are the same as in the conventional apparatus.

The output from the transducer is fed to a multi-
point recorder in the AWRE apparatus but this is
(1) or data
logging equipment with print~out (38,39)
other UK establishments. A data logger is expected
The out-

replaced by a digital volimeter
at some

to0 be in use at AWRE in the near future.
put is interpreted as a volume of gas either by
calculation from the recorder or digital
voltmeter reading, or more simply as a direct
print-out in the case of the data logger. Where
the data logger is chosen to include individual
chamnel ad justment for zero and sensitivity, the
calibration can be made particularly easy and
rapide A known volume of dry air is introduced
into the evacuated apparatus by means of an
accurately calibrated gas syringe via the rubber
septum in the adapter. The assembly is then
placed in the usual heating bath to attain the
normal working temperature differential. The sen~-
sitivity control on the data logger for the
particular channel in use is then ad justed so that
the read—out corresponds to the volume of air
injected after correction to standard {emperature
and pressure, This procedure eliminates all cali-
bration of the assembly for volume and temperature
which is necessary for the recorder and DVM tech-
niques 39 « The procedure described so far

corresponds to the conventional test.
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4.3 The second and new procedure is now commenced.
The assembly is removed from the heating bath and
the tube cooled 1o minus 80°C, with a mixture of
trichloroethylene and solid carbon dioxide, %o
obtain the pressure corresponding to the Ypermanent
gas's The assembly is then iransferred to a
vacuum rig(36) and with the tube still kept cold
the permanent gas is either evacuated to waste or
is sampled. Any condensed material is then dis-
tilled out of the reaction tube and into a 'U!
shaped tube packed with glass beads, by heating the
reaction tube and cooling the 'U' tube to minus
80°C. The reaction tube and transducer assembly
is then replaced by a preweighed and evacuated
small tube %) about 1 ml capacity fitted with a
vacuum tap and joint (a "cold finger condenser')
which is cooled to minus 80°C, The cold bath is ’
removed from the 'U' tube which is allowed to warm
to room temperature and a back distillation commen-
ces into the cold finger and when this is complete
the cold finger is weighed. The whole process is
monitored by a Pirani gauge. Care must be taken at
the final stage not 1o overcool the cold finger
condenser g0 as to avoid .condensation on the *wrong'
side of the tap.
gram quantities of solvents was achieved by this
technique with a wide range of solvents from the
ethyl alcohol (vp = 5.3 K'N/m2 or 40 mm Hg) to gamma
butyro lactone (vp =<0.01 I(N/m'2 or <0.1 mm Hg) and
with weights from a few mg to tens of mg.

Quantitative recovery of milli-

4.4 It may be useful to other workers interested
in this part of the technique to note here that a
considerable amount of development work preceded
the final technique as described above. Before the
introduction of the transducer, the reaction was .
performed in a sealed vacuum stability reaction
tube with no pressure measuring device and at the
end of the heating period this was transferred to
a vacuum rig. The permanent gas was then measured
by a volumetric-pressure technique while keeping
the tube cold to retain condensible matter. The
latter was then expanded into known volumes until
it was completely gaseous and its pressure measured.
The volume was then converted to a hypothetical
‘gas volume' at NTP - under which conditions it was




in fact likely to be liquid. Subsequent to this
the transducer was introduced for measurement of
the gas and the liquid portion again measured by
the expansion technique. This latter technique
had the attraction that both the gas and liquid
were assessed as volumes and were therefore addi-
tive. It was found however that although the
methods could be operated to give satisfactory
results they required a more complicated vacuum
rig and a higher standard of vacuum technique than
The method

also did not produce a condensed sample of the

we felt was viable for general use.
liquid for identification purposes.

4.5 In the present technique the gas is assessed
as a volume and the condensibles as a weight. If
additivity of units is required the permanent gas
can be analysed and its weight calculated or alter-
natively can be assumed to have some average
density typical of the gases obtained from high
explosives., Additivity is then achieved on a
weight basis and this is of course relevant to
calculation of percentage decomposition from the-

known weight of explosive taken.
5. RESULTS

5«1 The first part of the practical procedure, in
which the mercury manometer is replaced by the
transducer and the pressure readings interpreted as
gas, has been applied to 47 mixtures involving 9
different high explosives and 13 different non-
explosive adulterants. The results were compared
statistically with corresponding data from the

This showed that the two
(36),

standard manometer test.

methods produced comparable results

5¢2 The complete procedure including separation of
the gas and condensible matter has been applied to
4 unadulterated explosives and 2 adulterated. The
experimental figures are shown in Appendix B
together with the results from a standard manometer
test.
total information available from the two types of
test.

done from either set of results, and to calculate

Appendix C then shows an assessment of the

No analysis of the permanent gas has been

the weight of the gas a weight of 2 mg per 1 ml of
gas has been assumed., This is an approximately

correct figure for the mixture of gases from PEIN
and RDX decomposition and is sufficiently near for

the purpose for the other gas mixtures.

For the manometer test, the figures give a volume
aggregate from the 15 h to 415 h readings of what is
usually termed 'gas', plus material of unknown
molecular weight. The latter is usually assumed to
comprise water, solvent and other volatiles. Since
the sample in the evacuated reaction tube takes a
considerable time to reach the test temperature the
amount of gas from the thermal decomposition in the
initial O to 1} hour period should normally be neg-

ligible.

For the transducer test the figures give an assess—
ment of the permanent gas as that which is not
condensible at -80°C and a weight assessment of the
The results show that RDX and

HMX produce little or no 'volatile' matter other

condensible matter.

than permanent gas and the two methods thus give
comparable results. In the case of PETN particular-
ly at 120°C and far the mixture of Composition B

and polycarbonate a large proportion of the gas
volume in the conventional method is accountable for
as liquid as shown in the last column of the table,
It is considered that the breakdown into gas/liquid
constituents which the new technique provides is a
more objective analysis of the decomposition
behaviour. The transducer test which gives a perma-
nent gas volume and a weight condensate is in
general a much closer approximation to the percent-
age weight decomposition of an explosive than that
given by the usual volumetric stability test,
although both fail to estimate solid decomposition

products.
6. CONCLUSIONS

6.1 A new approach to vacuum stability testing is
proposed incorporating a pressure transducer which
can with ancillary apparatus produce a more object-—
ive assessment of the total products than the

The method can at the

I

conventional manometer test.
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same time reproduce the normal test figure obtained

from the conventional apparatus.

6.2 The technique should be of general applica-

bility to thermal stability and compatibility
testing of essentially solid materials and possi-
bly liquids. The application of the method so far
has given sufficient confidence to warrant its
application to samples obtained routinely so that
the degree of contribution from liquid components

produced in reaction can be assessed.
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APPENDIX A

Reproducibility of an Assay on PETN

The determinations were by reduction with ferrous ammonium sulphate
dissolved in sulphuric acid according to the conditions described by Scott and
Furman but substituting the colorimetric end point by a conductometiric end point
using platinum and tungsten electrodes. The end point was sensitive to 0.01 ml
of 0.3N ferrous ammonium sulphate. The estimate of the standard deviation (s)
from 17 results was 0.15% and the derived statistical parameters shown in the

table were calculated.

Number Accurac Least
of | Siemdamd | procision 95% Significant
Tests i Confidence | Difference
Limits

W s - Ist su,/2
V¥ ¥ A ¥

17 0.036% 0.072% 0.077% 0.11%
5 0.067% 0.134% 0. 186% 0.22%
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Table of Results

APPENDIX B

Temperature Mercury Transducer
and Manometer + vacuum treatment
Duration
‘ of test 0 to O to calculated
SAMPLE %h 4tkh from cuid
or HOT 8% | liud
72 h reading reading
% hours | (m1) (ml) (m1) (m1) (mg)
5 g RDX 120° 4% | 0.1 0.6 0.6 0.3 0.2
5 g HMX 120° 4% | none 0.1 0.1 0.1 none
5 g TETRYL 120° 72 0.6 large | large large 3.8
5 g PEIN 100° 4% | 0.9 1.6 1.6 o 3.2
0.6 1.4 1.4 none 1.6
5 g PETN 120° 4% 2.8 4.7 4.7 2.0 547
2.6 4.2 4.2 2.1 4.0
1 g PETN 100° 4% - 1.0 - 0.7 0.3
Treated
Sample A
1 g PETN 100° 4% - 9.0 - 8.4 5¢6
Treated
Sample B
0.25 g "PC"* | 120° 1% 0e1 0.3 0.5 0.5 none
COMP.B
> ,,Plg 120° | 412 | 0.5 1.2 1.4 0.8 2.5
*PC = polycarbonate
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APPENDIX C

Assessment of Results

Manometer Test Transducer Test
+ vacuum treatment
TOTAL TOTAL
Information Information
Vol | Vol Vol Vol Vol wt
of X of of X of
2 volatiles gas 2 liquid
gas = at ato =
wt of %h -80°C wt of
gas gas

nl g ol ml og ng g
RDX 0.5 1.0 0.1 0.3 0.6 0.2 0.8
HMX Oe1 Q2 none 0.1 0e2 none 0.2
PE‘I‘IC\)T 0.7 1.4 0.9 0.1 0.2 3.2 3.4
100°C 0.8 1.6 0.6 none none 1.6 1.6
PE'I‘I(\)T 1.9 3.8 2.8 2.0 440 SeT 9.7
120°C 1.6 3.2 2.6 2.1 4.2 4.0 8.2
PC 0.2 044 0.1 0.5 1.0 none 1.0
PC +
COMP.B 0.7 1.4 0.5 0.8 1.6 2.5 4e1
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THE INFLUENCE OF METALS ON THE THERMAL DECOMPOSITION OF s~TRIAMINOTRINITROBENZENE (TATB)

*
E. D. Loughran, E. M. Wewerka, R. N. Rogers, and J. K. Berlin
University of California, Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87544

ABSTRACT

Although s-triaminotrinitrobenzene (TATB) possesses unusually high
thermal stability for an organic explosive, the rate of gas evolu-
tion at elevated temperatures appears to be increased markedly by
the presence of copper, iron, or brass. Aluminum in the same ex-
perimental environment produces little or no effect on the gas
evolution rate. This paper presents the results of various experi-
ments in which attempts were made to evaluate the magnitude of the
effects and to elucidate the mechanism of the thermal degradation

of TATB both in the pure state and in the presence of the afore-

mentioned metals.

1. TINTRODUCTION

TATB and TATB compositions have been under
study at LASL for a number of years. In-
terest in this compound as a secondary ex-
plosive stems mainly from its relatively
.high thermal stability and its insensi-
tivity to initiation by friction and im-

pact. Although it is not as energetic an
explosive (calculated for Po = 1938 kg/m3;
PCJ = 313 kbar, D = 7970 m/s) as the wide-

ly used HMX and RDX formulations, it is
sufficiently powerful for use in certain
weapon applications where the size of the
explosive system is not severely restrict-
ed and the stability characteristics of
TATB are a desirable feature of the design.

We are aware of very little published work
on the thermal decomposition of TATB. NOL
first became interested in its potential

as a heat-resistant explosive in the 1950's

and reported briefly on its properties(l).

Several laboratories have investigated
specific properties of the compound in

more detail, e.g., molecular structureeﬁA%

vapor pressure (5) ’ (6)

shock Hugoniot , etc.
Serious evaluation of the thermal stability
of TATB and its formulations began at LASL
in 1965 and has continued at various levels

of activity to this date.

2. BACKGROUND

Our first estimates of the thermal stabi-

- lity of TATB were obtained in short-term,

high-temperature tests, i.e., vacuum sta-
bility tests at 260°C and DSC studies and
Henkin time-to-explosion tests at still
Although kinetics
constants determined by the DSC method

higher temperatures.

(analyzing only the most rapid observable
portion of the decomposition reaction)

correctly predicted the critical tempera-

*
Present address: Chemistry Dept, U of Illinois, Urbana, IL.
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ture determined in the Henkin test, ex-
treme environmental requirements imposed
upon several proposed system designs
prompted us to initiate long-term stabi-
lity tests at the temperatures of interest.
It was from these experiments that a strik-
ing incompatibility between brass and TATB
was observed, initiating further studies
into the TATB thermal decomposition mech-

anism.

3. EXPERIMENTAL

The TATB used in the work reported herein
was prepared at LASL by an improved proc-
ess based on the NOL synthesis(l) that re-
sulted in a higher purity product. The
purity level was greater than 99%, the

major impurity being NH4C1.

Long-term gas—-evolution studies were per-
formed on samples of powder, pressed pel-
lets, and Henkin cells sealed in Pyrex
ampoules filled with a cover gas of dry
air or argon. The sealed ampoules were
stored in temperature-controlled ovens at
177 or 204°C for various lengths of time.
After removal from the ovens, the ampoules
were opened on a CEC 21-103 mass spectrom-
eter inlet system where gas volumes were
measured and mass spectra of the gases ob-
tained. In several instances the solid
residue remaining in the ampoules was re-
moved, weighed, and analyzed by several
techniques including CHN analysis, x-ray

diffraction, and mass spectrometry.

The sealed-ampoule studies necessarily
produced results that reflected processes
occurring in a closed environment, includ-
ing back reactions of gaseous products
with the solid and product reactions in
the gas phase. In the hope of elucidating
primary reaction mechanisms, several ex-

perimental techniques were employed that

rapidly removed the gaseous products from
the reaction zone, namely thermal gravi-
metric analysis (duPont Model 950 TGA),
pyrolysis, and pyrolysis/TOFMS (Perkin-
Elmer Pyrolysis Accessory/Bendix MA-2 time-
of-flight mass spectrometer). In all these
methods, helium was used as the carrier gas
with flow rates ranging from 0.2 to 0.8
cm3/s. A simple flow-splitter was incor-
porated into the heated effluent line of
the pyrolysis accessory to reduce the flow
into the mass spectrometer to an acceptable
level (v 2% of the total effluent). Pure
TATB samples and TATB/metal mixtures were
contained either in open platinum boats or
sealed aluminum DSC cells for the TGA and
pyrolysis studies. In several instances,
small perforations were made in the sealed
DSC cells, and various metal powders were
layered over the TATB in the open boats.
The techniques of data collection and re-
duction were more or less conventional for
these experimental methods and will not be

detailed here.

4. RESULTS AND DISCUSSION

Table I contains gas evolution data typical
of the results obtained in the sealed-

ampouleﬂexperiments. Mass spectral analy-
ses showed that the major gaseous product
(> 50%) was COZ;
and H,O were also present.

2
ples where extensive decomposition had oc-

lesser amounts of N2, co,
For those sam-

curred, a white residue formed on the inner
ampoule surface upon removal from the oven.
This substance (representing about 20% of
the total weight loss) was identified by
x-ray analysis as ammonium bicarbonate.
Sealed brass Henkin cells (containing TATB),

exposed to 204°C in Pyrex ampoules for one

week, had a bluish deposit on the cell sur-

face that was identified, also by x-ray
analysis, as (NH3)4CuCO3. Table II summari-

zes the weight-loss data obtained on a
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TABLE I

Total-Evolved Gas from Sealed Ampoule
Surveillance of TATB Contained

in Henkin Cells

Storage Total
Henkin Ceil Time Temp Evoéved Gas
Material (wk) (°C) (cm™ /g, STP)
Brass 1 177 14
2 177 35
Aluminum 1 177 0.3
Brass 4 days 204 162
Aluminum 4 days 204 1.0
1 204 1.6
2 204 5.4

dcells contained approximately 0.25 g of
powdered TATB.

brncludes N,, N,0, NO, CO, CO,, and H,.

TABLE II

Percent Weight Loss of TATB
After 14 Days at 204°C

Container Weight Loss (%)
Pyrex Ampoule 12
Al Henkin Cell 2
Brass Henkin Cell 50
Vacuum Stability (200°C) 0.6%
DSC Predicted 1.4

dcalculated from measured gas volumes and
assuming a molecular weight for the gas
of 38.

number of sealed Henkin cells and Pyrex
ampoules after storage for two weeks at
204°cC.
ed as an example of the magnitude of the

Again this information is present-

effect observed with these particular ex-
perimental conditions.

The point of interest in these data is the
pronounced difference between the rates of

gas evolution from the two different cell

materials. The TATB contained in aluminum
cells decomposed at a rate comparable to

that observed with bulk material sealed in
Pyrex ampoules, whereas the TATB sealed in
The

results (to be discussed in more detail in

brass cells decomposed quite rapidly.

the oral presentation) led us to investi-
gate more thoroughly the TATB decomposition
extensive use was

reaction. Subsequently,

made of the flow techniques (described in
the experimental section) in the hope of

obtaining some information about the pri-
mary decomposition products and the reac-

tion mechanism.

Since the sublimation rate of TATB is mod-
erately high at the temperatures that make
the use of the flow techniques practical,
guantitation of the thermal decomposition
reaction was somewhat difficult. However,
it was felt that comparative observations
were meaningful and useful in attempting to
unravel the mechanisms operative in the
systems studied. On comparing TGA weight-
loss curves for pure TATB with those  for
TATB/metal mixtures, very little difference
in the rate of weight loss was observed for
isothermal runs in the 320-360°C temperature
range. However, DTA curves for the Cu/TATB
and Fe/TATB mixtures, obtained at a heating
rate of 0.66°C/s (40°C/min),

othermic reaction occurring at temperatures

showed an ex-

50° to 75°C lower than the major decom-
position exotherm in pure TATB. Aluminum
appeared to have little, if any, effect on
the DTA curve for TATB.
TOFMS results indicated that the thermal
decomposition reaction occurring below

about 450°C gave C02, NO, HCN,

mass 43 component (possibly cyanic acid) in

The pyrolysis/-

C2N2 and a
royghly equal amounts. Lesser quantities

The
rates of gas evolution, as recorded by the

of N2, CO, and HZO were also observed.

mass spectometer total-ion monitor, were
significantly higher at a given pyrolysis
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temperature for samples of the Cu/TATB
and Fe/TATB mixtures than for the Al/TATB
and pure TATB samples.

5. CONCLUSION

We have observed a marked acceleration in
the rate of thermal decomposition of TATB
in contact with copper and iron by several
experimental methods. Aluminum, under the
same conditions, appears to have little or
no effect. Although all the details of
the reaction are not yet explained in
terms of a reaction mechanism, the experi-
mental results at this point indicate that
a reaction occurs between the gaseous com-
ponents (TATB vapor and/or decomposition
products) and the metals, either to produce
a reaction catalyst or to remove an in-
hibitor from the system. Copper and iron
are relatively strong reducing substances,
and we believe that similar metals would
also accelerate the TATB decomposition.
Information such as that obtained in this
study can be of practical significance
when considering TATB for a particular

weapon application.
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TESTING OF PLASTIC, COMPOSITES, AND COATINGS FOR USE IN NAVAL ORDNANCE

Benjamin D. Smith
Naval Surface Weapons Center
Dahlgren Laboratory
Dahlgren, Virginia 22448

ABSTRACT

- Plastics, composites and coatings have found increased usage in Naval
Ordnance applications for reasons of: ease of construction, and maintenance;
lightweight but structurally strong construction; corrosion and erosion protect-
ion; and cook-off protection in fire situations. In order to be accepted for
use in the fleet these materials which come into contact with explosives as
well as with the final ordnance item have to satisfy the test requirements of
"Safety and Performance Tests for Qualification of Explosives", NAVORD publica-
tion OD 44811 volume 1. Such tests as vacuum stability, differential thermal
analysis, and accelerated weight loss (thermogravimetric analysis) for mixtures
of explosives and plastics are routinely performed. However, additional tests
are often desirable to enable the researcher to select the best suited material,
particularly for "unconventional" applications. Examples of such applications
include: interior ordnance liners designed to increase the cook-off time in a
fire; plastic beakers to contain explosive charges; plastic heat shlelding for
ordnance in a fire situation; coatings to protect ship decks from rocket
exhaust; and plenum chambérs to channel rocket, exhaust gases overboard in case
of accidental rocket firing in storage magazines. We have used a variety of
test methods; i.e., static firing of a missile with the exhaust impinging on
plastic and composite samples, polarized light microscopy, comparing the heat
evolved in differential scanning calorimetry for mixtures of explosive and
plastic liner materials versus the explosive itself, and field cook-off tests.
The results of our testing program will be discussed.

1. INTRODUCTION During firing tests of standard missile blast test

o vehicles at the NASA Wallops Island facility,
The Dahlgren Laboratory routinely performs the
) candidate deck coating and plenum chamber materials
standard compatibility tests of plastics and ' '
. were fastened on blast doors which were positioned
composites with explosives and propellants;
. twelve inches from, and normal to, the missile
vacuum stability, and temperature stability, DSC
exhaust nozzle. This simulated the most hazardous
and TGA. We have modified and expanded these -
exhaust Impingement conditions that could exist in
tests to help solve a variety of safety, perform-
. a normal missile launch aboard ships. The data
ance and quality control problems associated with
collected included the temperature of the back side
Naval ordnance hardware.
of the candidate deck coating material and docu-
2. MISSIFTE EXHAUST DEFEATING MATERTALS
mentation of the erosion. From such tests, the

2.2 DECK COATING MATERTALS deck coating material Dyna-Therm E-345, was
I-F-1




identified and is now widely used in the fleet to
defeat the heat, blast and erosion of the exhaust
plume. Left unprotected, the decks, superstruc-
ture, doors, launcher systems, and other equip-
ment such as guns and radar antennae may suffer
erosion and material degradation from the heat
and blast of the missile exhaust plume. For
example, the exhaust plume from a single missile
launch will erode away an area between 18 and 24
inches in diameter and a minimum depth of 1/4
inch from a typical 5456 aluminum, unprotected,

superstructure.
2.3 MAGAZINE PROTECTION

During a noﬁnal, on deck missile launch, the deck
is exposed to the exhaust plume for only a few
milliseconds. If the missile is accidentially
actuated in the magazine, the combustion process
can be either propulsive or non-propulsive burn-
ing; i.e., the burning can range from a low order
conflagration to a full 30 second propulsion burmn.
The‘missile exhaust from the Standard Missile has
a mass flow rate of 90 pounds per second, of
which approximately 38 pounds per second are
alumina, A1203, and 17 pounds per second are
hydrochloric acid, HCl. The temperature of the
exhaust reaches several thousand degrees and can
cause the temperatures of bare, unprotected metal
to exceed 1000°F in less than 0.5 seconds and can
burn through 9 inches of steel. With the develop-
ment of the Staﬁdard Missile, new methods were
investigated to defeat the erosive problems
associated with missile exhausts. Merely increas—

ing the capacity of the COp extinguishing system

and installing higher pressure water injection and
sprinkler systems provided only marginal solutions
at best. A plenum chamber system which defeats,
controls, and allows the venting overboard of the
exhaust gases has been developed and is used in
the fleet. The plenum chamber is constructed from
an ablative material which not only defeats the
missile exhaust but also has allowed the Navy to

realize substantial cost and weight savings.
2.4 PLENUM CHAMBER

Figure 1 shows a three-port plenum chamber section
constructed from HAVEG-41. It is placed in the
bottom of the magazine with the nozzles of three
missiles inserted into the three openings. If a
missile accidentally ignites, the exhaust blows
out the protective metal discs and the exhaust gas-

es are directed overboard. Blow out discs prevent

the ignition of additional missiles by the exhaust

from the first missile. The steel brackets on the
ends of the plenum chamber serve to support and to
join the plenum chamber sections. The pipes for
the high pressure water injection system are locat-
ed underneath the plenum chamber. Figure 2 shows
the interior of a single-port plenum chamber which
was subjected to four missile tests which ranged
from a fly-away to a full-up missile burn in a
passive-dry condition. Even after the four missile
firing tests, the plenum chamber is in excellent
condition and could be used again. Plenum chanbers
constructed from the ablative material HAVEG-41 are
now in use in the fleet. The screening methods
applied to candidate ablative materials included

using an acetylene torch, placing candidate mater-
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ials on the blast doors and conducting launch
tests, and soaking samples in hydrochloric acid

(HC1) and sulfuric acid (HpSOy).

3. COMPATIBILITY OF MISSILE PROPELLANTS AND

JP-5 FUEL

The effort to develop protective deck coatings
and plenum chambers underscores the ability of
missile exhaust to erode materials. However, the
safety and performance of missiles are also
important. For example, what compatibility and
performance problems arise if JP-5 fuel is spilled
and comes into contact with missile propellants?
Besides the standard laboratory tests, we have
used two other laboratory tests. First., we have
used a Mettler Hot-Stage and a Zeiss polarizing
microscope equipped with a 35mm camera to record
dimensional changes, swelling, -and changes in the
physical appearance of various missile propellants
exposed to JP-5 vapors as a function of time at
120°F. A glass ring was epoxied to a glass slide.
A microtomed section of the propellant, an elect-
ron calibration grid, and a section of glass
filter paper saturated with JP-5 fuel were placed
inside the glass ring chamber. A glass cover slip
was placed on top of the glass ring and sealed
with a polyglycol. The glass slide was placed on
a Mettler FP Hot Stage which held the temperatufe
at 120°F. Photographs were taken of the electron
microscope grid and the propellant over a 48-hour
period, Figure 3. The rate of swelling was
determined by projecting the slides and comparing
the dimensions of the propellant against the

electron microscope grid. Table 1 summarizes the

swelling, percent increase in the area, and the
results of vacuum stability tests of three pro-
pellants and a silicone rubber. To establish if
the swelling is only a physical absorption of the
JP-5 or if chemical degradation of the propellant
also occurs, vacuum stability tests were also
performed. The increase in the volume of gas
parallels the swelling but all volumes are below
the accepted maximum value of 2 cc/g/U8 hours.

The vacuum stability tubes used in these tests had

- an extra outlet over which a rubber septum was

placed. A gas tight syringe equipped with a
special lock valve was used to withdraw gas samples
which were analyzed on a Carle Model 8000 Portable
Gas Chromatograph for oxides of nitrogen, carbon
monoxide, carbon dioxide, hyérogen cyanide, nitro-
gen and oxygen. Although the gas chréamatogr'aph
was calibrated to detect concentrations of these
gases as low as 10 parts per million, only nitro-
gen and oxygen were detected. The only color
change observed was that the JP-5 became a pale
yellow when it was placed in contact with the
ni;crocellulose propellant. Therefore, it was
determined that the missile propellants tested are
compatible with JP-5 and that the swelling of the
propellant is a physical absorption. The effect of
swelling on the performance of the missile pro-
pellants will have to be determined by closed bomb
(pressure vs. time) experiments and firing tests.
The tests were also performed on an inert silicone

rubber which is used in some missiles. It exhibit-

- ed the greatest degree of swelling but there is no

evidence for chemical degradation.
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4, COMPATIBILITY OF EXPLOSIVES AND PLASTIC
MISSILE WARHEAD CASES

The replacement of a metallic missile warhead
with a fiberglass-reinforced, phenol-formaldehyde
rlastic case permitted a 25-pound weight savings
and the elimination of 24 metal parts. A one-
step phenolic resin is used to eliminate possible
compatibility problems with the explosive. Two-
step phenolic resins contain paraformaldehyde or
hexamethylenetetramine. The latter will, when
heated, out-gas ammonia which tends to sensitize
explosives. If one-step phenolic resin is stored
at room temperature for several months, it loses
its tackiness and plasticity under molding
conditions. Cases molded from overaged resin
which has been stored at room temperature develop
cracks in the finished warhead case and uneven
distribution of the glass fibers is found. Such
resins are already partially polymerized before
the molding operation. As part of the quality
control effort, we analyzed two samples of
phenolic resin, one, from which specification
cases could be molded, and which had been stored
at U40°F for one month and was moist and tacky.
The other sample, which had unsatisfactory mold-
ing properties and was dry and friable, had been
stored at the same temperature for nine months
and had exceeded its shelf life. The analysis
procedure consisted of dissolving and decanting
off the phenolic resin, determining the weight
percent of glass fibers in the resin, and then,
by microscopic examination, determining the fiber

length (1/2 inch), fiber diameter (8,9-9.0 um),
and the refractive index (Np25 1.5504). Both

resin samples contained only glass fibers and had
not been contaminated with other fibers such as
asbestos. No differences between the two resins
could be detected using thermogravimetric, infrar-
ed, and mass spectrometry analyses. In conclusion,
the storage temperature and shelf life recommended
by the resin manufacturer have to be strictly
observed to assure acceptable, crack-free missile

warhead cases.

5. PLASTIC BEAKERS FOR USE IN LARGE CALIBER

NAVAL PROJECTILES

Large caliber naval projectiles being developed
utilize a plastic beaker into which a plastic
bonded explosive (PBX) 1s poured and allowed to
cure. Figure U shows a plastic bonded explosive
with strips of five different plastics laid across
the explosive. The five plastics, which are
candidate beaker materials, are high density
polyethylene, cross-linked polyethylene, nylon 12,
ethylcellulose, and low density polyethylene (left
to right). The slide was placed in the microscope
hot stage and heated at 1°C/min. When a tempera-
ture of 150°C was reached, the binder of the PBX
began to degrade and the low and high density
polyethylenes had melted. The Nylon 12 melted at
lé?°C and the RDX, which appears as crystals in
the binder matrix melts at 195°C. At 195°C, both
the cross~linked polyethylene and the ethyl
cellulose are soft but intact and, therefore, are
considered candidate beaker materials. No compat-
ibility problems were detected.

Ethyl cellulose has been used to fabricate beakers

into which the PBX has been cased. Figure 5 shows

I-F-4




the interface of the ethyl cellulose beaker and
the explosive. No voids are detected either at
the interface or in the cast explosive. The
crystalline material is RDX. The magnification
is 12.5 X. Figure © shows the interior of the
ethyl cellulose beaker after it had been stripped
away from the explosive. Several crystals of RDX
still adhere to the ethyl cellulose and indentat-
ions on the surface of the beaker were caused by
other crystals of RDX. The binder of the PBX
wetted and adhered to the ethyl cellulose, form-
ing a void free interface between the beaker and
the explosive. No compatibility problems were

observed.

-

C. INTERIOR LINERS FOR WARHEADS TO PROVIDE

COCK-OFF PROTECTION

The final area of research to be discussed is
interior liners for ordnance items which will
react in an endothermic manner with the explosive
if the ordnance item is engulfed in a JP-5 fire.
Sufficient time, before a violent reaction occurs,
would allow the fire to be extinguished and/or
the ordnance item to be jettisoned. Historically,
asphaltic hot melt and thickened asphaltic hot
melt have been used in bombs. However, asphaltic
hot melts react exothermically with TNT and RDX-
based explosives. Various new liner materials
have been screened in the laboratory by the
clazsical screening techniques; thermogravimetric
analysis, differential thermal analysis, and
vacuum stability. Promising formulations have
been used to line small pipe bombs; i.e., pipes

of four-inch diameter by six inches in length with

two end caps. Figure 7 pictures a test pipe bomb.
After mica insulation is wrapped around the bomb,
approximately nine feet of 1/4 inch heating ribbon
is wrapped around the exterior and this is covered
by fiber glass insulation. Applying 18 amps from
a 208 volt line gives a 4°F/sec. heat rise in the
interior of the bomb which simulates the heating
rate experienced in a JP-5 fire. Table 2 lists
the times to a vioclent reaction. The classical
asphaltic hot melt offers only limited protection;
i.e., 2 minutes and 25 seconds. The addition of
the sulfur-containing heterocyclic S-trithiane to
asphaltic hot melt offers marginal improvement.
Combination of the S-trithiane with the plastisol
Denflex offers the greatest protection; i.e., a
cook—off time of 9 minutes and 11 seconds. The
bomb liner formulations based on the silicon R631
resin, which requires the evaporation of an
aromatic solvent, and the combination of the
plastisol Denflex with the antioxidant CAOYY do
not offer sufficient protection to warrant add-
itional testing but larger scale cook-off tests

are planned for formulations based on the plastisol

and S-trithiane mixture.

7. SUMMARY

The Naval Surface Weapons Center, Dahlgren Labor-
atory, has used standard laboratory tests in pro-
grams designed to improve the performance and
safety of Naval ordnance and has developed special-
ized test methods where the specification proced-

ures were inadequate for the problem.
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THREE PORT PLENUM CHAMBER WITH HIGH PRESSURE

WATER INJECTION SYSTEM

FIGURE 1.
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FIGURE 2. INTERICR OF PLENUM CHAMBER WHICH HAS BEEN SUBJECTED TO
FOUR MISSILE FIRING TESTS.
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FIGURE 3. RATE OF SWELLING TESTS OF MLSSILE PROPELLANT EXPOSED
JP-5 FUEL.




FIGURE L.

COMPATTBILITY TESTS OF PLASTIC BONDED EXPLOSIVES AND FIVE
PLASTICS BY MICROSCOPIC EXAMINATION.




FIGURE 5. INTERFACE OF ETHYL CELLULOSE BEAKER AND PLASTIC BONDED EXPLOSIVES

I-F~10




FIGURE 6. INTERIOR OF THE ETHYL CELLULOSE BEAKER AFTER IT HAS BEEN
STRIPPED AWAY FROM THE PBX.




it

i

st

LA

Bk

PIPE BOMB FOR TESTING INTERTOR LINERS.

FIGURE 7.
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COMPATIBILITY AND CHEMICAL KINETICS

R. N. Rogers
University of California, Los Alamos Scientific Laboratory

Los Alamos, New Mexico

87544

ABSTRACT

Several small-scale thermochemical methods have been developed at
Los Alamos for the determination of the stability of explosives,
and these methods have been applied to the detection of materials

that are incompatible with explosives.

What follows is an histori-

cally oriented review of small-scale compatibility work at Los

Alamos.

1. INTRODUCTION

I define incompatibility very broadly as
unwanted time-dependent chemical or physi-
cal processes that occur in a system in
response to the environment or mutual prox-
imity of materials. The definition pur-
posely includes both stability -and compat-
ibility (the ability of materials to retain
their normal propertiés when in contact or

vapor-phase communication with one another)

Our Laboratory originally used vacuum
stability, Taliani, and impact sensitivity
tests to detect incompatible systems; how-
ever, none of those methods could be used
to obtain reliable quantitative data that
would allow prediction of extents of de-
gradation as a function of time. There-
fore, we have attempted to develop quanti-
tative methods for the measurement of un-
perturbed degradation rates and the changes
caused by admixture with other materials.

In work with explosives-containing weapons,

we recognize two types of incompatibilityq)

Incompatibility of Type I includes all of
those conditions that cause a weapon to fail
to operate as designed, that is, it is a
function category. Incompatibility of Type
II includes all of those conditions leading
to the appearance of hazards. In planning
our program on the study of compatibility,
we decided that it was most important to

consider hazards first.

2. DETECTION OF THERMAL HAZARDS

The fabrication of our explosives required
the pressing of preheated thermoplastic-
bonded explosives; therefore, the first
hazard-related problem we considered was

that involving self heating to explosion.

The lowest constant surface temperature
above which a thermal explosion is produced

is called the critical temperature, T and

ml
a relatively simple expression has been
derived(2'3’4) for Tm in terms of the re-

lated chemical and physical parameters. The

expression is
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where R is the gas constant, a is the ra-
dius of a sphere or cylinder or the half-
thickness of a slab, p is the density, Q
is the heat of reaction during the self--
heating process, Z is the pre-exponential
and E is the activation energy from the
Arrhenius expression, A is the thermal
conductivity, and & is the shape factor’
(0.88 for infinite slabs, 2.00 for infi-
nite cylinders, and 3.32 for spheres). The
usefulness of the expression for the cal-
culation of T has been verified(4'5’6);
however, accurate values for the kinetics
constants were required for reliable use
of the expression.

(7)

, using
(8),

Differential thermal analysis
Kissinger's method for data analysis

and pyrolysis (later called effluent gas

(9)

analysis) were the first methods at-

tempted for the determination of kinetics

constants. The time-to-explosion method

L (10)

of Henkin and McGil was known to give

low results, but it provided an excellent

method for the detection of hazardous in-

(1)

compatible systems and a method for

checking the accuracy of kinetics constants

(5)

determined by other means

The advent of the differential scanning
calorimeter (DSC) gave us better methods

for the estimation of kinetics constants(l&

11,12), but the first methods could be ap-
plied only to homogeneous systems. Since
our most important explosives melt with
decomposition as they self heat to ex-
plosion, more general DSC methods were de-

d(l3’l4’15). We have recently show-

velope
ed that the kinetics constants obtained by
the isothermal DSC method(l4) can be used

to calculate accurate critical temperatures,

and we believe that the work on thermal
hazards of unperturbed systems is largely
finished. Perturbed reactions that show
first-order or pseudo-first-order rela-
tionships between time and active mass can
be studied in the same way as unperturbed

reactions.

Time-to-explosion test. A time-to-explo-

sion test provides an excellent method for
the detection of incompatible systems, but
its most important function is to provide
a direct test for the accuracy of kinetics
constants determined by other means. The
test is used to obtain an experimental
value for the critical temperature of a
system, and that value is checked against

the value calculated from equation (1).

The method now in use at Los Alamos is a
compromise between accuracy of specifica-
tion of sample dimensions and geometry and
violence of reaction. The test was design-
ed to be a routine laboratory test rather

than a firing-site operation.

The sample, usually 40 mg of the explosive
component, is pressed into a DuPont E-83
aluminum blasting-cap shell with a hollow,
skirted plug (Fig. 1). A conical punch

is used, and the plug expands rather re-
producibly at about 400 pounds applied
force (6100 psi or 60 MPa). Expansion of
the plug forms a positive seal and confines
the sample at a known geometry. The sample
thickness can be measured, and the density
can be calculated. The assembly is then
dropped into a preheated metal bath, and
the time to explosion is measured as the
time to the sound of a reaction. The low-
est temperature at which a runaway reaction
can be obtained is the Tm’ It often re-
quires a large number of tests to deter-

mine Tm with confidence, because it is
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OF THE UNIVERSITY OF CALIFORNIA

Fig. 1

TIME-TO-EXPLOSION CELLS AND COMPONENT PARTS,
LEFT TO RIGHT: 1) LOADED CELL, SHOWING WALL
DEFORMATION OVER FLARED PLUG; 2) EMPTY,
UNUSED, DU PONT E-83 BLASTING-CAP SHELL;

3) THREE VIEWS OF THE PLUG; AND 4) CUTAWAY
VIEW OF LOADED CELL, SAMPLE BLACK FOR
VISIBILITY.

necessary to raise and lower the bath
temperature across the apparent Tm’ make
many separate tests, and allow sufficient
time for a reaction. No explosidn within
1000 seconds is usually a safe criterion

for a failure with samples in the speci-

' fied size range; we have never obtained an

explosion at a time greater than 10,000
seconds. Admixture of an incompatible
material with an explosive will lower T
and/or shorten times to explosion compared

with the pure explosive.

Incidentally, the time-to-explosion cell
provides an excellent system for small-
scale surveillance testing. Test materials
can easily be encapsulated in the cells,
and weight loss can be followed at dif-
ferent temperatures to give data for the
calculation of an effective activation

energy.

3. GENERAL STUDIES OF INCOMPATIBILITY

Although we believe that we can now pre-
dict thermal hazards with some confidence,
a lot of work remains to be done with per-
turbed systems in which the question is
one of functional lifetime rather than
hazard. It is obvious that small-scale
chemical tests will not detect Type I in-
compatibility problems that are the result
of the migration of plasticizers or simi-
lar materials into critical components,
but small-scale tests can be used to de-
tect and to measure rates of appearance of
incompatible volatile decomposition prod-

ucts produced by explosives or propellants.

Detection of incompatible systems. The
isothermal DSC method(l4)

the detection of incompatible mixtures,

can be used for

and it can also often shed light on the
type of incompatibility and specify the
degree of incompatibility. Changes in re-
action order, increases in rate constants
or pre-~exponentials, or decreases in acti-
vation energies signal incompatibility.
Note, however, that the DSC methods measure
the rate of disappearance of reactant,
that is, the rate of the overall reaction.
When a reaction is complex or products are
in question, it is useful to obtain in-
formation on the rate of apperance of
products. Pyrolysis/mass spectrometry can
be used, and the method will be discussed
A method that

involves a combination of pyrolysis and

in more detail by Loughran.

thin-layer chromatography has been develop-
ed for the study of complex mechanisms(l6),
and it has been applied to the determina-

tion of kinetics constants(l7).

Changes
in products or changes in rates of appear-
ance of products can be used for detection
of incompatibility and prediction of ex-
tent.

impinging pyrolysis products onto polished -

The same technique can be used,
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metal sheets as a function of temperature,
for the detection of corrosion-promoting
decomposition products. Sheets impregna-
ted with spot-test reagents can be used to
provide sensitive and selective "thermal
spot tests" for decomposition products.
Some thermal spot tests that have proved
to be useful in the study of explosives
and propellants are the following: (1) de-
tection of formaldehyde with chromatropic
acid in strong sulfuric acid in porous
glass sheets, (2) detection of oxides of
nitrogen with diphenylamine, and (3) de-
tection of "oils" on thin layers of silica
gel later sprayed with water. Incidental-
ly, a thermal spot test using 5% p,p-
dimentylaminobenzaldehyde in 6N HCl or
syrupy phosphoric acid provides an excel-
lent method for differentiation between
plant and animal materials; it gives a
sensitive test for pyrrole, and the ease
with which pyrrole is produced by pyroly-
sis can be a rough indication of the age

of bone.

DSC measurements on incompatible systems.

I am currently using DSC methods to study
zero-order (interface), solid-state, and
higher-order (homogeneous) reactions. The
RDX/urea system provides a reasonable model
for the demonstration of the DSC method

in the study of incompatibility. The de-

composition kinetics constants for pure
(15)

-1

RDX can be measured in the liquid phase
(E = 47.1 kcal/mole, 2z = 2.02 x 10%% sec
however, an induction time is observed
below the nominal melting point of RDX,
and some autocatalysis can be observed in

(14) above the melting point.

order plots
Addition of a small amount of urea (m.p.
132.7°C) to the RDX effectively eliminates
the induction time (the time required for
the production of a liquid phase), and the
early rapid reaction between RDX and urea

submerges any autocatalytic reaction that

)i

might have been observed. The reaction
with urea is so rapid that all of the urea
is destroyed before measurements can be
made when low concentrations of urea are
used, and the only kinetics constants that
can be measured are those for the unper-
turbed RDX decomposition, liquid and vapor.
The change in the order plot early in the
process signals incompatibility. When
larger amounts of urea are used, 10% or
more, it becomes possible to obtain meas-
urements on the RDX/urea reaction. When
30% urea is used, the order plot shows that
the first 53% of the reaction is second
order: the reaction between RDX and urea

is on a 1/3 molar basis. The kinetics con-
stants for the second-order reaction are
E = 22.7 kcal/mole and z = 7.89 x 10° sec™!
proving marked incompatibility between the

components.

Calculation of lifetime. In order to cal-

culate lifetimes from kinetics data, two
problems must be faced. There must be some
function or safety criterion that specifies
what terminates the lifetime of the assem-
bly, and the kinetics measurements must
have been made on the same phase or phases
that will be present during storage of the
assembly. At the present time, homogeneous
amorphous, glassy, or liquid systems’can be
handled with some confidence. Examples of
such systems are energy-contributing binder
phases and homogeneous propellants. When
incompatibility produces a liquid phase at
storage temperatures by solvent migration
or mixed-melt formation, predictions from
kinetics data can be quite good. However,
lifetime predictions for solid systems that
are based on liquid-phase kinetics meas-

urements will normally be uselessly short.
4., CONCLUSIONS

Small-scale chemical tests can be used to
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detect incompatibility resulting from
chemical reactions and to provide kinetics
constants for prediction of lifetimes.
Other tests are required to detect incom-
patibility resultinglfrom migration of

components. Calculation of a lifetime re-

quires specification of a lifetime cri-

terion and care that the phases existing

during storage are the same as those ex-

isting during kinetics measurements. Con-

siderable work needs to be done on solid

systems.
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PENTAERYTHRITOL TETRANITRATE (PETN) STABILITY AND COMPATIBILITY

D. M. Colman
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P. 0. Box 32, Miamisburg, Ohio 45342
R. N. Rogers
University of California, Los Alamos Scientific Laboratory
P. 0. Box 1663, Los Alamos, New Mexico 87544

ABSTRACT

The decomposition kinetics of pentaerythritol tetranitrate (PETN)
alone and in admixture with other materials has been studied

using a differential scanning calorimeter.

Quantitative rate and

reaction order(s), as a function of composition, were obtained.

In order to postulate a reaction mechanism(s), one must be able

to identify the reaction products.
action products was begun by using
chromatographic procedure.

1. INTRODUCTION

Recent observations made at Mound Labora-
tory in conjunction with a study on the
corrosion of gold in contact with pentae-
rythritol tetranitrate (PETN) have made it
important to obtain a complete understand-
ing of the kinetics and mechanism of de-
composition of PETN and the effects of

materials in contact with PETN.

It was also thought that the PETN system
would be.excellent to use to check some
hypotheses on the quantitative measurement
of compatibility, because many materials
have been found to be incompatible with

» PETN.Q) Measurements of rate constants and

An attempt to identify re-
a pyrolysis - thin layer

reaction order as a function of composi-
tion as a second material is added should
allow us to observe, measure, and describe
the type of compatibility problem encoun-

tered.

2. EXPERIMENTAL AND DISCUSSION

In order to observe changes in the decom-
position kinetics of PETN, it is neces-
sary to understand the unperturbed re-
action rather well. It has generally been
recognized that the decomposition of PETN

is autocatalytic. Robertson(2) noted that

there was "

---a very nearly constant rate
of gas evolution for about the first half

of the decomposition, after which this

[1-B-1
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rate diminished in accordance with the
unimolecular equation,'" He used the '"---
slope of the initial straight portion of
the curve---" for his calculation of the
kinetics constants, obtaining the values
E = 47 + 1.5 kcal/mole and Z = 6.31 x
1019 sec~l, Andreev and Kaidymov(3) re-
ported that the absolute rate increased
up to about 30% decomposition. They
fitted the entire curve to obtain values
as follows: E = 39 kcal/mole, Z = 3,98 x
1015 sec-l. A DSC rate curve is shown in
Figure 1, and the undecomposed fraction
(1 - x) is shown in the graph. It can be
seen that the rate increases up to 30%
decomposition, a feature that can be seen

more clearly in lower-temperature runs.

A first-order plot and an order plot for
the run shown in Figure 1 are shown in

Figure 2. The early part of the decompo-
sition is almost exactly first order, and
a very consistent linear first-order plot
is obtained for calculation or the rate

constant. The entire reaction more close-

ly approaches first order at lower tem-

peratures, as shown in Figure 3.

‘When the early first-order part of the re-
action is used for the calculation of the
kinetics constants, the result is as shown
in Figure 4. (E = 46.5 kcal/mole, Z =

2.36 x 1019 sec™l). This is an excellent

check with Robertson's (2) results for the

same reaction regime., This series of runs

was also used to compare results achieved

II-B-2

with the DSC-1B with those from a new
DSC-2. It can be seen that there is no
significant difference between the two
sets of data; however, the noise level in
DSC-2 rate curves is extremely low, making
those curves easy to measure. Robertson(b
had noted that rates did not change over a
range of gas pressures from 5 to 76 cm;
therefore, we compared DSC runs at two
different degrees of confinement: cells
perforated with a needle (0.l-mm perfora-
tion) and cells perforated with a laser
beam (12- to 15-uym perforation). Né

significant difference could be seen be-

tween the sets of data.

When the late part of the reaction is used
for the calculation of the kinetics con-
stants, the results are as shown in Figure
5 (E = 33.9 kcal/mole, Z = 4.68 x 1013
sec'l). Again, there is no significant
difference observed as a function of in-
strument used or confinement, ‘A compari-
son between the early and late data préves
that the decomposition is indeed auto-

catalytic. Robertson(z) and Andreev and

Kaidymov(3)

reported that NO» was produced
early in the reaction and disappeared
later; however, the lack of effect of
fill-gas pressure and confinement seems

to indicate that the main secondary re-

actant is generated in the liquid phase.

A material that affects the mechanism of
the decomposition reaction will cause a

change in rate constant of the process at




»

any temperature. The change in rate can
be the result of a change in activation
energy, pre-exponential, or both, and
higher-order reactions can appear as a
function of mixture composition. Insol-
uble materials with active surfaces can
contribute zero-order processes to an
overall decomposition. Examples of all
the types of reactions have been observed
with the DSC, but there has never been an

opportunity to study the systems in detail.

In application, PETN is often used in con-
tact with PBX 9407, a mixture of cyclo-
trimethylenetrinitramine (RDX) and Exon
461, a Firestone Plastic Co. polymer con-
taining chlorine; therefore, the first com-
patibility tests were run with RDX and
Exon. Figure 6 shows the Arrhenius plot
obtained from mixtures of PETN with 5% RDX,
superimposed on the Arrhenius plot of the
early PETN data, The RDX degrades the PETN
to a barely detectable extent. The order
plot of Figure 7 shows that the process is
still first order. Studies at other compo-
sitions should be made to understand the
interaction, but the system certainly is not

hazardous.

The Arrhenius plot for the PETN/57% Exon
system is shown in Figure 8; there is a
definité increase in rate. Figure 9 shows
that there is an accompanying increase in
reaction order. Other compositions will be

studied as time allows.

It is evident that differential scanning

calorimeter (DSC) techniques now exist
that could provide useful quantitative
compatibility information safely on very
small samples. It is hoped that these

methods can be developed into practical

routine methods in the near future.

The data and conclusions drawn allow the

determination of the reaction order and

the calculation of the Arrhenius constants
E and Z (or A). Although invaluable, this
information does not allow the postulation

of one or more reaction mechanisms. The

reaction products as well must be known in
order to elucidate the decomposition re-

action mechanisms.

A start in this direction was made using
the pyrolysis thin layer chromatographic
procedure of Rogers(4). The experimental

parameters were as follows:

® sample weight approximately 50 mg

enitrogen gas flow 25 ml/min
¢ linear tempera-
ture programming
rate 11°/min
e temperature range ambient to 523°K
(250°C)

Gelman SA sheets were drawn through a 1.0

wt% aqueous solution of AgN03 then hung

to dry in a dark hood.

Preliminary experiments had shown that

silver precipitated immediately when the
impregnated sheet was exposed to formal-
dehyde.
dehydes.

This was not true for other al-
When the impregnated sheet was
exposed to Cl™ or Cl,, eluted with water

in the ascending mode, dried, and finally
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exposed to uv light, a gray to black spot

formed where the reaction took place.

Pyrolysis of PETN indicated that formal-
dehyde was forming at approximately 398°K.
No attempt was made, at this time, to
identify other decomposition products. It
is interesting to note that decomposition
is taking place below the PETN melting
point 414°K. vates(3) has identified HCN
at temperatures below 414°K. There may be
two types of PETN decomposition mechanisms,
one that takes place at low temperature
(below the melting point), and the other a
high temperature decomposition (above the

melting point).

Pyrolysis of Exon indicated that Cl is a
decomposition product appearing at approx-
imately 433°K. When the mixture of PETN/
Exon (95/5) was run, the formaldehyde
appeared at 398°K and the Cl appeared at
433°K. One may conclude that the Exon and

PETN could be compatible in this mixture

and in this temperature range.

It should be noted that both types of ex-
periments were conducted in an inert atmo-
sphere (nitrogen). The question arises as
to whether the same results would be ob-

tained if the experiments were made in the

presence of oxygen (air).

Though the pyrolysis experiments were done
in a dynamic mode, there is no reason that
they could not have been done in the iso-

thermal mode, In the isothermal mode, one

may be able to determine the lowest tem-
perature and shortest time at which a
particular decomposition product can

appear.

Utilizing the information obtained from
both types of experiments will no doubt
lead to a more complete solution of con-

patibility studies.
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CHEMICAL DEGRADATION OF NITRAMINE EXPLOSIVES

Suryanarayana Bulusu
Chemistry Branch, Explosives Division
Feltman Research Laboratory
Picatinny Arsenal, Dover, NJ 07801

Chemical degradation of two important secondary
nitramine explosives, RDX and HMX and a third
model compound dimethylnitramine (DMNA) has
been studied under a variety of experimental con-
ditions. Thermal and photochemical decomposit-
ions will be discussed in some detail and an at-
tempt will be made to review the recent literature
on the degradative chemistry of nitramines in-

cluding the electron impact induced decomposition.

Kinetics of thermal decomposition of HMX below
its m.p. shows that the reaction is strongly auto-
catalytic and that it changes its overall mechanism
in different temperature regions even up to 280°.
The product analyses show that both HMX and RDX
decompose in the solid state yielding as products
N,O and HCHO up to 65% and N, NO, CO, CO,y
and HCN in lesser amounts. In the vapour phase
decomposition of RDX, however, NO, was also
observed. Among the products HCHO, NO and the
solid residue left after decomposition were each

observed to catalyze the reaction.

While photolysis of HMX and RDX gave rise to the
same products as thermolysis, photolysis of

DMNA gave dimethylnitrosamine as the predomin-
ant product. The nitramine group in the latter
appears to be more stabilized compared to the

cyclic nitramines.

Degradation by electron impact provides a helpful
guidance to the understanding of the thermal and
photodegradations. These studies indicated a
facile loss of NO2 by most nitramines and format-
ion of several fragments suggestive of likely in-

termediates in thermal and photodecompositions.

Identification of the primary chemical species and
the distribution of 15 N in the products of labelled
nitramines led to the elucidation of the principal
bond breaking steps in each of the above cases.
These conclusions are further supported by the
5N—NMR

and IR spectroscopy. The above findings will be

results of structural investigations using

related to the compatibility problem of explosives
with special reference to Composition-B, Minol-2

and Tritonal.




EFFECTS OF DIBUTYL TIN DILAURATE ON THE THERMAL DECOMPOSITION OF RDX

Russell M. Potter, Gaylord J. Knutson, and Martin F. Zimmer
Guns, Rockets, and Explosives Division
Air Force Armament Laboratory
Eglin AFB, Florida

ABSTRACT

This paper presents the results of a study to determine the effects of dibutyl tin dilaurate (DBTD)
on the thermal stability of plastic bonded explosive formulations in which it is used. DBTD is a
catalyst for the reaction to form the polyurethane binder system for plastic bonded explosives.
The two systems studied were RDX/DBTD and an RDX-based plastic bonded explosive in which

DBTD was used as the catalyst.

1. INTRODUCTION

The binder system for a number of plastic-bonded explosives
is based on hydroxy-terminated polybutadiene crosslinked with
toluene diisocyanate to form a urethane:

CH3
m[HO-(CHZ-CH = CH»CHZ)n-OH] +m [0 =C = N-
\l N=C=0
6
8 CH3
HO- (CHZ-CH = CH-CHz)n-O-C-NH @ 0

NH-?S-O- m -
Dibutyl tin dilaurate (DBTD) has been used to catalyze this
process. The purpose of the present study is to determine the
effects of this catalyst on the stability of explosive formula-
tions in which it is used.

These formulations are chemically rather complicated and
hence are not generally amenable to thorough kinetic analyses.
Further, there are a number of plastic-bonded explosives
employing DBTD, and to use any one formulation for kinetic
analysis would tend to limit applicability of the results. For
these reasons, the major portion of the work presented here
involved the RDX/DBTD system. Some work has been
devoted to the PBX-108 system, however, to give an indication
of the applicability of the study to formulations containing a
binder system. '

2. THEORY

Kinetic data were obtained using the isothermal differential
scanning calorimetric method developed by R. N. Rogers“'z).
The differential scanning calorimeter (DSC) presents data in the
form of a deflection from a baseline on a time-base recorder.
This deflection, b, is directly proportional to the rate that heat
is absorbed or evolved by the sample, dqg/dt, and hence, the

rate of reaction, dx/dt, where x is the reacted fraction of the

sample. Thus, for a first-order reaction:
ab=p-99 = dx (1 (1)
K d dt dt (1-x)
where a and B are proportionately constants, and k is the
rate constant, then:

b=-K.(1x) (2)
a

and
Inb=In —ak— + In(1-x) (3)

But, again, for a first order reaction:

In (1-x) =kt +C (4)

where C is an integration constant. Therefore,
Inb=kt+C (5)

Thus, k is obtained as the negative of the slope from a plot
of In b versus time.

The method developed by Rogers takes advantage of two
facts: {1) thermal decomposition of organic explosives is
immeasurably slow in the solid phase, and (2) simple
decomposition in a ho_mégeneous liquid phase must be first
order(s). A typical curve obtained by this method is shown
in Figure 1. This form of the initial rise is dependent on
the decomposition chemistry of the material under study
and is caused either by autocatalysis or by melting with
decomposition. [n thé latter case, the trace peak is the
point at which the material has reached the homogeneous
liquid phase or the greatest extent of its melting. After the
initial use, the next part of the event shows the analyzable
first-order portion of the decomposition, provided the
homogeneous state has been reached. When the liquid
decomposition is complete, there is, for RDX, a short,
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steeper section of the curve attributable to an analyzable,
first-order vapor decomposition. If, on the other hand, the
reaction is complex or a homogeneous liquid phase is not
obtained, the reaction will generally be neither first order nor
analyzable for meaningful kinetic parameters. Thus, it is
important to determine an order profile for the reaction, which
can be done by production of an order plot as shown in
Figure 2.

For a reasonably simple reaction of undetermined order, n,
Ax = (1x)" (6)
dt

From the DSC theory outlined previously:

ab = 9% =k (1x)" (7)
dt
Therefore:

inb = In(1-x)" + In f= nIn{1x) + C (8)

and a plot of In b versus In{1-x) gives the order as the slope.
Thus, the order at any point in the reaction car: be determined
from a tangent to the curve.

3. EXPERIMENTAL

The RDX used in this study was twice recrystallized from
acetone-water that had been dried overnight under vacuum at
room temperature and then ground to a fine powder. - The
RDX/DBTD samples were prepared in the following manner.
First, 0.5g RDX was weighed into a 50-ml round bottomed
flask. The proper percentage of DBTD was weighed into a
10-ml vial, dissolved in a small volume of chloroform, and
washed into the flask with sufficient chloroform to make a
total volume of 10 mi in the flask. The mixture was
thoroughly stirred, and any clumps of RDX were broken
apart. This resulted in a thin slurry of fine particulate RDX
in the chloroform solution of DBTD. The chloroform was
then removed on a rotary evaporator, and the solid was
collected and dried for one hour under vacuum at room

temperature.

The PBX-108 formulations were prepared as follows. First,
0.117g vegetable lecithin was dissolved to resin mixture in a
50:50 oil consisting of 16.8g each of Tufflo 100 oil and
R-45M hydroxy-terminated polybutadiene. Slight heating was
necessary to dissolve the lecithin in the mixture; afterwards,
the proper amount of DBTD and 19.9g Class A RDX were
added. These ingredients were mixed in a Baker-Perkins
remote mixer for 15 minutes at 55°C. Next, 80.1g Class D
RDX was added in three increments, with each increment
being mixed for 15 minutes. Vacuum was applied after
addition of the last increment. The mixture was allowed to

cool to ambient temperature, and 0.680g of toluene
diisocyanate was added. Mixing was continued for an
additional 15 minutes under vacuum. The mix was poured
into 30 ml disposable beakers and cured at 60°C for one
week. Small wedges of the formulations were then cut into
smaller pieces by,hand and prepared for analysis by grinding
in a Fisher Scientific mortar grinder for 30 minutes.

The kinetic analysis of all samples employed a Perkin-Elmer
Model DSC-1 differential scanning calorimeter according to
the following procedure. A sample weighing approximately

1 mg was placed in an aluminum sample pan and was

covered with a pan lid; the edges were crimped, and a small
hole was punched in the lid to allow for escape of the gases
produced in the decomposition. The DSC was set at the
desired temperature, allowed to equilibrate, and the differen-
tial temperature was checked by the method of Ortiz and »
Rogers(4). A reference pan identical to that containing the
sample was next placed in the reference support, and the
instrument was again allowed to equilibrate. At this point,
the desired range was set, and the recorder chart drive was
turned on. The enclosed sample was then dropped into its
support, and a sharp endotherm occurred due to heat
absorption by the cool sample. As the sample temperature
was brought under DSC control, the initial exotherm began.
The time at which the trace crossed the baseline {extrapolated
from the conclusion of the run) was arbitrarily taken as zero
time.

The curve was integrated by Simpson’s rule to obtain the
reacted fractions required for order plots.

4. RESULTS

The results are presented in Figures 3 to 15. The activation
energies and pre-exponentials are summarized in Tables | to

1. On the tables, subscript L refers to the liquid phase and
subscript V, the vapor phase. The PBX-108 systems showed
no apparent vapor phase.

5. DISCUSSION

It is obvious from Figure 10 that DBTD causes a destabiliza-
tion of the thermal decomposition of RDX. The important
points here are (1) the significance of this indication in terms
of experimental uncertainties, {2) its meaning in terms of the
mechanism of the decomposition, and (3) its validity for
application to plastic-bonded explosives.

The uncertainties cited for activation energies and pre-exponen-
tials were calculated on the basis of a 75% confidence level '
and were based on statistical treatment alone. Thus, they
would fail to reflect non-random errors arising from sample
preparation or from the DSC method. With the RDX/DBTD
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systems, sample preparation was comparatively straight-
forward, and in each case, the sample appeared to be uniform
in both chemical nature and particle size. The PBX-108
systems, however, presented greater problems. The grinding
process tended to separate the RDX from its binder, leaving

a powder of RDX and relatively large flakes of binder. Con-
tinued grinding tended to mix the two to some extent, but
before complete homogeneity could be reached, a grey
coloring of the sample indicated that significant decomposition
had taken place. In practice, grinding was discontinued before
this level of decomposition occurred; thus, the samples were
not necessarily homogeneous in either chemical nature or
particle size, nor can it be taken, a priori, that the mechani-
cally ground sample is entirely representative of its unground
counterpart.

The data analysis has in all cases assumed a simple first-order
decomposition. Figure 12, however, indicates that the
assumption becomes poorer for the liquid phase as the per-
centage of DBTD is increased in the RDX/DBTD systems.
An analysis based on a second-order reaction was attempted
for the low temperature range of the system with 5% DBTD.
Only two points were obtainable for an Arrhenus plot, but
the activation energy and pre-exponential obtained (E, = 39
kcal/mole, In Z = 15) seemed to indicate that an appreciable
part of the apparent decrease in these parameters with per-
centage of DBTD was due to the effects of the order change
and the reaction complexity on the method of analysis.
Nevertheless, the magnitude of these errors is not sufficient
to account for the entire decrease in stability. The trends
shown by the curves for the liquid phase in Figures 10 and
11 are unquestionably real, although neither the slope nor the
change in slope is altogether reliable insofar as magnitude is
concerned.

The reaction in the vapor phase was always close to a first-
order reaction, and for this reason, true values for activation
energies are no doubt within the uncertainties quoted in
Tabte |. This means that the trends for the vapor phase
shown in Figures 10 and 11 are real in magnitude as well as
direction. Kinetic parameters of the RDX/DBTD systems
were based on approximately 30% of the reaction (K = 0.30
to 0.60) for the liquid decomposition and on 2% of the
reaction (X = 0.97 to 0.99) for the vapor. Thus, the kinetic
parameters may be considered representative of the reaction
as a whole.

As exhibited by the PBX-108 data, introduction of the binder
has a profound effect on the reaction. The typical order
plots of Figure 2 show that a constant reaction order was

not reached (hence, the reaction was not analyzable} until
late in the decomposition (X = 0.90 to 0.95). This was the
case for the three PBX-108 formulations tested. The order

over the range was found to be close to 1.567 for all PBX-108
formulations throughout the temperature range of this study.
Nevertheless, as the kinetic parameters were derived from

data obtained for only 5% of the reaction, and this 5% late in
the reaction, it is questionable how applicable these parameters
are to the decomposition as a whole and, more especially, to
its most important initial part. Quantitatively, the usefulness
is at best severely limited. Qualitatively, the DBTD effect,

if sufficiently large, should be observed.

The most immediately apparent effect of DBTD on the
decomposition of RDX is the increase in complexity of the
liquid reaction. The order of increase shown by Figure 12
has two possible causes: 1) failure to achieve a homo-
geneous liquid phase due to immiscibility of DBTD in the
fuzed RDX and (2) direct participation of DBTD in the
activated complex. No evidence for immiscibility was found
in the residue from reactions nor in a sample in an open pan
raised to reaction temperature. Because of this lack of evi-
dence and the excellent solvent properties of liquid RDX,
DBTD apparently participates directly in the activated com-
plex. This is consistent with the decrease in the values for
log Z observed in Figure 11. Association of DBTD with the
RDX activated complex would result in a more highly
ordered activated complex and, hence, a lower entropy of
activation. The value of log Z is proportional to the entropy
of activation and should show a decrease with the increased
percentage of DBTD.

The DBTD effect on the vapor decomposition is somewhat
of an anomaly. All of the information from other plots is
consistent with a simple, unimolecular decomposition,
regardless of the percentage of DBTD, but the effects
observed in Figures 10 and 11 are real. The vapor pressure
of DBTD at the temperature of RDX decomposition is such
that there is an appreciable amount in the vapor state. Thus,
the DBTD stabilization may be due to a vapor interaction or
a surface effect of the liquid. The activation energies
measured are too small for the effect to be one of solution,
because decomposition from solution has been shown to be
governed by kinetic parameters close to those for liquid
decomposition(5). In any case, the effect is small and in the
direction of stabilization, and the simplicity of the vapor
reaction is apparently unimpaired.

The ash in the sample pans was examined on completion of
the PBX-108 decomposition and showed that the binder
phase had remained solid throughout the reaction. This
phenomenon was probably primarily responsible for the
complexity of the PBX-108 decomposition. The results in
Table 111 show no apparent effect of the percentage of DBTD
on this decomposition. The differences are within the
uncertainties discussed previously, and there is no trend. The
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most likely reason is that the DBTD for the most part is
entrained in the binder phase and thus is prevented from
contact with RDX during the decomposition. Of course, the
effects of DBTD may be masked by those of the binder. The
activation energy of the decomposition is lowered sufficiently
by the binder for this to be the case. Unfortunately, the
complexity of this decomposition is such that little absolute,
quantitative information can be reliably obtained.

6. CONCLUSION

Regardless of uncertainties and ambiguities, the effect of
DBTD is clearly such that it should cause no problem with
either thermal sensitivity or aging of plastic-bonded explo-
sives involving RDX. Although the effect tends to instability,
it is small, particularly with small percentages of DBTD, that
is, the E; versus percentage of DBTD curve of Figure 10

is most certainly not concave downward but probably convex.
Thus, bearing in mind that DBTD percentages on the order
of 102 or less are generally used in formulating explosives,
the effect of the catalyst should be negligible, particularly

in conjunction with the binder system.
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TABLE I. ACTIVATION ENERGIES FOR RDX/DBTD SYSTEMS (See Figure 10)

% DBTD EaL (kcal/mole)
0 ‘ 48.78 + 1.29
1 46.60 + 2.03
2 46.79 + 3.36
3 39.28 + 0.75
5 22.10 + 3.51

EaV (kcal/mole)

29.61 + 1.8
30.88 + 0.86
30.64 + 0.38
30.94 + 1.12
31.65 + 0.67

TABLE {l. PRE-EXPONENTIALS FOR RDX/DBTD SYSTEMS (See Figure 11)

% DBTD ZL (sec'1)
0 9.43 x 1018
1 6.40 x 1017
2 1.01 x 1018
3 6.01 x 1014
5 5.48 x 107

Zv (sec'1)

4.96 x 1011
8.86 x 1011
1.60 x 1012
1.99 x 1012
3.82 x 1012

TABLE IIl. ACTIVATION ENERGIES AND PRE-EXPONENTIALS FOR PBX-108

% DBTD E, (kcal/mole)
0 32.81 + 053
5 35.63 + 1.30
10 31.75 + 0.76
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4 (sec'1)

7.68 x 1012
113 x 1014
2.41 x 1012




EXPLOSIVE AND PHYSICAL PROPERTIES OF POLYMER-COATED RDX

Andrew F. Smetana and Thomas C. Castorina
Feltman Research Laboratory
Explosives Division
Picatinny Arsenal
Dover, New Jersey

ABSTRACT

Particulate coating of military grade, Type B, Class A RDX
(cyclotrimethylene trinitramine) was achieved by a vapor deposition
polymerization technique with Parylene C (poly-chloro-p-xylylene).
Optical and scanning electron photomicrographs and ESCA (Electron
Spectroscopy for Chemical Analysis) were used to determine the

continuity and degree of particulation of coating.

The Parylene

C coating is shown to be compatible with RDX; has protective action
to mechanical and thermal energies; accelerates the dissipation of
electrostatic charge; reduces the detonation rate and sensitivity

to detonation transfer to RDX.

[N

1. INTRODUCTION

One of the major problems in the formula-
tion of composite castable explosives is
manifested by the extensive variations

in their flow properties (viscosities)
prior to and during pouring operations.
The possible parameters affecting
viscosity are, particle size and shape,
surface impurities, energy of wetting, .
work involved by the vehicle or host
matrix to penetrate between and into
agglomerates, and flocculation (disper-
sion of solid in liquid or liquid in
liquid). The cohesive and adhesive forces
of the respective constituents in the
mixture not only affect interparticulate
behavior, but physical and explosive
properties as well.

The surfaces of explcsives, as contact
layers in various chemical environments,

can be regarded also as localized regions

on which explosive decomposition may be
initiated or catalyzed. Modification of
these surfaces can produce not only signif-
icant changes in explosive behavior (1-4)
but also offer a variety of possibilities
for improving the formulation of explo-
sives systems. Attempts to modify inter-
facial behavior have been by coating the
surface of one of the components in the
mixture. The conventional method of
coating particulate matter involve slurry
techniques. The coatings produced by such
techniques are non-uniform, physically un-
stable during formulation, and invariably
incorporate agglomerates of uncoated

Coating by vapor deposition
(5,6)

particles.
polymerization (VDP) has been shown
to produce depositions that are locked-on
by virtue of their intimate replication of
the surface roughness (on a sub-micro-

scopic scale) with a minimum of agglomera-

tion of the particulate material.
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This report describes the coating of
polycrystalline RDX powder by VDP, and
the effect of particulated encapsulation
on the explosive and physical properties
of RDX.

2. EXPERIMENTAL

2.1 RDX

Type B, Class A, Lot HOL SR 114-63 was
sieved (wet) to remove fines in concen-
trations of approximately 0.5%. The
fractions remaining on a #200 sieve were
collected and vacuum dried at ambient
temperature for 96 hours. The particle
size distribution was determined from
photo micrographs; and its surface area
by the modified BET method, (7) using

Kr gas, was found to be 530 cmz/gram.

2.2 DICHLORO-DI-PARAXYLENE (DCDX)

The dimer obtained from Union Carbide
Corp., Bound Brook, N.J. was used as

received.
2.3 COMPATIBILITY

One gram samples were placed in break-
seal ampoules provided with flame seals.
The charged ampoules were affixed to a
vacuum manifold and outgassed at ambient

6 Torr

temperature for 5-7 days to 10~
before flame-sealing. The sealed
ampoules were heated 40 hours at 90° and
120° + lOC, as designated. The gases
generated by the heating were fraction-
ated at -78°C and ambient temperatures,

and analyzed mass spectrometrically.

2.4 EXPLOSION TEMPERATURE

The explosion temperature determina-
tions were run on the modified PA
explosion temperature apparatus

described elsewhere
2.5 IMPACT SENSITIVITY

Determinations were made of Parylene
C-coated RDX on the PA apparatus with
a 2kg. weight, according to the pro-
(9)

cedure given elsewhere
2.6 CHARGE RELAXATION TIME

The procedure used for measuring the
time of charge relaxation on the
Parylene C coatings of RDX is based on

(10), involving the

Spiller's method
exposure of powder samples to dc charg-
ing electrodes. The relaxation time

(to zero charge) is obtained by extrap-
olation from the rate curve of dissipa-
tion of the initial electrostatic charge
deposited, usually in the range of

several microamperes.

2.7 PERCENT PARYLENE C COATING
DETERMINATION

A twoAgram sample of Parylene C-coated
RDX was placed in porcelain mortar and
ground in acetone. The slurry was
transferred to a medium-porosity fritted
glass crucible and the RDX extracted
with six-25ml portions of acetone under
gravity flow (Parylene C is insoluble
in acetone). The Parylene C contained
in the crucible was air-dried and then
placed in a 80°C oven for one hour,
cooled and weighed. The extraction
procedure was repeated until two

consecutive weighings of Parylene C

II-E-2
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agreed within 2Zmg. From the net weight
of Parylene C thus obtained, the percent

coating on RDX was calculated.

2.8 RDX PERMEABILITY

The procedure used for measuring perme-
ability of RDX through the Parylene C
coating is identical to the one used
for the percent Parylene C coating
determination, except that the coated
RDX was not crushed. Incremental
determinations per 400ml acetone, as
percent RDX permeated through 1,5, 3.0,
4.5, and 6.0% coatings, respectively,

were calculated as follows:

$RDX = (A - B)100 - P
perm. A - W
where: A = gross weight (coated RDX

plus tared crucible)

B = reduced gross weight (after
an incremental permeation of
RDX)

W = tare weight of crucible

P = percent Parylene C coating

2.9 COATING THICKNESS CALCULATION

Based on the assumed values of 752 and
82 for the respective area and thickness
of the xylylene chloride monomer mole-
cule (XCM), derived from the theoretical
values reported (6,11) the following
formula was used to calculate the thick-
ness of coating on RDX:

N = mole fraction x Avogadro's No. x1I

XCM
2 rpX
where: I = surface area of molecules in
subscript

N = no. molecular layers deposited
on RDX
then: T=Nxc
thickness of XCM
T = thickness of Parylene C coat-

where:c

ing on RDX

The corresponding thicknesses of the
1.5, 3.0, 4.5, and 6.0 and 8.0% coat-
ings are, 0.75, 1.50, 2.25, 3.00 and

5.33 microns.
2.10 UNIFORMITY OF COVERAGE

The Electron Spectroscopy for Chemical
Analysis (ESCA) investigation of uni-
formity of Parylene C coverage of poly-
crystalline RDX powder was carried out
with a Varian IEE-5 instrument, using
a magnesium anode. This instrument
generates x-ray photons with an incident
energy of 1.25 kev in a 10 second scan.
Approximately 50 scans, over a 10

minute period are required for an
analysis. Energy deposition is 0.1 ev
total (50 scans) to a half-thickness
depth of 30-5&&.

intensity is such that no significant

The level of x-ray

radiolytic perturbation of the sample
is produced. The powder samples were
mounted uniformly on aluminum cylinders
with the aid of a two-sided adhesive
Scotch tape and analyzed at room temper-
ature. The 1s and 2p spectra of nitro-
gen and chlorine, respectively, were
monitored to follow the uniformity of
coverage with increasing deposition of

polymer coating.

2.11 VAPOR DEPOSITION POLYMERIZATION
(VDP)

A 4" Parylene coater (Figure 1) was con-
structed and used in the Laboratory

under an experimental license from
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Union Carbide Corporation, Bound Brook,
New Jersey. The procedure for the VDP
(12)) was
modified and is described as follows:

A measured quantity of DCDX was placed
in an aluminum boat, and the boat placed
in the distillation zone of the coater

technique (detailed elsewhere

apparatus. To maintain particulation
during the VDP coating process, the one
pint container (for approximately 25g
RDX powder) was lined with a 1/4" thick
50-60 durometer silicone rubber sheet,
cemented together at the seams with
Silastic RTV 731 adhesive, and 100g
were added of Parylene-C-coated hem-
ispheroidal solder (tin/lead) wafers.
The coater was then evacuated to 10'3
Torr using a forepump protected with a
-78°C trap. The distillation zone was
heated to approximately 150°C and DCDX
distilled into the pyrolysis zone set

at 600°C. The pyrolysis gas consisting
of the activated form of the monomer

was then led into the deposition chamber
containing the RDX powder. The deposi-
tion chamber was held at ambient fem-
perature, and the coating of RDX
proceeded by rotation of the sample
container in which the hemispheroidal

wafers acted as scrapers.
2.12 DETONATION RATES

Uncoated, 1.5% and 8.0% Parylene C-RDX
were charged into the test fixture
illustrated in Figure 2, under 5-ton
pressure. Each charge contained a 1/4"
portion of RD 1333 lead azide affixed
with an electric bridge wire for
initiation. The detonation rates were
measured with a streak camera by plac-
ing the slit of the camera along the
"window' of the test fixture according
to the arrangement depicted in Figure 3.
Each record is in the form of a still

picture of the streak superimposed on
a distance scale and two horizontal
lines (perpendicular to the slit) for
alignment at the top and bottom.

To reduce the data, the record was
aligned in a projection-type film

reader such that the time axis (hori-
zontal lines) coincided with the X cross
hair. Distance-time points along the
streak were then read and automatically
punched on IBM cards in film reader
units. In the distance direction (Y
axis) the calibration scale in the still
picture was read to convert film reader
units to cm. An accurate scale was then
projected on the X-axis and read. This
reading combined with the exact writing
rate calculated from the measured period
was used for the time axis conversion.
The calibration constants and data were
fed into a linear least squares fitting
routine on the computer. The routine
€6lves for m and b in the equation of
best fit y = mx + b where/y is distance
and x is time. For the data reported
here, m is the detonation rate but b has
no real meaning because the origin was
arbitrarily set when reading the film.
Along with a printout of the velocity,
the program also produced plots of the

data with the fitted straight line super-

imposed. The curve was only fitted for
times beyond about 1.5 microseconds
because at earlier times the data is
generated by the lead azide booster.
The theoretical accuracy of this data
reduction scheme is much better than 1%
but the quality of the streak itself
determines the real accuracy. For
extremely high quality charges, varia-
tions less than 1% have been obtained,
but for poorer charges variations of the
order of 2.5% are observed.
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The variations involved in this study
are approximately 2% for any one set
of replicate determinations.

COATED RDX PARTICLE DISTRIBUTION
AND TOPOGRAPHY

2.13

Both photo-macrography and micrography
were used to record pictorially the
extent of particulation achieved by the

modified VDP technique described above.

The topographical study was done with a
MAC model scanning electron microscope
under a service contract with Micron,
Inc., Wilmington, Delaware.

2.14 THERMAL ANALYSES

Thermal profiles of the Parylene C-
coated RDX and the RDX control were
obtained with a Differential Scanning
Calorimeter (DSC)-1B, Perkin Elmer Corp.,
Norwalk, Conn., and a Thermogravimetricv

Analyzer (TGA), E.
§ Co., Wilmington, Del.

I. dePont de Nemours
The samples for
the DSC determinations/yere placed in
standard aluminum pans and covered

The heat-

ing rate was programmed at 10°¢ per

loosely with an aluminum 1id.

minute and the flow of helium gas was
The
observed temperature in °k was converted

controlled at 60 cc per minute.

to °C and corrected for Fisher Scien-
tific Chemical Co. thermal standards.
The samples for the TGA analysis were
weighed directly on the balance pan.

The heating and flow rates were the

same as those used in the DSC determina-
tions.
2.15 DETONATION TRANSFER TEST

The procedure used in this study is a

modified version of the one described

¢

(13). All tests were run

previously
The
gap between the detonator and lead cup

was fixed at 0.095".
loaded with the test explosive at

11,000 psi to a density of 1.52 g/cc and
a corresponding height of approximately

0.1'".
o.d.; 0.134" i.d.; and had an average

bottom thickness of 0.006".

with a M55 detonator as the donor.

The lead cup was

The lead cup measured, 0.174"

3. RESULTS AND DISCUSSION

3.1 PHYSICAL PROPERTIES OF PARYLENE
C-COATED RDX
3.1.1 Particulate Coating

One of the major problems associated
with the various (including VDP) methods
of coating polycrystalline powders is
that of agglomeration. By virtue of the

cohesive forces between the particles,

‘whether in the dry state or in liquid

suspension, coating depositions often-
times encompass massive groupings of
particles. . In suspension media agglom-
eration may be overcome by using liquids
haVing larger adhesive forces than the
inherent inter-particulate cohesive
forces. In the dry state, as predicated
by the VDP method, the problem of
agglomeration may be solved electro-
Attempts

to achieve particulate coating by intro-

statically or mechanically.

ducing various forms of electrostatic
The
of using scrapers against

dissipators resulted in failure.
concept (14)
a soft lining in the sample container

proved to be effective in maintaining

particulation during the coating process.
Metals and metal alloys covering a range
6f densities were investigated. Aluminum

was too light to separate, and lead was
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heavy enough to pulverize the poly-
crystalline particles. The tin/lead
alloy of intermediate density was satis-
factory as is evidenced by the photo-
macrographs in Figures 4-6. The poly-
crystalline powder remains particulate
with increasing polymer deposition. The
comparative appearance of the RDX
powders under higher magnification is
shown in Figures 7-9. The 1.5% coating
compared to the uncoated RDX shows no
apparent difference in the light re-
fracted. Evidentally, a 0.75 micron
thick coating is transparent to wave-
lengths in the visible. However, at 8%

coverage opacity becomes discernible.

A more definitive examination of the
topography of the coating is shown by
the scanning electron micrographs in
Figures 10-11. Figures 10a and 1lla of
RDX with 1.5 and 8% Parylene C coating,
respectively, depict encapulation that

is distinctly discrete where the indiv-
idual crystals appear similar to the un-
coated RDX shown in Figure 11d. In the
case of excessive coating of 8% Parylene
C at 1000 magnification, Figure llc, the
superficial deposition is shown to be
spheroidal, whereas underlying deposi-
tions appear to be smooth and continuous.
That the encapsulation is continuous and
replicates intimately the substrate sur-
face is shown in Figure 12. This micro-
graph was obtained of a section of the
coating 1.5 x 104 R thick which had
separated from the crystalline substrate.
3.1.2 Continuity of Coating

Examination of the continuity of cover-
age by the VDP method was done at the
sub-microscopic level using ESCA. The
level of sensitivity for the detection of

nitrogen atoms in their various oxida-

tive states is one part per 105, and
only slightly less for chlorine. In
addition, the ESCA technique is
especially suitable for the analysis of
Parylene C coverage of RDX in that the
nitrogen and chlorine atoms are not
mutually present in both components.

The nitrogen and chlorine signals were
scanned with increasing coverage and
plotted as shown in Figure 13. If
complete encapsulation were a require-
ment then the ESCA technique provides an
analysis of the surface layer having a
thickness of approximately 100 R. Since
the chloroxylylene molecule has a thick-
ness of 8 R, the effective coverage
would be a minimum of twelve molecular
layers. However, to establish complete
coverage by the ESCA technique twice this
minimum value would be required with the
proviso that the coating is deposited
uniformly. Because this is not the case,
the 3% value or 1.5 x 104 K thickness
shown in Figure 13 was in fact necessary
under the experimental conditions to
achieve complete coverage of the RDX
polycrystalline powder.

3.1.3 Permeability of Coating

Although the VDP method of coating com-
pletely replicates the substrate surface
as demonstrated by ESCA analysis, the
continuous coating could be considered
porous nevertheless because of the
fibroidal character of polymers in
general. Therefore, it was of noteworthy
interest to determine the permeability of
RDX through the coating which may be
regarded as a permeable membrane. Ace-
tone was selected as the vehicle for

such a determination because of the sol-
ubility of RDX in it and its ease of
evaporation for quantitative measure-

ments. The permeation of RDX as a
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function of percent coating of Parylene
C is summarized in Figure 14. Even
though complete coverage is represented
by a 3% coating, the RDX is shown to
permeate through the coating rather
extensively. As the percent coating
increases, the extraction of RDX by ace-
tone is reduced proportionately.
Throughout the process of extraction of
RDX the coating remains stable, e.g.,
when all of the RDX was extracted from
the 1.5% coating, the Parylene C main-

tained its capsular shape.
3.1.4 Melting Point

The calorimetric thermogram of uncoated
RDX depicted in Figure 15 has a sloping
curve on the low temperature side due

to HMX impurity and incipient decompo-
sition products of RDX. The double

peak is attributed to the non uniformity
of sample melting caused by the loosely
placed 1lid on the pan. The endotherm at
186.5°C is equal (within experimental
error) to the extrapolated value indi-
cated. The relatively smooth endo-
thermic .curves obtained in Figures 16
and 17 for the 1.5% and 8% coated RDX,
respectively, are due to the confine-
ment produced by the capsular coating,
analogous to a secured 1lid on the pan
enclosing the sample (melting point
range Parylene C, 280—2900C). Examina-
tion of both these thermograms shows
that the onset and extrapolated onset
temperatures do not coincide (as for the
uncoated RDX) and spread from 186.5°

to 201°C. This induction period, or
delaying action on the melting point of
RDX is apparently due to the heat cap-
acity and thermal conductivity of the
Parylene C.

3.2 CHEMICAL PROPERTIES OF PARYLENE
C-COATED RDX

3.2.1 Compatibility of RDX/Parylene C

The experiments described in Table I

were conducted to demonstrate the thermal
stability of RDX in contact with Parylene
C as an oxidizable substance. Examina-
tion of the data shows that the quanti-

‘ties of gases evolved by the control

and coated samples of RDX are at trace
levels. Therefore, the immediate
conclusion to be drawn is that the RDX
and Parylene C are compatible under the
accelerated conditions of elevated
temperatures at which the test was con-
ducted. Any further interpretation is
presented only on the basis of the
possibility of an incipient trend in the
reactivity of RDX with Parylene C under
more stringent conditions. This trend
is demonstrated by the gases evolved by
the uncoated RDX, viz., NZ’ CO2 and NO
which change in quantity only as the
temperature is increased from 90° to
1200; and at 900, in the presence of
Parylene C, the quantity of these gases
does not change, but H2 is shown to be
evolved as a function of the percent
Parylene C coating. In addition, at

120° The presence of Parylene C increases
the quantity of gases attributable to RDX
decomposition with increased coating, but
the H2 evolution is the same as at 90°
and 02 starts to be evolved. At 90° or
120° chlorine is not detected in either
nascent or combined form. It is possible,
therefore, that although Parylene C is

not oxidized at these temperatures it may
nevertheless induce incipient decompo-
sition of RDX.
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3.2.2 Thermal Stability

When RDX is heated to its melting point
(190O for the Type used in this study)
decomposition starts at approximately
150° and eventually accelerates in the
liquid phase as the temperature is
increased beyond the melting point.

The gravimetric thermogram shown in
Figure 18 shows the onset temperature
at which weight loss becomes discern-
ible. At 170° this is due primarily

to the volatility of RDX.
the 4% weight change corresponding to
200° which falls in the induction

period, transient species of decompo-
sition could interact with the polymer
coating. Examination of the thermograms
of 1.5% and 8% coated RDX in Figures 19
and 20, shows a retarding effect on the
volatilization and subsequent decompo-
sition rate of RDX, the onset tempera-
tures (175o and 1900), and the 4% weight
loss temperatures (203O and 2080),
respectively. The retardation of the
weight loss rate may be attributed to the

However, at

diffusion process of gaseous products
through the permeable membrane-type
coating. The discontinuity at the

62% weight loss in Figure 20 could be
explained on the basis of this model
where the rate of formation of products
of decomposition is much faster than

the rate at which the products can
diffuse through the encapsulant. The
resultant build-up of products causes

a momentary cessation of weight loss
until pressures (known to be con-
strained up to several atmospheres
within membranes that are permeable) in-
crease to the point of rupturing the
coating and thereby effect a resumption
in the release of products of decompo-
sition as indicated. Such an interpre-
tation is considered consistent with

the permeability and compatibility data
presented above.

3.2.3 Thermal Initiation

The explosion temperature determinations
of the various percent coated RDX,
plotted in Figure 21 were conducted iso-
thermally at 300°.
made by the Parylene C to the thermal
initiation of RDX could be in the form
of some interaction with the substrate,
RDX. As had been demonstrated by the
gravimetric thermograms and the compati-
bility data cited previously, there is
an apparent absence of such interaction,

Any contribution

even at temperatures of explosive de-
composition of RDX; and the delays in
time to explosion to the percent coatings
up to 3%. Although Parylene C melts at
approximately 3000, it appears to remain
intact as an encapsulant for the seconds-
long period involved in the initiation of
RDX and serves to momentarily retard the
transfer of heat to the RDX substrate.
However, the leveling-off of the protec-
tive action demonstrated by the 8% coat-
ing may be due to the confining action of
the encapsulant. As indicated in the
gravimetric thermogram, (Fig. 17)
confinement of gaseous products of
decomposition could conceivably acceler-
ate decomposition of the explosive sub-
strate after a given interval, thereby
off-setting the initially-induced
retardation of time to explosion to the
extend shown in Figure 21.

3.2.4 Impact Sensitivity and Electro-

static Charge Relaxation

The impact sensitivity data shown in
Table II demonstrates, once again, the
protective role played by the encapsu-

lant, Parylene C on RDX. The reduction
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in sensitivity to mechanical energy
relative to the uncoated RDX is observed
to be one third by the 3% and 8%

This leveling-off effect of
the coatings by the 3-8% values was

coatings.

observed also in the explosion tempera-
In that case, the
otherwise expected increase in protec-

ture test (Fig. 21).

tion with increased coating thickness,
presumably is offset by a corresponding
enhancement of sensitivity with increas-
ing confinement of gaseous products of
decomposition. Whereas, in the impact
sensitivity test the same departure
from the inverse relationship of thick-
ness of coating to sensitivity could be
attributed instead to a correspondingly
enhanced adiabatic compression of air

entrapped by the encapsulation (15).

The decrease in the time to electro-
static charge relaxation is shown in
Table II to be a function of the Parylene
C coating, and is inversely related to
the thickness of the coating. The
approximately 50% reduction may be
interpreted in terms of the comparative
electrophilicity of RDX and Parylene C
derived from their respective surface
The extent
of hydrophilicity of the RDX surface

interactions with water.
(3)
was calculated by Zettlemoyer's

method (16) to be 100%; whereas, the
surface of Parylene C is virtually
hydrophobic (4). Water, being ampho-
teric, interacts with either negatively
or positively charge-deficient surfaces,
and adsorption on the RDX surface is at
electron-deficient sites. Therefore,
if one considers electrons as nucleo-
philes, their residence time on the RDX
surface are expected to be longer than
on the Parylene C coating as indeed

has been observed.

3.2.5 Detonation Transfer

According to the data listed in Table III
the presence of Parylene C increases the
transit time though the lead, presumably
by affecting the time to and plane of
initiation of detonation (run-up). How-
ever, no significant difference 1s

found between 1.5% and 8% Parylene C
samples perhaps due to the variance of
the experiment. Therefore, the role of
alteration of detonation velocity and
run-up to initiation can not be differ-
entiated by this data.

3.2.6 Detonation Rates

The velocities of detonation were derived
from the slopes of the straight lines
fitted through the data points shown in
Figures 22 to 24. The observed slight
deviations from the straight lines are
attributed to minor discontinuities in
density produced by the incremental
pressing of the samples into the fixtures.
The results are summarized in Table IV.
The detonation rates are the avérage of
the multiple determinations with their
associated experimental deviations.

Also shown are the normalized detonation
rates based on the variation in densities
listed in column three. The rates were
normalized by using the factor: 300
m/sec. for every 0.1 difference in density
relative to the densitf of the uncoated
RDX.

According to Urizar (17), the detonation
velocities of composite explosives can

be estimated empirically by the relation-
ship:

Det. Vel. {A,B}= {Vol.%A} (Urizar Const.
A) + (Vol.%B) (Urizar Const. B)

where the assumption is made that the

product of the volume percent and the
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Urizar constant (in cm./microsecond) of
each component in the composite explosive
{A,B} contributes to the detonation
velocity of that mixture. This rela-
tionship was used to determine whether
the Parylene C behaved as an inert

diluent.

The volume percents were calculated
using the densities, 1.289 and 1.804
g/cc for Parylene C and RDX respec-
tively, and are shown in column two

of Table IV. The Urizar constant for
Parylene C at the 10.8 Vol.% concentra-
tion in RDX was calculated to be 0.1120
cm/microsecond. Based on this value

for Parylene C, the detonation velocity
for a mixture of 18 Vol.% Parylene C

was calculated as 0.6640 cm./microsec.
The extrapolated value of the detona-
tion velocities from the experimental
values plotted in Figure 25 at the 18
Vol.$% Parylene C is shown to be 0.6650
cm./microsec. which is in good agree-
ment with the calculated value, 0.6640.
What has been thus demonstrated once
again is that Parylene C does not inter-
act with RDX even under the most strin-

gent of conditions.
4. CONCLUSIONS

Significant changes in the physical and
explosive properties of polycrystalline
RDX powder have been established by
particulate encapsulation with an inert
polymer coating. Such changes are
attributed not only to the chemical
properties of the protective polymer
coating, Parylene C, but also the virtual
absence of encapsulated agglomerates of
RDX crystals.
ing on RDX retains its integrity as an
encapsulant at temperatures approaching
SOOOC, RDX would be rendered insoluble

Because the polymer coat-

in composite matrices which do not
include a solvent for RDX, its particle
size distribution optimized and
maintained during casting operations, and
the rheology of such castings improved,
making possible higher solids loading
compositions. If indeed, the inter-
particulate behavior of polycrystalline
powders of explosives can be altered
favorably and warrants the associated
effort, emphasis should be placed on
developing coating techniques which
achieve particulate encapsulation at a

cost effective level.
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Table 1

Compatibility of RDX with Parylene-C Coating

cm® Gas x 10° STP/g Coated RDX

Percent 90°C 120°C
PC Coating N2 O2 CO2 H2 NO Total N2 O2 CO2 H2 NO
Uncoated 3 4 1 _8 12 1 3 16
1.5 3 3 2 1 10 24 1 1 1 4 31
8.0 2 1 8 1 12 36 1 1 9 8 55
Table II

Effect of Parylene-C Coating on RDX Response
to Mechanical Energy and Electrostatic Charge Relaxation

Uncoated Percent PC Coating on RDX
Test RDX 3 8
Minutes to Electrostatic
Charge Relaxation 33 20 16
Impact Sensitivity
2 kg. wt., inches 11 15 14
Table III

Detonation Transfer Initiation of
Parylene C Coated RDX

Sample Lead Time (1)
(micro seconds)

Control Lead

(uncoated RDX, Type B) ‘ 0.91 + .05
Standard Lead

(RDX + 0.5% graphite) 0.91 + .02
1.5% Coated RDX 1.07 + .07
8.0% Coated RDX 1.07 + .05

(1) average of five determinations
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Table IV

Detonation Rates of Parylane-C Coated RDX

Wt.Percent Vol.Percent 5-Ton Press Detonation Rate

Normalized
Detonation Rate

Coating Coating Loading Density cm/microsec * av. dev. cm/microsec *+ av. dev.
0 0 1.671 0.7846 0.0119 0.7846 0.0119
1.5 2.0 1.695 0.7766 0.0102 0.7694 0.0102
A
8.0 10.8 1.725 0.7288 0.0017 0.7120 0.0017
4, @ﬂaiw“é s babd
IR L%@q
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Figure 10. Scanning Electron Micrographs, (a) x100;
(b) x500; (c) x1000; (d) x2000, RDX
Coated with 1.5% Parylene C

Figure 9. Photomicrograph (x90) RDX Coated with
8% Parylene C
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ELASTOMERIC FLUID CONTAINMENT MATERIALS
FOR ENERGETIC LIQUID ROCKET PROPELLANTS

Jerry K. Sieron
Air Force Materials Laboratory
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

Abstract

This paper presents recent significant progress made under the Air
Force Materials Laboratory (AFML) program for development of elas-
tomeric materials/components for the containment/transfer of liquid
propellants on Air Force missile and satellite systems. The devel-
opment and rapid translation into qualified hardware of seals, valve
seats, and positive expulsion devices for monopropellant hydrazine
propulsion systems is emphasized because critical management of
propellant supply is essential for extended duration performance of
Air Force and other major U.S. satellite systems. Current and pro-
jected efforts to develop similar elastomeric materials/components
for management of nitrogen tetroxide or other high energy oxidizers

for use in high thrust, hypergolic bipropellant systems are also

summarized.

1. INTRODUCTION

Elastomeric components such as seals,
valve seats, and positive expulsion blad-
ders play a critical role in the opera-
tional performance of liquid rocket pro-
pulsion systems. These components are
responsible for not only containment of
the propellants, but also in many cases
for transfer of the propellants to the
rocket engine. In addition to possessing
normal elastomeric properties such as
flexibility and compliance, these compon-
ents must have exceptional chemical resis-
tance and maintain mechanical stability
under rigorous operational conditions. In
response to requirements outlined by the
Air Force's Space and Missile Systems
Organization (SAMSO) and liaison with the
Air Force Rocket Propulsion Laboratory,

AFML has for several years placed emphasis
on programs to develop elastomeric

materials and components for monopropellant
hydrazine (N2H4) propulsion systems for
long life satellite systems. This paper
describes the development, evaluation, and
translation into qualified hardware of a
novel series of elastomer compounds for use
as seals, valve seats, and positive expul-
sion bladders/diaphragms for N2H4 systems.
It also reviews progress on development of
compatible elastomeric materials for high
thrust bipropellant systems using nitrogen
tetroxide (NZOA) oxidizer and, in addition,
summarizes projected development of materi-
als resistant to very energetic fluorinated

oxidizers.
2. BACKGROUND

The long term reliable performance of func-
tional satellites such as communications or

surveillance types is dependent on accurate
and continuous deployment of the satellites
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in precise orbits and attitudes. Mainten-

ance of such satellites in precise orbits
and positions is normally accomplished by
small onboard hydrazine monopropellant
rocket engines or thrusters. For many
satellite systems the thrusters must be
actuated thousands of times over a period
of several years for station-keeping pur-
poses. Since the thrusters operate in a
zero gravity environment, hydrazine pro-
pellant has to be forced to the engine.
Positive expulsion systems based on pro-
pellant filled ethylene propylene terpoly-
mer (EPT) elastomeric (rubber) bladders
encased in metal tankage and driven by gas
pressure between the bladder exterior and
the metal tank were developed for early
satellite propellant management systems.
This expulsion system works similar to a
toothpaste tube -- required amounts of
propellant are squeezed to the thruster by
gas pressure on the bladder exterior when
flow control valves are actuated. For
short term missions the earlier EPT blad-
ders performed satisfactorily for several
SAMSO and NASA space systems.
missions became more complex and time re-

However, as

quirements were extended for up to seven
years, operational problems occurred and
satellite lifetimes were occasionally de-
creased because of thruster problems. Some
of the problems were eventually traced to
the EPT positive expulsion bladders. It
was determined that the bladder material
promoted excessive decomposition of hydra-
zine propellant, thus increasing total
pressure within the bladder which subse-
quently caused erratic thruster response.
This situation necessarily required addi-
tional corrective firings and hence pro-
pellant waste. It was also determined
that hydrazine extracted particulates from
the bladders over long time periods. The
particulates eventually found their way to

flow control valves and occasionally would

cause the valves to operate erratically,
again causing propellant waste because
corrective thruster firing was required
for proper satellite orbital adjustment.
In early systems, valve problems also were
traced to permanent deformation of tiny
(dime size) elastomeric valve seat material.
Excessive swelling of the seat caused by
propellant and/or changes in surface
topography due to high thruster soak back
temperatures in conjunction with several
thousand duty cycles resulted in changes
in the "Effective Orifice Area" (EOA) of
the valve. The net result was inaccurate
thruster response with attendant propel-
lant waste and therefore decreased satel-

lite lifetime.

In response to these operational problems,
AFML initiated programs for development
and functional evaluation of valve seats,
seals, and positive expulsion bladders/
diaphragms for monopropellant N2H4 systems
with a goal of developing components which
would perform reliably for at least five

years under operational conditions.

Development of elastomeric materials for
N204 components was included in the pro-
grams because it was recognized that alter-
native materials or devices for contain-
ment or transfer of N,0, such as Teflon
seals or bladders, metal bellows, surface
tension devices, pumps, and non-optimized
elastomers had one or more characteristic
weakness such as low expulsion cycle life-
time, excessive weight, inoperability in
G-fields even below 1.0 G, incompatibility
with propellants, or excessive permeability
to either propellants or pressurant gases.
In essence it was firmly believed that de-
signers would have higher confidence in
elastomeric seals, valve seats, and expul-
sion devices for N0, and that availability

of such components would significantly
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increase the Air Force's capabilities in
areas requiring either high AV propulsion

systems or long life hypergolic thrusters.

3. DEVELOPMENT OF MATERIALS
FOR HYDRAZINE MONOPROPELLANT SYSTEMS

3.1 VALVE SEAT AND SEAL MATERIALS
3.1.1 Functional Requirements

As mentioned previously, hydrazine mono-
propellant thrusters (Figure 1) are used
to maintain precise orbital and attitude
control of satellites over a period of
The flow control

valves that microfeed hydrazine to the

five years or more,

thrust chamber must function perfectly for
hundreds of thousands of cycles in order
To

maintain this kind of track record,systems

for the satellite program to succeed.

experience dictated that the tiny (<1 gram)
elastomeric valve seat must have the fol-
lowing properties:
(1)
(2)

Compatibility with hydrazine
Excellent sealing properties

(3) Negligible volume change after
N2H4

severe mechanical conditions

exposure at 160°F under

(4) No change in shape of seating
surface
3.1.2 Valve Seat Materials Development/

Evaluation

To achieve the above properties, AFML
initiated a program in 1969 with TRW
Systems to develop and functionally evalu-
ate elastomer compounds specifically for

(1)

valve seat applications. Based on
comprehensive N,H, compatibility evalua-
tions and competitive in-valve testing
against a state-of-the-art valve seat com-
pound, an elastomer compound based on
ethylene propylene diene rubber (EPT) and
a l,2-polybutadiene resin (HYSTL) and iden-
tified as AF-E-102 was selected as an opti-
The

final selection of AF-E-102 was based on

mum material for flow control valves.

initial and final performance of the
material in an Intelstat type valve over a

period of 79 days over which the valve was

VALVE SECTION

SECTION
i .metal solenoid i
| valve valve coil |
| seat return !
| spring !

\

Valve inlet
from fuel
tank

Figure 1.

THERMAL BARRIER

Valve seat-AF-E-102/411
-ring seals ~ AF-E-411/102

Face seal-AF-E-102/411

Typical Hydrazine Thruster Engine

CATALYTIC CONVERTER
SECTION

Hydrazine transfer tube

Jet
Nozzle
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pulsed to simulate accelerated satellite
stationkeeping thruster service. Post-test
examination of the control seat and the
AF-E-102 seat clearly indicated the
reasons for the latter's superior perform-
ance. Due to excessive swelling and sur-
face marring of the control seat, the
effective orifice area (EOA) of the con-
trol valve was reduced by approximately
The AF-E-102

seat was essentially unchanged and the

80% of the original value.
original EOA was correspondingly unchanged
Translation of Technology Into

3.1.3
Hardware

In order to expedite the translation of
the new valve seat material into hardware,
technical information and/or samples were
furnished to numerous hydrazine valve
manufacturers and organizations such as
the Jet Propulsion Laboratory (JPL), Naval
Research Laboratory (NRL), Air Force
Rocket Propulsion Laboratory (AFRPL), and
Goddard Space Flight Center. The Aero-
space community responded favorably to
AF-E-102 and the material was qualified
and launched in 1971 by NRL on the Solrad X
scientific satellite. The flow control
valve on this satellite has had no prob-
lems and this experience unquestionably
hastened acceptance of the material into
many subsequent Air Force, NASA, and com-
mercial satellite systems.

3.1.4 O0-Ring Materials Development

For certain high performance applications
0-ring seals with higher tear strength and
elongation than AF-E-102 were desired. To
address this requirement a high tear
strength modification of AF-E-102 identi-
fied as AF-E-411 was developed and
thoroughly evaluated as an optimized
O0~-ring material for hydrazine.(z) The

properties of the seal/valve seat materials

are listed in Figure 2.

PROPERTY AF-E-102| AF-E-411
TENSILE STRENGTH, PSI 1600 2100
ELONGATION AT BREAK, % 100 170
SHORE A HARDNESS 90 88
COMPRESSION SET, % 17 17
TEAR STRENGTH, PLI 80 200
PRESSURE RISE (IN N2H ), PSID NIL NIL

Properties of Valve Seat
and 0-Ring Compounds.

Figure 2.

As was the case with AF-E-102, AF-E-411
was quickly evaluated and accepted by
valve/tankage suppliers and the aerospace
industry for hydrazine valves and plumbing.
Both AF-E-102 and AF-E-411 have been quali-
fied as seals and valve seats for several
satellite systems.

3.1.5 Systems Implications

Development and qualification of AF-E-102
and 411 valve seats and seals provide the
following advantages for spacecraft hard-
ware:

(1) Valve design is considerably sim-
plified since volume swell and
change in shape of the valve seat
are no longer of primary concern.

(2) Short stroke valves may be used
reliably, thus reducing spacecraft
on-board power requirements {(and
weight).

(3) Soft-seat valves, with the in-
crease in reliability afforded by
the new materials, may be used in
place of hard-seat valves with the
attendant relief from leakage
caused by particulate contamina-
tion.

(4) In Positioning and Orientation
Propulsion Systems (POPS), impulse
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predictability is improved, re-
peatability is assured, multi-
thruster firing calibration is
simplified, and the need for mul-
tiple engine firings to achieve
precise orbit or attitude is
reduced.

(5) The operational life of satellite
systems is increased due to max-

imum utilization of propellant.

3.2 POSITIVE EXPULSION BLADDERS/
DIAPHRAGMS FOR HYDRAZINE

3.2.1 Advantages of Bladders

High strength elastomeric materials which
stretch without tearing or other damage
are very desirable for positive expulsion
systems. For example, elastomers can be
used in symmetrical or nonsymmetrical
volumes and can operate effectively in
both random or controlled folding modes.
Elastomeric bladders can generally be
designed after the tank; the successful
use of non-elastomers almost always re-
quires the tank and bladder to be desigred

as a unit.

Positive expulsion bladderé are desirable
for liquid rocket systems because they
provide the following functional advan-
tages:

(1) Expulsion of the propellant at
any attitude relative to the
acceleration field

(2) Prevention of chemical reaction
between the pressurant and
propellant

(3) Prevention of the pressurant gas
mixing with the propellant

(4) Retention of all of the propel-
lant so that it is available to

the engine

(5) Reduction in the rate of heat
transfer between the pressurant
and the propellant

(6) Reduction in the surface area of
the tank wetted by propellant
which could reduce corrosion

(7) Minimization of propellant
sloshing

(8) Reliable multi-cycle performance
3.2.2 Functional Requirements

To attain these functional advantages,
AFML initiated a comprehensive effort in
1970 @3 with TRW Systems which emphasized
development of advanced bladder materials
for hydrazine with the following character-
istics:
(1) Excellent chemical compatibility
with and non-reactive to NZHA
(2) Low propellant and pressurant
gas permeability
(3) Easy processibility

Development of elastomeric materials with
low permeability to propellant is necessary
to minimize the loss of propellant into the
ullage where it is unavailable to the
engine and from where it may corrode the
pressurization system, particularly during
long storage. Low permeability to the
pressurant is necessary to minimize bubbles
of gas in the propellant which can cause
variations in propellant flow rate to the
engine that results in rough burning.

Because propellants are intrinsically re-
active substanceé, it is difficult to find
materials with the required mechanical
properties which also are inert to the
propellants. If the propellant attacks
the bladder, deterioration of the bladder
wall takes place by softening, blistering,
or formation of hard, brittle substances.
Obviously, deterioration of the bladder
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is to be avoided because of the chance of
an expulsion malfunction. Similarly, it
is important that the bladder materials
not degrade the propellant. Propellant
decomposition or reaction is likely to
cause the generation of gas inside the
bladder, thus defeating one function of
the bladder (i.e., separation of the
liquid and gas phases to assure smooth
engine operation). A further hazard is
that reaction products or particles from
a disintegrating bladder may flow out of
the tank and into critical components
whose function may be impaired, such as
clogging of filters and injector orifices,
jamming of valves, etc.

3.2.3 Bladder Materials Development/
Evaluation

The basic program approach was to modify
the already successful EPT/HYSTL technol-
ogy developed for hydrazine valve seat and
seal applications. Elastomer compounding
methodology was used to develop lower
modulus varieties of AF-E-102 with greatly
increased tear strength and flex life.
Following this intensive materials devel=-
opment and evaluation effort which is de-
tailed in References 2 and 3, an EPT/HYSTL
compound identified as AF-E-332 was
selected for more detailed functional
testing in the form of positive expulsion

bladders and diaphragms.

Comprehensive hydrazine compatibility
evaluations indicated that AF-E~332 was
unaffected by hydrazine and did not cata-
lyze propellant decomposition. The fol-
lowing accelerated test procedure was used
to establish the latter point. A 5 gram
sample of AF-E-332 was placed in 50 ml of
MIL-P-26536C hydrazine with an ullage
volume of 30 ml. After one day at ambient
temperature, no pressure rise above the

control (no rubber) was observed. The
propellant was then heated to 160°F and
after seven days no pressure rise above
the control occurred. Again, after heat-
ing for an additional seven days at 212°F
for one week, the following pressure read-
ings confirming non-reactivity of the
bladder were observed:

(1) Control -

(2) AF-E-332 + Control -~

14.5 psia
12.0 psia

Next, data tabulated in Figure 3 indicate
that AF-E-332 was unaffected by N2H4 after
12 months exposure to the propellant at
160°F.

Original 3-Month 5 1/2-Month 12-Month
Property Controls Exposure Exposure Exposure
M100° psi 1150 1200 1250 175
Tgs psi 2000 2075 2075 2000
Eg, % 350 310 320 310
Set, % 16 19 19 18
Shore A 90 20 92 91
i’ear, pli 515 475 475 475
AWeight, % - +0.3 +2.8 +2.6
aVolume, % -~ Nit Nil Nil
FIGURE 3. Properties of AF-E-332 after Storage

in NH,at 160°F @)

Many other functional tests were conducted
including flex testing in N,H,, multiple
propellant expulsion cycles, and permeabil-
ity to N,H, and pressurant gases. Perti-

nent information is given in Figure Uu:

|Permeability to N, (AP 315 psi, 70°F) -~

Expulsion Efficiency -- 99+y

Permeability to N,H, at 75°F -- 0.0034 mg/cm? - hy

0.013 Scc/cm? - hy]

Permeability to He(AP 315 psi, 70°F) --—
0.31 Scc/em? - hy

Figure 4. Functional Testing of AF-E-332
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3.2.4 Prototype Development

To further explore the systems potential
of AF-E-332, a process using an inflatable
reusable mandrel was successfully devel-
oped and 10.5 inch diameter bladders were
successfully molded to a "Mariner 69"
Three blad-

ders were furnished to AFRPL for long

configuration and evaluated.

term NzHa storage tests which have now
been under way for more than two years

(2)

with no apparent problems,
3.2.5 Translation of Expulsion Bladder/
Diaphragm Technology into Systems

Other systems applications quickly devel-
oped. For example, at SAMSO's request,

AFML cooperated with AFRPL to develop and
qualify large AF-E-332 diaphragms for a

current satellite program which had expe-
rienced some problems with earlier rubber
bladders.

phragms were easily molded using matched

Further, 28 inch diameter dia-

metal tooling and supplied to Martin Co.
for evaluation in a launch vehicle upper
Addition-

ally, 9.5 inch diameter bladders were

stage attitude control system.

molded using the inflatable mandrel and
subsequently qualified for a high priority
Finally, the 22 inch

diameter diaphragm shown in Figure 5 has

Air Force program.

been qualified in the propulsion system
for the FLTSATCOM program. The FLTSATCOM
program particularly emphasizes the
importance of the AFML developed elasto-
meric components for hydrazine. The
satellite which is illustrated in Figure 6
will have AF-E-411 valve seats/seals and
AF-E-332 expulsion diaphragms for its
hydrazine monopropellant propulsion
system with a design life of five years.
This joint Navy/Air Force satellite
system will provide world-wide high

priority UHF communications between naval

aircraft, ships, submarines, ground sta-
tions, SAC, and the presidential command

network.

4, ELASTOMERIC MATERIALS FOR
NITROGEN TETROXIDE APPLICATIONS

4.1 CARBOXY NITROSO RUBBER

The development of elastomeric materials/
components which are compatible with N204
oxidizer represents a very challenging
problem for materials engineers. Commonly
used elastomers such as neoprene, nitrile,
and natural rubber are severely degraded
or dissolved by N204. Others such as
resin~cured butyl and EPDM resist the oxi-
dizer for only a few days before they are
severely oxidized and lose mechanical pro-
perties. Some years ago, AFML developed
a new perfluorinated material known as
carboxy nitroso rubber (CNR) which did
have excellent resistance to N,0, for

274
CNR, however, had

periods up to one year.
very high permeability to N,0, and pres-
surant gases and, in addition, suffered
from high compression set which limited
its usefulness to a few specialized seal
applications. It should be mentioned,
however, that CNR seals were used success-
fully as N,0, seals on the Lunar Module

Descent Engine and the ApolloRCSsystemfé)

4,2 AF-E-124D ELASTOMER DEVELOPMENT

Recognizing that CNR would not satisfy
future Air Force requirements for N204
compatible components, AFML maintained a
continuous cooperative program with the
elastomer industry to evaluate and iden-
tify potential polymer systems which might
have adequate mechanical and chemical
resistance for long life hypergolic rocket
systems seals and bladders. Over a period
of several years and following comprehensive
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FIGURE 5. AF-E-332 POSITIVE EXPULSION
DIAPHRAGM FOR FLTSATCOM

FIGURE 6. FLEET SATELLITE COMMUNICATIONS SYSTEM SPACECRAFT
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propellant testing, a new elastomer iden-
tified as AF-E-124D appeared to be a
promising contender as a seal, valve seat,
and bladder material for N,0,. Under an
existing program, comprehensive processing
and compounding studies are being con-
ducted and we are optimistic that the
above N,0, components will be developed
The fol-

lowing data in Figures 7 and 8 illustrate

and qualified within two years.

the promising properties and compatibility
of AF-E-124D with N,0,:

Parameter

TB’ psi . -100°F 3100

Test Temperature Value

Egs % 25

Tear, pli 70

M]OO’ psi + 75°F 925
Tgs psi 2150
Eg» % 205
Tear, pli 180
Shore A 86

Moo PST +160°F 275
Tgs psi 900
Egs % 155
Tear, pli 100

FIGURE 7. Mechanical Properties of
AF-E-124D in Air at
Various Temperatures.(z)
Storage Tensile Elongation Shore A
Temperature Retained Retained
75°F 96% 100% +0
120°F 95% 95% -1
160°F 92% 96% -3
200°F 51% 180% -18
FIGURE 8. Retention of AF~E-124D Mechanical

Properties after 8 Days in NZOA(Z)

In addition to working out processing
problems, the current program at TRW Sys-
tems includes development of materials
with reduced permeability to helium and
N20455) At the present stage of develop-
ment, the permeability to He is about 1/2

that of Teflon and to N,0, it isabout 1/5
that of Teflon.
tioned that AF-E-124D is compatible with

N,H, and has already found a use as 0-ring

It also should be men-

seals on a system where compatibility with

fuel and oxidizer was desired.(2)

5. ELASTOMERIC MATERIALS FOR
CONTAINMENT OF FLUORINATED OXIDIZERS

The development of elastomeric seals and
valve seats appears to be a limiting tech-
nology for long range very high thrust
propulsion systems which require the use
of very energetic fluorinated oxidizers.
AFML has conducted a continuous, but lim-
ited effort, to develop the necessary tech-
nology which ultimately will lead to
development of seals, valve seats, and
bladders for fluorinated oxidizers.(5-6)
Our approach has been two-fold: (1) Synthe-
sis of perfluorinated elastomers and cross-
linking materials, and (2) development and
modification of existing materials such as
AF-E-124D.

as indicated by the data in Figure 9. This

Notable progress has been made

effort is continuing and it is believed
that sufficient technology base is being
generated to develop fluorinated oxidizer
compatible components on an accelerated
basis if high priority systems requiring
this capability are identified at a future
date.

6. CONCLUSIONS

6.1 Fluid containment and transfer

materials/components for hydrazine mono-
propellant propulsion systems identified
as AF-E-102 valve seat material, AF-E-411
valve seat or seal material, and AF-E-332
positive expulsion bladder/diaphragm mate-
rial have been developed, qualified, and
rapidly translated to existing Air Force,
Navy, NASA, and commercial satellites.
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PROPERTY original (4T tgi}“iog s
100% Modulus, psi 575 475
Ultimate Tensile Strength, psi 1300 1100
Elongation at Break, % 180 170
Tensile Set, % 2 2
Hardness, Shore A 76 75

FIGURE 9.

6.2 Materials development and preliminary
component development of seals, valve
seats, and expulsion devices based on
AF-E-124D for hypergolic propulsion
systems using NZO4 oxidizer are proceeding
smoothly. The program is expected to be
completed within two years.

6.3 Technology base effort to develop
elastomeric components for use with very
energetic fluorinated oxidizers has made
notable progress. Variations of AF-E-124D
appear to be viable candidates for seal-
ing oxidizers such as'ClF3. Synthesis of
perfluorinated elastomers and crosslink-
ing systems appears to be necessary to

solve long term compatibility problems.
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THE EFFECT OF EXPLOSIVES AND PROPELLANTS ON THE TENSILE PROPERTIES OF POLYMERS

D Sims and A L Stokoe
Explosives Research and Development Establishment
Waltham Abbey
England

ABSTRACT

The paper presents the collected results of studies to determine the effects of

a range of explosives and propellants on common plastics and rubbers.

Some more

detailed work on four rubbers is also reported.

1 INTRODUCTION

Plastics and rubbers are being used increasingly
in modern weapons, and a specialized knowledge of
their use in this field is essential. In

addition to the stringent mechanical property
requirements demanded of the polymers in any
weapon system, there is often contact or close
proximity to explosives or propellant compositions.
The polymers must be able to withstand these
explosives and any vapours from them without
showing significant deterioration in physical
properties. Although military specifications
often require satisfactory performance of plastics
components from -40 to +7OOC it is in general only
at the higher temperature that compatibility
problems arise. For this reason it has become
practice at ERDE to test materials under prolonged
storage conditions at one temperature only, namely
60°C for periods of up to 2 years (1-4). Exposure
has normally been restricted to CE (tetryl,
trinitrophenylmethylnitramine), RDX (1:3:5
trinitro 1:3:5: triazacyclohexane), TNT (trinitro-
toluene) together with single and double base
propellants. Other materials such as PE (plastic
explosive) and amatol are likely to be similar in
action to their base constituents and HMX is likely
to be similar to RDX. Over the years it has

become apparent that TNT and nitroglycerine

containing compositions have the most severe
effects on polymeric materials and therefore most
recently these have been the only materials

examined.

Materials have been classified according to the
effects observed, i,e.none or slight effect less
than 10% change;

less than 50%;

moderate greater than 10 but
severe greater than 50% change in
tensile properties. Changes in tensile properties
can occur due to degradation or absorption of
various components of the explosive or propellant.
Changes in properties have to be considered in the
light of the role of the component. It may not
matter if an O-ring swells consilderably and loses
more than 50% of its strength provided it remains
sealed and the seal is not required to be broken
for inspection. Similarly cellulose acetate is
often used for inhibition of low NG containing
cordite but it rapidly absorbs NG and loses
strength by plasticisation. This may not matter
in practice. Often the greater problem is the
change of burning rate of the composition due to

the loss of nitroglycerine.

Other materials may not lose significant strength

but they become slightly sticky and thus fail for
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this reason, still others do not change in

strength but become brittle.

The results presented should therefore be used as
a guide by the designer when considering the

functioning of the weapon as a whole.

Four of the rubbers considered have been examined
in a little more detail to attempt to find out
exactly what the effects of TNT and NG are on hot

storage.

Rubbers were exposed as unvulcanised gumstocks,
unfilled crosslinked elastomers and black elas-
tomers. Molecular weights of the unvulcanised
gums were measured by osmometry where possible.
Changes in the unfilled crosslinked elastomers
and normal black elastomers were measured by
swelling in benzene and molecular weights between
crosslinks calculated. NG, TNT and bound nitrogen
estimations were made to give an insight into how

the rubbers change on exposure.
2 EXPERIMENTAL

Rubbers and plastics used were normal commercial
general purpose grades. The rubbers were com-
pounded and cured into ASTM standard sheets and
small E type dumb-bells (described in BS 903) cut
for exposure. Plastics were injection moulded
into miniature dumb-bells using manufacturers'

recommended conditions.

Explosives and propellants used

(1) CE (TETRYL) TRINITROPHENYLMETHYL.-
NITRAMINE TO CS 1004

(2) RDX/INT 60/40 BY WT TO CS 5446
(3) TNT TRINITROTOLUENE TO CS 5023

(4) SINGLE BASE PROPELLANT NH CONTAINING
ABOUT 85% NC

(5) CORDITE NQ DOUBLE BASE PROPELLANT
CONTAINING ABOUT 20% NG

(6) HUK DOUELE BASE PROPELLANT CONTAINING
ABOUT 45% NG

(7) CASTING LIQUID CONTAINING ABOUT 40% NG
IN TRIACETIN

Samples of materials were placed in aluminium
trays approximately 300 x 100 x 40 mm, the trays
being separated by weirs into 4 compartments.
With TNT or RDX/TNT small foil trays were made to
lay in the bottom of the larger tray. Molten
explosive was poured into the foil trays and the
polymer samples laid in the molten explosive.
After cooling more molten explosive was poured in
so as to completely cover the specimens. Slide 1
shows the general arrangement. Tetryl and the
cordites were supplied as fine powders which were
liberally spread over and around the polymer
samples. With casting liquid foil inner containers
were not used. The samples were grouped in fives
separated by the weirs. Just sufficient liquid
was used to cover the specimens (approx 60 ml).
The whole tray in this case was then covered with
a heat sealed polythene bag. Each large tray
therefore contained sufficient specimens (4 x 4 or
4 x 5) to provide for four withdrawals. Trays
were covered with a loose polythene 1id, wrapped
in foil to prevent evaporation and stored in
explosives ovens at 6000. Control samples with
no additive were exposed under identical condi-
tions. Additional controls immersed in triacetin
were provided for studies on selected rubbers.
Withdrawals were usually made at 3, 6, 9 and 12
months. At these times the large container was
unsealed, one foil container removed completely.
In the case of Tetryl and the cordite propellants
the polymer samples were freed from adhering
With TNT and RDX the

explosive was carefully broken away by hand using

powder as far as possible.

polythene gloves.

Casting liquid presented some extra problems. At
the end of the exposure period the trays were
removed and allowed to cool in a fume cupboard.
The seals were removed and samples were removed

using plastic spatulas. Trays were then resealed
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in fresh bags and replaced in the ovens. Excess
liquid was carefully wiped off the specimens
with soft tissue, protective clothing was used to

prevent the contact of casting liquid with skin.

Specimens were weighed in batches of four or five
to determine weight changes and then normally
conditioned overnight before tensile measurements
were made. Exceptions were those immersed in
casting liquid or triacetin; these were tested as
soon as possible after withdrawal from exposure

to minimise evaporation.

Chemical and physical examination of samples

Miniature plastic dumb-bells were tested at
2.5 mm/min whereas rubbers were tested at the
standard crosshead rate of 500 mm/min. The
ultimate tensile strengths and elongations to

break were recorded.

The four selected rubbers for more detailed
examination were treated as follows. Broken

portions of dumb-bells which had been tested were
extracted in a Soxhlet extractor using acetone or
methanol for TNT and casting liquid respectively
for 24 hours. TNT and nitroglycerine contents of
the extract were determined colorimetrically

using standard methods (Table 6).

Extracted samples were returned for combined

nitrogen and swelling measurements.

Combined nitrogen was determined by combustion
but results obtained are not very accurate at the
levels found. Swelling was determined as follows.
Returned samples were dried to constant weight,
immersed in benzene in a flask in a thermostat
for 3-4 days. Samples were removed, quickly
dried and weighed; they were then redried to
constant weight. Swell was calculated making the
assumption that the volume of swollen rubber =

v + volume of benzene absorbed and a simple

correction could be applied for the non rubber

constituents. Molecular weights between cross-

links were calculated from these figures.

The unfilled uncrosslinked rubbers exposed were
freed from TNT or dried of superficial liquid as
Small weighed pieces were blaced in
After this time the

appropriate.
toluene for 48 hours.
solution was filtered to remove gel and made up to
a known volume. An aliquot was taken to determine
polymer concentration and calculate the gel

content. The molecular weight of the rubber in

solution was determined by osmometry.

The tabulated results of the effects of explosives
and propellants on common polymers are given in
Tables 1-4.

mentioned in the introduction materials are

Detailed figures are not given; as

classified according to the effect of the environ-
ment. Slight indicates changes of less than 10%,
moderate less than 50% and severe greater than
50%. In addition the amount of nitroglycerine
absorbed from cordite NQ and the change in
appearance of the specimens is given in the last
column.

3 RESULTS
Results show that the severity of attack of the
explosives and propellants is in the approximate
order CE, PE, NH, RDX/TNT, TNT, NQ, HUK respec-
tively. For this reason some of the later
materials examined have only been exposed to TNT

and NQ.

CE, PE and NH rarely cause any severe problems in
contact with plastics or rubbers. Exceptions are
where the wax in PE produces softehing in EVA.
RDX/TNT is obviously less severe than TNT alone
and in the later work none of these materials have
been used as an exposure medium. TNT and particu-
larly NQ and HUK provide severe environments for

many materials.

With all materials the saturated chain polymers
such as polyethylene, polypropylene, EPDM and
butyl are least affected. More polar materials

such as acetal, polycarbonate, polysulphone,
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nitrile, neoprene and urethane rubbers and also
materials containing unsaturation such as ABS,
natural rubber, polybutadienes and block SBR
thermoelastomers are badly affected by TNT and NQ.

Crystallinity in materials provides resistance.
This is shown by the different results for low
density polythene and polypropylene and by the
resistance of nylon 66 and polyethylene tereph-
thalate. High cross link density also helps to
provide resistance; this is shown by the out-
standing resistance of the Daltocast poly-
urethanes to almost pure NG and the resistance of
thermosetting resins in general. Exceptions to
the general rules are shown by Trogamid, a trans-
parent apparently amorphous nylon, which has
excellent resistance to TNT and NG and Viton, a
fluoroelastomer which is also highly resistant.
Silicone rubbers are similarly resistant but
fluorosilicone is affected by nitroglycerine

containing propellants.

Highly loaded rubbers also appear to have better
resistance from the limited information we have.
For instance, highly filled SBR and hypalon
materials used in contact with cordite as rocket
motor insulants show moderate resistance. Here
of course the rubbers are very hard and stiff
and require only limited minimum mechanical

performance in most designs.

The results highlight the shortage of transparent
plastic materials which are compatible with
cordites. Common transparent materials PMMA, MBS,
SAN, PC, polysulphone and CA are all badly
affected.

chemical and ageing resistance are quite good it

Trogamid is an exception and since its
should find use in military stores. We already
use it in the UK for small ammunition box 1lids
where visual identification of charges is
required. Penton could be equally useful but I

believe the material is now out of production.

The extra tests on four rubbers namely polyiso-

prene (IR), polybutadiene (BR), EPDM and Butyl

(IIR) are reported in Tables 4-6. The results

are not very informative. The changes in tensile
strength observed are as expected but the changes
in crosslink density (MC values) do not

necessarily mirror these changes.

The unvulcanised gumstocks are degraded rapidly
by contact with both casting liquid and TNT; TNT
however does promote crosslinking with both poly-
isoprene and polybutadiene since these samples
were almost 100% gel after 4 weeks' exposure
(Table 4).

given in Table 5.

Tensile strengths and M, values are

Polyisoprene rubber unfilled and black shows a

el

rapid fall in tensile strength on exposure even
with the control samples; corresponding measure-
ments of molecular weights between crosslinks
show only small changes. Only in contact with
casting liquid does the Mc value change by a
significant amount indicating formation of further
crosslinks. The fall in tensile (and elongation
at break) is therefore likely to be partly due to
oxidative surface attack, especially in the case
of TNT and controls and partly due to swelling in
the case of casting liquid. Butadiene rubber
shows a significant fall in Mc value in contact
with both TNT and casting ligquid but fails to show
any great change in tensile strength. Elongation
at break measurements fall quickly thus indicating
embrittlement setting in. This is in accord with
the changes in Mc' Butyl rubber has a higher
initial crosslink density when unfilled than when
black. Exposure to casting liquid produces an
increase in molecular weight between crosslinks,
i.e.reversion, but little change in strength is

apparent. 4

EPDM shows undercure and the IVJ.c value decreases in
all enviromments in the first two weeks but shows

little subsequent change.

Taken in their own groups the results are self
consistent but regretfully they are not very

informative.
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TNT and NG contents determined by extraction show
that absorption in all the rubbers is initially
a rapid process followed by a further slow build
up. The two unsaturated rubbers polyisoprene
and polybutadiene have about ten times the
absorption of the saturated butyl and EPDM
rubbers. Bound nitrogen determinations given in
the table as (actual amount minus control deter-
mination) show that in all rubbers a small but
significant amount of nitrogen becomes bound to

the polymer chain.

Regretfully in conclusion this part of the work
has not thrown much light on the way the four
rubbers change on exposure. No immediate further

work on this is proposed.

4 CONCLUSIONS

A tabular presentation of the effects of

certain explosives and propellants has been
produced as a guide for weapons designers to
consider with the system as a whole. Results
show that TNT and high NG containing cordites

are the most severe environments.

Structural considerations conferring high resis-

tance to polymers are:

(1) SATURATED CHAINS

(2) LOW POLARITY

(3) HIGH CRYSTALLINITY

(4) HIGH CROSSLINK DENSITY
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Table 1 GENERAL PURPOSE PLASTICS - Effect of exposure
Slight Moderate Severe NQ absorption and effect
ABS NH RDX/TNT, TNT | NQ 30% Different grades
soften or embrittle
Polythene LDPE | TNT, NQ PE, HUK 3% Softens
Polybutylene TNT NQ 7% Brown, brittle
Polythene HDPE TNT, NQ, HUX PE 0.2% No change
Polypropylene RDX/TNT, TNT, NH NQ 0.2% Yellow
EVA CE TNT NQ 11.0% Softens
Polystyrene RDX/TNT, TNT, NQ, HUK Nil No change
Toughened PS RDX/TNT TNT, N@, HUK 0.2% Yellows
SAN NH RDX/TNT, TNT | NQ Softens and disintegrates
MES CE, TNT NQ Sticky, encrusted and brown
PVC flexible RDX/TNT, TNT, 5% No change
HUK
PVC rigid RDX/TNT, TNT, NH, NQ 44 No change
*Polyester/glass RDX/TINT, TNT, NH NQ -
laminates
Epoxy/glass RDX/TNT, TNT, NH, HUK -
laminates
PF resins PE, RDX/TNT, TNT, NH,
HUK
PMMA TNT, NQ, HUK Sticky, brown and encrusted
CA NH NQ HUK 60% Softens
EC NQ, HUK 12% Little change
Dough moulding | TNT, NQ Little effect

compound

*Depends on composition
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Table 2

ENGINEERING AND SPECIALITY POLYMERS - Effect of exposure

Slight Moderate Severe NQ absorption and effect
Acetal RDX, TNT TNT, NQ | 6% Yellow, crazed
Nylon 11 TNT, NQ | Brown, brittle
Nylon 6 PE TNT NQ 0.5% Orange, embrittles
Nylon 66 CE, TNT NQ 0.1% Orange, embrittles
GF Nylon 66 NQ
Polysulphone CE TNT, NQ Sticky and encrusted
Polycarbonate RDX/TNT, NH TNT, NQ 10% Sticky and encursted
Polyphenylene oxide (Noryl) | TNT, NQ 0.2% DNo effect
Chlorinated polyether RDX/TNT, TNT, 1% No change
(Penton) NH, NQ
Phenoxy CE, TNT, NQ 5% Embrittles slowly
Thermoplastic polyester TNT, NQ 3% No change
(mouldings) + film
Surlyn A CE, TNT, NQ 6% Softens, goes black
Trogamid TNT, NQ Nil No effect
Arylon TNT, NQ Severe cracking
TPX CE, TNT NG 0.5% Turns translucent
Daltocast rigid PU TNT, NQ, 98% NG No effect
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Table 3

RUBBERS - Effect of exposure

o Slight Moderate Severe NQ absorption and effect
Natural NH TNT, NQ 28% Embrittles
Nitrile PE CE TNT, NH, NQ, 25% Embrittles
HUK

Necprene PE, CE NH TNT, NQ, HUK | 15% Embrittles slowly
SBR TNT NQ 16% Embrittles slowly
Butyl NH, TNT NQ, HUK 10% No change
Chlorobutyl TNT NQ 5% No change
Polybutadiene TNT NQ 24% Embrittles

Viton CE, TNT, NQ 8% Surface colour
Silicones CE, TNT, NQ 2% No change
Fluorosilicone CE, TNT NQ 8% Softens

Polyester urethane CE, TNT, NQ Disintegrates

‘l Polyether urethane TNT NQ Disintegrates

: Adiprene CM Sulphur cured TNT, NQ Softens badly

* Polysulphide TNT, NQ Too sticky to test
Thermoelastomers polyester urethane TNT, NQ > 50% Softens
Thermoelastomers polyether urethane TNT, NQ Disintegrates
Thermoelastomers SBR type TNT, NQ Disintegrates
Thermoelastomers Hytrel TNT, NQ -

Acrylate copolymer TNT NQ 36%

Acrylate homopolymer TNT NQ 40%

Epichlorhydrin copolymer and TNT, NQ Too weak to test
! homopolymer

Polypropylene oxide rubber TNT, NQ Too weak to test
Hypalon TNT NQ 10% softens

EPDM TNT NQ 4% no change
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(calculated from swelling values

Table 4a TENSILE STRENGTHS OF SELECTED RUBBERS MPa EXPOSED AT 60°C

unfilled rubbers

black rubbers (50 pph)

Controls

IR BR IIR | EPDM | IR IIR | EPDM
0 6.0 1 0.5 1.8 | o. 25 | 6.8 1 15 17
4 weeks 6.0 0.6 | 1.8 | 1 18 | 6.3 | 158 16
12 " - 0.6 ] 1.5 | - 12 | 5.8 | 14 16
24 " 1.0} 0.6 | 1.5 | 1 815.5| 15 16
TNT exposure
4 weeks 5.5 0.6} 1.8 1. 181 5.81 15 17
2 " 7.6 1 0.5 1.6 | - 10 | 6.1 14 17
24 " 2.2 1 0.8 1.4 11 6159 13 16
Casting liquid exposure
L weeks 5.6 | 0.5 0.9 81 4.5 ] 14 18
g " o.4 [ o511 1.51 1.0 51 5.2} 13 18
2 " 0.2 0.6 ] 1.5} 1.0 L 451 12 17
Triacetin exposure
4 weeks 5.1 {051 1.51{ 0.8 171 4.6 115 15
g8 " 4,71 05| 1.6 | 0.9 11 | 5.6 |15 15
12 " 1.5 0.5} 1.7} 1.0 81 4.1 15 17

Table 4b MOLECULAR WEIGHTS BETWEEN CROSSLINKS M,
v 2
U r

+ ln(]-vr) v,

using the Flory Rehner relationship 1—\1/[- = 7
c )
PV,

Controls IR BR IIR EPDM IR BR ITR EPDM
0 6.2 x 100 |2.6 x 10° | 3.5 x 10° | 2.2 x 10° x 100 x10° | 7.7 x 10° | 4.8 x 107
2 weeks | 6.0 2.4 4, 2.1 9.7 3.0
4y " 5.6 2.3 4, 1.9 8.6 2.7
24 " 2.4 4, 1.6 8.4 2.5
TNT exposure
2 weeks | 6.4 2.6 4.9 2.0 2.5 9. 3.8
4 " 6.0 2.5 4.0 1.8 2.3 10 2.9
12 " 6.6 2.4 4.8 1.8 2.0 9. 2.9
24 " 7.0 1.9 4.5 1.7 1.5 - 3.1
Casting liquid exposure
2 weeks 7.2 2.5 4.8 1.9 2.2 11 3.2
4 " 7.8 2.5 5.2 2.0 2.0 13 3.1
8 " 11 2.2 5.0 1.8 1.8 17 2.9
12 " 8.6 1.8 5.5 1.5 1.5 17 2.7
Triacetin exposure
2 weeks 6.0 2.6 5.2 2.0 2.5 10 3.0
4 " 5.7 2.5 4.4 1.9 2.4 10 2.4
g " 6.1 2.5 4.7 1.9 2.1 11 3.1
2 " 7.3 2.6 4.5 2.0 2.1 8.7 2.8
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Table 5 MOLECULAR WEIGHTS AND GEL, CONTENTS OF GUM RUBBERS
Material Mol wt Gel 2 weeks 100% gel content
IR 55,000 < 0.1
BR 84,000 < 0.1
IIR 127,000 < 0.1
EPDM 84,000 < 0.1
2 weeks in casting liquid 4 weeks too soft to remove
IR 32,500 3
BR 9,900 5
IIR 36,000 2
EPDM 15,000 2
L4 weeks in TNT 12 weeks unable to separate from TNT
IR - 100
BR 4,500 78
IIR 13,200
EPDM 8,500 3
Table 6
Material TNT content by extraction NG by extraction N content %
weeks 2 4 12 26 2 4 8 12 2 4
BR  gum 1.9 2.9
IIR " 1.0 1.0
EPDM " 0.9 1.1
IR white 1.8 | 1.h |16 |18 11920260301 03T 0.
IR black 1.7 1.5 1.9 3.1 0.8 1 2.0 2.0 | 2.5 | 0.5 0.5
BR white 2.0 1.6 1.9 3.4 0.7 | 1.0 | 1.3 | 2.1 0.4 0.2
BR black 1.5 1.3 1.4 2.3 0.4 [ 0.9 | 1.0]| 1.5 | 0.4 0.2
IIR white 0.3 0.1 0.5 0.7 0.1 0.2 | 0.2 j 0.2 | 0.2 0.1
IIR black 0.4 0.5 0.8 1.0 0.1 0.2 | 0.3 | 0.4 | 0.2 0.2
EPDM white 0.2 0.1 0.3 0.6 0.3 1 0.31]1 0.3} 0.3 0.2 0.1
EPDM black 0.3 0.6 1.1 1.4 0.3 | 0.4 | 0.6 | 0.6 | 0.2 0.4
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THE DETERMINATION OF BINDER DEGRADATION IN PLASTIC-BONDED EXPLOSIVES

E. M. Wewerka, E. D. Loughran and J. M. Williams
University of California, Los Alamos Scientific Laboratory

Los Alamos, New Mexico

87544

ABSTRACT

In this paper we describe how molecular-size-distribution measure-
ments made by gel-permeation chromatography can be used. to detect
degradation in the binder systems of plastic-bonded explosives.

The procedures for sample preparation and chromatographic analysis

are outlined.

Several examples are given to illustrate the useful-

ness of this method for studying the stabilities of a variety of

explosives systems.

1. INTRODUCTION

The binder systems in many plastic-bonded
explosives (PBX's) are plasticized with
highly mobile, low-molecular-weight com-
pounds of limited stabilities, and fre-
quently the polymers in these systems con-
tain bonds that are readily susceptible to
attack. Consequently, there is consider-
able uncertainty about how well the binder
components of PBX's can withstand long ex-
posures to elevated temperatures. Main-
charge explosives like HMX or RDX, on the
other hand, are thought to be sufficient-

ly stable to meet current requirements.

In the past, we have utilized many methods
to detect degradation or changes in PBX
systems. These techniques, including
evolved-gas analyses, weight and density
measurements, DTA, DSC, TGA and vacuum-
stability tests, measure properties or be-
havior of the system as a whole; they do
not directly examine the area that we now
feel is the main source of trouble, struc-

tural degradation in the binder. Only

recently have we directed much attention to
methods for detecting and analyzing binder

degradation.

We have been able to demonstrate that bind-
er degradation can be characterized by
measuring the changes that occur in the

molecular sizes of the binder components

with gel-permeation chromatography (GPC).

With this method, we can detect changes in
binder structure as distinct from those in
In the
following sections of this paper, we des-

cribe the analytical details of this method

the explosive or other components.

and offer a few examples to illustrate its

utility.

2. EXPERIMENTAL PROCEDURES

The binders were separated from the explo-
(The

preferred solvent for this work is 1,2-

sives systems by solvent extraction.

dichloroethane because of the low solu-
bility of HMX.)

PBX, 5 ml of solvent and four 4 mm glass

A 0.5-g sample of crushed

beads were placed in a 10-ml volumetric
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flask. The flask was shaken for a 24-hr

period to ensure dissolution of the bind-
er components, then the liquid phase was

separated from the residual solid materi-
als by centrifugation. The extract was
diluted to 40 vol% with tetrahydrofuran
(THF) .

was subjected to GPC analysis.

A 1-ml aliquot of this solution

GPC analyses were done with a Waters Model
200 gel-permeation chromatograph. The
chromatograph was equipped with two column
sets that could be used alternately. For
high-molecular-weight materials, we used
the large-pore column set, consisting of
five 1.2 m polystyrene columns connected
in series and having porosities of 106,
10, 3 x 10%, 10% ana 900 &.

weight compounds were analyzed with a

Low-molecular-

similar arrangement of columns; however,
column porosities were 3 x 103, 500, 250,
250 and 60 &. THF, flowing at 1 ml/min,
was used as the chromatographic solvent.
Sample injection times varied between 10
and 90 s, depending on the sensitivity of
the detector for the materials being anal-
yzed. Results were recorded as the change
in refractive index as the chromatographed
sample passed through the detector. The
relative concentration in any given elu-
tion volume is directly proportional to

the change in refractive index.

3. RESULTS AND DISCUSSION

An excellent example of the usefulness of
GPC for detecting binder degradation was
provided by a recent study of the long-
term stability of PBX X~-0242.%
of X-0242 samples had been stored in seal-

A series

ed glass ampoules in Ar at 75°C for vari-

ous periods of time. After 64 weeks of

storage, a total of only 0.6 Cm3 of gas
had evolved per g of sample. There were
no appreciable weight losses or density
changes in any of the samples. Gas chro-
matography revealed that a small loss of
nitroplasticizer had occurred during stor-
age, but an infrared spectrum of the poly-
urethane failed to detect any substantial
structural changes. However, we found
that the compressive strengths of these
samples had progressi?ely decreased as a
function of storage time. After 64 weeks,
the X-0242 test samples retained only
about one-third of their original strengths.
The reason for this degradation was pro-
vided by GPC analyses of the molecular-
size distributions of the binders in the

surveillance samples.

In Figure 1, we have reproduced the GPC
curves for the binder systems of several
X-0242 samples. The continuous curve was
obtained from a reference sample composed
of equal amounts of Estane and nitro-
plasticizer. Estane, which has a peak
molecular weight of about 50,000, is seen
to have a broad molecular-size distribu-
tion. The nitroplasticizer peak, on the
left side of the GPC curve, is clearly
separated from the Estane region. The GPC
curves for the 32- and 64-week samples
show beyond a doubt that severe Estane de-
gradation has occurred as a result of the
storage conditions. The average molecular
weight of the Estane in the 64-week sample
is down to approximately 2,000. This de-
gradation in the polymeric binder com-
ponent is the cause for the loss of sample
compressive strength. Interestingly, as
Fig 1 also illustrates, the Estane in a
(X-0242 control) was

This shows

newly prepared sample
found to be partially degraded.

*

PBX X-0242 is composed of 95 wt% HMX, 2.5 wt% polyurethane (Estane)
and 2.5 wt% nitroplasticizer [a 50/50 mixture of bis(2,2-dinitro-
propyl) formal and bis(2,2-dinitropropyl)acetal].
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that the first bond cleavages in the poly-
mer take place during the preparation or

fabrication of the explosives system.

The results obtained for the X-0242 system
amply illustrate the pitfalls of attempt-
ing to evaluate PBX stabilities or com-
patibilities without sufficient informa-
tion about what is happening to the indi-
vidual components. Without recourse to
the molecular-size analyses, grossly er-
roneous conclusions about the stability

of the PBX could have been made.

Another explosives system of interest to
many is PBX 9404.* A GPC curve of the
binder from a reference sample of this PBX
is given in Fig 2. The nitrocellulose
peak appears on the right side of the
trace, and the CEF is seen as a shoulder
on the lower-molecular-weight side of the
larger HMX peak. HMX appears in this GPC
curve because ethyl acetate, rather than
dichloroethane, was used in the initial

extraction.

GPC was used to examine binder samples
from both the center and the surface of a
block of PBX 9404.

stored in a sealed container with several

This material had been

other plastic and metal components for
Although

a relatively large amount of plasticizer

approximately 1.5 years at 49°C.

appeared to be present, we found the bind-
er from the center of the surveillance
sample to be in good condition, as shown
by the GPC trace in Fig 3. However, the
nitrocellulose is seen to be absent alto-

gether from the GPC curve of the binder

These

observations indicate that the nitrocellu-

removed from the surface (Fig 4).

lose was depleted at the surface either by
migration or reaction during storage; how-
ever, it is possible that it crosslinked
and was no longer soluble in the extrac-

tion solvent.

A final example of the use of GPC for ana-
lyzing binder degradation in explosives
system is provided by our experience with
a surveillance sample of PBX X-0234.** A
GPC curve of a X-0234 reference sample is
shown as the continuous trace in Fig 5.
The acrylate polymer in this explosive has
been poorly polymerized, shown by the low-
molecular-weight tail extending all the
way to the CEF peak.
obtained from the binder in an X-0234

The dashed curve was

sample that had been stored for just 4
weeks at 75°C.
just discussed, the polymeric component

Here, as in the 9404 case

was found to be largely absent from the
GPC curve; however, prior experience with
another explosive similar to X-0234 sug-
gests that the acrylate polymer in the
surveillance sample was crosslinked during

storage, rendering it insoluble.(l)

The foregoing examples have demonstrated
that binder degradation in a variety of
explosives systems can be detected by
measuring changes in the molecular-size
distributions of the binder components

with gel-permeation chromatography.

4. REFERENCES

(1) Private Communication with D. Seaton,
LLL.

*
The composition of PBX 9404 is: 94 wt% HMX, 2.9 wt% nitrocellulose,
2.9 wt% tris(chloroethyl)phosphate (CEF) and 0.2 wt% diphenylamine.

* %
PBX X-0234 is composed of 94 wt% HMX, 3.6 wt% dinitropropyl

acrylate polymer and 2.4 wt% CEF.
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Figure 1

GPC CURVES OF X-0242 BINDER

Estane/NP Mixture
—— — —— X-0242 Control
— — — — 32 Wk/Ar/75°C
— 64 Wk/Ar 75°C

INCREASING MOLECULAR WEIGHT

Figure 2

GPC CURVE OF PBX 9404 BINDER

L4

INCREASING MOLECULAR WEIGHT
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Figure 3

PBX 9404 SURVEILLANCE SAMPLE

(INTERIOR)

INCREASING MOLECULAR WEIGHT
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P

Figure 4
PBX 9404 SURVEILLANCE SAMPLE

(SURFACE)

-
L uns

INCREASING MOLECULAR WEIGHT

Figure 5

X-0234 SURVEILLANCE SAMPLES

INCREASING MOLECULAR WEIGHT
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THE HE COMPATIBILITY OF SOME RIGID POLYURETHANE FOAMS

C R Thomas

Chemical Technology Division, Ministry of Defence (PE)
Atomic Weapons Research Establishment
Aldermaston, Reading RG7 4PR, England

ABSTRACT

Low density rigid polyurethane foams were less compatible than high density
foams prepared from the same polyester/isocyanate system when tested by the
vacuum stability method. The reasons for this behaviour were investigated by
the use of model compounds representing the different chemical groups in the
foam and also by examination of the individual constituents of the foam
formulation. Results from these two approaches showed that the ma jor source
of incompatibility in low density foams was the blowing reaction in which water
reacts with isocyanate to produce carbon dioxide and an incompatible primary

amine.

1. INTRODUCTION

Rigid polyurethane foams are versatile materials
which find many applications such as thermal insu-
lation, shock absorption, low density structural
materials and as a packaging medium. Where such
materials are in proximity to high explosives

their compatibility is of considerable importance.

Early tests in which the vacuum stability method
was used to assess compatibility gave inconsistent
results which appeared to vary considerably with
the type of polyurethane under test. Further
investigation indicated a trend in which low
density foams prepared from a specific polyester/
isocyanate system appeared to give higher gas
evolution (ie were less compatible) than high
density foams prepared from the same starting

materials.

The work described in the paper was undertaken to

determine whether there was a correlation between

density and gas evolution and if this was so to
determine the cause of incompatibility in low

density foams and if possible to remedy it.

The problem was approached in two ways. First a
large number of compatibility tests were carried
out in order to establish a statistically sound
basis for comparison of the high and low density
foams. This was followed by an examination of the
individual components of the foam formulation and
their relative quantities. Secondly a series of
model compounds was prepared in which the chemical
groupings present in the foam were isolated and

examined separately.

2. DENSITY-COMPATIBILITY RELATIONSHIPS

2,1 MATERIALS TESTED

The polyurethane foam used in this investigation

was prepared from a polyester resin (designated
422) and tolylene diisocyanate (TDI). The polyester




contained trimethylol propane, adipic acid, phtha-
lic anhydride and ricinoleic acide It had a
hydroxyl value of 460-480 mg KOH/g, an acid value
less than 2 mg KOH/g, a water content less than
0.2 "/o and a viscosity of 140-200 poise at 25%C,
The TDI was an 80/20 mixture of the 2.4 and 2.6
isomers. Water was used to generate carbon diox—
ide as the blowing agent to produce low density
foams with densities of 9.75 and 11.25 and high

density foams in the range 40~65 lb/ft3.

The explosive used was Composition B3, a blend of
RDX and TNT. Some tests on high density foam were
also carried out with an HMX/TNT composition with

similar results.
2,2 TEST RESULTS

A total of 102 test results were obtained for the
975 lb/ft3 foam, 161 for the 11.25 lb/ft3 foam
and 114 for the 40-65 lb/ft3 foam. Gas evolution
results from the vacuum stability tests ranged
from 1.8-6.6 cm>

from 0s.2=3¢5 om3

Arithmetic means and standard deviations were

calculated and these are given in Table 1.

for the low density foams and

for the high density foams.

The results were plotted in histogram form and the
curves for normal distribution calculated from the
data in Table 1 were superimposed, Figures 1 and 2
show these curves for the low density foams and

Figure 3 shows the curve for high density foams.

It will be seen that the distribution of test
results may be considered normal. As further con-
firmation of normal distribution the probability of
gas evolution exceeding the compatibility limit of
5 cm3 was calculated and compared with the actual
number of specimens which exceeded this limit.

These results are shown in Table 2.

From these results it was concluded that there is

a highly significant difference in the gas evolution
figures for low (9.75 or 11,25 1b/ft3) density and
high (40-65 1b/ft3) polyurethane foams prepared from

the same basic raw materials.
3, THE USE OF MODEL COMPOUNDS
3+1 POLYURETHANE CHEMISTRY

Polyurethane foams are prepared by the simultaneous

occurrence of two important chemical reactions,

TABLE 1
MEANS AND STANDARD DEVIATIONS OF GAS EVOLUTION RESULTS
Foam density (1b/ft3) 9.75 11425 40-65
Number of Results 102 161 114
Mean gas evolution (cm3) 464 4e22 1.47
Standard deviation 0.67 0.83 0465
TABLE 2

CALCULATED PROBABILITY AND OBSERVED INCOMPATIBILITY

Foam Density (lb/ftB) 9.75 11425 40=65
Calculated probability of gas
evolution exceeding 5 cm 0.29 017 <0.001
Observed fraction of results

0430 0.14 0

exceeding 5 cm
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both of which involve reaction of the isocyanate

with active hydrogen.

In the first important reaction the isocyanate
reacts with hydroxyl groups in the polyester to
produce a polymer linked by urethane groups
(Bquation 1).

— OH + NCOR— =» -—OCONHR— eee (1)
Excess isocyanate can react further with the
urethane group to form an allophanate

(Equation 2).

—OCONHR— + NCOR— =—>

— OCON (R )CONHR — eee (2)
|

An analogous reaction also occurs between iso-

cyanate and acid groups in the polyester

(BEquation 3) leading to a substituted amide and

carbon dioxide.

—COOH + NCOR— =y —CO.OCONHR—

—7 — CONHR— + CO, eee (3)
The second important reaction is between iso-
cyanate and water, forming an unstable intermediate

which breaks down to give a primary amine and

carbon dioxide which blows the foam. (Equation 4)
HOH + NCOR— =—» HONHCOR —
_') H2NR—'- + (102 LA X ] (4)

The primary amine can then react with further
isocyanate to produce substituted urea (Equation 5)

and biuret (Equation 6) groups.

RNHCONHR * ~——
eee (5)

H2NR—- + NCOR'!—-— —>

RNHCONHR®* — + NCOR"— —>

ees (6)

—RNHCON (1} * )CONHR" —

3,2 CHOICE OF MODEL COMPOUNDS

In the polyester 422/TDI system the urethane
groups may be of two types, primary urethanes from

the primary hydroxyl groups of the trimethylol

‘propane and secondary urethanes from the secondary

hydroxyl groups in the ricinoleic acid. The con-—

.tribution from the isocyanate will always be

aromatic. Hence model urethanes chosen were those
prepared from phenyl isocyanate and normal iso-

propyl alcohols. Allophanate groups were represen—
ted by ethyl-o-y-diphenyl allophanate prepared from

ethanol and excess phenyl isocyanate.

Carboxylic acid derivatives may also be of two
types; aliphatic, arising from the adipic and
ricinoleic acid residues, and aromatic from the
phthalic anhydride residues in the polyester.
Accordingly butyranilide and benzanilide were
chosen to represent the two types of substituted

amide which are likely to be present.

The initial reaction product of TDI and water is
a primary amine which was represented by
m~phenylenediamine. Urea structures from further
reaction of amine with isocyanate will always be
of the NN' disubstituted type for which NN'
Similarly

a triphenyl substituted biuret would have been a

diphenyl urea was chosen as a model.

suitable model but, as this was unavailable,
ordinary biuret was used and was compared with
ordinary urea and NN' diphenyl urea to estimate

the contribution from the phenyl groups.

All the model compounds were either purchased or
were prepared by standard literature methods and
characterised by melting point and chemical

analysis.
3.3 TEST RESULTS
Table 3 shows the results of vacuum stability

tests carried out with Composition B3 and the

model compounds described above.
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TABLE

GAS EVOLUTION RESULTS WITH MODEL COMPOUNDS

COMPOUND ORIGIN GAS ?ZngTION COMPATIBILITY
n—propyl phenyl urethane ) 0.7 Admixture
) Isocyanate
j=propyl phenyl urethane ) + 0.7 Admixture
) Hydroxyl
Ethyl o-y-diphenyl allophanate ) 243 Contact
Butyranilide ) Isocyanate 0e¢4 Admixture
) +
Benzalinide )Carboxylic acid 17 Contact
m Phenylene diamine ) >20 Incompatible
)
NN' Diphenyl urea ) Isocyanate 2.1 Contact
) +
Urea )  Water > 20 Incompatible
)
Biuret ) 63 Incompatible

Phese results show that the urethane and allophan-~
ate groups are compatible. Thus a polyurethane
formed simply from a compatible polyhydroxyl
compound and an isocyanate (eg a polyurethane
adhesive, solid casting or coating) should be
compatible. Substituted amide groups are also
compatible so that the carboxylic acid/isocyanate
reaction could also be used to prepare compatible

polyurethane foams.

However, the conventional foaming method, using
water and isocyanate, can give rise to incompat~
ible amine, urea and biuret groups. Amines are
well known to be incompatible with explosive
compositions. Of the other groups the substituted
urea is contact compatible and, by analogy, a
substituted biuret would probably be compatible
also. Hence the use of model compounds indicates
that primary amines from the water/isocyanate

reaction are the major source of incompatibility.

4. EXAMINATION OF POLYURETHANE FOAM FORMULATIONS

4e1 COMPONENT MATERIALS

In order to apply the results from the model
compound study to the foams it was necessary to
establish the compatibility of the actual compon-
ents of the foam formulation with Composition B3.
Results of these tests are shown in Table 4
together with the proportions of each material
used in the high and low density foams. It is
evident that the major components ie polyester and
isocyanate are themselves compatible but that some
of the minor constituents (particularly the
catalyst) are not. However, the small concen=-
trations of catalyst and the fact that it is
present in equal proportions in the high and the
low density foams makes it unlikely that it is

the source of the low density foam incompatibilitye.
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TABLE 4
PORMULATION AND COMPATIBILITY OF FOAM COMPONENTS

Gas Evolution

Foam FPormulation (pbw)

Material Chemical Type
(cm3) Low Density | High Density

Resin 422 Polyester 2,0 100 100

TDI Isocyanate 36 78 7645
Catalyst Tertiary amine 0.04 0.04
Wetting agent | Non-~ionic detergent Te1 0.45 0406
Blowing agent | Water - 225 0.21
Cell modifier | Silicone 0.8 2.0

The gas evolution results were unchanged from
normal low density foams when foams were tested in
which the incompatible catalyst and wetting agent

were omitted from the formulation.

The results in Table 4 taken in conjunction with
the evidence from the model compounds strongly
suggest that amines arising from the larger quan—
tity of water used to blow the low density foams

are the major source of incompatibility.
4.2 FORMULATION EFFECTS

A series of foams was prepared in which the water
concentration was varied whilst all other compon=-
ents were held constant, and these were tested for
compatibility with Composition B3. The results of
these tests are shown in Figure 4 and indicate a
strongly dependent relationship between water
content and compatibility. This figure also

shows that compatible low density foams were
obtained when an inert fluorocarbon blowing agent
(trichlorofluoromethane) was used in place of the
carbon dioxide from the water/isocyanate reaction.
It is noteworthy that the very low density fluoro-
carbon blown foams contained a five~fold excess of
amine catalyst (to prevent cell collapse) without
any adverse effect on its compatibility as shown

by the vacuum stability test.

5« CONCLUSIONS

There is a significant difference between the HE
compatibility of high density and low density
polyurethane foams made from the same starting
materials and blown by the water/isocyanate

reaction.

The difference is attributable to the amines and
ureas which are produced by the water/isocyanate
reaction and which are present in greater quantity
in the low density foams. Compatible low density
polyurethane foams are obtainable by the use of

an inert volatile blowing agent in place of water.
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RESPONSE OF SOME POLYURETHANES TO HUMID ENVIRONMENT

L. B. Jensen and H. P. Marshall
Lockheed Palo Alto Research Laboratory
3251 Hanover Street
Palo Alto, California 94304

ABSTRACT

The hydrolytic degradation of polyester-urethanes (PUR) has been followed by cross-
link density measurements of elastomer exposed to moisture for various times at

fixed temperatures. Reaction rate constants of the hydrolysis reaction were derived
from the measured changes in crosslink density of the elastomer. Studies of hydro-
lytic degradation of PUR in a propellant formulation containing aluminum were com-
plicated by the reaction of water with aluminum followed by interaction with the PUR.

1. INTRODUCTION

This paper deals with two polyurethanes used in the
Polaris system. The first polyurethane is used as a
potting compound ( PC) to fill a gap between the shrink-
age liner and the insulator in second-stage motors.
The potting compound prevents flame or hot gases
from getting into the area next to the liner. Figure 1
shows schematically the area of interest. Degradation
of the potting became so severe that liquefaction of the
potting occurred. The dripping of the degraded potting
compound onto the propellant resulted in an undesir-
able situation. The purpose of this study was to deter-
mine the cause of potting compound degradation and,

if possible, to establish rates of degradation for use in

assessing impact on fleet motors.

The second polyurethane material discussed in this
paper serves as the binder for Polaris first-stage
(F/S) motors. Some motors showed that separation
had occurred between the propellant and insulator.
Other studies showed that the presence of water in the
insulator at the time of casting contributed signifi-

cantly to the separation. It appeared advisable to

assess the degradation rates of the binder in the pro-

pellant for use in assessing motor life.
2. BACKGROUND

Much work has been performed in the study of the re-
sponse of polyurethanes to humid environment. Since
it is obviously impossible to list all of the published
papers and documents pertinent to this general topic,
only a few papers have been selected for review in

this section. We recognize that many good publications
in this general area may inadvertently have been

overlooked.

Hydrolytic degradation has been studied by Cohen and
Van Aartsen. (1) They investigated the hydrolytic
degradation by following the viscosity changes in the
solutions of the elastomer exposed to moisture.
Other workers (2,3,4) have used tensile properties
and/or hardness to follow the hydrolytic degradation
process. References 5 through 12 are additional
publications that provide information on this general

subject.
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3. EXPERIMENTAL
3.1 MATERIALS
3.1.1 Potting Compound Series

Potting compound (PC). The potting compound was a

polyurethane elastomer formulated as given in

Table 1. The Multron R-18 (Mobay Chemical
Company ), a polyethyleneglycol adipate, contains some
triol that results in an elastomer with a network struc-

ture. The material was prepared by Hercules, Inc.

Table 1
POTTING COMPOUND (PC) COMPOSITION

Component Weight Percent
Multron R-18 68.73
(Polyethyleneglycol adipate) ’
L-26 (catalyst) 0.03
(Lead-2-ethyl hexoate) ’
_go(a)
TD-80 6.24

(Tolylene Diisocyanate)

DMS (plasticizer) 92500
(Dimethyl Sebacate) ’

(a) Mixture, by weight, of 80% 807.2,
4-tolylene diisocyanate and 20% 2,
6-tolylene diisocyanate.

Extracted potting compound (PC-X). Extracted potting
is cured potting compound (PC) with the dimethyl seba-

cate plasticizer extrated. The cured potting compound
was cut into about 1 g pieces and extracted for 24 hours
with solvent grade methyl ethyl ketone in a Soxhlet ex~
tractor. The extracted material was dried in avacuum
oven at 50°C and 25 mm Hg for 64 hours. The samples
were then placed in a vacuum desiccator at 10_3 mm Hg

for 24 hours. The weight loss was about 28%.

Capped Multron R-18 resin (R-18C). As part of the
model compound study, the hydroxyl groups of the
Multron R-18 resin were reacted (capped) with phenyl

isocyanate. The capped resin was prepared by react-
ing Multron R-18 resin with a slight excess of phenyl

isocyanate employing lead-2-ethyl-hexoate as a

catalyst in an argon atmosphere. Infrared spectra of
the product indicated the absence of free hydroxyl
(13)

groups.
3.2 PROPELLANT MATERIAL SERIES

Bulk propellant, ANP 2969-1, was supplied by Aerojet
Solid Propulsion Company (ASPC). Neat propellant
binders , whose composition was the same as that used
in preparing propellant, was prepared by ASPC. Addi-
tional binders, prepared with added water, resulted in
elastomers with various initial crosslink densitics.
The main components employed in forming the pro-
pellant binder are given in Table 2. Ferric acetyl
acetonate is used as the catalyst to promote the
methane reaction. The propellant differs from the
binder primarily in that it contains ammonium
perchlorate, powdered aluminum, and a higher

concentration of plasticizer.

Table 2

COMPONENTS OF NEAT
PROPELLANT BINDER

Component

3-nitroza-1, 5-pentane
diisocyanate

neo-pentyl glycolazelate
(NPGA)

1,1,1, tris (hydroxy-
methyl) propane (TMP)

poly 1,4 (butylene)
glycol (LD-124) or
HPBGH)

bis (2, 2-dinitropropyl)
acetal/formal (50:50)
(BDNPA/BDNPT)(2)

(a) The BDNPA/BDNPF is the
plasticizer used in the
binder.
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3.3 SOLVENTS AND REAGENTS

Acetone commercial grade was employed as the swell-
ing solvent. Other solvents were either purified by the

method of Wiberg(m) or were analytical reagent grade.

Aqueous standard acid and base were made with
Acculate
primary standard potassium acid phthalate. Ethanolic

concentrates and were standardized with

acid and base were prepared from reagent grade mate-

rials and standardized by the same method.

Perchloric acid in glacial acetic acid was prepared by
standard techniques and standardized with primary po-
tassium acid phthalate in glacial acetic acid using a
Beckman pH meter for endpoint determination. Elec-
trodes (glass-calomel) used for these titrations were
first equilibrated in glacial acetic acid for several days

before use in order to minimize drift.

Stabilized Karl Fisher reagent, standardized by ac-
cepted method ,(15) was used in determining the water

content of various materials.

3.4 SAMPLE PREPARATION AND EXPOSURE FOR
HYDROLYSIS

Propellant samples were cut into cylinders 9.5-mm
diameter by about 16 mm long. All other samples were
cut in cubes about 1 cm3. Most samples were weighed
and then placed in small labeled polypropylene cups.
Samples exposed at 100°C, or higher, were contained
in sealed test tubes. Desired humidities were obtained

from use of saturated salt solutions. (15)

3.5 DETERMINATION OF CROSSLINK
DENSITIES (17,18,19,20)

Crosslink densities were derived from: (1) stress-
strain response in compression of swollen samples,
(2) volume fraction of elastomer in swollen gel, or

(3) stress-strain response of unswollen samples.

Propellant samples required at least 20 days to reach

equilibrium with the swelling solvent; the long time was

required to remove the ammonium perchlorate. Non-
filled samples generally were equilibrated with solvent
in less than a week. Imbibed solvent was removed by
air drying overnight followed by an additional 16 hours
of drying at 50°C in vacuo.
The solvent-polymer interaction coefficient,(lg’zl)
required for calculating the crosslink density from
swelling data, was assumed to have a value of 0. 43 for
the potting compound. This coefficient was determined
by two methods for the Polaris propellant (ANP 2969-1):
(1) Equating the crosslink density of the binder
from the propellant sample dete;'mined from
stress-strain data on swollen samples with
the swollen characteristics of the binder as
described by the Flory equation (19)
(2) Examining the solution properties (21) of the
binder of the propellant. The vapor pres-
sure of the swelling solvent is monitored as

the volume fraction of polymer is changed.

A value of 0.453 + 0.012 was obtained for the interac-
tion coefficient of acetone-binder from ANP 2969-1 pro-
pellant by the first method. The value of the coefficient
as determined from the solution properties was consist-
ent with a value of 0.45, but showed a larger standard

deviation,
3.6 HYDROCHLORIC ACID TREATMENT

Propellant specimens were swollen in acetone to their
equilibrium value and placed for 60 minutes at room

temperature in freshly prepared HCl-acetone solution
(5 cc conc. HCI1 + 100 cc acetone), and were then im-

mersed in clean acetone containing some CaCOg.
4. RESULTS AND DISCUSSION
4.1 GENERAL

Although studied by many investigators, the chemistry
of polyurethanes has been directed mainly toward the
reaction of its formation. (20,22~26) Some informa-
tion relating to the degradation process has been

touched on in a previous section.
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Table 2 lists the most probable reactions that may oc-

cur upon exposurc ol the polyester-urethane elastomer

to moisture.

Table 3

POSSIBLE REACTIONS RESULTING IN DEGRADATION OF POLYESTER URETHANES

(1) ‘Urethane Hydrolysis

o
i

~ C-0O-C-NR ~ + HZO

(2) Ester Hydrolysis

o
]
~ C-0-C-C ~ + HZO

(3) Ester Interchange

0 o
1 f

~ C-0-C-C- ~ + R-C-O-CR! — ~ C-0-C-R + R'C-0-C-C ~

(4) Urethane Interchange

O
f

~ C-NH-C-O-C ~ + R-C-O-CR' = ~ C-NH-C-OCR' + R-C-0O-C ~

(6]
il

—~ ~ C-OH + |~ RNC-OH

|—> ~ RNH

g T CO,

— ~ C-OH + HOOC-C ~

Y 0
I 1

(0] o
It 1l

We hope to cover each of these reactions and to show

of exposure time at various temperatures for the potting

their contribution to the hydrolytic degradation process. compounds. Relative humidity in these tests was 100%.
Other functional groups may be present in the elas-

tomer, such as ureas, allophanates, and biurets, but A typical set of data are shown graphically in Figure 2.
would be expected to be in low concentration and as In the figure it can be seen that the reaction shows
such are not considered to contribute to the chemistry good first-order kinetics over an order-of-magnitude
of hydrolytic degradation. Consequently, they will not change in the crosslink density.

be considered in this paper.

4.2 KINETICS OF DEGRADATION

4.2.1 Potting Compound Degradation

Table 4 lists the specific first-order rate constants

The calculated activation energy for the hydrolytic
degradation process was about 20 keal/mol in good
agreement with previously reported values in the

literature.

Thermal degradation rates for the potting compound and

derived from changes in crosslink density as a function the extracted potting compound were also determined.

III-E-4
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Table 4

FIRST-ORDER RATE CONSTANTS AND ACTIVATION ENERGIES FOR POTTING
COMPOUND DEGRADATION(2)

b
e ety © | actation spery, a5
100°C 125°C
PCj+ Benzene 8.7 x 107 3.9 x 10-5 44.8
PC-X + Benzene 8.6 x 1077 3.8 x 107° 39.6
PC + Water 1.4 x 1076 3.9 x 107° 19.3
PC-X + Water 1.8 x 107 9.2 x 107° 21.5

(a) From crosslink density versus time plots.
(b) Rates are based on the initial part of the reaction.

The PC and PC-X were placed in a nonreactive solvent
(benzene) and exposed to elevated temperatures. The
first-order rates were derived from the observed
changes in crosslink density. The rate of degradation
was appreciably slower at 100°C. At 125°C, the rate
A plot of the PC-

benzene data is also included in Figure 2. The activa-

difference was only about 2.5.

tion energy for the thermal process was calculated as
44,8 kcal/mol.

To assess the importance of the ester interchange re-
action between dimethyl sebacate (DMS) and potting
compound, the potting compound was heated at elevated
temperature in an excess of DMS. The degradation
rates were found to be essentially the same as for the
thermal process with a similar value for the activation
energy. It is quite possible that the two processes,
thermal and ester interchange, are the same.

In addition, the appearance of the carboxylic acid group
(RCOOH) from cleavage of the ester group and the for-
mation of amine (RNHZ) functional group was monitored
as a function of time under hydrolytic degradation con-
ditions. The fractions of ester groups and methane
groups cleaved as a function of time at 125°C are
plotted, respectively, in Figures 3 and 4. In Figure 3,
the total amount of ester groups formed was monitored
not only in the gel portion. Formation of RCOOH was
followed by titration of acetone swollen samples with
an ethanolic base. The fraction of ester groups formed
is identical to that for the potting compound, the ex-

tracted potting compound, and the capped R-18.

The latter compound is the base resin Multron R-18 ®
with the hydroxyl groups capped. Similar results were
obtained at 75° and 100°C. The activation energy for
the hydrolytic process was 17 kcal/mol based on the
formation of RCOOH at a degree of reaction of 10%.

The activationenergy was calculated from a plot of loga-
rithm of reciprocal times to reach 10% reaction versus

the reciprocal temperature.

The formation of amine in the potting compound, the
extracted potting compound, and the capped base resin
was followed by titration of the sample with perchloric
acid in acetic acid after swelling in acetone. PC and
PC-X exhibit a degree of hydrolysis of about 5 to 6% in
50 to 60 hours of exposure to 100% relative humidity and
are then leveled off, The R-18C shows only 2% degra-
dation.
isocyanate formed only urethane groups. Close inspec-

In the calculations, it was assumed that the

tion of Figure 4 shows that there appears to be a very
rapid generation of the RNH2 at short exposure times
followed by a slow rate of RNH2 generation. The slow
generation of RNH2 is probably due to hydrolytic
cleavage of the urethane group. (26) The reason for the
rapid formation of RNH2 is not clear from the present
work. Similar observation, i.e., the rapid formation
of RNH2 at short times followed by slow formation

of RNHz, was also observed at 75° and 100°C.

At 125°C, the calculated half-life for the hydrolytic
degradation of the polyurethane, as determined from
changes in the crosslink density, is only 2.1 hours. In
this time interval, however, only a very small fraction

III-E-5




of the ester or urethane groups is hydrolyzed. In other
words, a small degree of hydrolysis can lead to gross
changes in the properties of the elastomer.

4,2.2 Polaris ANP 2969-1 Propellant Degradation

Neat propellant binder. Propellant binder having the
same composition as that used in formulating the binder

for propellant was exposed to 100% relative humidity and
the crosslink density determined as a function of expo-

The hydrolysis rate constants and the activation energy
were found to be independent of the initial crosslink
density. The initial crosslink density was controlled
by addition of water and/or variation of the NCO/OH

ratio.

Propellant ANP 2969-1 degradation, Samples of propel-
lant were exposed to temperature in the range 40° to
80°C and relative humidities of 30 to 75%. Table 6

shows a set of typical results. Two things are

sure time. Table 5 gives the derived hydrolysis rate apparent:
constants.
Table 5
HYDROLYSIS RATE CONSTANTS FOR NEAT POLYURETHANE BINDER EXPOSED TO
100% RELATIVE HUMIDITY
. Specific Rate Constants
Formulation mmalnil;los?s;m:n(ga) 25-010 ® .| mc 100°C 125°C | mney - ARH©)
: (moles/cm3 x 10°) ¥/ | (see™> X 10°%) | oo0-1 5 10T) | (gec™ x 106) | (sec™1x 106) |  (keal/mol)

A-3 45.0 5.3 (d) - 2.33 11.4 18.7
B-3 34.5 4.0 (@ - 2.50 11.3 17.8
A-2 22.0 - - 2.08 9,14 17.5
C-3 16.0 - - 2.49 11.2 17.7
B-2 14,0 - 16.4 2.33 9.50 16.7
D-3 7.8 - - 2.56 9.92 16.0
B-1 2,22 - 2.83 1.81 13.8 23.9

(2) Values derived at t = 0 from extrapolation of kinetic data.
(b) Specific rate constant at 25°C calculated to be 6.0 X 10-2 gec~1 from an average of first five values and a Ef

of 17.6 kcal/mol.

(c) Activation energies calculated based on elevated temperature data.
(d) Samples stored for 1-1/2 yrs at 53% RH, corrected to 100% RH by multiplying observed value by 100/53.
(e) Sample stored for 1-1/2 yrs at 90% RH, corrected to 100% RH by multiplying by 100/90.

The activation energy for most of the runs is about

18 keal/mol, in good agreement with data on the potting
compound. It is instructive to note that rate constants
for the hydrolysis of the binder were also obtained at
25°C for two of the samples,

Since the rate constants measured at 25°C were for
samples exposed to lower humidities, the rates were
corrected to 100% relative humidity. An Arrhenius plot
of the data is shown in Figure 5. One of the reported
rate constants appears to be unduly high; in addition, this
run gave an activation energy which was also slightly
higher than the other observed activation energies.

(1) The value of the calculated rate constant
gyrates up and down,

(2) The gel content for the binder gives value
greater than 1.0,

In extracting the propellant samples, everything is re-
moved except the binder gel and the aluminum, It thus

" appeared that the aluminum was reacting with moisture

and that its subsequent reaction with binder gel gives the
observed results. That the aluminum was interacting
with the gel was demonstrated when efforts were made
to reswell samples of propellant and neat binder,
Samples of propellant and neat binder, which had not
been exposed to temperature and relative humidity,

III-E-6




Table 6

KINETIC DATA FOR REACTION OF
PROPELLANT AT 80°C AND 75%
RELATIVE HUMIDITY

Table 7

CHANGE IN CROSSLINK DENSITY OF DRIED
PROPELLANT SAMPLES EXPOSED TO
HC1 TREATMENT

Exposure Gel Crosslink Density
Sa;Ir;ple Time Fraction, Ve/V X 108
) (days) g (moles/cm3)

A 0 0.790 15.2

41 13 0.951 26.0
197N 14 0.668 46.7

42 23 1.051 32.1
196N 24 0.565 50.7
195N 70 0.874 63.1

43 71 0.880 18.7

44 100 1.821 77.3
194N 100 0.527 55.7

45 122 2.191 103.6
193N 122 0.807 62.1

46 140 2.472 104.7

47 160 1.999 85.9

70 179 0.933 19.4

48 199 0.249 100.2

were swelled,dried, and then reswelled. In all cases,
as shown in Table 7, the propellant showed an in-
creased crosslink density as calculated from the swell-
ing data (up to three times as large), whereas the
crosslink density for the neat binders was invariant

with this treatment.

Thus, the increased gel and gyrating crosslink data for
the hydrolysis runs appeared to be due to an interaction
between the aluminum and the propellant binder. Qual-
itative experiments showed that HCl treatment would
cause reversion of the aluminum-binder interaction.

The procedures were therefore quantitized.

Propellant samples that had been dried were reswollen
in acetone and then treated with HCl for various times
up to 90 minutes. The crosslink density was then de-
termined. As Table 7 shows, treatment with HCI re-
sulted in reversion of the material to one with a cross-

link density close to that measured initially.

Crosslink Density
Gel Fraction, g ve/v % 106
HC1 3
Treat- (moles/cm3)
Sample Ir}ent After After After After
Time |5 . ial| Dry-| 2Cl I mitial| Dry-| 1C
(min) in Treat- in Treat-
€ |ment(a) € | ment
A 30 |0.756]0.716{(0.716)1 13.2|28.3| 17.1
AA 50 [0.7781{0.713}(0.718)| 15.3 [23.6| 15.1
B 60 [0.799(0.702{(0.702)) 15.1{21.5]| 15.2
BB 70 {0.771{0.645/(0.645) { 15.0|16.7| 12.0
C 90 {0.788]0.706/(0.706) | 14.8 [21.5] 16.8

(a) Assumed the same as after drying.

Several other tests were applied to ensure, if possible,
applicability of the HC1 treatment to propellant samples

exposed to moisture at elevated temperatures.

Hydrolysis of the neat propellant binder was fairly rapid,

giving a first-order plot of crosslink density as a func-

2 . -1
min ",

tion of time. The rate constant was 1.64 X 10

which corresponds to a half-life of 42 minutes. A typi-
cal graph of the data is given in Figure 6. Propellant
samples were treated with HC1 for up to 150 minutes,
and the crosslink dengities were determined as a func-
tion of HCI treatment time. The results are given in
Table 8.

minutes, the propellant samples do not show appreciable

As the table indicates, at times up to 60

change in the crosslink density. This treatment was ap-
plied to a limited number of the hydrolysis propellant

rans.

Figure 7 gives the result for a propellant exposed to
moisture at elevated temperature followed by the HC1
treatment. The decimal rate constants are given in
Table 9. An activation energy of 19 kcal/mol is ob-
tained in good agreement with the activation energy ob-
served for the neat binder. The data were extrapolated
to 25°C and 75% relative humidity using an activation
energy of 17.6 kcal/mol for both neat binder and pro-
To obtain the 75% relative

humidity rate for the neat binder, the 100% relative

pellant hydrolysis reaction.
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Table 8

CHANGE IN CROSSLINK DENSITY OF NONDRIED
PROPELLANT SAMPLES EXPOSED TO
HCI TREATMENT

[ HCI . .
Treat-|Gel Fraction, g Crosslink Derésny
Ve/V x 10
Sample [ ment After HC1 After HCI Treatment
Time Treatment r r a3 en
. (moles/cm3)
(min)
(a) 0 10.782+0.010 14.7
J 20 0.767 16.5
K 20 0.779 17.2
L 30 0.767 15.0
R 40 0.742 13.4
S 40 0.751 15.3
T 50 0.726 14.3
U 60 0.682 12.7
\% 70 0.667 10.7
w 70 0.683 10.5
X 90 0,715 10.6
Y 120 0.587 7.6

(a) Average of all samples listed here, before HC1
treatment.

humidity value of 25°C was multiplied by 75/100. The
rate constants for the neat binder and the propellant are
nearly the same with a calculated half-life of about

5.0 years.

Table 9

HYDROLYSIS RATE CONSTANTS FOR
PROPELLANT AND PROPELLANT BINDER

Rate Constant RN k3
Material | 25°C/75% Ru |Activation Brergy, E
1 (kcal/mol)
(sec™1)
Binder 4,5 % 10_9 17.6
Propellant | 9.1 x 107 (19.0)

Whether this technique can be further refined to over-
come the difficulties encountered in this study is not
known, but certainly the results on the control samples
were convinecing. It appears that other phenomena, or
reactions, occurring in the samples under these expo-

sure conditions must be characterized in greater detail

before a successful method can be developed for follow-
ing crosslink density changes in elastomeric network
structures in propellant samples, particularly those

containing solids sensitive to moistures.
5. FIELD SERVICE LIFE PREDICTIONS

It must be remembered that simulating field behavior in
the laboratory is very difficult. This difficulty stems
from the fact that although the fundamental process is
defined for some observed changes — in our experience,
for example, the cleavage of ester group by water — it
is difficult to define the total environment in the system.
Other processes are generally occurring in these sys-
tems, such as migration of material into and from the
material of interest., Moisture levels are difficult to
assess. The potting compound degradation results pri-
marily from moisture in the liner (see Figure 1) that
diffuses into the potting compound. In addition, a zinc
moity (from ZnO used as an aid in curing the liner)

also migrates into the potting compound that may act as
a catalyst for the hydrolytic degradation process. Our
limited studies have shown that addition of zinc acetate
results in enhancement of the hydrolytic degradation

process.

Another aspect that must be considered in using labora-
tory results to assess service life of materials is the
extent of the degradation that must occur to result in a
nonserviceable material — 1%, 10%, and 99%. To some
degree, it depends on the system requirements for that
part. These aspects, as they apply to two polyurethanes
discussed above, are briefly considered in the following

paragraphs.

Using the kinetic data for degradation of the potting
compound, a half-life of four months at 100% relative
humidity and 25°C is computed. About 28 months are
required for 99% degradation. Observation of aging
motors indicates that flow of degraded potting com-
pound was noted as early as 18 months and that most

of the motors show flow of potting around 3 months.

III-E-8



Two modifications were made in the motors to provide
the potting with longer service life. They were: (1) in-
creased level of NCO/OH and (2) additional barrier
coating applied to the liner to decrease transport of
moisture into the potting compound. These modifica-
tions were shown to decrease the degradation of the
potting compound by a factor of four. For this modi-
fied family of motors, the service life should be ex-
tended to approximately 100 months. The maximum
age of these motors is about 72 months. To date, none
of these motors has shown any signs of flow of potting

degradation.

The kinetic data for the ANP 2969-1 propellant gives a
calculated half-life for the binder hydrolysis of about
60 months at 25°C and 75% relative humidity. Here

we have no firm knowledge of the extent of the degra-
dation that must occur before the propellant properties
are no longer adequate. Part of the difficulty in this
case is that we are dealing with a filled system and that
the properties are governed not only by the binder but

also by the interaction of binder with the filler.
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EFFECT OF ADDITIVES ON POLYACETALS BY TGA
Albert S, Tompa and David M, French

Naval Ordnance Laboratory
Naval Ordnance Station
Indian Head, Md,

An extensive isothermal and dynamic thermo- NH4I> NH4 Br > NH4 C1>KI>KBr

gravimetric study of the effect of additives on the

thermal decomposition of polyacetals (Delrin, (NH,), S,0,>NH,C10,>K, 5, 0,>>KC10,>KCLO,
Celcon) has shown that the more acid the charac- = K2Cr207>K2 SO4

ter of the cation and anion, the more effective

they are in decreasing the thermal stability of KMnO4> KC104>K2 Cr207

polyacetals., However, there is a limitation on

the acidity of the cation because if the acidity NH4C104>NH4C1>NH4N03>(CH3)4NC1 04>(CH3)4NC1
approaches that of the hydrogen ion as in HCL,

then a more thermally stable polymer is produced, The effect of 11 organic additives yielding free
Otherwise, it was found that keeping the anion radicals of carbon, nitrogen, oxygen, sulfer,
constant, the order with cations increases as you and halogen on the thermal degradation of Delrin
go up a group and across a period in the Periodic was investigated, The more effective additives
Table; keeping the cation constant, the order with had exotherms in the melting region of Delrin,
anions increases as you go down a group and N—bromosucciﬁimide was the most effective and
across a period; with oxidizing agents, keeping tetranmehyl thiuram disulfide the least,

the cation constant the order increases with the

oxidation potential, Oxyanions are more effective Our studies indicate that TG offers a novel method

because the presence of additional oxygen atoms for distinguishing the relative acid strength of

. . . . many inor i i -
increased its acid strength, Perooxyanions are y inorganic compounds by the single measure

still more effective because when heated they ment of the relative effect the compound has on

liberate free radicals and oxygen, Methyl sub- lowering the thermal stability of Delrin in an inert

stituted cations are less effective because methyl atmosphere,
groups are base strengthening, These conclu-
siong are based on the following observations on

the effect of ions on polyacetal degradation:
(NH4+> Mg ++> Li +> KI> Cs +) C10,

NH4 C104>(NH4)2 SO4>(NH4)2 HPO4
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THE COMPATIBILITY OF PBX-9404 AND DELRIN

Donald J. Gould, Thomas M. Massis and E. A. Kjeldgaard
Initiating § Pyrotechnic Component Division 2515
Sandia Laboratories
Albuquerque, New Mexico 87115

ABSTRACT

PBX-9404 (94% HMX, 3% nitrocellulose, 3% tris-B-chloroethyl phosphate)
slowly decomposes with the evolution of gases such as NO, NO, and N,0
from the nitrocellulose. It has been determined that these gases dif-
fused to a Delrin (polyoxymethylene) part and initiated stress corro-
sion and decomposition reactions. Experiments utilizing atmospheres
containing small partial pressures of various oxides of nitrogen plus
those evolved through accelerated aging of PBX-9404 in the presence
of Delrin parts showed that these gases were responsible for start-
ing an irreversible depolymerization reaction of the Delrin.

1. INTRODUCTION 2. BACKGROUND

In this paper an apparent incompatibility Delrin is a trade name for the acetal ter-

between an injection molded Delrin* part minated homopolymer of polyoxymethylene.
and PBX—9404** will be discussed. Based The plastic is highly crystalline (approxi-
on the hypothesis that the Delrin was mately 85%) and has an average molecular
corroded by oxides of nitrogen, which weight of 40,000.(2) Common manufacturing
were generated by aging PBX—9404,(1) practice is to include carbon black (ap-
experiments were designed to determine proximately 2 wt %) as an ultraviolet
which of the three oxides of nitrogen screen(3) since the plastic is susceptible
evolved (NZO, NO and NOZ) was the cor- to photooxidation.(4) Injection molding
rosive agent. In addition determination of polyoxymethylene usually results(%?

of the roles of oxygen and temperature was three distinct crystalline regions.

desired.

The first region (several mils in depth)

- .
Delrin is an E. I. DuPont trade name for the acetal terminated
homopolymer of polyoxymethylene.

x

*
The explosive PBX-9404 is 94% HMX, 3% nitrocellulose, 3% tris
(chloroethyl) phosphate, and 0.1% diphenylamine.
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consists of folded-chain lamellae which
have bidirectional orientation; the second
region (10's of mils depth) consists of
lamellae with unidirectional orientation;
the third region, which is the interior of
the molded piece, contains spherulites
which are randomly oriented. The three
crystalline regions are a result of the
cooling of the part. It is not difficult
to conceive of variations in crystalline
structure from part to part, let alone

batch-to-batch.

Thermal oxidation of the acetal homopolymer'

is well documented.(4’6) The degradation
does not start at the chain ends but rather
at some place along the chain (chain scis-
sion). The chains then unzip and release
formaldehyde, as well as carbon dioxide,
water, and hydrogen. The rate of degrada-
tion at a given temperature is accelerated
by ultraviolet light and results in the
same degradation products. The mechanism
is thought to be free radical oxidation,
but the exact mechanism has not been de-
termined. A peroxide formation may be in-

volved in the free radical oxidation, blit6
such compounds have not been detected.”"’ )

Reaction of Delrin with nitrogen dioxide
(NOZ) gas in a kinetic gas stream above
1509C has yielded first-order reaction
rates with respect to Delrin.(7) The de-
gradation takes place in molten plastic
and proceeds by hydrolysis of the acetal
end groups. These kinetics apparently do
not apply to a static system below 150°C,
such as the case discussed in this paper.

3. EXAMINATION OF CORRODED GEARS

Several gear trains were examined by opti-
cal and scanning electron microscopy (SEM).
Corrosion was evident in various degrees

on all gears. Figures 1 through 3 show a

worst case where the gear teeth are nearly
gone. The corrosion has progress-d deep
into the gear, leaving no trace of the
"skin" seen in other gears. Note the
tunneling and absence of spherulites.
Figures 4 through 7 show a gear with much
less damage. The effects of stress cor-
rosion are very evident, and the optical
photomicrograph shows very clearly the
"skin" effect. Figures 8 through 10 show
another gear which has been severely dam-
aged. A powdery residue was found which,
when examined, showed nmmerous spherulites
in a fibrous matrix. These three gears
cover the degrees of damage found in the
corroded gear trains. All these gears
were filled with carbon black.
and 12 show an unfilled (white) Delrin
sleeve found in a gear train from which

one of the more severely damaged filled

Figures 11

gears had been removed. The damage is
extensive but not nearly as bad as in the
associated gear. Figures 13 and 14 show
an undamaged gear used as a reference.
These data were used as models against
which compatibility experiments were judged

when determining cause and effect.

4. EXPLANATION OF OBSERVATIONS OF CORRODED
GEARS

Visible evidence of corrosion conforms
very well with what would be expected in
view of the multilayer crystalline nature
of the plastic. The highly ordered sur-
face surrounding the disordered interior
of the gear leaves a highly stressed sur-
face which readily undergoes stress cor-
rosion. The pattern of the cracks corres-
ponds nicely to the expected stress
patterns in a molded gear. Once the in-
terior, less ordered part of the gear is
exposed to the corroding environment,
general decomposition increases; this
results in tunneling and decomposition of
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the matrix surrounding the spherulties.
The spherulites, as stated above, result
from uneven cooling of the injection mold-
ed part. Thus, some parts may have sub-
stantially more spherulites than others,
depending on thermal gradients which occur
during crystallization of the plastic.

The spherulites themselves have a minimum
free surface energy as a result of their
shape and are much less susceptible to
degradation than is the corresponding

fibrous matrix.

The fact that the white unfilled sleeve
did not show the severity of damage as a
corresponding filled gear from the same
unit can be explained in one of two ways.
First, the carbon in the filled gear could
absorb the corroding agent; this would
result in the most severe decomposition.
Second, the carbon in the filled gears
could add to the internal stress and de-
crease the amount of surface "skin" of
highly ordered crystalline plastic. This
condition would make the filled gears more
susceptible to stress corrosion and subwe
sequent exposure of the interior of the
gear to the corroding agent. The unfilled
sleeve would be attacked in a similar
manner, but the stress corrosion would be
less severe and the decomposition would
have to progress through a thicker "skin"
before reaching the more susceptible in-
terior--a slower process under $imilar
conditions. In view of the results of
experiments to be discussed, the second
explanation seems more likely.

5. EXPERIMENT DESIGN

The initial experiment was designed to
determine the effect of both the presence
and amount of dry NO2 gas on Delrin gears
which contained 2 wt % carbon filler.
Table I gives the general experiment

summary. All the glass ampoules were
sealed in order to maintain a constant gas-
eous atmosphere. When the ampoules were
opened, a weight loss study was initiated.
All samples in the weight loss study were
maintained in their original thermal en-
vironment. without-the presence of NO2 gas

(Table II).

Isothermal gravimetric analysis (iso-TGA)
data of PBX-9404 at varying temperatures
and the effect of the decomposition pro-
ducts of PBX-9404 on Delrin in terms of
weight loss of the Delrin sample are com-
piled in Table IV. A second set of am-
poules was constructed and filled with
various oxides of nitrogen and weighed
pieces of filled and unfilled Delrin gears.
This experiment was designed as a static
test of the long term compatibility of
Delrin with the nitrogen oxides. The
effects of oxygen and temperature were
also studied during this experiment. The
experiment and observations are summarized
in Table V.
compatibility tests of Delrin with other

The results of qualitative

materials likely to be presented in the
component are compiled in Table VI.

6. EXPERIMENTAL OBSERVATIONS

Examination of Table I shows that both in-
creased temperature and increased concen-
tration of NO2 gas accelerate the decompo-
Table II indicates that
decomposition, once initiated by NO2 gas,

sition of Delrin.

continues after the NO2 environment has
Table III and Graph I show
that the same continued weight loss is

been removed.

evident in Delrin gears which came from the
corroded gear train. Decomposition gases
from PBX-9404 do attack Delrin and cause
weight loss. Both solid and powdered sam-
ples are affected by the gases.

bility tests indicate that decomposition

Compati-
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gases from PBX-9404 are incompatible with
Delrin at temperatures much above 49°¢C
(1200F). Nitric acid (water satured vapor
phase NOZ) immediately attacks Delrin,
whereas an equally strong protonic acid,
HC1 (wet vapor), has an appreciable in-
duction period before there is evidence of

chemical degradation.

Table V tabulates the effects of a long
term static environment containing various
nitrogen oxides. The conclusions are that
NO and N20 gases have no effect upon Del-
rin at either ambient temperature or 49°C
(120°F). The effect of NO, upon the plas-
tic when oxygen is absent is minimal even
at 49°C (120°F).
NOZ and the ampoule is held at the elevated
temperature, the results are typical of
those found in the corroded gear trains.

The white film observed is formaldehyde

When oxygen is added to

which polyermized on the cooled ampoule.
There was sufficient NO2 and oxygen to

cause complete decomposition if a mol-per-
mol basis is considered. Other structural
components in the gear trains do not affect

the gears (Table VI).

The observations accompanying Table V in-
dicate that stress corrosion was first seen
in the unfilled gear. Observation was
possible due to the translucent nature of
the unfilled part.
could be made of the carbon filled gear,

but there is no reason to suspect that

No similar observation

similar stress corrosion was not taking
place in the filled gear. Once obvious
stress cracks appeared on the filled gear,
the general surface deterioration of the
filled part appeared worse than that of the

unfilled part.

Figures 15 through 15 show that the ex-
perimental gears could indeed be made to
reproduce the appearance of the gears

from corroded gear trains. If these

" oxymethylene.

photos are compared to the ones taken of

the gears from corroded gear trains (Fig.
1-3), there is little doubt that the decom-
position of PBX-9404 releases sufficient
NO2 to destroy the Delrin gears.

Figures 19 and 20 show the effects of an ion
beam etching process on the surface of a
gear. There is no way of determining just
how the beam is affecting the plastic struc-
ture, but it is interesting to note the
connection of fibrous strands to a common
point. Perhaps some correlation could be
made between the hollowed appearance of the
etched surface and the tunneling noted in

the corroded gears (compare to Figure 3).
7. CONCLUSIONS AND RECOMMENDATIONS

Decomposition of PBX-9404 results in the
evolution of NO2 gas which chemically
attaches itself to parts made of poly-

Once the parts (gears in
this case) have been impregnated with the
NO2 gas, continued decomposition will occur
in the presence of oxygen and heat (thermal
oxidation) even if the source of the NO2 is
The fact that both oxygen and
heat are necessary in combination with NO2

removed.

gas to cause significant decomposition
suggests that the mechanism is similar to
that which causes photooxidation by arti-
ficial and natural ultraviolet 1ight,(4)
i.e., the NO2 lowers the activation energy
necessary for thermal oxidation to occur.
The NO2 is probably site oriented (stress)
on the lamellae and could possibly act as
an oxygen exchange medium for chain scis-
sion. A tagged experiment (using NOZ)(IS),

where either the CO, or formaldehyde gen-

erated during decomgosition would be exam-
ined for activity, would show how the NO,
was entering into the thermal oxidative

process. Such an experiment was beyond

the scope of this investigation.
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The fact that nitric acid (aqueous Noz)
has an immediate effect upon the plastic
whereas an equally strong protonic acid
such as HC1 has a prolonged induction
period suggests that the HC1l is hydrolyz-
ing the acetal end groups rather than

The fact that the
activation energy for hydrolysis is two to

three times that necessary for free radi-

causing chain scission.

cal oxidation(7) supports this observation.

If the properties of polyoxymethylene are
essential to a particular design, it is
suggested that a copolymer (of which there
are many) or another material be chosen
which is more resistance to oxidation and
that close control be exercised over part
production. In no case should polyoxy-
methylene be used in an oxidizing environ-

ment even if a copolymer is used.
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SEM PHOTOMICROGRAPHS OF DELRIN GEARS FROM CORRODED GEAR TRAINS
(Figures 1 - 10)

Figure 1 "Figure 2
(Gear A) (Gear A, 65X)

Figure 3
(Gear A, 2000X)

NOTE: Extreme wasting of gear teeth and deep
penetration of corrosion into gear body.
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Figure 5
(Gear B, 65X)

Figure 4
(Gear B)

7
2000X)
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(Gear B

6
200X)

igure

)

igure

F
(Gear B

ial

in the init

in

is

is gear

"Skin" effect and stress cracks on gear. Th
stage of decomposition.

NOTE
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Figure 8 Figure 9
(Gear C, 60X) (Gear C, 2000X)

Figure 10
(Gear C, 6000X)

NOTE: Wasting of gear teeth. This gear had a residue which was
full of spherulites and is a good example of the effects of
cooling during part manufacture.
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SEM PHOTOMICROGRAPHS OF AN UNFILLED (WHITE) DELRIN SLEEVE FROM CORRODED GEAR TRAINS
(Figures 11 and 12)

Figure 11 Figure 12
(45X) (200X)

NOTE: The unfilled Delrin sleeve is decomposed but to an apparent lesser
degree than associated gears; however, the corrosion is still extensive

SEM PHOTOMICROGRAPH OF AN UNCORRODED GEAR

Figure 13 Figure 14
(65X)

NOTE: Smooth surface of an undamaged gear. Compare teeth to those gears with
advanced corrosion to gage extent of decomposition.

ni-G-18




SEM PHOTOMICROGRAPHS OF A GEAR EXPOSED TO NO2 GAS FROM 10g OF PBX-9404
AT 80°C FOR 13 DAYS IN A SEALED CONTAINER

Figure 15 Figure 16
(65X)

Compare this gear to gear "B" (Figures 4 - 7).
Note how well stress cracks compare.
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OPTICAL PHOTOMICROGRAPHS OF GEAR PARTS EXPOSED TO lmm
NO, AND 133mm 0, AT 49°C (120°F)

2

Figure 17 Figure 18
(Unfilled (white) gear. exposed for 70 days) (Filled (black) gear exposed for 1 year)

NOTE: Stress cracks in unfilled gear do not split surface as those in

filled gear. At the time surface cracks appeared on filled gear
unfilled gear surface had separated.
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SEM PHOTOMICROGRAPHS OF A DELRIN GEAR SURFACE AFTER ION BEAM ETCH

3 hours exposure 3 hours exposure
Figure 19 Figure 20
(370X) - (1200%)

Compare this gear to gear "A" (Figure 3)

NOTE: Comparable tunneling
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LIQUID, HEAVILY-FLUORINATED EPOXY RESINS FOR HIGH ENERGY APPLICATIONS

James R. Griffith
Naval Research Laboratory
Washington, D. C.

ABSTRACT

Some liquid epoxy resins of more than 50% fluorine by weight which
possess virtually all the convenient use properties of conventional
epoxies have been synthesized at NRL. The fluorine locations
within the resin molecules have been carefully selected so that
the hybrid materials contain most of the desirable properties of
Epon 828 and of Teflon in singular molecular species. The resins
can be cured in conventional epoxy fashion, at room temperature

if necessary, or at elevated temperatures if maximum strength and
chemical resistance are desired. Teflon is wetted unusually well
by virtue of the low surface tension of the resimns, and compatible
suspensions of Teflon powder are easily prepared. Potential
applications in the energetic materials area include the use of
liquid fluorinated epoxies as propellant binders in the casting

of high-energy solid rocket fuels, as filament-winding resins for
rocket motor cases, as damage-resistant coatings and plastics for
use with high-~energy liquid fuels.

1. INTRODUCTION Polyamines and organic acid anhydrides
are effective curing agents which convert
the resins into polymers and produce
materials similar to cured conventional
epoxies except for the properties imparted
by the fluorocarbon structure. The
convenient use properties, which derive
from the liquid epoxy nature in combination
with a large quantity of fluorine, make
these materials exceptional in their
potential for high energy applications.

The NRL C-3 and C-7 fluorinated epoxy
resins are liquid diglycidyl ethers which
contain 52% and 57% fluorine by weight,
respectively.

2. BACKGROUND

During the mid-1960's, there was con-
siderable interest within the Navy con-
cerning the possibility of producing
submarine hulls by a filament winding
method similar to that employed for the
Polaris missile motor case(1), An R & D
effort was initiated at NRL with the goal
of synthesizing filament winding resins
with maximum resistance to the long-term
effects of water. This effort became
focussed upon a new type of epoxy resin
which would contain large quantities of
fluorocarbon within the molecular
structure while retaining all of the

Figure 1. NRL C-3 Fluorinated Epoxy
Resin in Precured Liquid State and as
Post-Cured, Molded Disc
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convenient use properties of liquid
epoxies in the precured state and_epoxy
strength properties after cure 2, . The
culmination of this effort, after several
years of research in organic synthesis,
was the NRL C-3 epoxy, which is a liquid
diglycidyl ether containing a perfluori-
nated propyl group. A subsequent resin
of the same type contains a perfluori-
nated heptyl group and is designated

the C-7 resin. Synthesis detaiis for
these resins have been previously
published(4,5), i

3. POTENTIAL HIGH ENERGY APPLICATIONS

Several applications in the high energy
area appear particularly promising for
the fluorinated epoxies. Certain types
of solid propellants for rockets are
improved in energy yield by the presence
of fluorocarbon, and properly formulated
fluoroepoxies would serve the dual
function of high-strength binder and
fluorine source. In the precured state,
the wetting properties of the liquid
resins are outstanding, and a wide range
of physical properties can be realized
which vary from those of elastomer to
hard plastic.

Another potential use is that of inert
coatings or plastics for contact with
high energy fuels. A large quantity of
powdered Teflon can be carried in com=-
patible suspension by the fluorinated
epoxies, and Teflon-like coatings can be
conveniently prepared without the usual
difficulties. There are many ramifica-
tions of this application which would
involve chemical formulation to resist a
particular fuel and use conditions.

The projected use of the fluorinated
epoxies as filament winding resins
remains promising, although interest in
the filament-wound submarine hull has
diminished. Rocket motor cases which
may be subject to high humidity or
exposure to liquid water could be fila-
ment-wound from the hydrophobic fluoro-
‘epoxies with advantage. All of the
necessary characteristics of a filament
winding resin, such as long pot life,
good reinforcement wetting and high
composite strengths can be realized.

4. SURFACE TENSION AND WETTING

It had been suggested that fluorinated
epoxy resins should have low surface
tension which would result in excellent
wetting characteristics for '"low e?ergy"
surfaces, such as that of Teflon(6),
Early syntheses of such resins resulted
in products with small amounts of
fluorine, and the surface tensions were

in the 35-40 dyne/cm region, which is
about the same as that of conventional
epoxy resins(?. In a study of fluorinated
monoglycidyl ether liquids of moderate
viscosity and high purity, we have shown
that surface tension varies inversely
with fluorine content and that surface

“tensions as low as 24 dynes/cm can be

obtained(8), The surface tensions of the
C~3 and C~7 diglycidyl ethers are both

in this region with values of 24.5 dynes/
cm and 23.5 dynes/cm respectively at 25°C.
The decrease in surface tension with |
temperature in the range of 20° to 50°C

is about 1 dyne/cm for each 10 degrees
rise,

Because of this low surface tension, the
fluorinated epoxy resins are excellent
wetting fluids, and even Teflon, which
has a critical surface tension of about
18 dynes/cm, is wetted exceptionally well.
It should be possible to use this property
to advantage in the compounding of solid
propellant rocket fuels as an aid in
dispersal of all the particulate com-
ponents, such as the oxidizer and
metallic powders. In the case-bonded
rockets, adhesion of the grain to the
liner should also be enhanced in those
instances for which good wetting is not
obtained with conventional adhesives or
binders.

The wetting of Teflon powder by the
liquid fluoroepoxies results in highly
compatible suspensions which can be used
as a paint and cured to give films of a
fluorocarbon nature. Some testing of such
films for resistance to dimethyl hydrazine
and nitrogen tetroxide to assess short
term effects has been accomplished. They
are resistant to the hydrazine, but
liquid N9O4 falling directly upon the
surface softens a film rather quickly

and causes discoloration. This is a
very severe test however, and it is not
surprising that nitrogen tetroxide liquid
would damage the functional group region
of the cured epoxy molecule rather
rapidly. Resistance to the vapors of
this powerful oxidizing agent may be
adequate for some short-term uses. The
compatibility of such fluoroepoxy-Teflon
films with other aggressive chemicals is
also of interest.

5. CURE CHARACTERISTICS

Epoxy resins which cure well at room
temperatures virtually all employ amines
for curing agents, and the temperature-
reaction rate dependency is such that
violent, exothermic excursions can occur
when massive castings are attempted.

This is a major reason epoxies have not
been used more extensively as binders for
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sclid propellant rocket fuels,

We have shown previously(g) that the
reaction rate of fluorinated epoxies,
closely related to the C-3 type, is about
one-half that of common glycidyl ethers
with amines in solution. A consequence
of this is that aggressive aliphatic
polyamines in neat solution with the C-3
resin produce reaction rates that are
controllable and convenient for bulk
casting. Although sufficient resin has
not been available to test the proposi-
tion, it should be possible to cast a
massive grain of solid propellant without
danger of internal exotherm when the
fluoroepoxies are employed. A post-cure
at moderate temperatures (~40°C) should
produce grains which are exceptionally
strong mechanically and resistant to
environmental influences.

The cure of fluoroepoxies with anhydrides
is similar to that of common epoxies,.
This requires a catalyst, usually a
tertiary amine, such as dimethyl
benzylamine, and moderate heat. One
advantage of anhydride cure versus amine
cure is that fluorine can be included
within the molecular structure of an
anhydride with fewer problems. Fluoro-
amines are generally not shelf-stable
over long periods of time and are greatly
diminished in reactivity with epoxies.

At NRL a new anhydride curing agent has
recently been synthesized which contains
36% fluorine by weight, which is an
effective curing agent for fluoroepoxies,
and which allows the fluorine content of
the total system to remain at a high
level.

6. CONCLUSION

Fluoroepoxies are a new class of
materials which have potential for
contributing to high-energy propellants
as well as for resisting other types of
aggressive liquid fuels. Because of
their newness and limited availability to
date, our assessment of the potential is
somewhat speculative at this time, but

we believe it to be based upon sound
technical considerations and expect these
materials to be uniquely useful in de-
manding applications of the future.
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LONG-TERM EFFECTS OF SILICONE OILS ON PETN AND DETONATOR PERFORMANCE

Henry S. Schuldt
Initiating § Pyrotechnic Component Division 2515

Robert J. Burnett
Detonating Components Division 2513
Sandia Laboratories
Albuquerque, New Mexico 87115

and

Billy D. Faubion
Mason § Hanger-Silas Mason Company
Amarillo, Texas 79177

ABSTRACT

In_l976—there-were some reasons to believe that oils exuded from
<%ilicone rubber’were having a deleterious effect on detonator per-
Q\fﬁ?ﬁﬁ'ﬁ‘é‘e‘"“l’ﬁ'stockpile weapons. These oils were identified and

simulated by a mixture of silicone oils. PETN coated with this

mixture was stored for two years, after which physicochemical tests
in the laboratory and in-detonator test firings showed no long-term
adverse interaction or incompatibility between PETN and the silicone

0il, and no long-term effects on detonator performance.

1. INTRODUCTION

At the end of 1970, during the course of
lot-acceptance testing of PETN (RR5K type),
some anomalous detonator firings occurred.
These anomalies took the form of increased
transmission times and, in a few cases,
detonator failures. After considerable
investigation(l) the problem was pinpointed
as one in which silicone oils from an "QO"
ring connector were being extruded along
the detonator posts and deposited at the
bridgewire. This of course constituted an
energy barrier. As time passed these oils

continued to migrate to coat all available

surface. This reduced the concentration of
0il in the critical bridgewire area and the
firing times tended to return to normal.
Thus with the mechanism of failure and re-
covery well known, the short-term problem
was resolved. However, the long-term ef-
fects were not known and such studies con-
The

direction of this endeavor was twofold --

stitute the subject of this report.

one, basic laboratory experimentation and
two, long-term surveillance testing, in-
cluding test firing.

The "O" rings which exuded the oils under

pressure in the connector consisted of
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SE 5601 silicone rubber. SE 5601 silicone
rubber is made from silicone gum stock by
addition of filler and catalysts (2.2 to
2.5 ppm). The gum stock is manufactured
by heating and stirring a refined grade of
dimethyl silicone oil with a trace of cata-
lyst. For rubbers like SE 5601, with low-
temperature flexibility and low compression
set, the gums were made by copolymerizing
dimethyl siloxane with a small proportion,
5 to 15%, of diphenyl of methylphenyl
siloxane and a fraction of a percent of
methylvinyl siloxane. Catalysts commonly
used to cure the rubber are Varox [2,5-
dimethyl-2,5-bis- (tertbutyl-peroxy)] hexane
used either as a powder or in solution and
Cadox, a peroxide paste catalyst contain-
ing 50% 2,4-dichlorobenzoyl peroxide, 37-
1/2% GESF-96 and 12-1/2% dibutylphthalate.

2. IN DETONATOR SURVEILLANCE TESTS
The in-detonator surveillance tests will
be discussed first since they measure pow-

der acceptability and detonator performance

directly as a function of powder treatment

and storage time.

The first test-firing experiment was de-
signed to determine the effect of detonator
performance of PETN coated with oil equi-
valent to that extractable by solvent from
one "0" ring. A solution of 20% DC705 and
80% DC200 silicone oil in a hexane carrier
was coated on RR5K PETN by a Roto-Vac pro-
The amount put on was about 150
micrograms or about 0.08% by weight.(z)
Detonators were loaded with untreated PETN,
hexane-stirred PETN, and oil-coated PETIN
Burst current was

cess.

and fired within 5 days.
600 amp; test temperature -54°¢ (—65°F).
The data are given in Table I. It 1is seen
that o0il coating PETN at this concentration
increases threshold only slightly and has

no effect on transmission time; these re-
sults are very similar to those for PETN

merely stirred in the carrier hexane.

Table I

Firing of Detonators Loaded with Silicone-0il-Doped PETN

No. Tested Est. Threshold No. Average Transit
Powder Threshold Burst Burst Current Tested at Time, te (usec)
Treatment Current (amp) 600 amp
No treatment 4 315 5 1.87
Treated with hexane ' 4 330 5 1.87
Treated with oil 5 335 5 1.88
solution
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The second firing series experiment was
designed to determine if timing improve-
ment as a function of age could be ob-
served in detonators with silicone o0il
deposited at the bridgewire area. Seventy-
five micrograms of silicone o0il or approxi-
mately one-half of the amount extractable

(2) was introduced

from a single "O" ring
onto the header with a syringe. This was
then overpressed with RRS5K PETN. The

units were fired at 54°C (-65°F) with 600
amperes burst current. The test data are

given in Table IT.

upon aging. No adverse long-term effects
were observed.

In the third series of firing experiments
detonators were loaded according to pro-
duction standards with RR5K PETIN. Cable
connectors, which contained untreated pro-
duction "O" rings were attached as in nor-
mal production. These detonators were
stored at room temperature and also 49°C
(120°F), 60°C (140°F), and 71°C (160°F).
Units were removed periodically and test

fired. Uncabled detonators which served

Table II

Firing of Detonators with Silicone 0il Deposited in Bridgewire Area

Days Average
Number After Environment Results Transit Time
Tested Loading If Any (usec) te (usec)
3 6 None 1.89, 2.05 2.00
5 9 None 2.00, 2.00 1.96
1.99, 1.91
1.88
4 9 92 hrs 1.98, 1.97 1.95
at 140°F
4 42 None 1.92, 1.92 1.97
1.97, 2.06
4 120 None 1.90, 1.90 1.90
1.91, 1.89
4 250 None 1.85, 1.90 1.87
1.85, 1.88
4 380 None 1.85, 1.84 1.86
1.86, 1.89

As was the case with anomalous detonators
in the original lot-acceptance tests, the
transmission times were long at first but
shortened into the region of acceptability

as controls were included in the test. All
units were fired -54°C  (-65°F) with 600
amperes burst current. The results are
given in Table III. Again long transmission
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Table III
Variable Temperature Cable-Time Experiments

Firing Current: 600 amps
Temperature at Firing: -54°¢
I. Room Temperature Detonators

Average Timing
Days Days at No. Transit Time Range
Cabled Temperature Tested te (usec) (usec)
4 4 6 1.99 0.23
8 8 6 2.11 0.25
12 12 6 2.05 0.11
20 20 6 2.01 0.20
28 28 6 2.06 0.28
35 35 8 2.03 0.13
43 43 8 2.00 0.09
50 50 6 2.06 0.13
61 61 6 2.06 0.09
110 110 6 1.99 0.06
124 124 6 2,02 0.12
190 190 6 2.00 0.17
205 205 6 1.98 0.04
266 266 6 2.02 0.05
378 378 6 2.00 0.11
558 558 6 1.97 0.06
744 744 6 1.99 0.12
II. 49°C Detonators
7 7 6 2.09 0.30
14 14 6 2.07 0.24
21 21 6 2.03 0.14
29 29 6 2.03 0.11
40 40 6 2.01 0.11
93 93 6 2.02 0.05
125 125 6 1.99 0.09
149 149 6 2.03 0.09
222 222 6 2.00 0.09
275 275 6 2.00 0.03
392 392 6 2.00 0.04
520 520 6 2.00 0.08
639 639 6 1.98 0.06
758 758 6 1.98 0.05
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Table III (Cont'd)

Average Timing

Davs Days at No. Transit Time Range

Cabled Temperature Tested te (usec) (usec)

II1. 60°C Detonators
7 6 6 2.12 0.27
14 13 6 2.07 0.24
21 20 6 2.03 0.14
Controls 20 5 1.96 0.07
29 28 6 2.03 0.08
40 39 6 2.04 0.07
93 92 6 2.03 0.08
125 124 6 2.01 0.07
176 175 6 2.02 0.04
Controls 175 5 1.98 0.05
251 250 6 2.01 0.10
310 309 6 2.03 0.05
456 455 7 1.95 0.06
Controls 455 4 1.97 0.19
Iv. 71°C Detonators

6 6 6 2.16 0.27
Controls 6 5 1.93 0.03
13 13 6 2.11 0.20
20 20 6 1.95 0.09
Controls 20 5 1.94 0.02
28 28 6 2.00 0.10
39 39 6 2.02 0.10
93 92 5 1.96 0.05
Controls 92 5 1.94 0.02
125 124 5 1.97 0.04
148 148 5 2.01 0.11
175 175 5 2.03 0.07
274 274 5 2.00 0.08
Controls 274 5 1.95 0.05

time (te > 2.1 usec) are observed after a
It should be noted
that uncabled units constantly give short
With-
in a given series of firings, the range of

few days of cable time.

transmission times (te ® 1.95 usec).

transmission times after short periods of
storage, is also large for cabled units --

indicating significant timing "jitter" --
while that for uncabled units is generally .
much narrower. Both the transmission times
and timing range decrease with increased
storage time. Detonators stored at high
temperature fired more poorly than those at

lower temperature at the early (one week)
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part of the testing. As testing con-
tinued, units stored at high temperature
showed more rapid improvement in firing
characteristics than those stored at low-
er temperature. These observations are
consistent with the hypothesis that the
0il moves in and out of the bridgewire
area more quickly at higher temperatures.
At very long times, the detonator times
and timing range appear to level out, and
at values indicating good detonator per-

formance.

3. LABORATORY EXPERIMENTATION

The in-detonator surveillance tests were
complimented by laboratory experiments;
such tests are very important since they
have often given evidence of a detrimental
trend before it becomes severe enough to

Total % Weight Loss
o
S
1

Codax TS-50 Cured

appear in firing tests. The laboratory
experiments were designed to establish the
nature of the oil exuded from the silicone
"0" rings, and to determine whether changes
occurred in the impregnated powder as a

function of time.

Sufficient quantities of oil for analysis
were pressed from one each sample of SE 5601
rubber made with Varox and Cadox catalysts.
The exuded o0ils were coliected on filter
paper layered with 2-inch-diameter by 1/8-
inch-thick discs of the rubbers and com-
pressed between stainless steel plates;
4.48 MPa (650 psi) was applied with a hy-
draulic ram press. The absorbed o0il was
periodically extracted from the filter
paper with spectroquality chloroform.
Weight loss of the rubber discs as a func-
tion of time is plotted in Figure 1.

Varox Cured

0.2
0.1
i 1 1 1 —L —
100 200 300 400 500 600
Time Pressed (hours)
Figure 1. Weight loss of SE 5601 silicone rubber

as a function of compression time
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The exuded oils were identified primarily
by infrared (IR) spectral analysis using a
Perkin Elmer Model 21 IR prism spectro-
photometer. The samples were run as oil
films between two AgCl windows. Charac-
terization of the exuded oils was accom-
plished by identifying the group frequen-

cies and comparing with spectra of silicone

0ils having linkages similar to those in
the constituents of SE 5601 rubber--i.e.,
DC200, which is a dimethyl silicone o0il;
DC705, a methylphenyl silicone o0il; and
GE 93-022, a methylvinyl silicone oil.
The spectra of the rubber exudates (after
200 hours pressing) and the silicone oils

are presented in Figures 2 through 6.
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Figure 4. IR spectrum, DC200 (dimethyl silicone
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These show the characteristic doublet at
9.2p and 9.8u for the Si-0-Si linkage in
The bands at 4.6u
and 11lu observed for methylvinyl silicone
Also

long-chain siloxanes.

0il are not seen in the exuded oils.
very little vinyl-substituted siloxane
should be present according to the rubber
formulation unless it was selectively
exuded. The sharp peak at 7.9u and the
broad band at 12.5u are characteristic of
the Si-methyl and methyl-Si-methyl group-

ings, respectively; the peak at 3.4u and

7.1y are characteristic of the methyl group.

The exuded oils thus appear to contain di-

methyl siloxane. The characteristic bands

for the Si-phenyl linkage are at 7.0u, 8.9

and 10u and a group of two or three bands
between 13.5p and 14.5u; three bands are
(3) The

spectra of exuded oils show only the two

observed for diphenyl siloxanes.

peaks attributable to methylphenyl silo-
xane; the other three peaks at 7.0u, 8.9
and 10y are somewhat difficult to detect

with certainty in the exuded o0ils because
of interference with the Si-methyl and Q-Si-
O absorptions and the instrument slit-inter-
change perturbation. (In some spectra other
than those selected for presentation here,

these peaks show up more clearly).

From this analysis of the IR spectra and
from knowledge of the manufacturing process,
it was concluded that the exuded oils are
primarily a mixture of dimethyl siloxane

and a methylphenyl siloxane. The ratio of
phenyl to methyl gr?gpi)was determined from

of the 7.9u band were used as an indication

the IR intensities. The intensities
of the amount of dimethyl siloxane; the
14.3y band was used to determine the amount
of methylphenyl siloxane. Determined in
this way the composition of exuded oil from
Cadox and Varox cured rubbers as a function
of disc-pressing time is given in Table IV.
Although the accuracy of this method is

limited by the instruments and sampling

Table IV

Composition of Exuded 0il from SE 5601 Rubber

Time Pressed % Dimethyl % Methyl-

(hours) Siloxane phenyl Siloxane
Cadox cured 0 78 22

100 86 14

200 80 20

300 83 17

400 92 8

500 85 15
Varox cured 0 81 19

100 85 15

200 79 21

300 82 18

400 87 13

500 92 8
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techniques, the ratio of the amount of the
methylphenyl to the dimethyl siloxanes is
considered significant, and the results in-
dicate that a reasonable approximation to
the ratio of dimethyl to methylphenyl si-
loxane in exuded oils is 85:15. This is
in good agreement with results obtained

previously with solvent-extracted oils.(z)

Gel permeation chromatography (GPC) was
used to determine the range of molecular

weights of the exuded oils. A DuPont

Model 820 liquid chromatograph was used
with five one-meter columns of Corning con-
trolled pornsity glass (two each 70 X, one
175 R and two each 700 X). The elutant was
a mixture of tetrahydrofuran and ethanol
(99:1); the detector was a differential re-
fractometer. By analysis of column reten-
tion times (molecular weight decreases with
increased time) it was determined that a
rather broad range of molecular weights

was present (See Figure 7). The molecular

weight distribution is also seen to vary as

Differential Detector Response (Arbitrary Units)

i { - 1

c, 0il exuded between
400 and 500 hours

b, Oil exuded between
200 and 300 hours

0Oil exuded between
0 and 100 hours

a,

| | 1 }

700 800 900

1000 1100 1200 1300 1400

GPC Retention Time (sec)

Figure 7.

Gel permeation chromatography (GPC) retention

times of exuded oils as a function of pressing

time.
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a function of the pressing time of the From considerations of the IR and GPC data,
rubber discs; the longer the pressing time the 0il mixture chosen for coating PETN

the higher the molecular weight species. samples for long-term surveillance studies
The datg suggest that»qils for simulating was 85% 1000-centistoke DC200, a high-

Table V

Gel Permeation Chromatography Retention Times of Silicone Oils

Viscosity Molecular Retention Time
0il (centistoke) ~ Weight (sec)
DC200 0 236 ' 1125
DC200 5 700 1130
DC200 50 ~4,000 1083
DC200 20 - 1040
DC200 200 11,000 1015
DC200 1,000 - 945
DC200 12,500 - 932
DC705 170 546 1182
the exuded oils should be a mixture of molecular-weight dimethyl silicone o0il,
high and low molecular weights. Retention and 15% 170-centistoke DC705, a low-mole-
times of selected silicone oils are given cular-weight methylphenyl silicone oil.
in Table V. An IR trace of this silicone oil mixture

is shown in Figure 8.
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Figure 8. IR spectrum, 85% DC200, 15% DC705
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Ten-gram samples of RR5K type PETN (ER-
6044 Batch No. 1159) were coated with this
mixture in hexane. Hexane was chosen as
the slurry Vehiclé because it dissolves
the silicone o0ils but does not affect the
PETN. The oils were slurry deposited with
stirring; the stirring action caused some
PETN particle comminution. A much larger
amount of o0il was deposited on the PETN
than was exuded onto the PETN in the det-
onator cavity. This was done in an effort
to enhance and/or accelerate any physical
or chemical interactions between oil and
powder so that potential problems could be
detected as soon as possible.
analysis of the amount of o0il deposited on
the PETN was performed by neutron activa-
(5)
determined by comparison with a reference
sample of DC200 silicone oil.

ly picked samples were run in quintuple

tion analysis. The amount of oil was

Four random-

redundancy. The results are reported in

Table VI and show that about 8% by weight

Quantitative

(1) PETN as received, stored at room
temperature,

(2) PEIN as received, stored at 50°C,

(3) PETN stirred with hexane, stored
at 50°C,

(4) PETN coated with 8% silicone oil,
stored at room temperature, and

(5) PEIN coated with 8% silicone oil,

st red at 500C.

The following checks were made on the five
samples after 3, 6 and 9 weeks, and 1 and
2 years under the above conditions:

(1) Differential scanning calorimetry
(DSC) was used to measure the

heat and temperature of fusion to
note any changes in crystal in-
ternal energy or chemical degrada-
tion.

(2) Infrared analysis was done to

note any chemical interactions.

X-ray diffraction analysis was

(3)

Table VI
Weight Percent Silicone 0il on PETN
Sample 1 Sample 2 Sample 3 Sample 4
1 6.66 7.94 6.66 8.41
2 7.13 7.35 7.77 8.67
3 8.11 8.57 8.74 5.77
4 9.29 8.77 7.82 6.63
5 8.31 8.24 9.57 9.31
Average at 7.90+1.24 8.17+0.67 8.11+1.,32 7.76+1.79
95% confidence N a -
level
of 0il was coated on the PETN; this com- used to note any chemical inter-

pares with a fraction of a percent expected

in the detonator cavities.

The PETN samples were subjected to the fol-

lowing treatments.

actions or changes in strain
patterns of the powder.
(4) <Zeiss particle analysis was made
to note any physical changes such

as particle size and shape.
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4. RESULTS OF LABORATORY TESTING 6.79 cal g_l, melting point 155°C) was used
to calibrate the instrument before each

The Perkin-Elmer DSC-1 was used to measure series of runs. The results are shown in

the temperature and heat of fusion (AHf) Tables VII and VIII. Each value is the

of the samples. The AHf was calculated average of five runs and the error is re-

from the peak areas measured with an Ott ported as the standard deviation. The

planimeter. A sample of pure indium (AHf = melting points were taken at the peak
Table VII

Melting Point (°C) of PETN Samples as Function of Storage Time

Sample 3 Weeks 6 Weeks 9 Weeks 2 Years
Control, ambient 141.3 + 0.2 - 140.3 + 0.2 140.0 *+ 0.3
temperature
Control, 50°C 140.3 + 0.5 140.6 + 0.5 140.5 + 0.3 140.9 + 0.3
Hegane—treated, 141.1 + 0.3 141.0 + 0.2 140.4 + 0.2 140.0 + 0.3
50%C
Oil-coated, ambient 140.8 + 0.4 140.6 + 0.4 140.5 + 0.2 140.0 + 0.3
temperature
Oil-coated, 50°C 140.8 + 0.4 140.9 + 0.3 140.6 + 0.3 140.0 + 0.3

Table VIII
Heat of Fusion of PETN Samples as a Function of Storage Time
AHf (cal/g PETN)

Sample 1 Week 3 Weeks 1l Year 2 Years
Control, ambient 35.1 + 1.3 - 36.0 + 0.4 35.7 + 1
temperature B -
Control, 50°C 37.6 + 1.2 37.3 + 1.6 36.8 + 1.4 35.9 + 1
Hexane-treated, 37.3 + 1.6 38.0 + 0.2 36.8 + 0.9 35.6 + 1
50°C - -
Oil-coated, ambient 34.9 + 1.5 35.9 + 1.2 37.2 + 0.8 34,5 + 1.5
temperature ’ - -
Oi%—coated, 36.9 + 1.5 38.3 + 1.7 33.0 + 0.5 34.8 + 1.5
50~-C - -

IV-A-13




maxima. There was no significant dif-

ference between the melting points of these
five samples and the 140°C to 141.5°C 1it-
N.679) The fact that

the melting point of PETN was not de-

erature value for PET

pressed by the presence of the oil sug-
gests that there is no gross interaction
between oil and powder. Also, there is no
significant difference in the AHf of the
five samples and the values reported by
Rogers and Dinegar,(6) and thus no crystal

phase change is indicated.

Infrared spectra were taken on each of the
five samples as a function of storage time.
The samples were mixed with KBr and run as
pressed pellets on the PEZ1 IR spectro-
photometer. Representative spectra of PETN
oil-coated PETN and oil-coated PETN stored
for two years at room temperature and 50°¢
shown in Figures 9 to 12. The spectra
essentially identical except that the
coated PETN samples display the stronger

The intensities

are
are
oil
peaks of the silicone oil.
of these peaks relative to the intensity of
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Figure 11.

IR spectrum of oil-coated PETN, 2 years at ambient temperature
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Figure 12. IR spectrum of oil-coated PETN, 2 years at 50°C

peaks due strictly to PETN did not change
significantly over the two years.

X-ray powder patterns were taken on each
sample of PETN under the conditions stated
previously. A Philips Model 12045 dif-
fractometer was used with a copper target.
All of the patterns were identical and due
entirely to PETN I,(7’8) the normal phase
of PETN

The PETN samples were subjected to Zeiss

particle-size analysis. In this tech-

nique photomicrographs of the dispersed
Crystalline masses are made; a representa-
tive number of particles on the film are
sized visually and semiautomatically as

to length, width, shape factor, etc.

These data may be used per se or converted
via computation to other forms of particle
description such as surface area per unit
volume or weight. This latter method re-
duces the data for a sample to a single
number. Photomicrographs of the five sam-
ples taken at the start of the experiment

and after 2 years are shown in Figures 13




Figure 13. Sample type 1, control, as received (left) and after 2 years at
ambient temperature

Figure 14. Sagple type 2, untreated, as received (left) and after 2 years at
50°C
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Figure 15. Sample type 3 when first stirred with hexane (left) and after 2 years
at 50°C
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Figure 16. Sample type 4, oil-coated, after 6 weeks (left) and after 2 years
at ambient temperature




Figure 17.

to 17. The effect of stirring during
slurry coating of the PETN can be seen;
particle comminution, and, in particular
the formation of small crystalline frag-
ments should be noted. Except for this

feature, no particular difference between

0il-coated and uncoated PETN is noticeable.

No change, either in size or shape, is
apparent in any sample after two years of
storage. It is particularly noteworthy
that even the very tiny fragments persist
after two years of storége. Data genera-
ted by the Zeiss analysis confirm these
visual observations; the calculated speci-

fic surface areas are given in Table IX.

Samplg type 5 when first coated with oil (left) and after 2 years
at 50°C

These data scatter somewhat because of
sampling problems and counting limitations;
however, no deleterious changes as a func-
tion of time because of o0il coating are
indicated. The effect of slurry stirring
is observed as a larger specific surface

area, as expected.

The laboratory experiments thus give no
indication of long-range incompatibility
between PETN and silicone oils.
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Table IX

Zeiss Analysis Specific Area of PETN Samples

. 2
Specific Surface Area® at Time Indizted (cm™/g)

Temperature Initial 3 Weeks 9 Weeks 1 Year 2 Years
As received Ambient 1125 - 1350 1250 1000
As received 50°¢C 1100 1275 1400 1050 1350
Hexane-treated 50°C 1475 1050 1350 1050 1250
0il-coated, Ambient 1400 - 1550 1475 1250
hexane carrier
0il-coated, 50°C 1650 1550 1575 1200 1375

hexane carrier

S

5. CONCLUSIONS

The results of the laboratory tests of oil-

coated PETN show no long-term physical or
chemical incompatibility between PETN and
silicone oils at the very high levels of
8% o0il by weight. The test-firing data
confirm the short-term anomalous detona-
tor performance of PETN caused by silicone
0il in the powder cavity; no adverse long-
term PETN/silicone oil initiations have
been observed after two years of testing.
Because high temperatures apparently ac-
celerate this phenomenon, no adverse ef-
fects are expected for a time period in

excess of two years.

6. SUMMARY

Oils exuded from silicone rubber have been
isolated, identified, and simﬁlated by a
mixture of commercial silicone oils. PETN
has been coated with this mixture and
stored at room temperature and 50°C. A
battery of physico-chemical laboratory

tests have shown no long-term adverse

2
Errors associated with these calculated surface areas are about +125 cm”/g.

interaction or incompatibility between
PETN and the silicone oil.
oil-coated PETN as well as cabled pro-

Artificially

duction detonators (the cable connector
contains the silicone "O" ring from which
0il was squeezed into the detonator cavity
causing anomalous PETN lot-acceptance
firing results) have been test fired after
environmental storage. These test firings
indicate no deleterious effects in PETN,
because of the presence of the oils, after
two years of storage. Elevated tempera-
ture aging studies indicate that PETN det-
onators containing small amounts of sili-

cone 0il should perform satisfactorily for

periods considerably longer than two years.
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THE EFFECT OF HUMIDITY ON THE PERFORMANCE OF HNAB

D, J. Gould and T. M. Massis
Actuator and Chemical Component Division 2515
and
W. D. Harwood
Materials and Energy Components Division 9525
Sandia Laboratories
Albuquerque, New Mexico 87115

ABSTRACT

The compatibility of hexanitroazobenzene (HNAB) with the humid atmospheres
which can occur in weapons has previously not been directly investigated. In
this study HNAB, both as bulk powder and as manufactured into mild detonat-
ing fuse (MDF), was subjected to two types of humid environments. After one
year of exposure, the HNAB timing performance was essentially unaffected, v
although some slight decomposition was observed.

A secondary result of this investigation was the development of analytical tech-
niques for detecting the decomposition products of HNAB which exist at less
than 2% of the sample weight. Since HNAB is used extensively in precise tim-
ing applications, these techniques should prove useful in future compatibility
studies of the explosive,
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1, INTRODUCTION upon preliminary analyses of a few early proto-

types of a weapon gaseous atmosphere which had
In August 1972 an investigation was started to de- revealed the presence of substantial quantities of
termine the effects of a humidity environment on water vapor. In the original design, HNAB-MDF
the explosive hexanitroazobenzene (HNAB) when used in the MC2500 would have been directly ex-
used in mild detonating fuse (MDF). HNAB in posed to this humid weapon atmosphere and thus
MDF has been incorporated in a design for use in concern had been expressed about possible envi-

- the MC2500 timer. This investigation was based ronmental effects.
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I[NAB,* an explosive material of rather recent
use at Sandia, has been utilized in a number of
components for precise timing applications. As

a powder, HNARB has proved to be a reactive com-
pound, and numerous compatibility problems have

(1,2)

been found to exist, ™’ The HNAB structure is
strongly subject to attack by nucleophilic agents
sﬁch as amine, methoxide, and hydroxyl groups.
The azo group and to lesser extent the nitro groups

3
) Thus,

are also subject to reductive degradation.(
since the chemistry of HNAB in theory and prac-
tice has revealed compatibility problems, a poten-
tial humidity problem could not be arbitrairly

ruled out.
2. PREVIOUS WORK

Past work dealing with the effects of humidity with
HNAB and HNAB-MDF was practically nonexistent.
Three development reports (plus personal com-
munication with the authors) on aluminum-sheathed
MDI" utilizing HNAB powder made no mention of

the effect of humidity on the powder. (4,5,6)

A com-~-
prehensive literature search revealed no direct
mention of any work on the effects of water or

humidity on HNAB,

Two programs involving HNAB-MDF indirectly

studied the effects of humidity.(7’8)

In these pro-
grams, full timer assemblies were subjected to v
a cycled humidity environment. Since the timers

contained HNAB-MDF, the environmental humidity

cycles gave an indication of the effect of humidity

9,

‘
N02 NO2
or " @

\No2 NO, NO, NO,

“:The structure of HNAB is shown below.

on the explosive cord. In both studies, however,
the MDF in the timer was sealed (though not her-
metically) in a silicone rubber. Also, the deto-
nator was exposed to the outside environment,
allowing possible permeation and migration of
moisture into the MDF. The latter was consid-

ered as the more likely path.

The first program was a factorial experiment
which included mechanical shock, thermal shock,
and vibration environments, as well as hu‘midity.(7)
Twelve MC2361 timers, fired after environmental
conditioning, fell well within the system require-
ments. The humidity environment was ten 24-

hour cycles from 80°F, 100% RH to 110°F, 75% RH.

In the second program, a group of MC2361 and
MC2453 timers were subjected to ten 20-day
cycles from -36°F to 160°F, at a relative humidity

(8) Thus

of 100% corrected to room temperature.
the humidity varied as the temperature was
cycled. No change in performance of the timers

was observed within experimental error,

3. EXPERIMENT

Although the direct programs mentioned above

give us confidence in regard to the specific timer
performance, the question of the effects of humid-
ity upon HNAB powder and HNAB-MDF remained
open. To answer this question an extensive hu-

midity/time study was carried out.
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3.1 MATERIALS To each humidity environmental chamber the fol-

lowing were added:

Made available for this study were 680 feet of A. Three 50-gram bulk Lot 36-7 HNAB
war-reserve-quality, 2-grains/foot HNAB-MDF samples in uncovered glass crystalli-
(Lot 2375) made by the Ensign-Bickford Corpo- zation dishes. Protective tops were
8 ration.(g) This MDF utilized HNAB powder manu- placed 2 inches above the dishes to
factured by the Northrup-Carolina Corporation prevent possible water condensation
(now Chemtronics). From similar powder, pre- from dripping on the HNAB,
vious lots of MDF had been used in the production B. Fifty 15-inch samples of the pressur-
of such timers as the MC1984, MC2361, and ized Lot 2375 HNAB-MDF.

MC2453. Also made available were 500 grams

of Northrup-Carolina Lot 36-7 HNAB powder. Sampling periods chosen were 1, 2, 4, 8, 16, 32,
This powder was the same as that used in the MDF  and 84 weeks; five MDF samples and 5 grams of

above. Data on the MDF are given in Figure 1. the HNAB powder were randomly removed at the

end of each exposure period. Three inches of each

Of the 680 feet of MDF made available for this piece of MDF were removed from one end and re-
study, 190 feet were removed and pressurized to tained for chemical and physical analysis; the re-
60,000 psi for 2 minutes (Figure 2). Pressuri- maining 12 inches were used for detonation
zation of HNAB-MDF increases the velocity of velocity measurements. The 5-gram HNAB pow-
detonation (VOD) slightly and decreases the VOD der sample was retained for chemical and physi-
sigma significantly. cal analyses.

The HNAB powder was used directly as received In addition, two of the three 50-gram bulk HNAB

except that it was subdivided into 50-gram batches samples in the environmental chambers were re-
and placed in glass recrystallization dishes. moved at the end of 16 and 64 weeks, These sam-

ples were then blended for uniformity, sampled

3.2 HUMIDITY PROGRAMS for historical purposes, and sent to Ensign-
Bickford for manufacture into MDF in accordance
The two humidity-time programs initiated were with the original Sandia specification (which was
as follows: used for the Lot 2375 HNAB-MDF), After their
A, The first program used an isothermal, return, the humidity-conditioned HNAB-MDF was
constant-humidity environment of 120°F at to be tested for its explosive, chemical and phys-
90% relative humidity. ical properties.

B. The second program used a standard temp-

erature/humidity cycle over a wide range The 16-week sample has been manufactured and re-
called a "jungle' cycle, as outlined in a San-  turned to Sandia for testing, but the 64-week sam-
dia Labs environmental handbook.(lo) De- ple has been sent only recently to Ensign~Bickford.
tails of this 48-hour "ju