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Background: FOX-12 and RDX
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The Navy is interested in FOX-12 as an additive in gun propellants. Partial replacement
of RDX with FOX-12 reduces the sensitivity of gun propellant formulations.

What drives this reduction in sensitivity? Hayden and Behrens (2009) investigated the
chemistry of FOX-12/RDX mixtures and determined the major thermal decomposition
products of FOX-12 and FOX-12/RDX mixtures. Their data show that RDX

decomposes at lower temperatures in the presence of FOX-12, and by a similar process
to RDX alone.

New experiments have been conducted to investigate the mechanism of this interaction.
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FOX-12 Thermal Decomposition

As shown by Hayden and Behrens, FOX-12
decomposes to form a number of decomposition
products:
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FOX-12 produces a number of small gas-phase
molecular products, with some higher molecular
weight byproducts.
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RDX Thermal Decomposition

RDX is known to decompose by a complex
mechanism. Decomposition below the
melting point (~200°C) is slow compared
to liquid-phase decomposition.

Major solid-phase decomposition
products include ONDNTA (1-nitroso-3,5-
dinirohexahydro-s-triazine), NO,, N,, and a
nonvolatile residue (NVR). After the NVR
has formed, it undergoes further
decomposition to produce CH,0, N,O, CO,
and H,O at later times.
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Solid Phase

SCHEME 2. Decomposition Pathways of RDX below Its Melting Point
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RDX Thermal Decomposition

Liquid Phase

RDX is known to decompose by a complex SCHEME 1. Decomposition Pathways of RDX above Its

mechanism. Decomposition above the Melting Point
melting point (~200°C) is much faster OH
. . A
compared to solid-phase decomposition. ) +Ho o« o, P,
/ OgT
There are multiple pathways; the reaction o: NO; + HCN + 2N;0 + 2CH,0 P
mechanism is summarized at right. A //r
0N~ ~""NO, Q’ﬁ/ N
. . RDX :;z/ Nr\jN + NO; ———  N,0 + CH,0 + others P
Major gas phase products include N,O and °%% 0N onra 2
CH,O (formaldehyde). The decomposition N0 4 CH,O + HNCHO + others Py

process also produces OST (oxy-s-triazine).
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Decomposition of FOX-12/RDX Mixtures
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Decomposition of FOX-12/RDX Mixtures

Hayden and Behrens showed that FOX-12 interacts
with RDX, causing both species to decompose at a
lower temperature.

The FOX-12/RDX interaction does not appear to
substantially alter the nature of RDX’s thermal
decomposition pathways. It does, however, produce
significantly higher amounts of NO and NO,,.

It is suspected that the decomposition products of
FOX-12 accelerate decomposition of RDX, but the
mechanism is not clear.
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FOX-12/RDX Interaction Mechanism

SCHEME 2. Decomposition Pathways of RDX below Its Melting Point
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FOX-12/RDX Interaction Mechanism

Given that these products are observed in greater
guantities when RDX decomposes with FOX-12, this

mechanism appears quite possible.

We have designed a new set of
experiments to test this hypothesis.
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Interaction Between FOX-12 and RDX

Simultaneous Thermogravimetry and Modulated Beam Mass Spectrometry
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Interaction Between FOX-12 and RDX

Sample Cells

Some experiments use flow reactor cells to separate ingredients but allow vapors to interact:
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FOX-12 Decomposition

Temperature (C)

200E R il 3
L — ]
o i — o]
o 150/ —
- L ]
()] N 7 "\, ]
qé" r / \ ]
| :
051‘ Temperature Profile

Time (s)

FOX-12 decomposes rapidly at ~190°C.

Standard Reaction Cell Experiment
25 micron orifice
1.87 mg FOX-12
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FOX-12 Decomposition

Peak of decomposition
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and other small gas products.

FOX-12 decomposes rapidly at ~190°C, producing NO,

NO2, N20O,
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RDX Decomposition
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Rapid decomposition R DX Deco m pos iti O n

at melt ~200°C
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FOX-12/RDX Interaction Mechanism
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Maharrey and Behrens, J. Phys. Chem. A 109, 11236 (2005)

RDX decomposes rapidly at its melting point (~200°C), producing
OST, ONDNTA, N,0O, CH,0, H,NCHO, and others.
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FOX-12/RDX Interaction Experiments

Temperature (C)
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FOX-12/RDX Interaction Experiments

Rapid decomposition
at ~190°C
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FOX-12/RDX Interaction Experiments
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Interaction Between FOX-12 and RDX

Sample Cells
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Peak of decomposition

X-12/RDX Interaction Experiments
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FOX-12/RDX Interaction Experiments
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Decomposition of FOX-12+RDX initiates at same temp as FOX-12 alone — for flow reactor and mixed powder




FOX-12/RDX Interaction Experiments
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FOX-12/RDX Interaction Experiments
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FOX-12/RDX Interaction Experiments

RDX

FOX-12

FOX-12
+ RDX
(Flow Reactor)

FOX-12
+ RDX
(Mixed Powder)

e W2 530 . miz = 46
50- 4 ! | - B
[ b 5 1
10F ‘ _+ .N‘D_,_ 4 QZ
3_ ¥ 4 27
30- — ] 2
208 “\ﬁ | L5 2F— ﬂmd' —
10 H 15 | :
(1] S . 0 kATl e
000510152025 30 00 0510 15 20 25 30
o m/z = 30 m/z = 46
F 30F
C [ ]
4 I N 25 NO
3 i 2.0 i 2
c [ 1.5
25 J] 1.0 ]l
17 05 Al
0 Freeeed™ 0.0 et vt
00 05 15 20 25 30 0005 0 15202530
m/z = 30 m/z = 46
12 \ NO: | 1o /
10 | : 0,
8 ij : 8 ]
6 ll 6 [
4 ] 4 I
2 2
0 0_1__J -
000510152025 30 00 05M0 1520 25 30
. m/z = 30 . I mjz =46
12 / - ' S
10 ’ NO j | 4 2
8 [ 1| 3
6 Wi |
’ il 2
..l ]1 1 } wl
B e {1 ol
01_"‘ 01_____,: \

0.0 05 1.0 1.5 20 25 3.0

00 05 10 15 20 25 30

m/z = 42
2_5!""["" LALBLEUN BUBLIURU B B LB "':
20 NDNTA :
15 ! [ i
1.0 4 3
U E
0.0 ford Fpae ]

00051015 202530

m/z =132
004F ]
0.02 & Ll L xi l .h.L | Illf
0.00
—002 Il ' 'l T T " [;
004ttt d
00051015202530
m/z =132

4 e e
1 ONDNTA

Oi~MJ““~ k_
00 05 10 15 20 25 30

1.5

NTA:
1.0 .

0.5

Spike in NO and
NO, from FOX-12
are driving
production and
decomposition of
ONDNTA

Maximum in NO,
coincides with
minimum in
ONDNTA




RDX

FOX-12

FOX-12
+ RDX
(Flow Reactor)

FOX-12
+ RDX
(Mixed Powder)

FOX-12/RDX Interaction Experiments

m/z = 30 m/z = 42 m/z = 44 m/z = 45
Y RTE ] p Yy iasassasas siKRINAFANNELA] RARLN RARE: o T e T i
50 ] 'IE*I ] : 4f "
40 NO i | 20 NDNTA § | 20} N,O i !LI;!N(.H D
30 |1 | I i : |
20 Vi {10 ] 1 | 10 2t ¥,
/ | os5F | : l 1 ‘
10 | E \,\! ] SE ‘ 3 [ \
o) 1| 0.0E=T s : 0 beeercterrrted L Sttt | ke Pl S
0.0 05 1.0 15 20 25 30 0.0 05 1.0 1.5 2.0 25 3.0 0.0 05 1.0 15 20 25 30 00 05 10 15 20 25 3.0
m/z =30 m/z = 132 m/z = 44 iz =45
4 1| o004f : : ] WeST 0.20 T
4 N bl LI LRE (g 1 ;
E | I N 0.02 K | M Il] ALl i 8 J N 0.15
3F = : ! 2 0.10
3 0.00 6 '
2F il : s I 0.05F+ 1“
N: ¢l =002 T T T I /1 0.00 —ﬂy_
g .,/ y —0.04E, bbb 2 [l OND A 05 :
0 ree? 0.0 051015202530 0 bezreet?. ... 00050015202530
00 05 §0 1520 25 3.0 m/z < 132 00 05 1 1s:Decomposition .5
m/z = 30 ' m/z =
. . Y, P—— m/z = 44 X e
14 T - - : a0l ""“““*P‘Fﬁd”jdl.tésok
12 i O: | 3f ONDNTA: § | 2
10 ’ N S N,O| | 15
3 i | 2 / A T 10 ‘
s S | 4 M 5 :gé | 05 N
2 / : : . - , ' W I
SO WO : 3 7 0.0 v o
0 0% o 0 b 0.0 05 #0 15 20 25 3.0
e 00 05 10 15 20 25 3.0 0.0 05 0 15 20 25 30 e 220253
1o MESP ; 22 N A3 , myz = 45 :
NO } I -h_-. \ : =h 3.0 E i
13 | ] 15 ONDNTA? 40 NZU 25 H,NCHO
Y 1.0 1| 30¢ 2.0 E
e I i - : 15 ﬂ 3
4 , 20§ 18 i
2 A 1|9 10} (o 05k 1M
0 g \ E : vl : " 3
nnnNne 10N 1. 20 2£ 20N

FOX-12 decomposition gases produce ONDNTA, which is rapidly decomposed to N,O, H,NCHO, others




FOX-12/RDX Interaction Experiments
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FOX-12 decomposition gases produce ONDNTA, which is rapidly decomposed to N,O, H,NCHO, others




FOX-12/RDX Interaction Experiments
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It appears that NO from the FOX-12 decomposition gases convert RDX to ONDNTA,
which subsequently decomposes into small gas molecules.

The FOX-12/RDX decomposition process occurs well below the melting point of RDX,
when decomposition of pure RDX becomes rapid.



Conclusions

A variety of experiments have been conducted to examine the mechanism of
chemical interaction that reduces thermal sensitivity of FOX-12 and RDX mixtures

Decomposition of FOX-12/RDX mixtures initiates at temperatures similar to
FOX-12 decomposition and below normal RDX decomposition. The interaction
occurs while RDX is still solid.

The decomposition process is similar whether FOX-12 and RDX are directly mixed
(intimate contact) or physically separated, indicating that a gas-surface reaction
drives the interaction between the two compounds, and initiates decomposition of
RDX at temperatures where it normally decomposes very slowly.

Decomposition products from FOX-12 coincide with a minimum in production of
ONDNTA and a maximum in ONDNTA decomposition products, consistent with
FOX-12 decomposition gases driving conversion of RDX to ONDNTA and rapid
reaction of ONDNTA into gas phase products.

Gas-phase decomposition products of FOX-12 appear to initiate decomposition of
RDX at temperatures where it would ordinarily decompose very slowly.



Questions?

Thank you to:

US DoD/DOE Joint Munitions Program
Deneille Wiese-Smith (SNL/CA)
Ken Chavez (SNL/NM)

Leanna Minier (SNL/NM)
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New FOX-12 Decomposition Mechanism

Reaction mechanism
generated using data from
Hayden et al (2009) and new
STMBMS experiments

N02 / /NOZ +
> Nonvolatile Residue (NVR)

v
H,0

Ammonla Water
NH, OH 0
National

Dinitraminic acid
(not obs )

N, NO, N,0 NO

X2 x3

Laboratories



FOX-12 Decomposition

Before/after microscope images of sample and residue

Sample Residue

0.46 mg residue

Standard Reaction Cell Experiment
25 micron orifice
1.87 mg FOX-12

ationa
Laboratories GuDNO023



RDX Decomposition

Before/after microscope images of sample and residue

(Brown Film)

Residue

Residue wt. unknown (small)

Standard Reaction Cell Experiment
25 micron orifice
5.68 mg RDX

ationa
Laboratories GuDNO022



FOX-12/RDX Interaction Experiments

Before/after microscope images of sample and residue

Bottom

Top

0.61 mg residue (primarily in top) Flow Reactor Experiment
37 um alumina orifice

@ Sandia 2.72 mg FOX-12 (28%), top

PR GuDNO18 6.84 mg IRDX (72%), bottom



FOX-12/RDX Interaction Experiments

Before/after microscope images of sample and residue

Residue

_ . ] 0.45 mg residue
Direct Mix Experiment

25 um gold orifice
1.85 mg FOX-12 (25%), top
5.68 mg IRDX (75%), bottom

@ ﬁa?_dia |
ationa
Laboratories GuDNO021



Experiments on FOX-12

Several experiments are available from our data archives:

GuDNOO1:
GuDNO0O2:
GuDNO0O03:
GuDNO0O04:
GuDNOOS5:
GuDNOO6:
GuDNOOS:
GuDNO009:
GuDNO11:
GuDNO012:
GuDNO13:
GuDNO15:
GuDNO16:

Decomposition of FOX-12; thermal ramp, high confinement.
Decomposition of FOX-12; thermal ramp, low confinement.
FTICR on FOX-12; thermal ramp, low confinement.

FTICR on FOX-12; thermal ramp, high confinement.

Isothermal decomposition of FOX-12; 205°C, low confinement.
Isothermal decomposition of FOX-12; 205°C, high confinement.
FTICR on FOX-12; isothermal at 200°C, low confinement.

FTICR on FOX-12; isothermal at 200°C, high confinement.
Decomposition of FOX-12; thermal ramp, high confinement.
Decomposition of FOX-12; thermal cycling, low confinement.
Decomposition of FOX-12; isothermal steps, low confinement.
FTICR on FOX-12; thermal ramp, low confinement.

Isothermal decomposition of FOX-12; 205°C, medium confinement.



Experiments on FOX-12/RDX

Several experiments are available from our data archives:

GuDNO010: Decomposition of FOX-12/RDX; thermal ramp, high confinement.
GuDNO014: Decomposition of FOX-12/RDX; isothermal steps, high confinement.



New Experiments on FOX-12/RDX

We have conducted several new experiments on FOX-12/RDX mixtures:

GuDNO017: Flow reactor experiment using FOX-12/RDX; isothermal steps, medium confinement.
GuDNO018: Flow reactor experiment using FOX-12/RDX; isothermal steps, high confinement.
GuDNO019: Analog of GUDNO17 with direct mix; isothermal steps, medium confinement.
GuDNO020: Analog of GuDNO19 without FOX-12; isothermal steps, medium confinement.
GuDNO021: Analog of GuDNO18 with direct mix; isothermal steps, high confinement.

GuDNO022: Analog of GuDNO21 without FOX-12; isothermal steps, high confinement.

GuDNO023: Analog of GuDNO21 without RDX; isothermal steps, high confinement.

GuDNO024: Analog of GUDNO021 but rapid heating to 180°C then slow to 250°C, high confinement.
GuDNO025: Analog of GuDN021 with mil-spec RDX; isothermal steps, high confinement.
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