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Abstract: Decoy flares are customized materials, which are capable of yielding thermal
signature to interfere with IR guided missile seekers. In this study, different decoy flares
compositions based on Magnesium/Teflon/Viton (MTV) (with fuel percentage ranging from
40:70 wt %) were developed by granulation and subsequent pressing. The spectral performance
of developed decoy flare formulations was measured to thermal signature of jet engine nozzle
using (FT-MIR 2-6) spectrophotometer. The jet engine thermal signature was characterized
with two characteristic peaks over o band (2-3um) and B band (3-5um); this signature was
correlated to black body emission by the nozzle at 690 °C. Absorption of the IR emission by air
could attenuate the signal over the band 3-4 um due to CO, and H2O IR absorption. The
characteristic intensity ratio of jet engine nozzle (o/ ) = 0.26 . The developed decoy flares
offered similar thermal signature but with higher intensity due to the formation carbon soot and
MgF as black body and active IR emitter respectively. Quantification of these emitting species
in the combustion flame was performed using the ICT thermodynamic code. MTV decoy flare
with 65 wt % Mg offered an increase in the intensity of a band and B by 21 and 4 times
respectively. This customized formulation offered the formation of MgF, (molecular emitter)
and C soot (grey emitter) at 42.4, and 8.8 wt % respectively. It is also offered 48 wt % Mg fuel
which would be oxidized in the flame and add much more heat with the formation of MgO
(grey body). The characteristic intensity ratio © was found to be 0.96. This is manuscript would
open the route for the development of customized decoy flares with tailored spectral
performance.
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1. Introduction:

Infrared (IR) guided missile is one of the major threats to military aircrafts [1]. IR missile
seekers detect the combined radiation and identify the aircraft as a potential target [2, 3]. IR
signature of an aircraft is generated by several components of the metal skin, jet engine, and
plume. The aircraft fuselage emit between 8-10 microns, due to sun radiation or air friction.
Radiation between 3-5 microns is emitted from hot exhausts (H20, CO, CO3), whereas hot jet
engines (main IR radiation source) emit in the range of 2-2.5 microns (Figure 1) [4].

Heat-seeking missiles normally search for radiation emitted from the aircraft over a (2-3 pm)
and B (4-5 um) bands [6]. Countermeasures that can be used to protect against a thermal detector
include [1,7]:
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Fig.1. Main infrared radiation sources of an aircraft [5]

% A pyrotechnic flare that emits high-intensity output of infrared radiation.

% A pyrotechnic smoke, where the smoke particles absorb and scatter radiation emitted
by the warm target.

% Multiple decoys that are emitting infrared radiation of the type and energy output that
mimic what the detector is specifically looking for.

Decoy flare is an aerial infrared countermeasure to counter the infrared homing (passive missile

guidance system) [8-12]. Such flares are based on very hot burning metals with burning

temperatures equal or hotter than an engine exhaust. Decoy flare compositions should burn with

similar radiation as the aircraft but with higher intensity [13]. For tactical reasons the aircraft

can ignite decoy flares to seek out IR missiles from the aircraft to the burning flare.

1.1 IR Decoy Flares:

The first attempt to seek out IR missiles is classical Illuminating decoy flares based on
Mg/NaNO3 and laminac as a binder [14]. The main combustion product of such flares is MgO;
the overall emittance of MgO is low compared to black bodies [15]. As carbon black behaves
like a black body. Consequently, pyrotechnic systems generating large amounts of heat and
carbon black were developed. Decoy flare compositions based on magnesium and fluorinated
polymers fulfilled these requirements [16]. Standard decoy flares consist of Magnesium (fuel),
Teflon (oxidizer), and Viton (binder); they are commonly known as MTV flares. MTV flares
offered good ignition behavior and high heat of reaction; this enabled the use of MTV as
alternative materials to classical igniter compositions [17-19].

1.1.2 Magnesium / Teflon / Viton (MTV)
The initial combustion stage of MTV system can be described according to equation (1).

m Mg + -(C2F4)- - 2 MgF2+m-2Mg+2C + hpu 1)

MTYV combustion reaction requires to take in account the oxygen provided by the atmosphere.
This causes an afterburning of vaporized magnesium and carbonaceous particles. The heat of
formation of MgF2 heats up carbon black to temperatures around 2200 K yielding high radiant
emittance values as a black body emission. Magnesium rich compositions yielding extra energy
by atmospheric oxidation of vaporized magnesium in the gas phase (Tv=1100C°) increasing
the reaction temperature to 3100K, in addition carbon black oxidized to carbon dioxide
CO2providing additional energy and increasing radiant emittance in the (3-5um).Thus overall
reaction can be described according to equation 2.
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m Mg +-(C2F4)-+ 102 - 2 MgF2 + m-2 MgO +2 CO2 + hu 2)
The products released by these reactions dominate the spectral characteristic of MTV flares.

1.2 Radiometric Principles
For IR emitting compositions, it is important to compare the signature of aircrafts and decoy
flares. The intensity ratio parameter (0) is useful discussing the intensity of (new) formulations.
Term 6 gives the ratio of the intensity in the a band (2-3 um) to the intensity of the 3 band (3—
5 um) (Equation 3).

0=1,/1lp 3)

Hot components emit in the o band and the exhaust emit in the B band. The 6 values of an
aircraft are in the range of 0.7 [31]. So new decoy flares should have values similar to that of
the aircraft to countermeasure infrared missiles attacks. Figure 2 demonstrates the radiant
intensity of an aircraft compared to commonly used MTV flares.

T = MTV decoy flare

¢t-band

\

1+ airplane
il

relative radiation intensity ———=

T B B TR
1.0 2.0 3.0 4.0 5.0 6.0

wavelength (zem)
Fig. 2. Comparison of relative magnitude of MTV and target [1]

The principle of decoy flares emission is based on black body radiation, due to high burning
temperatures and combustion of condensed products. According to Plank's law, the radiant
emittance of radiating body can be described as Equation 4:

2mhc? 1
W}\ = }\5 hc (4)
eAKT—1

where, W, is the spectral radiant emittance in W cm™ pm™, A = wavelength in pum, h is the
Plank’s constant 6.626 x 10°3* W S, T = absolute temperature in Kelvin, ¢ = velocity of light
2.998 x 10'° cm /s, and k is Boltzmann constant 1.381 x 10-2 W s K.

The emission maximum (Amax) shifts to shorter wavelengths (Wien’s displacement law) as the
temperature of the radiator rises (Equation 5):

AmaxT = 2898 um. K (5)
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As Plank’s law is valid for an ideal black body emitter, true decoys are rather grey bodies. To
describe the deviation from the ideal case to real behavior, the emissivity € is introduced. The
emissivity gives the ratio of the radiant emittance W' of a real radiator to the radiant emittance
W of a black body of the same temperature (Equation 6).

wr
€= (6)
¢ can range from unity (black body) to zero for non-radiation sources. Figure 3 demonstrates

the radiant emittance W for grey body to black body at 1100 K [1,28].
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Fig. 3. Radiant emittance W for 1100 K for black body, grey body, and a selective radiator

A good grey body emitter is soot (¢ = 0.95) which is formed during combustion of MTV flares.
The main parameters of decoy flares based on black body attitudes are high € values, high
combustion temperatures and 0 values between 0.5-0.8. Recent decoy flares have 0 values of
1.3-1.4 [31]. Mg rich compositions yield some extra energy by oxidation of vaporized
magnesium in the gas phase (T = 3100 K). In addition, carbon released by fluorine elimination
from the carbon backbone is oxidized yielding carbon dioxide (CO2) providing additional
radiant energy. So that MTV spectral distribution displays the peak maximum at 2.0 um
and strong emission bands at 4.3 um due to CO2 emission of approximately two fold the
intensity of the gray body level [1]. There are several approaches to alter the radiant intensity
of MTV flares. Altering the radiant intensity of MTV flares requires physical and chemical
means to be applied [20- 27].

In this study, the thermal signature of real jet engine was measured using (FT-MIR 2-6)
spectrophotometer. Jet engine thermal signature was characterized with two characteristic
peaks over o and B bands; this thermal signature was mainly correlated to black body emission
by the hot nozzle at 690 °C. Intensity ratio (©) is one of the main factors to be quantified; the
characteristic intensity ratio for jet engine was found to be 0.26. Absorption of the IR emission
by air (CO2 and H20) could attenuate the signal over the band 3-4 um. MTYV decoy flares with
different fuel percentage were developed and pressed in the desired dimension; their spectral
performance was measured and analyzed to jet engine thermal signature. There was an increase
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in intensity of o and B bands with the increase in Mg content. Decoy flare formulation based on
65 wt% Mg as fuel, 30 wt % Teflon as oxidizer and 5 wt % Viton as a binder offered an
increase in the intensity of o band and by 21 and 4 times respectively. Quantification of
combustion temperature and the main active emitting species (c soot (gery emitter), MgF:
(molecular emitter), and Mg (heat source)) in the combustion flame was conducted using
chemical equilibrium computer program named ICT Thermodynamic Code (Institute of
Chemical Technology in Germany, virgin 2008). Customized MTV formulation offered the
highest percentage of MgF2 (L) (42 wt %) , Mg(48 wt %) and carbon black of (8.8 wt %) in
the combustion flame . The relative intensity value for this formulation was found to be 0.96;
this value was found to be in good accordance with literature. This manuscript could open the
route for the development of customized decoy flares with tailored spectral performance.

2. Experimental Work
2.1 Thermal Signature of Jet Engine Nozzle

Thermal signature of jet engine nozzle (jet cat P200 SX turbine with heavy-duty starter) was
measured using (FT-MIR 2-6) spectrophotometer. The thermal signature of jet engine was
characterized with two characteristic peaks over o band (2-3um) and 8 band (3-5um); the jet
engine thermal signature was correlated to black body emission by the nozzle at 690 °C.
Absorption of the IR emission by air (CO. and H2O) could attenuate the signal over the region
3-4 um due to CO2 and H20 IR absorption [30]. This jet engine has © value of approximately
0.3. Figure 4 demonstrates the thermal signature of jet engine nozzle.
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Fig. 4. Imprint spectrum of jet engine nozzle

2.2 Decoy flares formulation:
2.2.1 Chemicals and materials:
The main constituents for decoy flare manufacture include oxidizer, metal fuel, and binder. One
constituent can have a dual function. Teflon can act as a binder and an oxidizer; Viton A can
act as plasticizer and binder. Table 1 tabulates a list of chemicals used in this study.
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Table 1. The function and structure of different used chemicals

Chemicals Function Structure Grade Supplier
eon | QU | for o | Al | e
Magnesium Fuel Mg 98%,ribbon chAeIr%ri]ia
Viton A plasticizer EECHQ"CFZ}HCF;Z —E?q;n Angarlg/éiecal chAeIrglri]Ea

A systematic study, to develop MTV flares with enhanced spectral performance that mimic
aircraft signature, was conducted. This study includes the following main steps:

¢ Fuel percentage range (40:70) wt %.
¢+ Oxidizer percentage range (25:55) wt %.
¢+ Binder percentage 5 wt % .
Table 2 summarizes the chemical composition of different investigated MTV formulations.

Table 2 . Chemical composition of developed decoy flares

Formulation Mg Teflon Viton A
wt % wt % wt %
F1 40 55 5
F2 45 50 5
Fs 50 45 5
F4 55 40 5
Fs 60 35 5
Fe 65 30 5
Fz 70 25 5

Decoy flares development should emphasize mixing of different ingredients to the molecular
level, good homogenization, and accepted mechanical properties. In this study, the decoy flares
manufacture included five main steps as follow:
1. Sieving of solid particles to fine powder less than 300 um particle size distribution of
Mg 80% (250-300pm)&20%(<250 pum) &Fine white powder for Teflon with grain size
10 % <2 pum, 90% < 20 pm.
2. Intimate mixing of oxidizer, fuel, and binder.
3. Granulation to retain the homogeneity of the composition otherwise light and dense
materials might segregate during transportation, processing, and storage.
4. Filling, by Loading 25 gm of the composition into metal cylinder of 2.5 cm diameter.
5. The final product was achieved by applying a pressure of 200 atm.
All investigated formulations were prepared with the same methodology, to avoid any
variability which would affect the performance. Figure 5 shows the main steps for manufacture
of flares.
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Fig. 5. The main manufacture steps of decoy flares

The employed equipment in decoy flare preparation and spectral testing are scheduled in
Table 3.

Table 3. The employed equipment's in decoy flare preparation

Equipment Function
Pressing the mixture forming a coherent
10000 psi electronic press homogenized final product for transportation,

handling, and testing.

A steal body with the required dimensions for

Die .
flare pressing.

For wavelength and intensity measurements.
Beam splitter material CaF2.
Recommended fiber (CIR) fibers.
Spectral range (1-6 pm) i.e. (5000-1700cm-1).
Gives the output spectrum of the sample.
Detector response for a selective wavelength
band.

FT-MIR Spectrophotometer

The employed ignition composition was (KCIO3, Mg, and Carbon black).

2.3 Spectral measurements of decoy flares:
Experimental setup for spectral performance measurements consists mainly of combustion
chamber, optical fibers, spectrophotometer, data receiving and recording system (Figure 6). The
distance between the specimen holder and optical fiber of the spectrometer was 1.5 m.
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Fig. 6. Schematic for spectra measurements of developed decoy flares

The spectrometer response was (counts/s). After acquiring the spectral data, the average
Intensity was conducted to retrieve the intensity (counts/s) over the a band (2-3) um andf3
and (3-5) um and calculating theta as average intensity in a band over average intensity in 3
band as follow 8 = 1./ I .

3. Results and Discussion:

3.1 Effect of Magnesium Content on MTV Spectra
These was an increase in the intensity of a and B bands with the increae in Mg content. Figure7
demonstrates the infrared spectra of the MTV formulations within the band 1-6um as function
with Mg content.
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Fig. 7. Imprint spectra of MTV flare formulations with
different magnesium fuel percentage

MTYV formulation with 65 wt % magnesium offered the highest average intensity in the two
bands a & B. The average intensity of o and B bands was increased by 21 and 4 times
respectively. The relative intensity ratio © was found to be 0.96. This superior spectral
performance was correlated to the optimized combustion process, which could lead to
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maximum formation of main infrared emitting species. This customized formulation offered
the highest percentage (42.2 wt %) of condensed MgF. (main IR emitting species), 48 wt %
Mg (metal fuel), and 8.8 wt % carbon soot. Table 4 demonstrates the quantification of
combustion products as well as combustion temperature using ICT thermodynamic code.

Table 4. The impact of fuel percentage on the formation of reactive emitting species

Fuel % C(s) Mg(g) | MgF:(g) MgF (9) MgF: (1)
Wt % Wt % Wt % Wt % Wt %
40% 14.81 7.219 58.9 17.3 0
45% 13.61 14.6 52.9 15.5 2.3
50% 12.4 22.21 34.3 14.2 16.06
55% 11.209 30.4 18.44 10.96 28.5
60% 10.01 39.19 5.92 5.7 38.8
65% 8.811 48.108 0.097 0.402 42.4
70% 7.6 55.5 0.00 0.00 36.5

MgF2 is a molecular species that would emit in the infrared region. This active species could
be formed in the primary flame zone (1) next to the burning surface (Figure 8). This primary
zone is characterized with high combustion temperature and high density of carbonaceous
particles heated up by primary combustion products (i.e. MgF2). This carbonaceous particles
(carbon soot) at high temperature could be an ideal emitter (grey emitter with £=0.9).

Adjacent to the primary reaction zone is a secondary zone (2) where excess Mg fuel would
vaporize and combusted with surplus air oxygen to MgO (grey emitter) adding substantial heat.
The outer zone (3) demonstrates thermally excited glowing carbonaceous particles that undergo
combustion to form CO». Morover,carbon oxidized by oxygen and yeild strong peak emission
at 2um and strong emission bands at 4.3 um. At this zone (3) complete oxidation of combustion,
products could take place. Figure 8 demonstrate the combustion model for typical MTV flares.

Fig. 8. Model for MTV flare combustion (a) with real photo-image for MTV flame (b, c)

3.2 Thermal signature of MTV flares to jet engine nozzle:
Comparative investigation between thermal signature of jet engine nozzle and customized MTV
flare with highest spectral performance was conducted. The thermal signature of jet engine was
characterized with two characteristic peaks over o and  bands. Jet engine thermal signature
was correlated to black body emission by the hot nozzle at 690 °C. Absorption of the IR
emission by air (CO2 and H20) could attenuate the signal over the band 3-4 pum. Average
intensity ratio (©) of the jet engine =0.3 . The MTV decoy flare offered similar a and § bands
but with higher intensity due to the formation of active IR emitting species in the combustion
9/12
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flame[29]. Customized MTYV decoy flare with 65 wt % Mg offered an increase in the intensity
of a and B bands by 21 and 4 times respectively. This customized formulation offered © value
of 0.96. Figure 9 demonstrates the thermal signature of jet engine to customized MTV flare
with 65 wt % fuel.
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Fig. 9. Imprint spectrum of customized MTYV flare to thermal signature of j engine nozzle

3.3 Effect of magnesium content on o and p bands average intensity :
The variation of average intensity of o and § bands with magnesium content was evaluated
using (mat lab software) Figure 9 demonstrate the impact of magnesium content on o and 3
bands average intensity.
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Fig. 10. Average intensity characteristics as function of (Mg) percentage
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The effect of magnesium content can be categorized into three main regions:

¢ There was a dramatic increase in o and § bands with Mg content (40: 50 wt %)

¢ There was a slight increase in a and  bands with Mg content (50: 65 wt %)

¢ There was a decrease in average intensity of with Mg content (higher than
65 wt %).

4. Conclusion

MTYV flares should have a fuel rich system for enhanced ignitability and combustion stability.
The major reaction products are MgF2 (condensed), MgO(s), and carbon dioxide. MTV decoy
flare with 65 wt % Mg offered an increase in the intensity of o and B bands to that of real jet
engine nozzle by 21 and 4 times respectively. This superior spectral performance was correlated
to the high content of combustion gasses with the main infrared emitters including MgF2 (
molecular infrared emitter with 42.4 wt %), carbon soot ( grey infrered emitter with €=0.9).
The excess magnesium metal fuel could vaporize and burin with air oxygen adding substantial
heat and excite the carbon soot and forming MgO (grey emitter € = 0.4). The oxidation of carbon
soot to CO2 would yeild strong peak emission at 2um and strong emission bands at 4.3 pm.
This paper shaded the light on the real development of customized MTYV flares with tailored
spectral performance as an effective countermeasure of infrared seekers.
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