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Abstract: Worldwide, studies are still being made to enhance the radiometric 
performance of the MTV composition, i.e. a composition of magnesium (Mg), 
polytetrafluoroethylene (PTFE, commonly called “teflon”) and Viton®, used in 
infrared (IR) decoy flares. In this study, the Mg fuel was replaced to modify the 
radiometric performance of the baseline MTV composition in terms of IR intensity 
and/or linear burn rate, along with the IR intensity ratio. To partially replace Mg, 
the fuels used were alloys: magnalium (Mg-aluminium (Al), 50:50) and boron Al 
ligature (BAL), a non-metal: silicon (Si), and organic fuels: 1,5-dinitronaphthalene 
(1,5-DNN) and 4-phenylazophenol (4-PAP). Composition batches of 100 g were 
prepared by replacing the Mg fuel, ranging from 5 to 25 wt.%, in the baseline MTV 
composition. The IR intensity in the 1.8-2.6 and 3-5 µm wavebands versus burn 
time was measured using a dual-band radiometer. The calorific value (Cal-Val), 
impact, friction and spark sensitivity measurements were obtained for all of the 
compositions. It was found that the IR intensities obtained were highest with the 
replacement by Magnalium, while those with organic fuels were the lowest. The 
maximum IR intensity was obtained at 5 wt.% replacement with Magnalium, 
which is 28.5% higher in the 1.8-2.6 µm range and 21.1% in the 3-5 µm range, and 
the linear burn rate was 9.8% lower than the baseline MTV composition. The IR 
intensity ratio was the lowest at 0.97 when 20% 4-PAP was partially replaced in the 
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baseline MTV composition. The REAL thermochemical code was used to predict 
various equilibrium parameters of the MTV compositions. The thermochemical 
data was correlated with the spectral plot of the MTV compositions obtained by 
using an SR-5000N IR radiometer.

Keywords: MTV flare, fuel replacement, IR intensity, REAL thermochemical 
calculation, combustion 

1 Introduction

To protect aircraft/helicopters from incoming IR-guided missiles, MTV 
compositions are widely used in IR decoy flares. The chemical reaction of the 
fuel and oxidiser in the composition gives a high heat of reaction, providing 
the desirable IR intensity in the mid-IR waveband. Excess Mg used in the 
MTV vaporises to produce MgO, to provide extra heat. MTV compositions are 
preferred over other pyrotechnic compositions due to their large energy output, 
low hygroscopicity, low dependence of burn rate on pressure and temperature 
and a relatively high degree of safety in preparation [1]. As the MTV composition 
delivers high IR intensity in the mid-IR region, various researchers have studied 
either the complete replacement of Mg and/or the use of alternative oxidisers 
along with additives. The main objective is to either increase the IR intensity in 
a specific waveband and/or to alter the burn rate. 

Apart from chemical changes, various methods have also been used to 
enhance the performance of flare compositions. The performance parameters of 
compositions can be altered by physical means, such as altering the surface area 
by including grooves over the pellet surface i.e. altering the surface to volume 
ratio and/or altering the density [2]. In the particular case of MTV compositions, 
researchers have carried out various experiments (see [3-7]) to alter the dynamic 
performance of the composition for various performance parameters, their 
processing, emission behaviour and thermo-chemical and kinetics evaluation (see 
[8-11]). Yarrington et al. [12] have studied the combustion behaviour and pressure 
dependence of the burn rates of Si- and Al-based systems in Teflon®/Viton® 
mixtures and compared them with reported baseline MTV results. Studies, e.g. 
[13], have also been made to observe the effect of Al-Mg alloys with different 
Mg/Al ratios on the burning rate, combustion products, radiation intensity and 
specific radiation energy of Al-Mg/PTFE infrared compositions. 

Toan and Cam [14] have studied the effect of Mg-Al alloy powder (i.e. the 
particle size and the composition) on the combustion and the infrared emission 
characteristics of pyrotechnic composition based on Mg-Al alloy, Teflon® and 
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Viton®. Also Elbasuney et al. [15] carried out studies with graphite particles 
of 100 µm size, with different reactive metal fuels including Mg, Al and Mg-
Al alloy. It was observed that an increase in spectral intensity was obtained as 
compared to the baseline MTV compositions. Nguyen et al. [16] conducted 
studies to analyse the effects of iron(III) oxide nanoparticles on the burning 
characteristics i.e. the heat of combustion, the burning rate and the infrared 
radiance of the pyrotechnic composition based on MTV. Different flare 
formulations were studied based on Al as fuel, Teflon® as oxidiser and Viton® as 
a binder (with fuel percentages from 40 to 70%) [17]. The spectral performance 
of the developed formulations was evaluated for the thermal signature of the 
aircraft jet engine using a spectrophotometer. 

A literature survey gave various attempts to alter the radiometric performance 
of MTV compositions by various methods, such as replacement of Mg, 
incorporation of additives and altering the stoichiometry of the composition. In 
the present study, in order to improve the IR intensity and reduce the burn rate, 
partial replacement of Mg was attempted with alloys, non-metals and organic 
fuels. The partial replacement was expected to either enhance the Calorific 
Value (Cal-Val) and/or introduce species into the combustion zone to increase 
the emissivity in the mid-IR waveband. According to [18], the IR intensity 
in the waveband of interest is related to the mass burn rate, emissivity of the 
combustion zone and the Cal-Val obtained from the composition. The latter can 
be determined using Equation 1.

𝐼𝐼𝐼𝐼 = 𝑚𝑚𝑚𝑚. 1
4𝜋𝜋𝜋𝜋
𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐  𝐹𝐹𝐹𝐹𝜆𝜆𝜆𝜆,Τ𝜖𝜖𝜖𝜖𝜆𝜆𝜆𝜆,Τ          (1) 

 

6𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 →  5𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 12𝐶𝐶𝐶𝐶 + 7𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹     (2) 

 

11𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  4𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀0.5𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0.5 →  12𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 22𝐶𝐶𝐶𝐶 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹3 + 7𝐻𝐻𝐻𝐻2  (3) 

 

13𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 7𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 + 2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 + 10𝐵𝐵𝐵𝐵0.8𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0.2 → 12𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 34𝐶𝐶𝐶𝐶 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹3 +  8𝐵𝐵𝐵𝐵𝐹𝐹𝐹𝐹3 +  7𝐻𝐻𝐻𝐻2 (4) 

 

16𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 →  15𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 20𝐶𝐶𝐶𝐶 + 2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 + 7𝐻𝐻𝐻𝐻2   (5) 

 

10𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻6𝑁𝑁𝑁𝑁2𝑂𝑂𝑂𝑂4 →  9𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 4𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 32𝐶𝐶𝐶𝐶 +  𝑁𝑁𝑁𝑁2 + 12𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹 (6) 

 

5𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  𝐶𝐶𝐶𝐶12𝐻𝐻𝐻𝐻10𝑁𝑁𝑁𝑁2𝑂𝑂𝑂𝑂 → 4𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 34𝐶𝐶𝐶𝐶 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 𝑁𝑁𝑁𝑁2 + 22𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹  (7) 

 

 (1)

where I is the IR intensity (in W/sr) in the required waveband, m is the mass 
consumption rate (in g/s), Hc is the calorific value of the flare composition (in 
J/g),  is the fraction of total radiation in the band of interest and is the average 
emissivity of the combustion zone of the composition. A computational model 
was developed by Debnath et al. [19] to plot the IR intensity versus the burn time 
of the compositions consolidated in various flare configurations using Equation 
1 and integrating it with the shrinking core model.

The REAL thermochemical code was used to predict the various species 
formed and the equilibrium parameters [20]. The values of the enthalpy of 
formation of various chemicals utilised in the MTV compositions were derived 
from the User’s Manual for ICT-Thermodynamic [21-23]. Spectral plots of the 
compositions were obtained using a Spectroradiometer to correlate with the 
REAL calculations.
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2 Materials and Methods

2.1 Materials
Spherical Mg powder had a particle size of <60 µm. Teflon® powder had an 
average particle size of 450-550 µm. Magnalium (Al:Mg = 50:50) was a fine 
powder with an average particle size of <60 µm. Magnalium was procured 
from MEPCO (Madurai) with an average particle size of 2-5µm. BAL powder 
having a composition of >79 wt.% boron, >12 wt.% Al and >1.5 wt.% Mg, 
was manufactured in our laboratory. The melting point of BAL could not be 
determined due to its very high melting point. Si powder had a purity of >99 wt.% 
with an average particle size of <15 µm. Both 1,5-DNN and 4-PAP were fine 
powders having particle size <10 µm. Si, 1,5-dinitronaphthalene (1,5-DNN) 
and 4-phenylazophenol (4-PAP) were procured from Alfa Aesar. The physical 
properties of these various chemicals are listed in Table 1. 

Table 1. Physical properties of the chemicals used for flare compositions

Chemicals Formula
Molecular 

weight
[g/mol]

Density
[g/cm3]

Melting point 
[°C]

Mg Mg 24.3 1.74 648.8
Teflon® C2F4 100.0 2.14 328.0
Viton® C10H7F13 374.1 1.85 82.0
Magnalium Mg0.5Al0.5 26.5 2.12 600.0
BAL B0.8Al0.2 12.9 2.47 n.d.
Si Si 28.1 2.33 1412
1,5-DNN C10H6N2O4 218.2 1.61 219.0
4-PAP C12H10N2O 198.2 1.10 152.0

2.2 Processing of MTV compositions 
The chemicals used were initially tested in-house for acceptance as per their 
material specifications. The baseline MTV composition consisted of 50 wt.% 
Mg, 45 wt.% Teflon® and 5 wt.% Viton®. The baseline composition is a standard 
MTV composition having an excess quantity of Mg. Excess Mg is generally used 
in such compositions as excess Mg vaporises to react with the atmospheric oxygen 
to provide additional energy, which contributes to an increase in IR intensity in 
the mid-IR waveband. 100g of the baseline MTV composition was prepared by 
manually coating the Mg powder with a slurry of Viton®. Viton® was gelled 
overnight in acetone before the coating operation. The coated Mg was partially 
air-dried for 15 min in an Al tray and granulated by passing through an 8 BSS 
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sieve. The coating of Mg was done to avoid direct contact of atmospheric moisture 
with Mg, as Mg is known to degrade upon long-term exposure to moisture. 
The partially dried mixture was mixed manually with a weighed quantity of 
Teflon®. The mixture was then passed through an 8 BSS sieve three times. The 
composition was dried overnight on an Al tray.

The baseline MTV composition is designated as MTV1. The modified MTV 
compositions  were prepared by replacement of 5 to 25 wt.%, i.e. 5 to 25 g, of the 
replacement fuels to the MTV1 composition. The MTV compositions obtained 
by replacement with 15 wt.% replacement fuels: Mg, BAL, Si, 1,5-DNN and 
4-PAP to MTV1 composition are designated as MTV2, MTV3, MTV4, MTV5 
and MTV6, respectively. The details of the studied compositions are given in 
Table 2.

A total of 25 batches of MTV2 to MTV6 compositions were prepared, 
along with one batch of the MTV1 composition. All the replacement fuels were 
premixed with Mg before coating with Viton®. After the evaporation of acetone 
from the sieved mix, the compositions were kept in an antistatic bag.

Table 2. Details of MTV1 to MTV6 compositions used in the study

Compositions Fuel 
[wt.%] 

Replacement 
fuel [wt.%] 

Teflon® 
[wt.%]

Viton® 
[wt.%]

MTV1: Magnesium/Teflon/Viton 50 0

45 5

MTV2: 
Magnesium/Magnalium/Teflon/Viton

35 15

MTV3: 
Magnesium/BAL/Teflon/Viton
MTV4: 
Magnesium/Silicon/Teflon/Viton
MTV5: 
Magnesium/1,5-DNN/Teflon/Viton
MTV6: 
Magnesium/4-PAP/Teflon/Viton

2.3 Instrumentation
Cal-Val was measured using a Parr bomb calorimeter (Model: 6200), procured 
from Orbit Technologies. The bomb calorimeter was capable of measuring Cal-
Val values of up to 8000 cal/g (33.44 kJ/g). A stainless steel crucible was used 
for holding the sample, and calibration was done using a benzoic acid sample. 
The spark sensitivity was carried out using in-house fabricated spark sensitivity 
measurement equipment with a working range of 4 to 5000 mJ. The impact 
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sensitivity was carried out using a BAM Fall hammer apparatus with a drop 
weight of 2 kg and a maximum fall height of 170 cm. The friction sensitivity 
was carried out using a BAM friction apparatus, with a working range of weights 
of 0.5-36 kg. Both the impact and friction sensitivity apparatus were procured 
from OZM Research. An Orion dual-band IR radiometer from CI Systems Israel 
was used to simultaneously measure the IR intensities for a single flare in two 
channels when fired in a wind tunnel. The radiometer had a field of view of 12° 
with the InGaAs detector working in the range 1.0-2.5 µm and the PV-MCT 
detector working in the range 2.5-5.5 µm wavebands. A plot of spectral intensity 
versus wavelength was obtained using an SR-5000N Spectroradiometer. The 
measurement was carried in the range of 1.3-14.3 µm. However, the data 
presented here is for the waveband range of 1.3-5.0 µm. Both the radiometers 
were calibrated with a blackbody of temperature T = 1000 K (SR-2, CI Systems 
Israel, Cavity blackbody working up to 1200 °C).

2.4 Measurement methods 
The Cal-Val was carried out using a bomb calorimeter pressurized with oxygen. 
1g of the composition was taken in the bomb and ignited. The heat given out by 
the composition due to the reaction with oxygen was calculated as the Cal-Val 
value (in J/g). 

20 mg of sample was used for each friction sensitivity test. The weights 
were rubbed against the composition kept over a surface of standard roughness, 
and non-ignition was reported by converting the weight into the value of force 
applied to the composition. The value (in N) of non-ignition of the sample for 
a minimum of three tests was reported. 

The data for impact sensitivity was calculated using a statistical staircase 
method and was reported as the height (in cm) at which there was a probability 
of 50% of the times the composition ignited upon impact. 

In the spark sensitivity measurement, the capacitor was charged before the 
start of the measurement and then discharged between two terminals, between 
which the composition was placed. The spark sensitivity value (in mJ) was 
reported as the energy at which the composition does not initiate repeatedly 
five times. 

2.5 Consolidation of MTV composition 
Before taking up the filling operation, the 20-mm diameter steel tube was lined 
on the inside with a paper liner, fixed with an epoxy solution. The series of 
explosive compositions were consolidated into each steel tube and consisted of the 
innermost layer of the MTV composition (10 g), above which the booster (0.5 g, 
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50:50 mix of the MTV composition and a fast-burning rate priming composition) 
was placed. The booster was a mixture that ensured that the flash from the priming 
composition initiated the booster, which in turn provided the flash to the MTV 
composition. The uppermost layer consisted of a priming composition (0.5g), 
which in this case was gunpowder (a mixture of sulfur, potassium nitrate and 
charcoal). Gunpowder can be easily initiated with the help of a squib, and hence 
it was used as the priming composition in this study. 6 steel tubes were filled 
for each MTV composition with replacement fuels. Using the MTV1 to MTV6 
compositions, a total of 156 steel tubes were filled. 

A 10-ton capacity hydraulic press having a cylindrical bore diameter of 
80 mm and a downward speed of 5-20 mm/s was used to press the composition 
in a mould. The pelleting mould was cylindrical, having a height of 70 mm 
and an internal diameter of 20.2 mm. The hydraulic press was procured from 
Velan Engineering. The steel tube was placed in the pelleting mould, and the 
composition to be pressed was poured into the mould before the booster. The 
booster composition and the priming composition are then poured over the MTV 
composition. The plunger was placed over the composition. A load of 6 ton and 
a dwell time of 15 s was applied. The filled steel tube was extracted using an 
extraction mould. An electrical squib was assembled over the top layer of the 
explosive to initiate the flare using an electric current pulse. 

The unfilled steel tube with a paper liner is shown in Figure 1(a). The pressing 
of the MTV composition in the steel tube using a hydraulic press is shown 
in Figure 1(b). The assembled flare is shown in Figure 1(c). The radiometric 
evaluation of each flare was done by placing the flare on a firing stand as shown 
in Figure 1(d). The electrical squib is a hot wire initiator with a resistance wire 
over which a heat-sensitive explosive is coated. Upon receiving the electrical 
impulse, the bridge wire is heated up and the explosive is initiated, which in turn 
initiates the top explosive layer of the flare. The flare fired inside the wind tunnel 
is shown in Figure 1(e). An exhaust fan placed at the back of the wind tunnel 
provided a wind velocity of 5-10 m/s, to drive away hot gases that might interfere 
with the radiometric measurement. The dual-band IR radiometer was placed at 
40 m distance from the tunnel. Upon providing an electrical pulse to the squib, 
the flare fired, and the IR intensity versus burn time data was recorded. A similar 
methodology was used to measure the spectral intensity versus wavelength using 
a Spectroradiometer. IR efficiency (in W·s/g·sr) was calculated by multiplying 
the IR intensity by the burn time divided by the weight of the composition. The 
linear burn rate (in mm/s) was calculated by the height of the filling divided by 
the burn time obtained. 
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                      (a)                                     (b)                                (c)

 
                                            (d)                                                        (e)
Figure 1. Preparation of samples and testing stand: paper-lined steel tubes (a), 

a hydraulic press used for composition pressing (b), steel tube filled 
and assembled with squib (c), measurement setup for radiometric 
performance using a dual-band radiometer/Spectroradiometer (d), 
and the flare fired in the wind tunnel (e)

3 Results and Discussions

3.1 Evaluation of MTV compositions
The radiometric performance of each composition was assessed by firing 3 
flares after hot conditioning (+76 °C) for 3 h and 3 flares after cold conditioning 
(‒46 °C) for 3 h. Simultaneous measurements in the 1.8-2.6 and 3-5 µm ranges 
were made using a dual-band radiometer. The data for each composition was 
calculated by averaging the data from firing of 3 flares after hot and 3 flares after 
cold conditioning The radiometric data for the MTV compositions are listed in 
Table 3. The radiometric plots obtained by the dual-band radiometer in the 1.8-2.6 
and 3-5 µm ranges are shown in Figures 2 and 3, respectively. Figure 2(a) shows 
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the plot of IR intensity for the MTV composition with partial fuel replacement 
(15 wt.%) versus the burn time obtained in the 1.8-2.6 µm range, while Figure 
2(b) shows the plot of IR intensity of the MTV composition with partial fuel 
replacement (25 wt.%) versus the burn time obtained in the 1.8-2.6 µm range. 
Similarly, Figure 3(a) shows the plot of IR intensity of the MTV composition 
with replacement fuels (15 wt.%) versus the burn time obtained at 3-5 µm, 
while Figure 3(b) shows the plot of IR intensity of the MTV composition with 
replacement fuels (25 wt.%) versus the burn time obtained at 3-5 µm. Figure 4(a) 
shows the variation of the linear burn rate of the MTV composition versus wt.% 
of fuel replacement. Figure 4(b) shows the variation of the IR intensity of the 
MTV compositions versus their linear burn rates. Plot 4(a) helps in understanding 
the reaction mechanism by which replacement fuels enhance or reduce the burn 
rate. Plot 4(b) helps in finding the composition with enhanced IR intensity and 
with a lower burn rate. Cal-Val and sensitivity data for the MTV compositions 
are listed in Table 4.
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(a)

(b)
Figure 2. Plot of IR intensity versus time upon replacement of 15 wt.% (a) and 

25 wt.% (b) of the fuel in the baseline MTV composition, measured 
by a dual-band radiometer in the 1.8-2.6 µm waveband



153Investigation of the Combustion and Radiometric Behaviour of Magnesium-Teflon-Viton...

Copyright © 2025 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

(a)

(b)
Figure 3. Plot of IR intensity versus time upon replacement of 15 wt.% (a) and 

25 wt.% (b) of the fuel in the baseline MTV composition, measured 
by a dual-band radiometer in the 3-5 µm waveband
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Table 4. Cal-Val and sensitivity data for MTV compositions
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MTV1 ‒ 0 38.0 360 120.0 16092
MTV2 Magnalium 15 35.0 360 54.0 20200
MTV3 BAL 15 44.5 360 74.0 17347
MTV4 Si 15 39.6 360 32.0 15913
MTV5 1,5-DNN 15 39.5 360 122.0 17790
MTV6 4-PAP 15 > 100 cm 360 138.0 17877

With the increase in quantities of magnalium, BAL and Si, the burn rate 
decreases while the IR intensity in both wavebands initially increases and 
thereafter decreases. With the increase in quantities of 1,5-DNN and 4-PAP, 
there is a decrease in IR intensity in both wavebands, with a drastic decrease in 
the burn rate. These plots can be utilised to obtain a composition for optimised 
performance parameters concerning IR intensities and burn rate.  

The MTV1 composition’s combustion reaction occurs in the absence of 
oxygen as in Equation 2. In the presence of oxygen, the carbon is oxidised to 
CO2. Excess Mg is oxidised to magnesium oxide to provide extra energy. 
𝐼𝐼𝐼𝐼 = 𝑚𝑚𝑚𝑚. 1
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 (2)

3.2 Replacement with magnalium
The radiometric data suggest that, as compared to the baseline MTV composition, 
at 5 wt.% magnalium, the maximum IR intensity achieved at 1.8-2.6 µm is higher 
by 28.5% and at 3-5 µm is higher by 21.1%. As compared to the baseline MTV 
composition, the IR intensity ratio decreases by a maximum amount of 31.9% 
and the linear burn rate by 23.8%, both at 25 wt.% magnalium. Above 5 wt.% 
magnalium, the IR intensity in both wavebands decreases with an increase in 
magnalium content, but has a higher value than the baseline MTV composition, 
even at 25 wt.% replacement with magnalium. While the emissivity value [19] 
and the mass burn rate are lower than the baseline MTV composition, the higher 
Cal-Val of the MTV composition with magnalium leads to a higher IR intensity as 
per Equation 1. The reaction mechanism for MTV composition with magnalium 
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in the absence of oxygen is proposed to be as in Equation 3. In the presence of 
oxygen, carbon is oxidised further to CO2, and the hydrogen evolved is oxidised 
to water. Excess Mg is oxidised to magnesium oxide to release additional energy.
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3.3 Replacement with BAL
The radiometric data suggest that, as compared to the baseline MTV composition, 
at 20 wt.% BAL, the maximum IR intensity achieved at 1.8-2.6µm is higher by 
only 1.5% and at 3-5µm is higher by 5.2%. As compared to the baseline MTV 
composition, the IR intensity ratio was decreased by a maximum of 18.8% at 15 
wt.% BAL and the linear burn rate by 31.6% at 25 wt.% BAL. Above 5 wt.% BAL, 
the IR intensity in both wavebands increases up to 20 wt.% BAL and decreases 
thereafter. While the emissivity value [19] and the mass burn rate are lower than 
the baseline MTV composition, the higher Cal-Val of the MTV composition with 
BAL leads to a higher IR intensity as per Equation 1. The reaction mechanism 
for MTV compositions with BAL in the absence of oxygen is proposed to be as 
in Equation 4. In the presence of oxygen, carbon is oxidised further to carbon 
dioxide, and the hydrogen evolved is oxidised to water. Excess Mg is oxidised 
to magnesium oxide to release additional energy.
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3.4 Replacement with Si
The radiometric data suggest that, as compared to the baseline MTV composition, 
at 5 wt.% Si, the maximum IR intensity achieved at 1.8-2.6 µm is higher by 
18% and at 3-5 µm is higher by 15.5%. As compared to the baseline MTV 
composition, the IR intensity ratio decreases by a maximum amount of 15.2% 
at 20 wt.% Si and the linear burn rate by 16.8% at 25 wt.% Si. Above 5 wt.% 
Si, the IR intensity in both wavebands decreases up to 25 wt.% Si. While the 
emissivity value [19] and the mass burn rate are slightly lower than the baseline 
MTV composition, the Cal-Val of the MTV composition with Si is comparable 
to the baseline MTV composition. The MTV composition with Si produces 
a higher combustion temperature than the baseline MTV composition and hence 
produces a higher IR intensity in the lower waveband. The reaction mechanism 
for MTV composition with Si in the absence of oxygen is proposed to be as in 
Equation 5. In the presence of oxygen, carbon is oxidised further to CO2, and 
the hydrogen evolved is oxidised to water. Excess Mg is oxidised to magnesium 
oxide to release additional energy.
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3.5 Replacement with 1,5-DNN 
The radiometric data suggest that, as compared to the baseline MTV composition, 
the IR intensity at 1.8-2.6 and 3-5 µm continuously decreases up to 25% 1,5-DNN. 
The IR intensity ratio has decreased by a maximum amount of 23.2% and the 
linear burn rate by 78.2%, both at 25 wt.% 1,5-DNN. The reaction mechanism 
for MTV composition with 1,5-DNN in the absence of oxygen is proposed to be 
as in Equation 6. In the presence of oxygen, carbon is oxidised further to CO2. 
Excess Mg is oxidised to magnesium oxide to release additional energy.
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The combustion reaction of MTV with 1,5-DNN produces H2O and CO2. 
These are selective emitters that emit in the mid-IR wavebands [24]. With the 
increase in 1,5-DNN content, the selective emitters in the combustion zone 
increase. However, as per Equation 1, the severe decrease in the mass burn rate 
reduces the IR intensity in both wavebands as compared to the baseline MTV 
composition. As the effect of burn rate reduction is more than the enhancement 
in the IR emission due to the increase in the emissivity of the various combustion 
products, there is an overall decrease in the IR intensities in both the wavebands 
with an increase in quantities of 1,5-DNN.

3.6 Replacement with 4-PAP
The radiometric data suggest that, as compared to the baseline MTV composition, 
the IR intensity at 1.8-2.6 and 3-5 µm continuously decreases up to 25% 
4-PAP. The IR intensity ratio has decreased by a maximum amount of 29.7% 
at 20 wt.% 4-PAP and the linear burn rate by 75.6%, at 25 wt.% 4-PAP. The 
reaction mechanism for MTV composition with 4-PAP in the absence of 
oxygen is proposed to be as in Equation 7. In the presence of oxygen, carbon is 
oxidised further to CO2. Excess Mg is oxidised to magnesium oxide to release 
additional energy.

𝐼𝐼𝐼𝐼 = 𝑚𝑚𝑚𝑚. 1
4𝜋𝜋𝜋𝜋
𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐  𝐹𝐹𝐹𝐹𝜆𝜆𝜆𝜆,Τ𝜖𝜖𝜖𝜖𝜆𝜆𝜆𝜆,Τ          (1) 

 

6𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 →  5𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 12𝐶𝐶𝐶𝐶 + 7𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹     (2) 

 

11𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  4𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀0.5𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0.5 →  12𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 22𝐶𝐶𝐶𝐶 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹3 + 7𝐻𝐻𝐻𝐻2  (3) 

 

13𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 7𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 + 2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 + 10𝐵𝐵𝐵𝐵0.8𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0.2 → 12𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 34𝐶𝐶𝐶𝐶 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹3 +  8𝐵𝐵𝐵𝐵𝐹𝐹𝐹𝐹3 +  7𝐻𝐻𝐻𝐻2 (4) 

 

16𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 →  15𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 20𝐶𝐶𝐶𝐶 + 2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 + 7𝐻𝐻𝐻𝐻2   (5) 

 

10𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻6𝑁𝑁𝑁𝑁2𝑂𝑂𝑂𝑂4 →  9𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 4𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 32𝐶𝐶𝐶𝐶 +  𝑁𝑁𝑁𝑁2 + 12𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹 (6) 

 

5𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 +  𝐶𝐶𝐶𝐶2𝐹𝐹𝐹𝐹4 +  2𝐶𝐶𝐶𝐶10𝐻𝐻𝐻𝐻7𝐹𝐹𝐹𝐹13 +  𝐶𝐶𝐶𝐶12𝐻𝐻𝐻𝐻10𝑁𝑁𝑁𝑁2𝑂𝑂𝑂𝑂 → 4𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹2 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 34𝐶𝐶𝐶𝐶 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 𝑁𝑁𝑁𝑁2 + 22𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹  (7) 

 

 (7)

The combustion reaction of MTV with 4-PAP produces H2O and CO2. These 
are selective emitters that emit in the mid-IR wavebands [24]. For similar reasons, 
as indicated for 1,5-DNN, there is an overall decrease in IR intensities in both 
wavebands with an increase in quantities of 4-PAP.
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3.7 Cal-Val and sensitivity data of MTV compositions 
The Cal-Val and sensitivity values were measured for MTV1 to MTV6 
compositions. The results are listed in Table 3 in Section 3.1. It was observed 
that the addition of alloys such as magnalium and BAL increased the Cal-Val 
value, while the addition of Si decreased the calorific value compared to the 
baseline MTV composition. Amongst all the compositions, the magnalium-
based composition recorded the highest Cal-Val value. This may be because 
magnalium has a lower melting point, and reacts with Teflon® to produce more 
heat as compared to Mg. Si has a higher melting point, which reduces the Cal-Val 
value, as heat is taken up to increase the temperature of Si up to its melting point. 
Although BAL has a higher melting point, the overall heat of reaction increases 
when boron and Al from BAL react with the fluorine in Teflon® to yield a higher 
Cal-Val value as compared to that of the baseline MTV composition. Although 
the melting points of organic fuels such as 1,5-DNN and 4-PAP are lower, their 
thermal decomposition leads to absorption of energy from the system, thus giving 
lower values of Cal-Val than the baseline MTV composition.

The impact sensitivity is lowest for the composition with 4-PAP (>100 cm) 
while it is highest for the composition with magnalium. The spark sensitivity is 
lowest for the MTV compositions with 4-PAP while it is highest for compositions 
with Si. All the compositions are safe for friction sensitivity and did not ignite 
even at 360 N force. 

4 REAL Code: Thermo-chemical Calculations of MTV 
Compositions

The mass fractions for each chemical ingredient of the MTV compositions: 
MTV1 to MTV6 were used as input to the REAL thermo-chemical code. The 
equilibrium parameters, H = 0 kJ/kg and P = 1 atm were used for the calculations. 
The combustion species were predicted by the code on the assumption that the 
continuity, energy and momentum equations are one-dimensional, combustion 
is complete and adiabatic, the velocity of the combustion zone is zero, there is 
homogenous mixing of the species and no participation by atmospheric oxygen 
in the combustion zone. The enthalpy of formation of the chemical species was 
determined using the ICT thermochemical database [21-23]. The enthalpy of 
formation of Magnalium and BAL was found to be ‒96.68 and +1874 kJ/kg using 
the Miedema model calculator (see Zhang et al. [25]). The model is specifically 
used to calculate the formation enthalpies of various alloys using Miedema’s 
theory. The various thermochemical equilibrium parameters are listed in Table 5.
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Table 5. Prediction of species, their concentrations and equilibrium 
temperatures (TE) using the REAL thermochemical code without 
the participation of oxygen in the combustion zone

Compo-
sition

Species concentration [mass fraction] TE 
[°C]Mg MgF MgF2 MgF2(c) AlF AlF2 AlF3 HF

MTV1 0.229 0.119 0.370 0.150 nd. nd. nd. 0.004 2061
MTV2 0.204 0.103 0.332 0.073 0.102 0.015 0.038 nd. 2036
MTV3 0.227 0.071 0.179 0.044 0.061 nd. 0.012 nd. 1944
MTV4 0.158 0.101 0.342 nd. nd. nd. nd. nd. 2111
MTV5 0.099 0.113 0.477 nd. nd. nd. nd. 0.035 2272
MTV6 0.102 0.098 0.492 nd. nd. nd. nd. 0.032 2118

Compo-
sition

Species concentration [mass fraction] TE 
[°C]BF BF3 B4C SiF2 AlF SiC(c) C(c) CO N2

MTV1 ‒ ‒ ‒ ‒ ‒ ‒ 0.124 nd. nd. 2061
MTV2 ‒ ‒ ‒ ‒ ‒ ‒ 0.124 nd. nd. 2036
MTV3 0.026 0.170 0.080 ‒ ‒ ‒ 0.106 nd. nd. 1944
MTV4 ‒ ‒ ‒ 0.136 0.048 0.109 0.091 nd. nd. 2111
MTV5 ‒ ‒ ‒ ‒ ‒ ‒ 0.171 0.077 0.018 2272
MTV6 ‒ ‒ ‒ ‒ ‒ ‒ 0.222 0.021 0.019 2118

nd.‒ no data

The correlation of equilibrium temperature, TE, versus gaseous MgF2 species 
obtained by REAL calculation is shown in Figure 5(a). The IR intensity in the 
3-5 µm waveband measured by a dual-band radiometer versus the TE value 
obtained by REAL calculation is shown in Figure 5(b). The mass fraction of 
gaseous MgF2 produced by the MTV1 composition is maximum (0.370). With the 
addition of magnalium, the gaseous MgF2 decreased slightly, while the addition 
of BAL decreased the gaseous MgF2 significantly. The TE value for the BAL-
based composition was calculated to be lower than for both the magnalium-based 
and the baseline MTV compositions. A higher equilibrium temperature leads to 
higher gaseous MgF2 species in the combustion zone. 

The addition of Si leads to a slightly higher TE, and the gaseous MgF2 content 
was slightly lower as compared to that of the baseline MTV composition, and 
therefore the emissivity was decreased; however, due to the higher temperature, 
the IR intensities were increased. With the addition of organic fuels such as 1,5-
DNN and 4-PAP, the TE values and gaseous MgF2 values increased, along with 
the other selective emitters. However, the addition of organic fuels led to lower 
IR intensities in both wavebands than those from the baseline composition, due to 
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the lower mass burn rate. Breaking down of the organic fuel to lower molecular 
weight species leads to a lowering of the linear burn rate and a decrease in IR 
intensities. The emission of selective emitters such as CO helps in decreasing 
the IR intensity ratio, as CO emits in the 3-5 µm waveband [24]. 
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5 Spectral Behaviour of MTV Compositions Using 
Spectroradiometer

The spectral behaviour of MTV1 to MTV6 compositions was measured using an 
SR5000N Spectroradiometer. The compositions were filled in 20 mm diameter 
steel tubes and fired in the wind tunnel setup. The plots of spectral intensity 
versus wavelength are shown in Figure 6. The measurements were carried out 
in the wavelength range of 1.3-5.0 µm. The plots show that the spectral intensity 
recorded in the entire wavelength spectrum was maximum for MTV2 and more 
than the baseline MTV composition. The MTV1 composition had a higher 
spectral intensity in the lower waveband in comparison to compositions MTV3 
to MTV6. However, in the higher waveband, the MTV2 to MTV4 compositions 
demonstrated higher spectral intensity than the MTV1 composition. Although 
compositions MTV5 and MTV6 produce selective emitters such as CO and HF, in 
the entire waveband spectrum, the MTV1 composition was seen to have a higher 
spectral intensity. CO has a band strength of 250.36 cm2·atm‒1 at 4.67 µm, while 
HF has a band strength of 250.36 cm2·atm‒1 at 2.53 µm [24]. As the spectral 
intensity is a function of both emissivity and temperature, and since MTV5 
and MTV6 have higher temperatures than the MTV1 composition, their lower 
spectral intensities show that the compositions must have a lower emissivity in 
their combustion zone.
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6 Conclusions

♦ In the present study, Mg fuel in MTV composition was partially replaced 
with up to 25 wt.% with replacement fuels consisting of alloys, non-metal 
and organic fuels. A literature survey carried out suggested that many 
researchers have worked on the complete replacement of Mg fuel in the 
MTV composition. However, in this study, a novel approach is made to 
partially replace Mg with fuels selected from alloys, non-metal and organic 
compounds. This was done in order to obtain a composition with a higher 
IR intensity and lower burn rate in comparison to the baseline MTV 
composition. A radiometric evaluation of various compositions suggests 
that appropriate amounts of alloys with lower melting points would enhance 
the IR intensities, together with a lower burn rate, as compared to the 
baseline MTV composition. Sensitivity, calorimetry and REAL calculations 
and spectral measurements revealed the combustion behaviour of these 
compositions. 

♦ As compared to the baseline MTV composition, both magnalium and Si at 
5 wt.% was found to give higher IR intensity in both 1.8-2.6 and 3-5µm 
wavebands, with a decrease in the linear burn rate and IR intensity ratio. 
However, as observed from Figure 4(b), the optimum composition for 
maximum IR intensity in both wavebands with a lower burn rate is the 
composition with 45 wt.% Mg, 5 wt.% magnalium, 45 wt.% Teflon® and 
5 wt.% Viton®. High melting point alloys such as BAL do not show major 
improvements in the IR intensity in any of the wavebands. Literature [18] 
suggests that most operating flares reach effective intensity in less than 1 s 
and persist for less than 5 s. Therefore, a higher IR intensity with a lower 
burn rate should ensure that such compositions, when used in conventional 
flare format of either rectangular, square or circular cross-section, should 
provide a high IR intensity to decoy an incoming IR-guided missile and 
a higher burn time to ensure that the flare remains in the Field-of-View of 
the missile seeker for a longer time. 

♦ The use of an organic fuel: 1,5-DNN leads to a decrease in the IR intensity 
in both wavebands, with the linear burn rate dropping by more than 75% at 
25 wt.% for both 1,5-DNN and 4-PAP, with a decrease of the IR intensity 
ratio of more than 23%. While such fuels may not find use for the present 
requirement, they may find use in Multispectral IR flares, where a balance 
of IR intensity and IR intensity ratio is of greater importance. 

♦ The sensitivity data for the compositions show that all compositions 
are insensitive towards friction. Organic fuel-based compositions are 
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comparatively insensitive towards impact, while alloys and non-metals show 
impact sensitivity similar to that of the baseline MTV composition. The spark 
sensitivity of alloys is higher compared to the baseline MTV composition, 
and with the addition of organic fuels, the compositions were found to be 
relatively insensitive towards spark. All compositions were found to be safe 
for large-scale processing. 

♦ The addition of alloys increases the Calorific Value as compared to the 
baseline MTV composition due to the higher heat of reaction of fluorine 
with Al and boron. Due to the higher temperature of melting of Si, a decrease 
in Calorific Value is observed upon its addition. Due to the lower melting 
points of organic fuels such as 1,5-DNN and 4-PAP, a reduction in Calorific 
Value is observed due to heat absorption during the breakdown of the 
organic molecules.

♦ The thermochemical calculations using REAL code were performed for all 
compositions, giving an insight into their combustion behaviour and the 
various species and temperatures generated. The spectral behaviour of the 
MTV compositions using the Spectroradiometer was found to correlate to 
a large extent with the REAL calculations.
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