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Abstract 

This study investigates the influence of Mg particle size and oxidizer type on the combustion 

and obscuration characteristics (including ignition temperature, heat of combustion, mass 

consumption rate, flame temperature, laser attenuation capability, and infrared screening 

efficiency) of red phosphorus (RP)/pyrogel-based smoke compositions. Samples were prepared 

using Mg powders with mean particle sizes ranging from 50.2 to 529.5 µm and four different 

oxidizers (NaNO3, KNO3, Ba(NO3)2, and Sr(NO3)2). The results showed that Mg particle size 

strongly affected the mass consumption rate (0.027–0.083 g.s-1) and smoke-screen formation 

rate, while exerting negligible effects on ignition temperature, heat of combustion, and flame 

temperature. Among the oxidizers tested, NaNO3 exhibited the most favorable smoke-

generation performance, characterized by a higher mass consumption rate and the shortest time 

to achieve over 90% obscuration (18 s). The RP/pyrogel smoke screens exhibited effective 

infrared shielding in both the 3–5 µm and 8–12 µm bands, with screening times of 

approximately 30 s and 20 s, respectively. These findings provide a scientific basis for the 

selection and optimization of RP/pyrogel-based formulations for smoke-screen generation 

aimed at infrared shielding and laser energy attenuation. 

Keywords: Red phosphorus; pyrogel; combustion characteristics; obscuration performance. 

1. Introduction  

Red phosphorus (RP)-based smoke pyrotechnic compositions have attracted 

sustained interest over recent decades due to their ability to generate dense smoke screens, 

high chemical stability, and reliable performance [1]–[4]. Upon combustion, RP 

undergoes oxidation-reduction reactions, producing finely dispersed compounds in the 

atmosphere and forming high-density aerosol clouds capable of effective obscuration in 

both the visible and infrared spectral regions [4]–[6]. Numerous publications and patents 
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have documented the role of RP in signaling smoke, screening smoke, and camouflage 

applications [7]–[11]. 

In practical formulations, RP-based smoke compositions are commonly prepared 

by combining RP with an energetic blank. The primary function of the blank is to generate 

sufficient thermal energy to promote the sublimation and oxidation of RP; subsequently, 

RP vapors react with atmospheric moisture to form aerosols composed of phosphorus 

oxides and fine particles of phosphoric acid [6], [12]. These aerosols exhibit strong light-

scattering capability, resulting in dense and persistent smoke screens  

[13]–[15]. The energetic matrix typically consists of oxidizers, reactive metals, and 

polymeric binders, forming a composite structure that directly affects the burning rate, 

heat release, and stability of the smoke cloud. Depending on the composition of the blank, 

various RP-based pyrotechnic systems can be developed, such as MTV (Mg/PTFE/Viton) 

[16], MATV (Mg-Al/PTFE/Viton) [17], [18], and pyrogel formulations (B 300) [10]. 

Among these systems, pyrogel represents a class of energetic materials composed 

of reactive metals, oxidizers, polymeric thickener-binders, and liquid hydrocarbon fuels 

[19], [20]. The gel structure enables stable incorporation of liquid fuel within the 

composite while enhancing combustion performance under complex environmental 

conditions. Owing to these characteristics, RP/pyrogel systems have attracted increasing 

attention for applications requiring intense smoke generation combined with strong 

combustion effects, particularly in confined spaces or against fortified targets. 

Representative applications include smoke-generation and obscuration devices [21]. 

According to previous studies [22], various RP-based pyrotechnic systems have been 

reported, among which formulations based on a g/oxidizer/hydrocarbon/polyisobutylene 

blank exhibit significant potential due to their favorable combustion characteristics and 

efficient smoke-generation capability. 

Within the pyrogel blank, magnesium serves as the primary heat-generating 

component. However, the reactivity of Mg is strongly influenced by particle size: finer 

particles provide a larger specific surface area, leading to accelerated oxidation kinetics 

and increased burning rates of the composition. Alkali and alkaline-earth metal nitrates 

function as the main oxidizers in the pyrogel blank. Each nitrate exhibits distinct 

decomposition temperatures, oxygen-release characteristics, and heat-release 

mechanisms, thereby directly affecting the burning rate, oxidation behavior of Mg and 

RP, as well as the efficiency of aerosol formation.  
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At present, studies on RP/pyrogel-based smoke compositions remain limited, 

and systematic investigations of their combustion and obscuration characteristics 

remain limited. Therefore, the present work focuses on evaluating the effects of 

magnesium particle size and oxidizer composition on the combustion behavior and 

obscuration performance of RP/pyrogel smoke pyrotechnics. The investigated 

parameters include heat of combustion, flame temperature, mass consumption rate, 

ignition temperature, laser intensity attenuation capability, smoke screen duration, and 

infrared screening effectiveness in the 3–5 µm and 8–12 µm spectral bands. The 

results are expected to provide a scientific basis for formulation optimization and 

performance evaluation of RP/pyrogel-based smoke-generation systems for infrared 

shielding and laser energy attenuation. 

2. Materials and methods  

2.1. Chemicals 

The chemicals used for the preparation of the pyrotechnic compositions, including 

their purity, origin, particle size, and mass percentage, are listed in Tab. 1. The mass 

percentages of the components were adopted from the literature [22]. 

Tab. 1. Properties and mass composition of the chemicals used 

Reagent Formula Source Size, purity wt.% 

Red phosphorus 

(RP) 
P China 42–62 µm, purity ≥ 99% 52.0 ± 2.0 

RON 95 gasoline 
A mixture of 

C4-C12 

hydrocarbons 

Vietnam 
octane number ≥ 95;  

lead content ≤ 0.005 g.L-1 
25.6 ± 2.0 

Magnesium 

powder 
Mg 

Xilong Co., 

Ltd., China 

25–100 µm, 100–250 µm, 

250–600 µm, and 25–500 µm, 

purity ≥ 98% 

8.0 ± 0.5 

Sodium nitrate NaNO3 

Xilong Co., 

Ltd., China 

≤ 100 µm, purity ≥ 98% 

12.0 ± 0.5 
Potassium nitrate KNO3 ≤ 100 µm, purity ≥ 98% 

Barium nitrate Ba(NO3)2 ≤ 100 µm, purity ≥ 98% 

Strontium nitrate Sr(NO3)2 ≤ 100 µm, purity ≥ 98% 

Polyisobutylene 

(PIB) 
(C4H8)n 

Russian 

Federation 

Grade P-200 according to 

GOST 13303-86 
2.4 ± 0.2 
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2.2. Methods 

2.2.1. Preparation of the pyrotechnic compositions 

Safety Notice. Red phosphorus is highly sensitive to friction and electrostatic 

discharge. Red phosphorus and the reagents used in this study are highly flammable; 

therefore, full personal protective equipment, including face protection, gloves, and 

protective clothing, must be worn at all times. The final pyrotechnic compositions are 

combustible under friction, electrostatic discharge, and impact, and must consequently be 

handled with extreme caution. 

The fabrication procedure is illustrated in Fig. 1. The process consists of preparing 

individual components followed by combined mixing. Polyisobutylene was cut into small 

pieces (< 5 mm) and immersed in gasoline in a sealed glass beaker. The beaker was kept 

sealed and stored for at least 48 h to allow full swelling and formation of a homogeneous 

binder solution. The sealed condition was required to prevent gasoline evaporation. When 

ambient temperature deviated significantly, the beaker was maintained at 25–30°C to 

avoid excessive evaporation or reduced swelling kinetics. 

Solid components were prepared separately prior to mixing. RP was dried at  

60–65°C for 2 h, weighed, and stored in PE bags. Mg powder was treated similarly. 

Oxidizers were sieved through a 0.5 mm mesh, dried at 60–65°C for 2 h to ensure dryness 

and flowability, and stored in PE bags. 

 

 
(b) 

 
(a) (c) 

Fig. 1. Fabrication procedure of RP/pyrogel smoke pyrotechnic compositions (a); photograph 

of the prepared sample (b) and under an optical microscope  

at ×300 magnification (c). 
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Mixing began with dry blending: the oxidizer and Mg powder were mixed on a  

0.5 mm mesh using a plastic spatula (3–4 cycles) to ensure uniformity before wet mixing. 

In the wet stage, the dry mixture was combined with the binder solution, followed by the 

addition of RP. The components were mixed with Teflon or wooden rods until a 

homogeneous paste was obtained. 

Because gasoline is volatile, the mixture was handled in sealed conditions. All 

mixing vessels were weighed, and the prepared pyrotechnic samples were stored in 

airtight containers and characterized immediately. For long-term storage, the sample mass 

was periodically checked and gasoline was replenished if mass loss due to evaporation 

occurred. 

2.2.2. Test methods 

During the testing of gasoline-containing pyrotechnic samples, measurement errors 

associated with gasoline evaporation were unavoidable. To minimize these effects, all 

weighing and storage procedures were performed in sealed containers. Each sample was 

tested two to three times, and the average value was reported.  

Optical micrographs of the samples were obtained using a NIKON YS100 optical 

microscope. The magnesium particle-size distribution was determined using a HORIBA 

LA-950 analyzer with a measurement range of 0.01–3000 µm.  

The ignition temperature was experimentally measured using a DT-400 tester 

(R&P, Germany). A 0.15 g sample was placed in a vertical glass tube inside the heating 

block. The temperature was increased at 20°C.min-1 until ignition occurred, with setpoints 

SP1 is 100°C and SP2 is 400°C. 

The mass consumption rate was determined using a Handycam FDR-AXP55 high-

speed camera (Sony, Japan). RP/pyrogel samples were pressed into a cylindrical acrylic 

tube (height: 25 mm, inner diameter: 12 mm) at a density of 1.6 g.cm-3. The compacted 

samples were then carefully ejected from the tube using a hydraulic press prior to ignition. 

The mass consumption rate u (g.s-1) was calculated from the sample mass m (g) and 

burning time t (s).  

The heat of combustion was measured using a Parr-6200 calorimeter (Parr 

Instrument Company, USA) with 1 g of sample burned under an excess oxygen pressure 

of 3 atm. 

The flame temperature was determined by fitting the measured emission spectra 

from an Avantes ULS-2048 spectrometer (200–1100 nm) to the Planck blackbody 

distribution. The experimental setup is shown in Fig. 2. After instrument response 

correction, recorded spectra were fitted to Planck curves at various temperatures, with the 
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1050°C blackbody spectrum used as the calibration reference. Only the spectral range 

400–575 nm was used to avoid interference from emission lines. 

The obscurant performance was evaluated by measuring laser attenuation. A 

continuous 650 nm laser beam with fixed intensity was transmitted through a 0.216 m3 

smoke chamber (0.6 × 0.6 × 0.6 m) with two aligned apertures, and the transmitted 

intensity was recorded using a Chauvin Arnoux CA1110 light meter. The sample mass 

was 0.2 g. The generated smoke scattered and absorbed laser radiation, reducing the 

detected signal. Laser attenuation was calculated from the measured intensity. The 

ambient temperature and relative humidity were maintained at 25°C and 60%, 

respectively. The experimental configuration is shown in Fig. 3. 

  

Fig. 2. Experimental setup for flame temperature 

measurement using an Avantes spectrometer:  

1 - computer; 2 - spectrometer;  

3 - optical fiber; 4 - sample; 5 - smoke chamber. 

Fig. 3. Experimental setup for laser attenuation 

measurement of the smoke screen: 

1 - laser source; 2 - smoke chamber;  

3 - sample; 4 - detector; 5 - computer. 

The infrared screening performance in the 3–5 µm and 8–12 µm bands was 

evaluated using the setup illustrated in Fig. 4, with two infrared cameras operated 

sequentially: first in the 8–12 µm range, followed by the 3–5 µm range. 

 
Fig. 4. Experimental setup for infrared screening performance measurement. 

Two infrared (IR) cameras operating in the 3-5 µm (Scorpio, LYNRED, USA) and 

8–12 µm (Tau 640, NFOV Lensless: 46640001X, Teledyne FLIR, USA) spectral ranges 

were used to observe a target through a test chamber placed inside a tent to minimize 

wind effects. The target consisted of interlaced steel tubes maintained at ambient 

temperature. The sample mass was 0.5 g. After ignition, the smoke screen was monitored 

through the infrared cameras to determine its screening performance. 
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3. Results and discussions  

3.1. Effect of Mg particle size on the energetic and radiative characteristics 

To evaluate the influence of Mg particle size on the combustion and obscuration 

characteristics of the pyrotechnic compositions, four samples were prepared with 

different particle-size ranges, as shown in Tab. 2. All formulations employed the same 

component ratios listed in Tab. 1, with NaNO3 selected as the oxidizer. 

Samples M1–M3 were formulated with progressively increasing Mg effective 

particle size ranges of 25–100 µm, 100–250 µm, and 250–600 µm, respectively. Sample 

M4 employed Mg with a broader distribution of 25–500 µm. The corresponding particle-

size distributions are shown in Fig. 5. Samples M1-M3 exhibited unimodal distributions, 

indicating uniform particle fractions, whereas sample M4 exhibited a clear bimodal 

distribution, reflecting the coexistence of fine and coarse Mg particles. The mean particle 

sizes determined from the distributions were 50.2 µm (M1), 142.7 µm (M2), 529.5 µm 

(M3), and 103.5 µm (M4). Thus, M3 possessed the largest and most distinct size fraction, 

while M4 exhibited an intermediate mean size due to its bimodal distribution. 

  
(a) (b) 

  

(c) (d) 

Fig. 5. Optical micrographs of Mg particles with different size fractions at ×200 magnification: 

(a) Sample M1; (b) Sample M2; (c) Sample M3; (d) Sample M4. 
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These differences in Mg particle size and distribution played an important role in 

the combustion behavior. The unimodal samples (M1–M3) followed surface-controlled 

reaction, whereas the bimodal sample (M4) benefited from fine particles embedded 

among coarse particles, promoting favorable heat transfer. The large size of M3 resulted 

in reduced reactive surface area and limited combustion reaction, leading to a lower mass 

consumption rate. Selected combustion characteristics of samples M1–M4 are 

summarized in Tab. 2. 

Tab. 2. Energetic characteristics of pyrotechnic samples M1–M4  

with different Mg particle sizes 

Sample 

 Effective 

particle size 

range, µm 

Mean 

size, 

µm 

Ignition 

tempera-

ture, oC 

Heat of 

combustion, 

Q, kcal.kg-1 

The mass 

consumption 

rate, g.s-1 

Flame 

tempera-

ture, oC 

M1 25–100 50.2 292.9 5297 0.083 992 

M2 100–250 142.7 291.7 5641 0.069 973 

M3 250–600 529.5 290.4 5253 0.027 974 

M4 25–500 103.5 290.1 5434 0.079 995 

It was observed that the Mg particle size did not significantly affect ignition 

temperature, heat of combustion, or flame temperature. The ignition temperatures ranged 

from 290–293°C, the heat of combustion from 5253–5641 kcal.kg-1, and the flame 

temperatures from 973–995°C. This is consistent with theoretical expectations that the 

overall released energy is primarily governed by the intrinsic chemistry and formulation 

ratios, whereas the Mg particle size mainly affects the energy release rate rather than the 

total energy output. 

In contrast, the mass consumption rate and smoke-generation characteristics 

showed a clear dependence on Mg size. Sample M1 exhibited the highest mass 

consumption rate (0.083 g.s-1), followed by M4 (0.079 g.s-1) and M2 (0.069 g.s-1), while 

M3, with the largest mean size (529.5 µm), exhibited the lowest mass consumption rate 

(0.027 g.s-1). According to Kuwahara [23], the mass consumption rate in Mg-containing 

pyrotechnics increases with decreasing Mg particle size due to the enhanced reaction 

surface area. This trend was consistent with the results obtained for samples M1–M4. In 

addition, in the RP/pyrogel composition, the rapid burning of pyrogel promotes RP 

sublimation and oxidation, thereby enhancing both mass consumption rate and smoke 

formation. The laser-attenuation-based smoke characteristics are presented in Fig. 6.  
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The results showed a strong correlation between mass consumption rate and smoke-

generation performance. Samples M1 and M4 produced stable smoke formation, reaching 

high obscuration levels of 88.1–94.5%. Due to their high mass consumption rates, both 

samples generated smoke rapidly and achieved peak obscuration within 9–18 s. Sample 

M2, with a moderate mass consumption rate, exhibited slower attenuation and required 

~19 s to reach maximum obscuration. In contrast, sample M3, with the lowest mass 

consumption rate, produced less stable aerosol formation and required ~46 s to reach 94% 

obscuration, indicating significantly reduced smoke efficiency. Overall, samples M1 and 

M4, with mean Mg particle sizes of 50.2 and 103.5 µm, respectively, demonstrated the most 

favorable energetic and radiative performance within the test blank. 

 

Fig. 6. Laser intensity attenuation curves of pyrotechnic samples M1–M4. 

3.2. Effect of oxidizer type on energetic and radiative characteristics 

To evaluate the role of the oxidizer in the RP/pyrogel system, four samples were 

prepared using different nitrate salts, including NaNO3, KNO3, Ba(NO3)2, and Sr(NO3)2, 

while keeping the remaining components (Mg with a mean size of 103.5 µm, RP, and 

PIB/gasoline) unchanged. As shown in Tab. 3, the ignition temperature strongly depended 

on the oxidizer type. The NaNO3-based sample exhibited the lowest ignition temperature 

(294.7°C), followed by KNO3 (343.2°C), whereas Ba(NO3)2- and Sr(NO3)2-based samples 

showed values above 400°C. This trend is consistent with the decomposition characteristics 

of the corresponding nitrates: NaNO3 decomposes at a lower temperature (525°C) than 

KNO3 (533°C) [24], while Ba(NO3)2 and Sr(NO3)2 exhibit significantly higher melting and 

decomposition temperatures (~600°C) [25]–[27].  
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Tab. 3. Energetic characteristics of pyrotechnic samples prepared with different oxidizers 

Sample 
Ignition temperature, 

oC 

Heat of 

combustion,  

Q, kcal.kg-1 

The mass 

consumption 

rate, g.s-1 

Flame 

temperature, 
oC 

NaNO3 290.1 5434 0.079 995 

KNO3 343.2 5766 0.048 959 

Ba(NO3)2 > 400 5425 0.051 967 

Sr(NO3)2 > 400 5739 0.036 978 

The heat of combustion and flame temperature varied within relatively narrow 

ranges (5425–5766 kcal.kg-1 and 959–995°C, respectively), indicating that the nitrate 

content in the RP-based formulation was insufficient to significantly affect the overall 

energy output. In contrast, the mass consumption rate showed a clear dependence on the 

oxidizer. NaNO3 produced the highest mass consumption rate (0.066 g.s-1), followed by 

KNO3 and Ba(NO3)2 (0.048 and 0.051 g.s-1), while Sr(NO3)2 yielded the lowest rate 

(0.036 g.s-1). This behavior can be attributed to the lower melting and decomposition 

temperatures of NaNO3 compared to the other salts. In addition, alkali nitrates typically 

undergo multi-step decomposition with the release of active oxygen species, as described 

by reactions (1) and (2) [28], thereby supporting stable combustion: 

 3 2 2NaNO NaNO  + 1/2O  (1) 

 
2 2 2NaNO 1/ 2Na O + NO + 1/4O  (2) 

In contrast, Sr(NO3)2 exhibits slower melting and single-step thermal 

decomposition (3), forming stable oxides such as SrO [29]: 

 3 2 2 2Sr(NO ) SrO + 2NO  + 1/2O  (3) 

Furthermore, mononitrate salts tend to release higher active oxygen contents than 

dinitrate salts. 

The smoke-generation characteristics determined by laser scattering measurements 

(Fig. 7) exhibited a strong correlation with the mass consumption rate. The NaNO3-based 

sample generated smoke most rapidly, reaching 91% obscuration within approximately 

18 s after ignition. KNO3 and Ba(NO3)2-based formulations achieved maximum 

obscuration levels of 98% and 91.5%. respectively, within 47–52 s. Conversely, the 

Sr(NO3)2-based sample exhibited the lowest smoke efficiency, requiring approximately 

98 s to reach 88.1% obscuration, reflecting reduced aerosol formation under limited 
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burning kinetics. Overall, NaNO3-based RP/pyrogel compositions demonstrated the most 

effective and stable smoke-screen formation among the oxidizers examined. 

 

Fig. 7. Laser intensity attenuation curves of pyrotechnic samples with different oxidizers. 

3.3. Infrared screening performance in the 3–5 µm and 8–12 µm bands 

The infrared screening performance of the smoke screen was evaluated for 

pyrotechnic samples with variations in Mg particle size and oxidizer type. The results 

showed that, within the investigated range, these parameters did not significantly affect 

the infrared screening efficiency of the smoke. Instead, the infrared attenuation 

performance was found to depend primarily on the RP content and the total mass of the 

smoke-producing composition, as these factors directly determine the density and 

persistence of the aerosol in space. 

Figure 8 shows the infrared screening performance of sample M4, which employs 

Mg particles with a size range of 25–500 µm (average particle size of 103.5 µm) and uses 

NaNO3 as the oxidizer, together with polyisobutylene, gasoline, and red phosphorus, as 

specified in Tab. 1. The results demonstrate that the RP/pyrogel smoke effectively 

attenuates target signatures in both the 3–5 µm and 8–12 µm spectral regions. For a 0.5 g 

sample, the screening duration reached ~30 s in the 3–5 µm band and ~20 s in the 8–12 

µm band, since longer wavelengths are inherently more challenging to attenuate. These 

results confirm the suitability of RP/pyrogel smoke as a countermeasure against infrared 

sensing and guidance systems. 
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(a) (b) (c) 

   

(a) (b) (c) 

Fig. 8. Infrared screening performance in the 3–5 µm (top) and 8–12 µm (bottom) bands: 

(a) before smoke release; (b) during smoke formation; and (c) after smoke dissipation. 

4. Conclusion 

This study systematically investigated the effects of Mg particle size and oxidizer 

type on combustion and obscuration characteristics of RP/pyrogel-based smoke 

compositions. The results show that Mg with medium particle sizes (50.2–103.5 µm) 

provides the most favorable combustion behavior, characterized by the highest mass 

consumption rates (0.079–0.083 g.s-1), fast smoke formation, and laser attenuation levels 

exceeding 90% within 9–18 s. Notably, variations in Mg particle size had no significant 

influence on ignition temperature, heat of combustion, or flame temperature.  

Among the investigated oxidizers, NaNO3 exhibits the best performance, with a low 

ignition temperature (290.1°C), high mass consumption rate (0.079 g.s-1), and rapid 

smoke-screen formation, reaching 90% laser attenuation within approximately 18 s. In 

contrast, Sr(NO3)2-based formulations showed high ignition temperature (> 400°C), 

reduced mass consumption rate (0.036 g.s-1), and poor smoke-screen efficiency. Within 

the investigated parameter ranges, the infrared screening capability was not significantly 

affected by either Mg particle size or oxidizer type, and effective infrared attenuation was 

consistently achieved in both the mid- and long-wave infrared bands. These results 

provide a clear scientific basis for optimizing RP/pyrogel-based smoke formulations 

aimed at infrared shielding and laser energy attenuation applications. 
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ẢNH HƯỞNG CỦA MỘT SỐ YẾU TỐ ĐẾN CÁC ĐẶC TRƯNG CHÁY 

VÀ CHE PHỦ CỦA HỖN HỢP THUỐC TẠO KHÓI  

TRÊN CƠ SỞ PHỐT PHO ĐỎ VÀ PYROGEL  

Hoàng Trung Hữu1, Nguyễn Văn Tính1, Phạm Minh Hoàng1, 

 Nguyễn Trung Toàn1, Lê Đình Kiên2  
1Khoa Kỹ thuật hệ thống, Trường Đại học Kỹ thuật Lê Quý Đôn 

 2Tổng cục Công nghiệp quốc phòng 

Tóm tắt: Nghiên cứu này khảo sát ảnh hưởng của kích thước hạt Mg và chất oxy hóa đến 

các đặc trưng năng lượng và xạ thuật (bao gồm nhiệt độ bùng cháy, nhiệt lượng cháy, tốc độ tiêu 

hao khối lượng, nhiệt độ cháy, khả năng suy giảm năng lượng laze và hiệu quả che chắn hồng ngoại) 

của các hệ thuốc hỏa thuật trên cơ sở phốt pho đỏ (RP)/pyrogel. Các mẫu được chế tạo với kích 

thước hạt Mg trung bình từ 50,2 đến 529,5 µm và bốn chất oxy hóa khác nhau (NaNO3, KNO3, 

Ba(NO3)2 và Sr(NO3). Kết quả cho thấy kích thước hạt Mg ảnh hưởng mạnh đến tốc độ tiêu hao 

khối lượng (0,027–0,083 g/s) và tốc độ hình thành màn khói, trong khi hầu như không ảnh hưởng 

đến nhiệt độ bùng cháy, nhiệt lượng cháy và nhiệt độ cháy. Trong số các chất oxy hóa được khảo 

sát, NaNO3 cho hiệu quả tạo khói tốt nhất, thể hiện qua tốc độ tiêu hao khối lượng cao và thời gian 

ngắn nhất để đạt mức che phủ trên 90% (18 s). Màn khói RP/pyrogel thể hiện khả năng che chắn 

hồng ngoại hiệu quả ở cả hai dải bước sóng 3–5 µm và 8–12 µm, với thời gian che chắn tương ứng 

xấp xỉ 30 s và 20 s. Những kết quả này cung cấp cơ sở khoa học cho việc lựa chọn và tối ưu hóa các 

thành phần thuốc hỏa thuật RP/pyrogel phục vụ các ứng dụng tạo màn khói nhằm mục đích che 

chắn bức xạ hồng ngoại và suy giảm năng lượng laze. 

Từ khóa: Phốt pho đỏ; pyrogel; đặc trưng cháy; khả năng che phủ. 
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