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Abstract

This paper presents several research results about the influence of percentage of raw
materials on important characteristics of the delay mixture based on copper oxide and
silicon such as heat of combustion, specific volume of gaseous products, combustion
temperature. Analysing computed results and experimental data show that this delay
pyrotechnic has high combustion heat and temperature of combustion wavefront, “gasless”,
safety with thermal impulse. Its burning rate is 9.6 mm/s at 2.2 g/cm? of density.
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1. Introduction

Time-delay compositions are pyrotechnic mixtures having a constant burning rate
used to achieve required time-delay [1, 2]. They are used in fuses of projectiles of anti-
aircraft guns, grenades, delay detonators, solid rocket fuel motors of anti-aircraft
missiles, etc. Based on the ability to release gases, delay compositions are divided into
two main types: gas-forming and gasless. At present, gasless delay compositions are
widely used by stable combustion, and burning rate almost does not depend on pressure
[2]. In civil applications such as delay detonators, CaSO4-Si and BaSOs-Si pyrotechnic
mixtures were used [3]. However, the time-delay mixtures release a substantial quantity
of gaseous products influencing the accuracy of the delay time. Therefore, in military
technics copper (1) oxide or red lead oxide are usually used as oxidants instead of
CaS0q4 or BaSOas.

A delay mixture based on copper (II) oxide (CuQ) and silicon (Si) was
successfully prepared for Igla missiles in Vietnam several years ago [4]. In the delay
composition, copper (1) oxide functions as an oxidant, silicon - fuel. However, there is
very little information on this composition available in open literature neither in
Vietnam or around the world. As a result, this study aimed to investigate the
relationship between essential characteristics (such as the heat of combustion, volume of
gaseous products, etc.) of CuO-Si time-delay pyrotechnic compositions and contents of
copper (I1) oxide and silicon.
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2. Experimental
2.1. Materials

Copper (I1) oxide and silicon powders were both obtained from the Chinese
company Xilong. Third-grade nitrocellulose having 12% in nitrogen weight content was
produced at the Z company. Besides, we also used several other materials such as
acetone, butyl acetate, etc.
2.2. Preparation of pyrotechnic mixture samples

The CuO oxidant powder was passed through the 38 */cm sieves. The Si fuel
powder was milled and specificated by the 70 */cm and 100 */cm sieves. After that, the
required quantities of different ingredients (CuO and Si) were weighed and mixed by
brushing them from three to four times through 15 */cm sieves. The achieved mixture
was blended thoroughly in the colloid nitrocellulose solution in such a way that the
content of nitrocellulose in the pyrotechnic samples is in a range from 0.3 to 0.5% (over
100%). The colloid solution was prepared by dissolving third-grade nitrocellulose in a
mixture of acetone and butyl acetate in 50/50 volume ratio. The content of nitrocellulose
in the colloid solution is 5% by weight. The wet pyrotechnic mixtures were
preliminarily dried in the air and then passed through the 15 #/cm sieves. Finally, the
delay composition samples were dried at a temperature range of 50-60°C in three hours.
The content of compositions and oxygen balance of delay pyrotechnic samples are
shown in Tab. 1.

Tab. 1. Samples of delay composition based on copper oxide and silicon

Samples M1 | M2 | M3 | M4 M5
CuO 90 | 88 | 85 80 75
Mass content, % | Si 10 | 12 | 15 | 20 25
NC (over 100%) | 0.5 | 05 | 05 | 05 0.5
Oxygen balance (Ky), % 6.35 | 3.67 | -0.33 | -7.01 | -13.69

2.3. Characterization

The instruments and methods used to determine the major characteristics of the
time-delay mixture samples as follows:

— The heat of combustion was determined by using the DNL apparatus and the
method shown in [5];

— The volume of gaseous products was measured by using a Lutron 9017
manometer and calculated by the formula:
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where V is the volume of gaseous products in mL/g; AP is the difference between values
of pressure in the combustion chamber before and after measurement in mbar; Tc is the
temperature of the combustion chamber, which equals the room ambient temperature in
K; Vp is the volume of the combustion chamber equals to 334 mL,

— The combustion temperature was determined by a mini Avantes ULS 2048
optical spectrometer [6]. The measurement method based on the relationship between
the intensity of thermal radiation N; (W/cm?.um.sr) and temperature T (K) of thermal
source (the Planck’s equation):

N, =— Ce
A’[exp(C, / AT)-1]
where C1 = 11.91 Wum*cm?sr and C; = 14.387 pm.K are constants; ¢ is radiation
coefficient; 4 is wavelength in um;

)

— The decomposition temperature was determined by thermogravimetric analysis
(TGA) performed on a Netzsch STA 409 PC using the dynamic method with about
15 mg of powder samples. The temperature was scanned from 30 to 1000°C at a rate of
10°C/min;

— The burning rate was obtained as a ratio between the distance traveled and the
corresponding time interval determined using EXPLOMET FO-2000 equipment
(Kontinitro Company);

— The chemical stability of the samples was determined by a Vacuum Stability
Tester (OZM Company). Duplicate samples prepared for a test were heated at 100°C for
40 hours. The sample weight is 5.00 + 0.05 g. The samples should be dried at 65°C for

2 hours. An advisory criterion of 2 ml of gas evolved per gram of sample was used for
the assessment.

3. Results and discussion

3.1. The influence of material contents on energetic characteristics

The most important energetic characteristics of delay composition based on
copper oxide and silicon are combustion heat Q, the volume of gaseous products Vo and
adiabatic combustion temperature Tc. The experimental and theoretical values of these
characteristics of the delay mixture samples are shown in Tab. 2. Here values of T were
calculated by the method displayed in the literature [7].
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Figure 1 shows the influence of oxidant content on the combustion heat of the
delay pyrotechnic mixtures based on copper (Il) oxide and silicon. From Fig. 1 it is
clear that combustion heat increased approximately linearly with increase in CuO mass
content range from 75 to 85% and decreased approximately linearly with continually
increasing in CuO mass content range from 85 to 90%. The highest value of 708 cal/g
was observed at about 85%wt CuO (the M3 sample). The delay mixture corresponds to
the ideal stoichiometry.

Tab. 2. The heat of combustion, adiabatic temperature, and volume of
released gases of the delay mixture samples

Samples M1 M2 M3 M4 M5
Q,, cal/gr (experimental) 502 609 708 697 655
Vo, mL/gr (experimental) 7.7 8.9 6.4 7.7 7.7
Tc, K (predicted) 1976 2133 2312 2245 2164
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Fig. 1. Influence of oxidant weight content on heat combustion of delay mixtures
The values of adiabatic temperature in Tab. 2 show that its changing likes of
combustion heat. The highest theoretical adiabatic temperature of 2312 K was recorded
at the stoichiometric composition (the M3 sample). The high values of the adiabatic
flame temperature of the composition indicated that it is necessary to protect delay
columns from heat.

Delay mixtures based on copper oxide and silicon are gasless. The gaseous
product volumes in Tab. 2 were released from the decomposition of nitrocellulose
having content of 0.5% and impurities in raw materials (CuO and Si). A major reaction
occurring in the combustion process may be

2Cu0O + Si = 2Cu + SiO; (3)
and all its products are condensed.
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In the literatures [3, 8], authors indicated that the stable propagation of
combustion front depends on the heat of combustion and physical states of combustion
products. Based on the heat of combustion both M3 and M4 samples met technical
requirements to use in Igla missiles (Qv ~ 700 cal/gr) [4]. However, solid combustion
products of the M3 sample tend to cohere together. This phenomenon causes unstable
combustion propagation in delay columns. Therefore, M4 sample is the most
appropriate choice to prepare delay mixture into reality.

3.2. Technical characteristics of the M4 sample
a) Burning rate

Burning rate is the most important parameter of delay compositions because it sets
required time-delay. Burning rate depends on the heat of combustion, density, thermal
conductivity, the specific thermal capacity of the delay composition, the diameter of the
delay column, state of combustion products, etc. [8]. The burning rate of the time-delay
composition recorded using the EXPLOMET FO-2000 equipment is 9.6 mm/s at
2.2 g/cm® of density. The value 2.2 g/cm® of density is chosen in burning rate
measurements because that delay columns could not be ignited at bigger densities.
Based on the value of burning rate we can design required time-delay.

b) Thermal behavior of delay composition

Figure 2 shows the TGA diagram of the M4 sample. The M4 sample showed a
significant change in mass (~ 7.75%) at the temperature of 925.8°C. The mass decay
could be explained by the releasing a part of decompositions products in ionization and
solid states. The value is called decomposition temperature reflecting heat sensitivity of
the delay mixture sample. The high decomposition temperature indicated that delay
mixtures based on copper oxide and silicon have low heat sensitivity. It means that the
delay compositions are quite safe with heat impulses but also difficult to ignite.
¢) The temperature of the combustion front

Figure 3 displays radiation spectrum from the combustion front of delay
composition using a mini Avantes ULS 2048 optical spectrometer. The spectrum
shows the relationship between the intensity of thermal radiation and wavelength (see
Formula 2). A theoretical curve of the spectrum could be found based on the
experimental curve. The value of the combustion temperature (2340 K) was received by
regression the theoretical curve N(A4).

16



Tap chi Khoa hoc va Ky thugt — ISSN 1859-0209

TG 1% DTG /(%/min)

105.00

100.00

95.00

\l

Peak: 925.8 °C, -1.38 %/min -1.50
85.00

100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0
Temperature /°C

Fig. 2. The TGA diagram of the M4 sample at a scanning rate of 10 K/min
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Fig. 3. The radiation spectrum from the combustion front of the delay mixture
d) Chemical stability
Vacuum chemical stability of the M4 sample recorded by Stabil vacuum

stability tester was 0.223 mL/g. Therefore, the delay composition has high chemical
stability in comparison of this value with the standard MIL-STD-1751A [9].

4. Conclusion

Therefore, the content of raw materials influents on energetic characteristics of
delay mixtures based on copper (I1) oxide and silicon. The highest combustion heat and
temperature were recorded at compositions with CuO weight contents are in a range
from 80 to 85%. The 80% CuO weight content composition (M4 sample) was chosen by
the high stability of the combustion process in delay columns. Characterization the
delay mixture shows that it has a burning rate of 9.6 mm/s at 2.2 g/cm?® of density, the
decomposition temperature of 925.8°C, a temperature on combustion front of 2340 K,
and high chemical stability determined by vacuum stability tester (0.223 mL/g).
Experimental data also indicate that this delay composition is gasless.

17



Journal of Science and Technique — ISSN 1859-0209

References

1.

Nguyen Van Tinh, Tran Quang Phat (2010). Fundamentals of pyrotechnics. People Army
Press (in Vietnamese).

Melnhikov V. E. (2014). Modern Pyrotechnic. Moscow (in Russian).

Shepherd M. T., Walter W. F., Olinto D., John G., Cheryl K. (2016). A comparative study
of Si-BaSO. and Si-CaSO,4 pyrotechnic time-delay compositions. Journal of Energetic
Materials, 34, 342-356.

Nguyen Van Khuong (2015). Inspection, assessment of the ability of delivery, study on
preparation, production, and measurement of several special chemicals for Igla missiles.
Institute of Propellants and Explosives/ Agency of Defence Industry (in Vietnamese).

Pham Manh Thao (2013). Equipment for determination of combustion heat and pressure of
gaseous products - Technical notes and user guider. MTA, Hanoi (in Vietnamese).

Le Duy Hoan, Nguyen Minh Hue, Duong Chi Dung (2016). The remote measurement of
explosions using thermal radiations. The 9th international conference on photonics and
applications (ICPA-9): 217-218 (in Vietnamese).

Dam Quang Sang, Nguyen Van Tinh, and Nguyen Van Tuan (2007). Principles of
Calcualtion and Design of Propellant Charges. People Army Press (in Vietnamese).

B. I. Khaikin and A. G. Merzhanov (1966). Theory of thermal propagation of a chemical
reaction front. Fizika goreniya i vzryva, 2(3), 36-46.

MIL-STD-1751A (2001): Safety and performance tests for the qualification of explosives
(high explosives, propellants, and pyrotechnics).

ANH HUONG CUA THANH PHAN NGUYEN LIEU TOI
MOT SO PAC TiNH CUA THUOC GIU CHAM TREN CO SO
PONG (1) OXIT VA SILIC

TOm tit: Bai bao trinh bay két qua nghién ciru dnh hwong cua thanh phan nguyén ligu

dén mét so dac tinh quan trong cua thuoc hoa thugt giiz chdm trén co sé CuO-Si nhuw nhiét
lirong chay, thé tich san pham khi, nhiér dg chay. Phan tich két qud tinh toan ly thuyét va thuc
nghiém cho thay, hé thudc gii cham nay c6 nhiés liwong va nhiér dé chay kha cao, it sinh khi,
twong doi an toan véi xung nhiét va téc dé chdy dat 9,6 mm/s ¢ mdt do nhai 2,2 glem®,
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