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Experiments were performed to determine the threshold laser pulse energy density re-
sulting in explosive transformation of the mixtures studied. The experiments showed
the possibility of using the laser initiation technique for rapid testing of mixtures of

variable composition and structure.
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INTRODUCTION

The endothermic substance 5,6-(3',4'-furazano)-
1,2,3,4-tetrazine-1,3-dioxide (C2NgOs3, FTDO), which
has a high enthalpy of formation, is of great interest as a
promising energetic material [1]. However, its practical
use is hampered by its high impact sensitivity compa-
rable to that of lead azide [2]. To overcome this ob-
stacle, it is proposed to crystallize FTDO in a mixture
with the linear nitramine 2,4-dinitro-2,4-diazapentane
(DNP) [3]. Such mixtures are characterized by the pres-
ence of two eutectics FTDO/DNP (18/82 and 65/35)
and a molecular compound (49/51). It has been found
that the mixtures burn steadily at atmospheric pres-
sure but an increase in the pressure to several tens of
atmospheres makes the combustion unsteady [4]. The
higher the content of FTDO in the mixture, the lower
the threshold pressure of steady-state combustion.

An analysis of data on the transition from steady-
state to unsteady combustion for the examined crys-
tallized mixtures suggests that this phenomenon occurs
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when the rate of temperature rise in the condensed-
phase reaction zone exceeds the critical level. Indeed,
at a burning rate of 20 mm/sec, the calculated max-
imum temperature gradient in the condensed phase is
~100 K/pm. In this case, the temperature rise rate
reaches a value of ~10% K/sec. This is responsible for
high thermal stresses, which can lead to mechanical de-
struction of the crystals and combustion transition to a
mode close to explosive transformation. Predominant
initiation of explosive transformation during combus-
tion can occur in local regions with an increased content
of FTDO.

In the present work, an attempt is made to estimate
the sensitivity of crystallized FTDO/DNP mixtures to
the action of a thermal pulse which simulates combus-
tion wave conditions. The thermal pulse was produced
by the focused radiation of a CO; laser. The laser was
adjusted to the 10P32 line (932.96 cm~1), which coin-
cides with the maximum of one of the absorption bands
in the IR spectrum of the FTDO/DNP mixture. The
pulse had a shape typical of COs lasers: an initial peak
0.2 psec long and a nitrogen tail about 1.5 usec long.
The energy of the initial peak was about 30% of the to-
tal laser pulse energy. The total pulse energy was varied
in the interval of 0.1-0.5 J.
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Fig. 1. Photographs of the surfaces of the molecular compound (a) and eutectic mixture (b) after
exposure to radiation pulses of subthreshold intensity.

In this work, we studied samples of crystallized
FTDO/DNP mixtures of compositions 49/51 (molec-
ular compound) and 65/35 (energetic eutectic). The
samples were prepared by heating of the mixed initial
powders to melting with subsequent crystallization of
tiny droplets (weighing 8-12 mg) of the mixture on a
cover glass or fluoroplastic film. The droplets were crys-
tallized at various substrate temperatures: the lower
limit was liquid nitrogen temperature, and the upper
limit was at 50-55°C (near the melting point of the
corresponding mixture).

The structure of samples of the molecular com-
pound and eutectic mixture crystallized at substrate
temperatures Ty = 20 and —18°C were studied by x-ray
microtomography on the synchrotron radiation source
of the Institute of Nuclear Physics, Siberian Division,
Russian Academy of Sciences. Reconstructed images of
thin sections of samples of the eutectic mixtures were
obtained. Their analysis allowed us to find the void
fraction (the ratio of the volume of the pores to the vol-
ume of the sample) and the pore size distribution. It
was found that the void fraction of the molecular com-
pound decreases with increasing cooling rate of the sam-
ples, with the pore distribution curve shifting toward
small sizes: for T, = 20 and —18°C the void fraction
was 1.3 and 0.8%, respectively, and the modal (number
averaged) pore size D19 was 16 and 13 pm, respectively.
For the eutectic mixture, the void fraction in both cases
was 0.9%, and the modal sizes D1y were 16 and 14 pum
for Ty = 20 and —18°C, respectively.

Samples of the examined crystallized mixtures were
irradiated by single pulses of a COy laser. Lenticular
samples of 3-5 mm diameter with the flat base facing
the laser output window were placed in the region of the

laser beam waist focused by a long-focus (f = 250 mm)
NaCl lens. The total radiation energy pulse was mea-
sured by an IMO-2M device.

The energy density distribution in the beam waist
region was measured by scanning the beam section with
a pinhole plate. The distribution profile was found to
be nearly Gaussian one with a width ¢ = 1.4 mm at the
level of exp(—1). Accordingly, the maximum energy
density Ey at the center of the waist was calculated by
the formula Ey = 4W/(ma?), where W is the total laser
pulse energy.

Part of the laser radiation incident on the focusing
lens was reflected by a NaCl plate onto a MG-33 pyro-
electric detector. The signal from the detector was used
to record the laser pulse energy in fire experiments. The
detector was calibrated using an IMO-2M measuring
instrument directly before and after a series of experi-
ments. The laser pulse energy was varied by changing
the laser electric discharge energy and the laser mixture
pressure and using attenuating optical KRS-5 glass fil-
ters.

In the experiments on laser initiation of
FTDO/DNP mixtures, the following results were
obtained. For pulse energy densities varied in the
range of 10-35 J/cm?, samples of the molecular com-
pound show only a short-term flash with subsequent
quenching. The irradiated surface has a circular region
with partial ablation and melting traces of the initial
material. The frames (camera speed of 30 frames/sec)
show a flame in the pyrolysis product jet expanding
from the surface and subsequent quenching. On
exposure to the maximum energy radiation pulse, the
sample undergoes fracture with the formation of a
central crater and large fragments (Fig. 1a). Threshold
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Fig. 2. Photographs of explosion of the eutectic mixture (a) and the split wood rod (b).

values of the specific energy density for the initiation of
explosive decomposition were measured in experiments
with the 65/35 FTDO/DNP eutectic mixture. As in
the case of the molecular compound, a short-term flash
and subsequent quenching were recorded on exposure
to low energy. This was accompanied by a specific
destruction of the irradiated surface with the formation
of a central crater and separate weakly connected
fragments with characteristic sizes of 0.1-0.5 mm (see
Fig. 1b). The attainment of the threshold radiation
energy level was characterized by a pop, scattering
of the combustion products on a circular sphere, and
layering of the wood rod used to hold the sample
(Fig. 2). It was found that the threshold radiation
energy corresponding to explosive transformation
depended on the structural properties of the sample.
In particular, the 65/35 FTDO/DNP eutectic mixture
crystallized at Ty, = —196°C exploded at an energy
density E > 18 J/cm?, and the mixture crystallized at
T, = 20°C exploded at E > 21 J/cm?.

The difference in the threshold values of the en-
ergy density for initiation of modifications of the eutec-
tic mixtures crystallized at two different substrate tem-
peratures cannot be explained unambiguously. On the
one hand, the low substrate temperature (high cooling
rate of the droplet) promotes the formation of smaller
crystals. On the other hand, the crystals formed in this
case can have a less regular shape than those formed at
moderate crystallization rate at room substrate temper-
ature. The pore sizes, as follows from the measurements

at Ty = 20 and —18°C, decrease with decreasing sub-
strate temperature (data for liquid nitrogen tempera-
ture are absent). It is required to perform more de-
tailed studies, in particular, of the characteristics of the
crystal structure under various cooling conditions, us-
ing advanced methods of high-speed visualization of the
laser initiation process.

Thus, it is shown that the results of laser initia-
tion experiments are a specific characteristic of thermal
transformation of irradiated energetic materials. The
qualitative similarity of explosive transformation char-
acteristics under laser initiation and during combustion
at increased pressure means that the laser initiation
technique can be used for rapid testing of mixtures of
variable composition and structure. In addition, advan-
tages of laser initiation are the possibilities of handling
explosive samples of limited mass and providing reliable
safe test conditions.

This work was supported by the Russian Founda-
tion for Basic Research (Grant No. 08-03-00636-a).

REFERENCES

1. D. B. G. N. Nechiporenko, and
S. 1. Soglasnova, “Dependence of the specific impulse

Lempert,

of rocket propellants containing oxidizers based on C,
N, and O atoms on the enthalpy of formation and
elementary composition of the oxidizer,” Khim. Fiz.,
23, No. 5, 75-81 (2004).



Laser Initiation of Crystallized Mixtures

2. V. A. Teselkin, “Mechanical sensitivity of furazano-

1,2,3,4-tetrazine-1,3-dioxide,” Combust., Expl., Shock
Waves, 45, No. 5, 140-142 (2009).

. P. I. Kalmykov, A. A. Sidel’'nikov, A. V. Koptyug,
A. 1. Ancharov, V. E. Zarko, T. P. Ryabchikova,
“Investigation of crystallization and phase structure
of FTDO-DNP binary systems,” in: Abstracts of the
1V All-Russian Conf. Energetic Condensed Systems,
Chernogolovka (2008), pp. 26-28.

755

4. P. I. Kalmykov, V. E. Zarko, V. N. Simoneneko,

N. P. Vdovina, O. A. Troshina, and K. A. Sidorov,
“Relationship between the physicochemical properties
of furazanotetrazine (FTDO) and combustion laws of
condensed systems on its basis,” in: Abstracts Symp. on
Combustion and Ezxplosion: Combustion and Kinetics,
Chernogolovka (2008), p. 79.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


