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2-31. TeH30pbl TEPMUYECKON AedOopMaLMM CBEPXUUCTBIX MOJIEKYJIAPHbIX
KpuUcTtannoB y n 0 1,1-auaMnHO-2,2-ANHUTPO3TUIIEHA
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KOaKCMaJZIbHO-CJIOUCTbIX KOM6MHMPOBaHHbIX U3AENIUAX U3 pa3/INYHbIX
TUNOB 3HEepreTMYeCcKx MmaTepuasnos
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2-36. MexaHunsMm o6pasoBaHusa pa3/iIndHbiX (popM HUTpMAa
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MMeHn akagemuka E. U. 3ababaxmHa», CHexuHck, Poccus
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MMeHn akagemunka E. U. 3ababaxumHa», CHexuHck, Poccus
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A. 0. Tapacos, E. 6. CMupHoB, A. B. CapagaHHukoB, H. A. AnexuHa, A. H. QuinMoHeHKO
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of Crystals of Individual Highly Explosive Nitro Aromatic Compound
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MOJIEJBb BOCIIJTAMEHEHHUA U POCTA
JJISA OKCITIEPUMEHTOB 11O YIAPHOMY HHULIUNPOBAHUIO
MEJIKOAUCHEPCHOI'O TEKCAHUTPOCTUJIBBEHA (I'HC-1V)

Boii L{ao, Bau lo, lla An, uueyans Cyn, bun Xyan, FOn Xano

HMHCTUTYT XUMUYECKHX BelecTB, Knuralickas akajgemusi HEvkeHepHoU Gu3uku, MsHbsH, Kurtaii

E-mail: weicao@caep.cn

Iekcanutpoctunsben (I'HC) siBnsieTcs yCTOWYMBBIM K HArpeBaHHUIO B3pbIBYATHIM BemecTBoM (BB), mm-
POKO HCIOJNB3yeMbIM B KadeCTBE MPOMEKYTOUHOTO AETOHATOpa WM MHULUHPYIOIIETO 3apsAia, B 0COOeH-
HOCTH B CIIDMIEP-IETOHATOPaX, B KOTOPHIX AETOHAIUSA OCYLIECTBIAETCS B pPe3ylbTare YIapHOIO BO3AEH-
ctBu JeTsmwei miactuasl Ha BB. CymectByet Heckonsko popm [HC (I-V), otnmuyaromuxcst Ipyr OT apyra
pasMepoM yacTtull U crenenbto ynctoTel. 'HC-IV BeIgensercs B Buie ocajgka B pe3ylbTare paspyLIeHHUs
I'HC-II, pexpucrannuzoBanaoro uz ['HC-I. [TnotHocts kpuctamioB T'HC B HacTosmiel pabote cocTaBiseT
1,74 r/em’ npu HopucTocT 8%, XOTS, KaK MpaBuio, ucnonbdyercss I'HC ¢ mioTHOCThIO MPpUOIU3UTEIBHO
1,60 r/em’. Tl noJiy4eHus Takux coctaBoB, kak LX-15 (THC 95% u Kel F-800 5%) [1] ¢ ymy4meHHbIMU
(hopmooOpazyronMu cBoiictBamu, B BB mobaBnsrorcs csazyromue.

B cBoem nccnenoBannn Kammbemn v coaBTophl [2] ONKMCHIBAIOT yIapHOE HHUIMMPOBaHKUE TBepAbIX BB.
Jng usydyenus npouecca yIapHOro MHUIIMHPOBaHUA TBepAbIXx BB mpoBomunnck UCIbITaHUS ¢ HCTIONB30Ba-
HHUEM TJIOCKOBOJIHOBBIX JIMH3, CHApSAIOB, IPYTKOB, JETAIIUX IUIACTUH U Ap. B pamkax mapaMeTpuyeckoro
WCCJIEZIOBAaHUS YAAPHOTO MHUIMHPOBAHMS M3MEPEHUS] CBETOBOTO BBIXO/Aa B KIMHOBBIX HCIBITAHUAX, Mac-
COBOM CKOPOCTH U JaBJIEHUS] MEXy MacTUHaMU BB BBIMOMHAIOTCA B OCHOBHOM MpU MOMOIIN BBICOKOCKO-
POCTHOI KaMepbl C BpallalOLIMMUCS 3epKajaMH, 3JEKTPOMAarHUTHBIX JAaTYMKOB CKOPOCTH YacTHIl M MaH-
TaHWHOBBIX JAaTYMKOB JaBieHMd. 71 U3MEpeHus JeTOHAllMM U yAapHON BOJHBI C MOMOILBIO MUKPOBOJH,
JIa3€pPHOTO U3TyYEHHs U TeparepleBbIX BOIH B MOCIEAHEE BPEMs IIMPOKO MPUMEHSIETCS JOIIIEPOMETPHSL.

B pamxax 1aHHOTO HCCIIE0BaHUS € IIETbI0 U3YUEHHS INTIOCKOBOJTHOBOTO MHUIIMMPOBaHNUs feToHa BB
Ha ocHoBe 'HC-IV (THC-1V 97,5% u cBasyromee 2,5%, p,= 1,58 F/CM3), pu ToMoIy (GOTOHHOU TOTIEPO-
METPHUH BHIMOIHIOCH U3MEPEHNE CKOPOCTH IPaHHIIBI pa3aesnia Mex Iy 3apaaoM obpasia 1 OKHOM U3 (pTopu-
na mutust (LiF). ns o6pa3oBaHus IUIOCKOH yIapHOM BOJHBI MCIIONIB30Bajach IIIOCKOBOIHOBas TuH3a 100
u o6pasipl BB Ha ocHoBe okToreHa J100x20 (oxroren 95% u cBasyromee 5%, p, = 1,857 = 0,002 r/em® ).
B kadecTBe aTTeHIOATOPOB MCMONB30BaKCh Boimbppamonas (WI95NiFe) u amomunnenas (2A12) miactu-
HBL. 3aTeM K aJIOMHHHUEBOH IJIaCTUHE-aTTEeHI0ATOPY MPHUKPEIUUIHCE 3apaasl oopasua &10. [ns nomyde-
HUS OOJBILIETO KOJMYECTBA JAaHHBIX 32 OJHO MCIBITAaHHUE K IIACTHHE MOXHO OBLIO MPHUKPEIUIATH 10 MIECTH
3apsIoB OOpa3LOB C Pa3IMYHON TONIIMHOW, PAaBHOMEPHO paclpelesieHHbIX MO JUIMHE OKpYXHOCTH 30
(cMm. puc. 1). B nanHOM ciyvae Ha IIIACTHHE MPUKPEIUISUIMCH YETHIpe 3apsiia TOMmuHOu 1, 3, 5 u 7 MM, a Ha
OCTaBLIMXCS ABYX CBOOOJHBIX MECTaX U3MEPSIIach CKOPOCTh CBOOOTHOM moBepxHocTH. Ha npyroii ctopone
3apsna obpasua pacrnonaraiock okHO LiF J10x5. [Ing co3nanus oTpaskaromeii moBepXHOCTH Ha BEPXHIOIO
MOBEPXHOCTh 3TOT0 OKHA co cTopoHbl BB Oblna HaneceHa amomuHueBas (onbra TonmuHon 0,6 MKM. DTOT
AJIOMUHHEBBIH CIION ABISETCS TOCTAaTOYHO TOHKUM, €T0 MOJTHOE YAAPHOE CONPOTUBICHNE aHAJIOTUYHO TI0J-
HOMY CONpPOTUBIEHUIO oKHa LiF, mo3ToMy BO3MyIlIeHNsI B TMHAMUKE CKOPOCTH T'PaHMLIBI paszienia sBIsFoTCS
HE3HAYHUTENbHBIMHU.

Bnaropapst ”3MEHEHHIO TOJIMHBI aTTEHIOATOPOB, OBLTH MOJTY4YeHBI Pa3IMYHbIC aMITUTYIbl YIAPHOW BOJ-
Hbl. Kpome Toro, OBLIH MONTy4eHbI CKOPOCTH CBOOOHOM OBEPXHOCTH alIFOMHUHUEBOM TUIACTHHBI M HICTUHHAS
CKOPOCTh TpaHUIIBl paszfena Mexay 3apsaoM obpasua u okHoM LiF. CxkopocTs cBOOOIHON MOBEPXHOCTH
MOYET MCIONB30BaThCs ISl pacyeTa BHIXOAHOTO IABJICHUs yIapHOU BOIHEL. [ hopMupoBaHus TMHAMUKA
WUCTHHHOW CKOPOCTH T'paHMIBI pa3ziena HeoOXOOUMO CKOPPEKTUPOBATH MONYyUYEHHYIO AUHAMHUKY BHAUMOUN
CKOPOCTH TPaHHMIIBI pazziesia ¢ yIETOM MoKa3arens npenomienus okaa LiF.

B Mognenu BocmmameHeHHUs M pocTa Uil PeaKTUBHOTO MOTOKA MCIIONB3YIOTCS ABa YPaBHEHHs COCTOS-
Hus JlxoHca—Yunkunca—JIu (JWL): ogHo ypaBHeHMe — A HempopearupoBasiiero BB, a apyroe — mis
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NPOAYKTOB peakUuH. BrIMoIHAETCS MOArOHKa STHX YpaBHEHUH K JaHHBIM YAapHbIX annadaT Hempopearnpo-
Baslero BB u mpogykToB peaknuu. B onucsiBaeMoM Cilydae MPUMEHSETCS TPEXUICHHOE YPaBHEHHUE CKOPO-
ctu peakuu. [Ipeanonaraercs, 4To AaBIeHUE U TEMIIEpaTypa MeKAY AByMs (azaMu HEMpOopearupoBaBLIETO
U npopearuposasiiero BB HaxoasTcs B paBHOBECHU.

Urax, Ob1a BeINOIHEHA IOATOHKA yYpaBHEeHH cocTostHus JWL st Henpopearuposasiuero BB k naHHBIM
3KCIIEpUMEHTA. YpaBHEHHE cOCTOsHUA JWL 171 mponyKTOB peakuuu NOJLKHO IPOTHO3MPOBATh JJAHHBIC
o pacmmpenun Hike gapieHus: Yenmena—Kyre (U—K) u mepecikarsie cCOCTOSIHUS yAapHOH aanadaTsl BbIILIE
cocrostaug U—K. Ha puc 2. neMoHCcTpupyeTcs cpaBHEHHE NMapaMETPOB CKOPOCTH PEAKIMU C TAHHBIMHU JKC-
NIEPUMEHTA, a TaKKe ypaBHeHMs coctosHus JWL mis Henpopearuposasiiero BB u nponykros peakuuu.
IToka3zaHo cormacue MexJy 3KCIEPUMEHTAIBHON U PACYETHOW MACCOBBIMU CKOPOCTSMU I'PAHULBI Pa3zeiia.

Bce napamerpsl npeacrasieHsl B Ta0. 1.

Puc. 1. [TocTaHOBKa SKCIIEPUMEHTA: TPAHHUIIA pa3zieia MKy aTFOMUHUCBBIM arTeH0aTopoM (J100)

u 3apsaamu obpasia (J10)

I[MTapaMeTpbl MOJEIN BOCIIIIAMEHEHHS U POCTA
mis BB THC-1V/cBa3yromee = 97,5/2,5, nnotHocTth 1,58 r/em®

Tabmuua 1

YpaBHenue cocrostuusg JWL
JUTs HerpopearupoBasiuero BB

VYpasuenue cocrosauus JWL
U1 TIPOAYKTOB PEaKLUU

[TapameTpsl ckopocTu
peaxkuuu

A=1,4e+6Mrc!

A = 8090 M6ap A =3,306 MGap 80
B =-0,01522 MGap B=0,1251 MGap b=0,667
FGlmax = 0’3
a=0,05
Ry =16,55 Ry=4324 G, =2000 M6ap *-mkc™
R,=1,655 R,=1,289 y=20  z=30
® =0,5226 ®=02775 Fyar = 008
_ I S
C,=2,704c - 5 MéapK' | C,=1,0e—5Mo6ap-K" G = 600 Mbap “mke
FGZmin = 0’8

T, =298K

E,= 0,060 M6ap

c=d=e=g=0,667
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Puc. 2. CpaBHHUTEIBHBIN aHAIN3 HKCTIEPUMEHTAIBHBIX M PACUETHBIX JJAHHBIX
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IGNITION AND GROWTH MODELING
OF PLANE WAVE SHOCK INITIATION EXPERIMENTS
ON ULTRAFINE HEXANITROSTILBENE (HNS-1V)

Wei Cao, Wei Guo, Sha Yang, Qingguan Song, Bing Huang, Yong Han
Institute of Chemical Materials, China Academy of Engineering Physics, Mianyang, China
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Hexanitrostilbene (HNS) is a heat-resistant booster explosive that is widely used in initiators, especially
in slapper detonators, where explosives are impacted by thin flyer plates. HNS has been produced in several
forms (I-V) with various particle sizes and purities. HNS-1V is crash precipitated from HNS-II, which was
recrystallized from HNS-I. The crystal density of HNS is 1.74 g/cm3, while it is generally used at density of
around 1.60 g/cm®, which implies a porosity of 8%. In order to improve the shaping performance of HNS,
binders are added to form formulations such as LX-15(95% HNS I and 5% Kel F-800) [1].

The shock initiation of solid explosives has been discussed by Campbell et al [2]. In order to study the
shock initiation process of solid explosives, plane wave lens, projectile, rod, flyer plate and etc. have been
used in experiments. In the parametric study of shock initiation, the light output in wedge test, particle
velocity and pressure between explosive slabs are usually measured by high-speed rotating camera, elec-
tromagnetic particle velocity gauge and manganin pressure gauges. Recently, the Doppler velocimetry has
been widely used in detonation and shock wave measurements, where microwaves, laser, terahertz waves
are commonly used.

In this work, the interface velocity between sample charge and LiF window was measured by photonic
Doppler velocimetry, to investigate the plane wave shock initiation of HNS-IV based explosive (97.5%
HNS-IV and 2.5% binder, p, = 1.58 g/em®). The ®100 plane wave lens and was ®100x20 HMX-based ex-
plosive (95% HMX and 5% binder, p,=1.857 + 0.002 g/crn3 ) used to produce plane shock wave, which was
attenuated by tungsten (W95NiFe) and aluminum (2A12) plates. Then the®10sample charges were attached
to the aluminum attenuator plate. In order to obtain more data in one shot, up to six sample charges with
varying thicknesses could be mounted simultaneously, which were evenly distributed along the ®30 circum-
ference (as shown in fig.1). Four charges with thicknesses of 1, 3, 5, 7 mm were mounted here, and the other
two locations could be used for free surface velocity measurement. The ®10x5 LiF window was amounted
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to the other end of sample charge. A 0.6-pm-thick aluminum foil was deposited on the window face next to
the explosive to provide a reflective surface. The aluminum layer is thin enough and has a shock impedance
close to that of LiF window to introduce negligible perturbations into the interface velocity histories.

Fig. 1. The experimental setup of interface between aluminum attenuator (®100) and sample charges (©10)

By changing the thickness of attenuators, different amplitudes of shock waves could be obtained. The
free surface velocity of aluminum plate and true interface velocity between sample charge and LiF window
were obtained. The free surface velocity could be used to calculate the output pressure of shock wave. The
obtained apparent interface velocity histories should be corrected for the index of refraction of LiF to gener-
ate true interface velocity histories.

The ignition and growth reactive flow model uses two Jones—Wilkins—Lee (JWL) equations of state
(EOS’s), one for unreacted explosive and one ofr reaction products. These EOS’s are fitted to unreacted
Hugoniot and reaction product Hugoniot data. The three-term reaction rate equation is used. Pressure and
temperature equilibration between the two phases of unreacted and reacted explosive are assumed.

The unreacted JWL EOS was fitted to experimental data. The product JWL EOS must predict expansion
data below the Chapman—Jouguet (C—J) pressure plus overdriven Hugoniot states above the C—J state. To-
gether with the unreacted JWL EOS and the product JWL EOS, the reaction rate parameters are compared
to the experimental in fig. 2. Fig. 2 shows the agreement between the experimental and calculated interface
particle velocity. All the parameters are given in Table 1.

Fig. 2. Comparison between experimental and calculated data
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Table 1
Ignition and growth model parameters
for HNS-IV/binder = 97.5/2.5 with density = 1.58 g/cm3

Unreacted JWL EOS Product JWL EOS Reaction rate parameters
A=1.4e+6us’
A = 8090 Mbar A =3.306 Mbar © T oK
x=8.0
B =-0.01522 Mbar B=0.1251 Mbar b=0667
Fg, =03
a=0.05
R, =16.55 R, =4324 G, = 2000 Mbar 5"
R,=1.655 R,=1289 y=20  z=30
® = 0.5226 ®=0.2775 F g = 0.08
— M —2. -1
C,=2.704e - 5 Mbar-K™ | C,=1.0e-5Mbar-K" G = 600 Mbar s
FGZmin =0.8
T, =298K E, = 0.060 Mbar c=d=e=g=0667
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MPOTPAMMHO-AIIITAPATHBIN KOMITJIEKC HAHOTEWT-22/TTAK.
KAJIMBPOBKA, KOPPEKIIUS UCKAKEHHWUM U PE3YJIBTATHI
NPUMEHEHUSA KOMIIJIEKCA B KAYECTBE CPEJICTBA
U3MEPEHUS IPOCTPAHCTBEHHO-BPEMEHHBIX
XAPAKTEPUCTHUK BBICTPOIIPOTEKAIOIINUX NPOIIECCOB

M. 1. Kpymux', B. A. Apunur?, B. U. Txauenxo®, C. B. J[youn’

'000 «Hayuno-npoussoacteenHoe npeanpustue HAHOCKAH», Mocksa, Poccus

2PI'VII «Poccuiickuii ®enepanbublil Anepubiit Hentp — Beepoccuiickuit HUU skcniepumeHTanbHON
(dhm3ukn», Capos, Poccust

3 WuctutyT npobnem xumuaeckoit puzuku PAH, Ueproronoska, Poccus

B noxiaze mpencTtaBieHbl OCHOBHBIE TEXHHYECKHE XaPaKTEPUCTHKH U PE3yAbTaTbl IPUMEHEHHs IpO-
rpamMMHO-anmaparHoro komiuiekca Hanoreitt-22/I1AK, paspadorannoro B OO0 «HIIIT HAHOCKAH».

OCHOBOH KOMITJIEKCa SIBJISIETCSI BOCBMH KaHallbHast 16-TH KaApoBas 3JEeKTPOHHO-ONTHYECKas Kamepa,
NpeAHa3HaYeHHAs AJIS1 BBICOKOCKOPOCTHON PETHCTPAllii ONTUYECKUX M300pakeHHH OBICTPOIIPOTEKAIOIINX
MPOLIECCOB B HAHO- M MUKPOCEKYHIHOM JTHana3oHax BpeMeHH. BHemHuii Bu KaMepbl OoKa3aH Ha puc. 1
crneBa. Peructpupyemoe n3obpaskeHne, mpoxos yepe3 BXOAHOW 0OBEKTHB, MONaJaeT Ha MHUPaMUaIbHYIO
3epKaJIbHYIO0 CHCTEMY CBETOAEJICHUSI Ha BOCEMb KaHaJOB. AMIApaTHBIM COCTaB KaHaja: 3aTBOP — IJIaHap-
HBIH BIIEKTPOHHO-ONTHYECKUI mpeobpazoBarens (DOII) J18 MM; nepeHoc M300paKeHUs] — ONTUYECKHH,
MacmTab enepenoca 1:1, anmeprypa 18°; cencop — yepeccrpounas [13C marpuna pasmepom 15,4x15,4 Mm,
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2048%x2048 snemeHTOB. UyBCTBUTEIBHOCTh KaXJIOTO KaHajla PETYIHPYETCsl HE3aBHUCHMO, YTO IO3BOJISET
U3y4arh MPOLECChl ¢ OONBLUIMM IUana3oHoM SIpKocTH. Kakaplii 13 BOCBMHU KaHAJIOB PETHCTPUPYET /1B Ka-
Jpa, mapaMeTphbl KOTOPBIX yCTaHABIMBAIOTCS HE3aBUCUMO KaK MO BpeMeHH dKcro3uimu (5 He+20 MKC), Tak
1 110 MeXKaaApoBoMy uHTepBaiy (5 Hc+1000 mkc). Kaxxaplil kaHam MoxeT paboTaTh B pekuMe CTpoOOCKoIa,
perucTpupysi HeCKoibKo (a3 mpouecca Ha onuH Kaap. KBaHToBas 3((eKTUBHOCTD pETHUCTPaLuU ONpeae-
nsieTcsl UCKIMIoYnTeNbHO (poTtokartomom DOII, Tak kak KaKIbli BEIOUTHIA U3 HETO (POTORIEKTPOH YUACTBYET
B ()OPMUPOBAHUN KOHEYHOTO H300pasKEHHS.

Puc. 1. CneBa — Kamepa «Hanore#T 22/16», cipaBa — peructpanys rnporiecca JIeToHanuy, 12 xaapos u3 16-tu

Hcnonezyemas B kamepe cucTeMa CBETOAEIICHUSI N300pakeH!sI 001aaeT psAoM HEJOCTAaTKOB: HEPABHO-
MEPHOCTB 3KCIO3HLIMH TI0 MOJII0 H300paKEeHHS U3-3a BUHBETHPOBAHHSA KaAPOB; MEKKaHAIBHBIN MapaJuIakc:
KKl KaHa PEerHCTPUPYET MPOLEC XOTh U ¢ OIM3KUX APYT K APYTY, HO C Pa3HbIX TOYEK; 3aMETHAas AU-
CTOpPCHSl ONTUYECKOW Tapbl BXOAHOW OOBEKTHB — OOBEKTUB MepeHoca. B mporpaMMHOM 4acTH KOMILIEKCa
HanoreiiT-22/ITAK npenycmoTpeHa aBToMaTHuecKasi KaTuOpPOBKa M KOPPEKLMS BBIIICIIEPEUUCICHHBIX arl-
MapaTHBIX UCKAKEHUH.

CoBpeMeHHBIE aNTOPUTMBI aHaJK3a U 00pabOTKU M300pakeHUH, peaTn30BaHHbIE B IPOTPAMMHOM 00€-
cneuenun (I10) xommiekca, He TPUBSI3aHBI K MUKCENBHON CTPYKTYpe MOIydaeMbIX H300paKeHUd U 00e-
CIEYHMBAIOT OPHEHTALMIO, MacIITa0MpOBaHUE M KaJPUPOBAHHE MOMYUYCHHBIX M300paKEHHH C TOYHOCTBHIO,
UMEIOLIEH NUIIb (PyHAaMEHTaJIbHbIE OTpaHHMYEHUSI — YUCIO KBAaHTOB, 00pa3yroNnx u3odpaxenue. Merpo-
sorudeckast 9actb 110 mo3BomnseT TpaccupoBaTh IPaHUIIBI PA3HBIX TUIIOB (CTPOUTH BEKTOPHYIO JTMHMIO IO
pPacTpoOBBIM JaHHBIM), U3MEPSTH YIIIbI OPUEHTALUH NPOTHKEHHBIX 00BEKTOB, ONPEAeIsATh apaMeTpbl CHM-
METPHUH, PACCTOSIHUE MEXIY MOAOOHBIMU OOBEKTaMH, MPOBOAUTH APYTrHe THUIBI U3MepeHuid. [lo momydeH-
HBIM BEKTOPHBIM JaHHBIM MOYKHO ONPEAENATH IJIOMAIH, 0ObeMbI, PACCTOSHUS, CMELICHUS U TIPOYHE MOP-
(donornyeckre napaMeTpsl H3y4aeMbIX IPOLECCOB.

OmnpiT npumenenus: komruiekca Hanoreit-22/ITAK B MucTHTyTE mpobnem xumuueckor ¢uszuku PAH
(UIIXB PAH), r. YepHorosoBka, moKa3ai ero BEICOKYI0 3P (QeKTUBHOCTh TPU H3Y4YEHHH BBICOKOCKOPOCTHBIX
HECTaLMOHAPHBIX MIPOLIECCOB B JETOHAIMOHHBIX M yAapHbBIX BonHax ([IB u YB), a Tak xe npobnem ¢uzuku
BBICOKUX INIOTHOCTEW SHEPIUU U CBOMCTB BELIECTBA W ILIA3MbI IIPU BBICOKUX AUHAMUYECKUX NABIICHUSX.
[Ipumep nomyyaeMbIX IpU STOM U300paKeHNH IpUBEACH Ha puc. 1 crpasa.

Hns uccnenoBanus Takux npoueccoB B MIIX®D PAH 6Oputa pazpaborana mabopatopHas ycraHoBka [1],
rae uuauHAapudeckas [IB GopMmupyeTcs MHOTOTOUEUHBIM HHUIMUPOBaHUEM. BBICOKOE MPOCTPaHCTBEHHOE
U BpeMeHHOe pa3perueHne komiuiekca HanoreinT-22/IIAK no3Bonmio onpeaenuTs CloXHYI0 CTpYKTypy /B,
COXPaHSAIOUIYI0 CBOM OCOOEHHOCTH [0 TIOJHOTO CXOXKACHUS. DKCIEPHUMEHTHI 10 (POPMUPOBAHUIO LIMIIUHAPH-
YeCKOW AETOHAIIMOHHOM BOJHBI 110 C3KaTuIo aprona [2] oopadotansl ¢ npumenenuem [10 kommiekca. Uzme-
pennsle ckopoctu JIB 1 VB B ncenenyeMsix cpenax coBnanu ¢ To4HOCThIO 0,5% ¢ pacdeTHbIMM 3HaYEHMS-
M. [1o momy4eHHBIM BEKTOPHBIM JaHHBIM ObLJIa ONpeeieHa AMHAMHKa H3y4aeMbIX poueccoB. B noknazne
MIPUBEJCHO MHOXECTBO IPYTHUX PE3yJbTaTOB aHAJIN3a HKCIEPUMEHTAIBHBIX AAHHBIX ¢ MpuMeHeHuem 110
KOMILJIEKCA, B TOM YHUCJIE U O Pa3BUTUU T'MIPOAUHAMUYECKUX HEYCTOMYUBOCTEN.
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THE NANOGATE-22/HSC HARDWARE AND SOFTWARE COMPLEX.
CALIBRATION, CORRECTION OF DISTORTIONS AND RESULTS
OF APPLICATION AS A MEASURING INSTRUMENT
OF THE SPATIO-TEMPORAL CHARACTERISTICS
OF HIGH SPEED PROCESSES

M. I. Krutik', V. A. Arinin®, B. I. Tkachenko?, S. V. Dudin’

'NANOSCAN Scientific and Production Enterprise Moscow, Russia

’FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

3Institute of Problems of Chemical Physics of the Russian Academy of Sciences, Chernogolovka, Russia

The report presents the main technical characteristics and results of the application of the Nanogate-22/
HSC hardware and software complex developed by NANOSCAN.

The basis of the complex is an eight-channel 16-frame electron-optical camera designed for recording
of optical images of high-speed processes in the nano- and microsecond time ranges. The photo of the cam-
era is shown in fig. 1 on the left. The recorded images, passing through the input lens, falls on a pyramidal
mirror beam-splitting system with eight channels. Hardware composition of the channel: shutter — electron-
optical converter (EOC) 18 mm with microchannel plate amplifier; image transfer lens with scale 1:1 and
aperture 18°; sensor — interlaced CCD matrix, size 15.4x15.4 mm, 2048x2048 elements. The sensitivity of
each channel is adjusted independently, which allows you to study processes with a large dynamic range
of brightness. Each of the eight channels registers two frames, its parameters are set independently both in
terms of exposure time (5 ns+20 ps) and in the inter-frame interval (5 ns+1000 ps). Each channel can operate
in strobe mode, registering several phases of the process per frame. The quantum efficiency of registration is
determined exclusively by the EOC photocathode, since each photoelectron knocked out of it takes part in
the final image formation.

The image beam-splitting system used in the camera has a number of disadvantages: uneven exposure
across the image field due to frame vignette; inter-channel parallax: each channel registers the process, albeit
from close to each other, but from different points; noticeable distortion of the optical pair of the input lens —
transfer lens. The software part of the Nanogate-22/HSC complex provides automatic calibration and correc-
tion of the above-mentioned hardware distortions.

Fig. 1. On the left — camera NANOGATE 22/16, on the right — registration of the detonation process, 12 frames from 16
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Modern image analysis and processing algorithms implemented in the software of the complex are not
tied to the pixel structure of the images obtained and provide orientation, scaling and cropping of the images
with an accuracy that has only fundamental limitations — the number of quanta forming the image. The met-
rological part of the software allows tracing boundaries of different types (building a vector line from raster
data), measuring orientation angles of extended objects, determining symmetry parameters, the distance
between similar objects, and performing other types of measurements. According to the vector data obtained,
it is possible to determine the areas, volumes, distances, displacements and other morphological parameters
of the studied processes.

The experience of using the Nanogate-22/HSC complex at the Institute of Problems of Chemical Physics
of the Russian Academy of Sciences, Chernogolovka, has shown its high efficiency in studying high-speed
unsteady processes in detonation and shock waves (DV and ShV), as well as problems of physics of high
energy densities and properties of matter and plasma at high dynamic pressures. An example of the images
obtained in this case are shown in Fig. 1 on the right.

To study such processes, a laboratory installation was developed at the IPCF RAS [1], where a cylindri-
cal DV is formed by multipoint initiation. The high spatial and temporal resolution of the Nanogate-22/HSC
complex made its possible to determine the complex structure of the DV, which retains its features until
complete convergence. Experiments on the formation of a cylindrical detonation wave by compression of
argon [2] were processed using the software complex. The measured velocities of DV and ShV in the studied
media coincided with an accuracy of 0.5% with the calculated values. Based on the vector data obtained, the
dynamics of the studied processes was determined. The report presents many other results of the analysis
of experimental data using the software complex, including the development of hydrodynamic instabilities.
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HNPUMEHEHHUE METOAOB TEPMUYECKOI'O AHAJIN3A
JJA OITPEAEJEHUSA CTABUJIBHOCTHU B3PBIBUATHIX BEIIIECTB

M. @. Axmemos

Oumman OO0 «Menutaky», Exkarepunoypr, Poccust

OnHoli U3 BaXHEHIINX 3a7a4 METOIOB TEPMHUYECKOTO aHalu3a SBISECTCS MCCIEIOBaHHE CTa0MIBHOCTH
B3pBIBUATHIX BeIeCTB. TepMmorpaBumerpuueckuii ananus (TT'A), muddepeHunansHas ckaHUpyoomas Ka-
nopumetpust (ACK) u muddepenunansueiii Tepmuaeckuii ananus (JJTA) MoryT ObITH MCIIONIB30BaHbI AJIS
MOHHUTOPUHTA COCTOSIHUSI TOTOBBIX MAaTepPHajIOB B CPABHEHHH C KOHTPOJIBHBIME 00pa3liaMy U YCTaHOBIICHUS
NPUYMH BO3HUKHOBEHHUS M3MeHEeHUH. OneHKa cTaOUIbHOCTH M MPOTHO3MPOBAHHUE CPOKOB XPaHEHHsl Mpo-
BOJIUTCS] HA OCHOBE ONpEAENIEHHUS TEeMIIEpaTyp CTEKJIOBaHMS, Hayana U OKOHYAHUS XMMHUYECKOM PEaKIMH,
TUTaBJICHUS U TETUIOBBIX 3P QEKTOB, U3MEHEHHs Beca. JIONOMHUTENTFHO MOKET OBITh UCTIONB30BaH IUJIaTOMe-
TPUYECKUH aHAJIN3 IJIs1 OTCIICKUBAHHUS [€OMETPUIECKHUX TapaMeTPOB M U3MEHEHHUSI TEPMUIECKOTO KOApPH-
LUEHTa JTUHEWHOTO PacIIUpPEHUs.

Bce uccnenoBanust MOTYT OBITH IPOBEACHBI B YCIOBUSAX KOHTPOJIMPYEMOTO COlEPKAaHUs BOASHOTO apa,
KOMIIOHEHTOB BO3/yXa M APYI'MX BEILIECTB, a TAKXKE MPH KOHTAKTE C TBEPABIMU MaTepUallaMH, HarpuMep
KOPILyCOM M3JIENUS MIIN YIIAaKOBKOI.

22



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CJIELYIOLLYIO CTPAHULY MEYATH

APPLICATION OF THERMAL ANALYSIS METHODS
TO DETERMINE THE STABILITY OF EXPLOSIVES

M. F. Akhmetov
Branch of Melytec LLC, Yekaterinburg, Russia

One of the most important tasks of thermal analysis methods is the study of the stability of explosives.
Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and differential thermal analy-
sis (DTA) can be used to monitor the condition of finished materials in comparison with control samples and
establish the causes of changes. Stability assessment and forecasting of shelf life is carried out based on de-
termining the determination of finished materials in comparison with control samples. Stability assessment
and forecasting of shelf life glass transition temperatures, the beginning, and end of the chemical reaction,
melting and thermal effects, and weight changes. Additionally, dilatometric analysis can be used to track
geometric parameters and changes in the thermal coefficient of linear expansion.

All studies can be carried out under conditions of controlled water vapor, air components, and other sub-
stances, as well as in contact with solid materials, such as the case of the product or packaging.
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OCJIABJIEHUE METATEJIbHOM CIIOCOBHOCTH B3PLIBUATOI'O
BEHIECTBA C TIOMOIIBIO I'PAHYJIMPOBAHHOI'O OCJIABUTEJIA

C. B. Banywxkun, A. FO. Cumonos, I B. Kynuxos, M. B. Huxugopos

OI'VII «Poccuiickuii @enepanbubiil Anepusiil Llentp — Beepoccuiickuil HaydHO-UCCIIEN0BATEIbCKUN
WHCTHUTYT TeXHUYEeCKOH Qu3uku nMenn akagemuka E. U. 3a0abaxunay, CHexxuHCK, Poccust

B psine TexHOIOrMUECKUX MPOILIECCOB B KAUE€CTBE BO3JEHCTBUS Ha 3ar0TOBKY HCIOJB3yeTCs B3phIB [1].
Ocnabnenue B3pBIBHOTO BO3/ICHCTBUS HA TEXHOJIOTHYCCKUE 3aTOTOBKU B 3TOM CIy4ac MMEET BaXKHOE 3HAYC-
HUE, TaK KaK MPsSMOE BO3JCHCTBHE JICTOHAIIMH B3PHIBUATOTO BEIIECTBA MOXKET MPUBECTH K (POPMUPOBAHUIO
napazutudeckux 3(h(HEeKToB, NENAONINX U3rOTABINBAEMOE M3JICIINE HE KOHIUIIMOHHBIM, TAKUX KaK OTKOJI,
(hparmeHTanus WM KOPOOJICHUE ITOBEPXHOCTH.

OnauM u3 caMbixX 3(h(QEKTUBHBIX CIIOCOOOB OCIIA0IEHUS MIPSIMOTO BO3ICHCTBHUS B3PHIBA SBISETCS JEMII-
(hupoBaHue yaapHOW BOJHBI FPaHYJIMPOBAHHBEIME cpefamu [2]. B manHOM noknane OyaeT mpeiacTaBiIeHO
HCCleioBaHue eMIT()MPOBAHUS YIapHON BOJHBI TPAaHYIMPOBAaHHBIMU CpPEaMH Ha MPUMEpe OClIabiIcHUS
METaTeIbHON CITIOCOOHOCTH B3PBIBUATOTO BEIIECTBA C MOMOIIBIO KaTHOPOBaHHOTO Mecka. ABTOpaMH ObLTH
MTPOBEICHEI OIBITHI IO YAPHOBOJIHOBOMY HArpy>KCHUIO IWIMHIPUICCKUX 000I0UEK U3 KOHCTPYKITMOHHBIX
MaTEpHUAJIOB C PETUCTPALIMEH MPOIIECCa CXOXKACHHS BBICOKOCKOPOCTHOM CHEMKOM.

B onbitax nunuHmpuueckue obomoukn J60x8 u3 mequ M1 u cramu Ct20 Harpyxaauch ¢ MOMOIIBIO
MoJIphIBa B3pbIBYATOro BemectBa TOH, ununuupyemoro B 32 Toykax mo TOpiy cios. Mexay Merayuinde-
CKUMHU 00OJIOYKAMH U CIIOEM B3PBIBUATOTO BEIISCTBA MPHUCYTCTBOBAJ OCIIA0UTENh U3 KAJIMOPOBAHHOTO Tie-
cka. CHapyXu pa3MeIancs NOANOp U3 CTAIBHOTO MIIUHApa TonmuHoH 20 MM, Cxema OnbITHOTO 00pasia
MpeacTaBieHa Ha puc. 1.

JIns OIEHKU CKOPOCTU OOOJOYKH TPU HATPYKEHUU 0€3 OCIaOHTeNsl BOCIIONb3yeMCsS MOIU(DUITUPOBAH-
HBIM ypaBHeHueM [eHpu 1yt nunuHIpudeckoit ummiosuu [3]:

M, B+3
"y L(BH)M{LﬂF ,
A C 6(pB+1)| 3
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M+oc([3—1)£+—BJr2
C c 3(p+1) ) ) "
rae A= N ZB 1 — COOTHOLICHUEC CKOPOCTEH BHCIITHCU U BHYTPCHHCU CTCHOK, C —Mmacca
JR— + —_—
C 3(B+1)

B3pBIBUATOIO BELIECTBA, T; M — Macca 00osouky, T; N — Macca noxmnopa, r; k = 0,33D — xoHcTanTa ['eHpw,
XapaKTepU3yHoIlasi METaTelbHy0 crocodHocTs BB; =7, /r; — OTHOLICHHE BHEIIHETO M BHYTPEHHETO pa-
muycoB BB; o = 1 — ko3 dunmenT i MUIMHIPUIECKOH NMILIO3UH.

Puc. 1. Cxema ombsiTHOTO 00pasia

B ompiTax mepemMerieHre BHYTPEHHEW MOBEPXHOCTH PETUCTPHPOBATIOCH C IMOMOIIBIO BHICOKOCKOPOCT-
HOU BHAeokamephl. [IpenmyIecTBOM 3TOro MeToda perucTpaliy CXOKACHUS HIITHHIPUIECKIX 000I04eK
SIBIISIETCSL OTCYTCTBHE MPErpaj U BOSMYILIECHUN Ha MyTH ABIKYLICHCS BHYTPEHHEH MOBEPXHOCTH O0OJIOUKH.
Pesynpbrarsl cheMKH 00pabaThIBAINCH B POTOTpaduiaecKux mporpaMmax MetogoM oomepos. Ha puc. 2 npen-
CTaBJICH IPUMeEp MOIyYSHHBIX H300pakeHUH IPH CheMKe C 4acToTol kaapos 460 000 k/c.

a o 8
Puc. 2. Kagpsl BUIEOCHEMKH CMBIKAaHUS METHON 000JIOYKH B OIIBITE:
a—ty; 6 —1t,+ 10,9 MKc; 6 — £, + 32,6 MKC

B AOKJIAaJIC BBINIOJIHCHO CPABHCHUC CKOpOCTCﬁ CXOXKICHUA 00omouek 6e3 OCJ'I3.6I/ITCJ'I$I, MOJYUYCHHBIX pac-
Y€THO, CO CKOPOCTAMH TE€X KC 060J'IO‘ICK, HO C ocllabuTeneM u3 NecKa, NOJTy4YCHHBIMU SKCIICPUMEHTAJIBHO.
HOKa3aHO, YTO OCHAOUTENh U3 MeCKa S(b(i)CKTI/IBHO CHMKACT YAAPHOBOJIHOBOC BO3,I[GI‘/JICTBI/IG Ha 060.]10‘le
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U oclta0miser MCTATCJIbHYIO CIIOCOOHOCTH 6pI/I3aHTHBIX B3pPbIBYATBHIX BCUICCTB 3a CUCT JUCCUIIAIIMU SHCPIUN
y;[apHoﬁ BOJIHEBI ITpU €€ IBUIKCHUU B I’paHyﬂHpOBaHHOﬁ cpeac.
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WEAKENING OF THE PROPELLING CAPACITY
OF AN HE BY MEANS OF A GRANULAR ATTENUATOR

S. V. Balushkin, A. Yu. Simonov, G. V. Kulikov, M. V. Nikiforov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

In a number of processing procedures, an explosion is used to impact a billet [1]. In this case, weakening
of the explosive impact on technological billets is an important issue, since the direct exposure of billets to
explosive detonation can lead to the development of parasitic effects, such as spallation, fragmentation, or
surface distortion, resulting in a substandard manufactured product.

One of the most effective ways to weaken the direct impact of an explosion is to damp the shock wave by
granular media [2]. We present the results of the study of shock wave damping by means of granular media
by the example of weakening of the propelling capacity of an HE using calibrated sand. The authors carried
out experiments on shock wave loading of cylindrical shells made of structure materials with recording the
implosion process by high-speed shooting.

In the experiments, &60x8 cylindrical shells made of copper M1 and steel St20 were loaded by explosive
detonation of PETN, initiated in 32 points along the end face of the PETN layer. A calibrated sand attenuator
was placed between the metal shells and the HE layer. The prototype was installed on a support in the form
of a 20 mm-thick steel cylinder. Figure 1 shows the layout of the prototype.

Fig. 1. Layout of the prototype

To estimate the velocity of the shell loaded without the attenuator, we use the modified Henry equation
for cylindrical implosion [3]:
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+
where A= N 2B+l (B ) is the ratio of velocities of the outer and the inner walls; C is the mass
—+
C 3(B+1)

of the HE, g; M is the mass of the shell, g; N is the mass of the support, g; k= 0.33D is Henry constant char-
acterizing the HE propelling capacity; B =r, /r; is the ratio of the outer and the inner HE radii; and o = 1 is
the cylindrical implosion coefficient.

In the experiments, the movement of the inner surface was recorded using a high-speed video camera.
The advantage of this method of recording the implosion of cylindrical shells is the absence of obstacles and
perturbations on the way of the moving inner surface of the shell. The recorded data was processed by pho-
tographic software programs using the measurement method. Figure 2 shows an example of images obtained
when shooting at a frame frequency of 460 000 fps.

a b c
Fig. 2. Video frames showing the implosion of the copper shell in the experiment:
a—ty; b—1t,+10.9 pus; c —t,+32.6 ps

The report compares the calculated implosion velocities of the shells without an attenuator with the
experimentally obtained implosion velocities of the shells with a sand attenuator. It is shown that the sand
attenuator efficiently reduces the effect of shock wave loading on the shell and weakens the propelling capac-
ity of HEs due to the dissipation of the shock wave energy during its propagation in the granular medium.
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BJIAUAHUE TEXHOJIOT'UHU ITIOJTYUYEHUSA TATD
HA ETO YYBCTBUTEJIBHOCTbD K TEIIJIOBBIM
U YIAPHO-BOJIHOBBIM BO3JEACTBUSAM

U. A. bamanosa, T. B. Aumunosa, U. A. Axnrocmun, FO. A. benenosckui, A. 0. I'apmauwies,
A. B. Eeanosa, U. 3. Koconanos, K. M. Mupowxkun, K. M. Ilpoceupnun, U. B. Yemazuna

OI'VII «Poccuiickuit enepanpuniii Anepusiii Lleatp — Beepoccniickuit HUU Texandeckoit Gpu3ukn
nmenH akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

1,3,5-trpuamuno-2,4,6-rpuantpoden3on (TATB) — momrHoe B3pbIBYaTOE BEUIECTBO, OONazaroliee yHH-
KaJbHBIM COYETAaHHUEM BBICOKOH TEPMHUYECKOH CTAOMIBHOCTH M HU3KOH YyBCTBUTEIBHOCTH K MEXaHUYECKUM
U YIapHO-BOJHOBBIM BO3ACUCTBHUAM. B mociennee Bpemst HabmomaeTcsi JOBOJIBHO OOJBIION HHTEpEC K AaH-
HOMY COEJUHEHUIO, KaK KOMIIOHEHTY MaJl04yBCTBUTEIIbHBIX CMECEBbIX BB MOBBIIIEHHO! CTOMKOCTHU K BHEIII-
HUM BO3AeUCTBHAM. PaboThl Mo moucky HOBBIX 3((dekTHBHBIX MeToqoB cuHTe3a TATB mmpoko BemyTcs
B CIIIA, Kutae u npyrux crpanax. B Poccun cymectByer nBe BHEIPEHHBIX B MPOMBIIIIEHHOE TPOU3BO/I-
cTBO TexHosoruu nonyueHuss BB TATD.

B nmanHOM nmokiazne mpencTaBieHBl PE3yNbTaThl MCCIENOBAHUS BIMSHHUA TEXHOJOTMH monydeHus BB
TATD Ha ero 4yBCTBUTENBHOCTD K TEIUIOBBIM U YIapHO-BOJIHOBBIM BO3JEHCTBHUSAM.

B pesynbrare npoBeACHHBIX UCCIEIOBAHUI HE OOHAPYKEHO CYIIECTBEHHBIX BIMSHUN TEXHOIOTUH MOy~
yeHns BB TATD Ha ero uyBCTBUTENBHOCTH K TETIJIOBBIM M YAAPHO-BOJHOBBIM BO3JEHCTBUSIM.

INFLUENCE OF TATB FABRICATION TECHNOLOGY
ON ITS SENSITIVITY TO THERMAL AND SHOCK IMPACTS

1 A. Batalova, T. V. Antipova, I. A. Akhlyustin, Yu. A. Belenovskii, A. Yu. Garmashev,
A. V. Eganova, 1. E. Kosolapov, K. M. Miroshkin, K. M. Prosvirnin, I. V. Chemagina

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

1,3,5-triamino-2,4,6-trinitrobenzene (TATB) is a high-power explosive matter possessing unique combi-
nation of high thermal stability and low sensitivity to mechanical and shock impacts. Recently, this composi-
tion has been under a focus of broad interest as a component of insensitive explosive mixtures, highly resis-
tant to external impacts. The U.S., China, and other countries are extensively involved in searching for new
efficient methods of TATB synthesis. In Russia, there are two TATB fabrication technologies implemented
into industrial production.

The work gives the results of the study covering the influence of TATB fabrication technologies on its
sensitivity to thermal and shock impacts.

The study performed has shown no significant influence of TATB fabrication technologies on TATB sen-
sitivity to thermal and shock impacts.
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NCCIUEJOBAHUE COCTABA I'A3OOBPA3HBIX IPOAYKTOB
T'OPEHUSA OKTOTEHA B BO3AYIIHOMW CPEJE U CPEJIE I'EJIUA

K. H. Bepkymosa, A. B. Capagannuxos, A. IO. I'apmawes, H. I1. Tatibunos, O. B. Xpynesa,
U. A. bamanosa, T. B. Anmunosa, IO. A. [llaxmopun

OI'YII «Poccuiickuii Denepansusiiit Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusnku
nMenu akagemuka E. Y. 3a0a0axunay, CHexxuHck, Poccust

N3zydeHune nporieccoB ropeHrs HHIMBUIYAIBHBIX U CMECEBBIX B3PBIBYATHIX BEIICCTB MMPEACTABISICT 3HA-
YUTEIbHBIN MpaKkTU4ecKuii naTepec. [openne BB MoxeT BO3HUKATh 1O pa3HbIM MPUYUHAM HA TIPEIIPHUs-
TUSAX U CKJIaJIaX IPH MPOU3BOJICTBE U XpaHeHUU BB, paBHO Kak u MpH WX MPUMECHCHUHU.

HUccnenys razoo0pa3Hble TPOAYKTHI TOPSHUS, HX COOTHOIICHHE MPU Pa3HBIX YCIOBHUSX TOPECHUS, MOXHO
CYIUTH 00 0COOCHHOCTSIX MPOTEKAHMUS XUMUUECKUX PEAKIIUH B YKa3aHHBIX YCIOBUSIX 17151 pa3nuuHbix BB [1, 2].

B noknaze npuBeneHb! pe3yabTaThl SKCIICPUMEHTAIBHBIX UCCIICAOBAHUI COCTaBa ra3000pa3HbIX MPOAYK-
TOB TOPEHUS OKTOTEHA B BO3AYIIHON cpefie U B renun. [IpencTaBieHbl METOIUKA IPOBEICHUS SKCIICPUMEH-
TOB 10 ropeHnio BB, a Takxke razoxpomarorpadudeckas U CeKTpoQOTOMETpUIESCKas METOJIUKH aHaIN3a
XMMHYECKOTO COCTaBa ra3000pa3HbIX MPOAYKTOB ropeHus. [IpuBeneHbpl XUMUYECKUI COCTaB U 0OhEMHbBIE
KOHIICHTPALIMU Ta3000pa3HBIX MPOIYKTOB, a TAKXKe, COCTABICHHBIC M0 AKCICPUMEHTAILHBIM JaHHBIM OIC-
HOYHBIC YPaBHECHUS TOPCHUSI OKTOTEHA.

MeTon ucclieioBaHUS 3aKII0YACTCsI B OTOOPE U aHAIH3E ra3000pa3HbIX MPOIYKTOB, 00pa3yIOIIUXCS TPH
TOPEHUHU HABECKU OKTOTeHa Maccoil ~60 T BO B3phIBOOE30MIACHOM KOHTEHHEpe. MeToauKa MpoBeIeHUS IKC-
MEPUMEHTOB BKJIFOUAET B ce0s MOJArOTOBKY KOHTEHHEpa K paboTe, YCTAaHOBKY M TODKUT UCCIICAYEMOIO 00-
pasua, oToop mpod ¥ MPOBEICHUE aHATN3a METOJaMH Ta30BOM XpOMaTorpauu U CIEKTPOPOTOMETPHUH.

Konrtelinep ais mpoBeieHNs SKCIIEPUMEHTa CHA0KEH CUCTEMOM U3MEPEHHS JaBJICHUS Ta30B U CUCTEMOM
ra3o0TO0pa 13 BEpXHEH 1 TOHHOW YacTel.

AHanu3 Ta30BBIX P00 Ha CONEpKaHUE KOMIIOHEHTOB: BOIOPO/a, a30Ta, KUCIOPO/Ia, OKCUIA U THOKCUIA
YITIepo/Ia, 3aKMCH a30Ta, METaHa, JIETKHUX yIVIeBOJ0pOoA0B, Hu3ux cnupros (H,, O,, N,, CO, CO,, CH,, N,0,
C2,H,, C,H,, C,H,, CH;0H, C,H;OH, HCOOH, C;Hg, C,H,,, CH;COOCH;) npoBoauiics Ha Ta30BOM Xpo-
martorpade. [l npumepa Ha puc. | IpeacTaBIeHbl XpOMAaTOrpaMMBbl, OTy4eHHble Ipy aHanuse O,, N,, CO.

a 7]

Puc. 1. XpomarorpamMmsl aHaIM3a MPOLyKTOB TOPEHUS OKTOTeHa (@) U CTaHIapTHBIX Ta30BbIX cMecelt CO (ucxonHas
U pa3zbaBiicHHAs BO3LyXoM) (6)

AHanu3 ra3oBbIX Npo0 Ha colepKaHHE OKCHJIOB a30Ta, aMMHuaka, popmansaeruaa, (NH;, CH,O, NO,
NO,) npoBoauIu Ha POTOKOIIOPUMETPE U CIIEKTPOPOTOMETPE.

B xome paOoThl MONMy4YeHBl pacyeTHBIC W SKCIEPUMEHTAIbHBIE AaHHBIE IO KOMIOHEHTaM (IPOAyKTam
TOpeHHs), CpeaHHe 3HAUYCHHs] KOHLEHTpaLuil ra3000pa3HbIX NpoAyKTOB (B %, 00beM.) TOpEeHHs OKTOTeHa
oTpeieNIeHHbIE TI0 XpoMaTorpaMMaM U pe3ylbraTtaM (OTOMETPUIECKOTO aHAIN3a, TIPEICTaBICHbI 3HAUCHHSI

28



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CJIELYIOLLYIO CTPAHULY MEYATH

CYMMAapHOT'O COZIEpKaHMsI ra3000pa3Horo a3zoTa Mocje OIbITa, OCTATOYHOTO KHUCIOpOoJa BO3AyXa M Paccyu-
TaHHBIE 3HAYCHMS COIEpXKaHUs ra3o00pa3HOro a3ora, oOpa3oBaBuIerocs mpu ropennu BB B cpaBHeHnun
C TIPEAETBHO AOMYCTUMBIMHA KOHLIEHTPALMAMH 3THX BELIECTB B Bo3ayxe [3].

Pe3ynbraTsl, OTy4YeHHBIE TIPU UCCIEOBAHUU MPOAYKTOB TOPEHHS OKTOTEHA B BO3AYXE U B I'EJIMU IO
MIPEICTaBIEHHON METOIMKE Aat0T OCHOBAHMS JUISl CIEIYIOINX BBHIBOJOB:

* OCHOBHBIMH Ta3000pa3HBIMH TPOAYKTaMH, 0Opa3yIOIIMMHUCS NpPU TOPEHUH OKTOTEHA B BO3IYyXE, SIB-
astotes auokenn yraepoaa (CO,), Bona (H,0), asor (N,), a npy ropeHuH B Cpezie resus — AMOKCH]L yTIeposa
(CO,), oxcun yrnepoaa (II) (CO), Bona (H,0), azor (N,) u okcuz azora (NO,).

* B cocraBe razoo0pa3HbIX NPOAYKTOB TOPEHUSI OKTOT€HA 3aperMCTPUPOBAHBI TOKCHYHBIE Ta3bl: OKCHJL
ymepoaa (II) (CO), okcuast azora (NO, NO,), KOHIIEHTpaIMs KaK10T0 U3 3aperUCTPUPOBAHHBIX TOKCHYHBIX
ra3o000pa3HbIX KOMIIOHEHTOB B IIPOyKTaxX TOpeHUs: OkToreHa B Bozayxe Boie [1/IK, npengycmorpennsix [3].
Konuenrtpauus Tokcnunoro yrapaoro raza (CO) B IpoAyKTax rOpeHHUs] OKTOT€Ha B ONBITaxX C TeJIMEM IPEBbI-
maer IIJIK ~B 5 - 10° pas, a aByokucu azora NO, ~B 4 - 10° pas [3].
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ANALYSIS OF COMPOSITION OF HMX COMBUSTION GAS
PRODUCTS IN AIR AND HELIUM ENVIRONMENTS

K. N. Berkutova, A. V. Sarafannikov, A. Yu. Garmashev, N. P. Taibinov, O. V. Khruleva,
L A. Batalova, T. V. Antipova, Yu. A. Shakhtorin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

Studying the combustion processes of individual and composite explosive mixtures is of great practical
interest. HE combustion can arise for various reasons at enterprises and warehouses during HE production,
storage, and application.

The analysis of combustion gas products and their ratio under different combustion conditions allows one
to estimate chemical reaction features under specified conditions for various HEs [1, 2].

a b

Fig. 1. Chromatographs of HMX combustion products (a) and standard CO gas mixtures (initial and aerated gas
mixtures) (b)

The paper presents the results of experimental analysis of HMX combustion gas products in air and he-
lium environments and describes the HE combustion experiment technique as well as gas chromatographic
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and spectrophotometric methods used to analyze the chemical composition of gas combustion products. It
also gives the chemical compositions and volume concentrations of gas products and provides HMX com-
bustion estimation equations derived from experimental data.

The calculated and experimental data on components (combustion products), mean concentrations of
HMX combustion gas products (vol %) determined from chromatographs and photometric analysis results
are obtained. The total contents of gas nitrogen after the experiment and residual ambient oxygen, as well
as the calculated content of gas nitrogen formed during HE combustion are presented in comparison with
maximum permissible concentration (MPC) of these substances in air [3].

The results obtained in analyzing HMX combustion gas products in air and helium using the presented
technique give grounds for the following conclusions:

* the basic gas products being formed during HMX combustion in air are carbon dioxide (CO,), water
(H,0), and nitrogen (N,), and the basic gas products being formed during combustion in helium environment
are carbon dioxide (CO,), carbon oxide (II) (CO), water (H,O), nitrogen (N,), and nitrogen oxide (NO,);

* toxic gases were detected in HMX combustion gas products composition, i.e. carbon oxide (II) (CO) and
nitrogen oxides (NO, NO,), the concentration of each detected toxic gas components in HMX combustion
gas products in air being higher than MPCs set forth in [3]. In the experiments with helium the concentration
of toxic carbon oxide (CO) in HMX combustion gas products is ~5 - 10 times higher than MPC, and that of
nitrogen dioxide NO, is ~4 - 10° times higher than MPC [3].
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HUCCJIEJOBAHHUE CBOMCTB IJIACTHU30JbHOI'O
MAJIOYYBCTBUTEJBHOI'O BB C YIYUIIEHHOH
JETOHAIIMOHHOM CITIOCOBHOCTHBIO

. M. I'acapxun, /1. I1. [Iyonux, A. B. Capagannuxos, E. b. Cmupros, A. FO. Iapmawes,
K. M. Ilpoceupnun, K. M. Mupowxun, A. 1. Axmemsanos, U. A. bBamanosa,
K. B. Eeanos, A. C. [ pemumckux

OI'VII «Poccuiickuii @enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnuueckoit pusuku
nMmenu akagemuka E. Y. 3a6abaxunay, Caexunck, Poccus

Ha npeanpustiun OI'YIT «POAL — BHUNT®» 6b10 pa3paboTaHO IUTHEBOE MIACTH30IbHOE MATOUyB-
creurensHoe BB (MUBB) ¢ ucnionb3oBanuem B kadectBe Hanonautenst BB TATD. [Tonyuennoe MUBB, 06-
nanas mokasaTtesiMu (pyracHOro necTBus Ha ypoBHE npuMeHsieMbix B OBY okToreH- u rekcoreHcoaepika-
LIUX [IaCTU30JbHbIX BB, 3HaUNTEIBHO IPEBOCXOAUT UX IO CTOMKOCTH K BHEIIHUM BO3JEHCTBUSAM. J[aHHOE
BB npennasnaueHo A7l IpUMEHEHUs B KpynHOrabapuTHBIX (yracHBIX Ooempunacax MmoBbIIIEHHOH CTOWKO-
CTH K BHELIHUM Bo3JeicTBUAM. C LENbI0 YMEHBIICHHUS] KPUTHYECKOTO TUaMeTpa AETOHALMH, 00eCIIeUeHHSI
MHHULMUPYEMOCTH Ha 3aJaHHOM YPOBHE, HO COXPaHEHHUH IIPH 3TOM BBICOKMX IOKazaTeJiell 0e30macHOCTH,
ObL1a poBezieHa padoTa 1Mo MoJepHHU3anuu JaHHoro BB.

B pabote npeacTaBieHsl pe3ylbTaThl HCCIIEA0BaHNN CBOMCTB MoaepHu3npoBanHoro MUBB. [lanbl pexo-
MEHJIAlUU 110 JaJIbHEHIIEH MONEPHU3ALMH PELIENITYPbI JINThEBbIX BB € ebI0 IOBBIIIEHUA UX XUMHUYECKON
1 (QU3MYECKOM CTOMKOCTH, YIyUIIEHHsI SKCILTyaTalldOHHBIX CBOHCTB.
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STUDYING THE PROPERTIES OF INSENSITIVE PLASTISOL HE
WITH ENHANCED DETONABILITY

D. M. Gagarkin, D. P. Dudnik, A. V. Sarafannikov, E. B. Smirnov, A. Yu. Garmashey,
K. M. Prosvirnin, K. M. Miroshkin, A. I. Akhmetzyanov, 1. A. Batalova,
K. V. Eganov, A. S. Gremitskih

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

The insensitive cast plastisol high explosive (HE) with TATB as a filling material was developed at FSUE
“RFNC — VNIITF named after Academ. E. I. Zababakhin”. While having nearly the same blast effect as the
plastisol HMX- and RDX-based HEs that are used in conventional warheads, this insensitive plastisol HE is
considerably superior to the above explosives in its resistance to the external influences. In order to reduce
critical detonation diameter and ensure certain level of its ability to be initiated without loss of its high safety
characteristics, this HE was upgraded.

The paper presents the results of studying the properties of the upgraded insensitive plastisol HE and
gives recommendations on further upgrade of cast HEs formulation in order to improve their chemical and
physical resistance and enhance their performance.
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NCCIEJOBAHUE ®U3UKO-XUMHNYECKHUX U B3PBIBUATbIX
XAPAKTEPUCTHUK BB HTO

I M. I'acaprun, /1. I1. [Jyonux, C. B. lllaxmaes, A. B. Capagannuxos, E. b. Cmupros,
K. B. Kosanesa, K. M. Ilpocsupnun, IO. A. lllaxmopun, U. B. Yemaeuna,
U. A. Maxapues, JI. H. [llunkapésa

OI'VII «Poccuiickmii ®enepansubiii Anepnusiii Lientp — Beepoccuiickuit HUM texnnueckol pusnku
nmenn akagemuka E. . 3a0abaxunay, Cuexxunck, Poccus

Kak KoMIOHEHT B3pBIBUATHIX KOMIIO3UIUH, 0018 Jaf0INX TOHMKEHHON YyBCTBUTENbHOCTHIO K BHEITHUM
BO3IEHCTBYIOIIMM (haKTOpaM, MOKET paccMarpuBaTbes BB 3-Hutpo-1,2,4-Tpua3onon-5-o1 (HUTpOTpHa3o-
noH win HTO). lannoe nnauBuayansHoe BB mozunmonupyercs B padorax [1, 2] kak ManouyBCTBUTEIb-
Hoe BB.

B npencraBneHHO# paboTe MPUBOIATCA PE3yAbTaThl HKCIIEPUMEHTAIBHBIX HCCIEIOBAaHUN (H3UKO-XH-
MUYECKHUX M B3pBIBUATHIX XapakTepucTuk MHauBuAyansHoro BB HTO, Takue kak 4yBCTBUTENBHOCTh K Me-
XaHUYECKUM BO3AECUCTBUAM, TEPMOCTOMKOCTD, CKOPOCTh JIeTOHAIMK U Jp. [lomyueHHbIe XapaKTepUCTUKH
BB HTO cpaBHuBaroTCs ¢ XapakTepUCTHUKaMu HanOoJjee MUPOKO MPUMEHSIEMBIMA HHANBUAYAIbHBIX BB —
TATB, TpoTHi1, TEKCOr€H U OKTOTEH.
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STUDY OF PHYSICAL, CHEMICAL,
AND EXPLOSIVE PROPERTIES OF NTO

D. M. Gagarkin, D. P. Dudnik, S. V. Shakhmaev, A. V. Sarafannikov, E. B. Smirnov, K. V. Kovaleva,
K. M. Prosvirnin, Yu. A. Shakhtorin, I. V. Chemagina, 1. A. Makarchev, L. N. Shinkareva

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

3-Nitro-1,2,4-triazole-5-one (nitrotriazolone/NTO) can be considered as a component of explosive com-
positions characterized by reduced sensitivity to external influences. This individual high explosive (HE) has
been regarded as an insensitive high explosive (IHE) in [1, 2].

The work presents the results of experiments conducted to study physical, chemical, and explosive prop-
erties of NTO: sensitivity to mechanical impacts, thermal stability, detonation velocity, etc. The obtained
properties of NTO are compared to the properties of the most widely used individual HEs such as TATB,
TNT, RDX, and HMX.
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JA3ZEPHOE UHULIMMPOBAHUE HU3KOIJIOTHBIX CMECEN TOHA
C HAHOJMCIIEPCHBIM AJJIOMUHUEM UMITYJIbCAMU
HAHOCEKYH/JIHOM JUINTEJbHOCTH

A. I I'iywenxo, M. C. Cypos, A. P. bakupos, B. U. Coobnos, A. B. Cmankesuu, A. FO. I'apmawes,
. B. ©ponos, /. A. [pubanos, C. M. Joneux, /1. B. [lempos

OI'YII «Poccuiickuii Denepansusiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusuku
nMmenn akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

OCHOBHO#1 MPOOJIEMOI IPHU OCYIIECTBICHUH MPSIMOTO JIA3EPHOTO MHUITUUPOBAHUS JICTOHAIIMHA WHIMBH-
nyaibHBIX BB siBisieTcs ux BBICOKAsi MPO3PaYHOCTh B 00JIACTH OONBIIMHCTBA IIIUPOKO PACIPOCTPAHSHHBIX
JIA3EPHBIX UCTOYHUKOB. B CBSI3U ¢ 3THMM HETPUBHAILHOW 3aa4ueii sBisieTcs ceHcubmmm3anus BB k nmazepHo-
MY U3IYUYCHHIO ITPH COXPAHCHUH YYBCTBUTEIBHOCTH (2, B UACAILHOM BapuaHTe, (pJierMaTH3aIMK) K TPOYUM
VHULUUPYIOLIUM JETOHAIUIO BO3ACHCTBUIM.

OnHUM 13 CIIOCOOOB MOBBIICHHS YYBCTBUTEILHOCTH BB K UMIyNbCy Ta3epHOTO U3IYUYCHHS SBISCTCS
BBeJieHHE B 00beM BB cBeromoriomiaronux 100aBok. B cBs3M ¢ 3TUM akTyalnbHOH 3aja4eil sSBISICTCS OII-
TUMU3ALMU TapaMeTPOB CMECEBOIO CBETOUYBCTBUTEIBbHOIO BB /11 MUHMMH3aLuK Opora €ro Ja3epHoro
3a7eliICTBOBAHU.

B Hacrosiieit paboTe MpOBEACHBI HCCICIOBAaHHUS YYBCTBUTEIBHOCTH HHM3KOILUIOTHBIX (p < 1,1 r/em® )
cMecel T9HA ¢ HAaHOAMCIIEPCHBIM aJTIOMUHHUEM K MMITYJhCHOMY Jia3epHOMY M3nydeHHuio (A = 1064 HM) Ha-
HOCEKYHAHOU mnurtenbHOCTU. [IpencraBneHo cpaBHEHNE CMECE, TOMOT€HU3UPOBAHHBIX YJIBTPa3ByKOBBIM
BO3/ICHCTBUEM B CPEIC JICTKOJETY4EH ®KHUAKOCTH (TeKCaHe) M U3TOTOBICHHBIX CYyXUM CMEIICHHUEM B 3aMKHY-
TOM 3JIEKTPOCTaTU4ECKON cucteMe. 1loka3aHa 3KBUBaJEHTHOCTb 3TUX TEXHOJIOTHHA M3TOTOBIIEHUS MO OTHO-
HICHUIO K YYBCTBUTEJIBHOCTH CMECH K MMITYJIbCHOMY Jla3epHOMY Bo3AeicTBuio. OnpeneneHsl mapaMmeTphl
cMecH (TUIOTHOCTh, KOJTMYECTBO M Pa3Mep YaCTHIL ATFOMUHHUS ), IPH KOTOPBIX MOPOT JIA3EPHOTO UMITYIIECHOTO
3aJIeficCTBOBaHUS B OMmKHEM HH(PAKPaCHOM JUara30He MHHUMAJICH.
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INITIATION OF LOW-DENSITY MIXTURES OF PETN
AND NANODISPERSED ALUMINUM
BY NANOSECOND LASER PULSES

A. G. Gluschenko, M. S. Surov, A. R. Bakirov, V. I. Sdobnov, A. V. Stankevich, A. Yu. Garmashev,
D. V. Frolov, D. A. Gribanov, S. M. Dolgikh, D. V. Petrov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

The main issue arising on direct laser initiation of individual HEs detonation is their high transparency
in the range of the most commonly used laser sources. Thus, a nontrivial problem is sensibilization of the
HEs to laser radiation when keeping their sensitivity (ideally, flegmatization) to other detonation-inducing
impacts.

Introduction of light-absorbing additives into an HE bulk is a way to increase the HE sensitivity to laser
pulse. Therefore, a problem of immediate interest is to optimize the parameters of a light-sensitive HE mix-
ture to minimize its laser initiation threshold.

The present work investigates sensitivity of low-density (p < 1.1 g/crn3) mixtures of PETN and nano-
dispersed aluminum to nanosecond pulsed laser radiation (A = 1064 nm). It compares the mixtures homog-
enized under ultrasound impact in highly volatile liquid medium (hexane) and manufactured through dry
mixing in a closed electrostatic system. The equivalence of these technologies in terms of mixture sensitivity
to pulsed laser radiation is shown. The mixture parameters (density, quantity and size of aluminum particles)
are determined at which the laser pulsed initiation threshold in near IR-range is minimal.
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HPUMEHEHUE PAIMOBOJTHOBOI'O METOAA PEIT'NCTPALIUHN
JJS ONPEJAEJEHUSI OTHOCUTEJBHOM METATEJBHOM
CITIOCOBHOCTHU BPU3AHTHBIX B3PBIBYATBIX BEIIIECTB

I’ A. I'pe6énxun, E. b. Cmupnos, A. B. Capagpannuxos, K. M. I[Ipocsupnun, U. I I'anuyniun,
U. A. Axmrocmun, K. B. Ecanos, K. M. Mupowxun, A. C. I pemumckux

OI'VII «Poccuiickmii @enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nmenHu akagemuka E. M. 3a0a0axunay», CHexxuHck, Poccus

B razopunamuueckon npaktuke POAL] - BHUUT® nposeneHue 3KkCIEPUMEHTOB 10 METAHUIO IIJIaCTUH
B3pBIBUATHIMH BemiecTBamu (BB) siBisieTcst oueHb pacipocTpaHEeHHBIM M 3HAYUMBIM JJIS1 OLEHKH M KOHTPO-
JIs1 Ka4eCTBa [apaMeTPOB CEPUUHO U3roTaBivBacMblX BB. J[aHHbIE, IOIyYEHHBIE B OKCIIEPUMEHTAX, TAKKE
HEOOXOOMMBI [Is1 YUCIIEHHOTO MOAETHUPOBAHUS JICTOHAIIH.

Lenbto HacTosmIel pabOTHI SABISIIOCH SKCIEPUMEHTAILHOE UCCIIeNOBAaHNE MTPoliecca METaHUsl CTalbHOM
IJIACTUHBI POLYKTaMU B3pbiBa BB ¢ UCIOnb30BaHMEM paJuOBOIHOBOIO METOA PETUCTPALUU B YCIOBUAX
MeToaukn M-60.

OKcIeprMEHTaIbHO MPOIECC METAaHUs MJIACTHHBI UCCIENYETCs B YCIOBUAX MeToAUKH M-60 ¢ ncnoms3o-
BaHHUEM 3JIEKTPOKOHTAKTHBIX JAaTYMKOB, TPAAULIMOHHO IPUMEHSIEMON JJI OLEHKY METATEIbHOIO ACUCTBUS
BB.

Hcnonp3oBaHue CUCTEMBI AIEKTPOKOHTAKTHBIX JATYUKOB HUMEET Psii HEJOCTAaTKOB: HEBO3MOXKHOCTb
HETMPEPHIBHOTO M HEBO3MYIIAIOIIErocs HaOMIOAEHHUs pa3roHa IUIaCTUHBI BO BCEM JHMana3oHe W3MEpEeHHH,
a TaK)Ke TPYAOEMKOCTb B U3TOTOBICHUMU.

Perucrpauus nponecca ABUKECHMS IUNIACTUHBI C IPUMEHEHUEM PAJHOBOJIHOBOM METOAMKY IIO3BOJISIET U3-
0aBUTBCS OT BBILICTIEPEUMCICHHBIX HEJOCTAaTKoB. B HacTosmeil pabore i perucTpauuy IBHKEHHS TUIa-
CTHHBI OBUT UCTIONB30BaH PaAUOUHTEPHEPOMETP C JUIMHON BOJIHBI 30HAUPYIOLIETO H3TYyUYSHHUS 3 MM.
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I[aHHI:IC PaaOBOJIHOBOTO METOAA CYIIECTBCHHO boiee I/IH(l)OpMaTI/IBHLI, TaK KaK BCACTCA TIPOLICCC
HCMPCPBLIBHOT'O Ha6J'IIOZ[eHI/I$l pasroHa MiIaCTUHbI BO BCEM AHAIIa30HE I/ISMCI)GHI/If/'I, B OTIIMYHUH OT SJICKTPO-
KOHTaKTHOM MCTOAUKH, KOTOpasd UMECT ,[[I/ICerTHLIﬁ MCTOJ 3aIlMCH I10JICTA INIACTUHBI MU BIMAHHE CaMHUX
JAaTYHUKOB Ha ITOJICT IIJIACTUHBI.

IIo pe3yiibTaTaM MPOBECACHHLIX 3KCIICPUMCEHTOB pPAaCCUMTLIBAJIACH BECIMYMHA OTHOCUTEIBbHON MeTaTelb-
HOM CHOCO6HOCTI/I, KOTOpas Kak ¢ IPUMCHCHUCM SJICKTPOKOHTAKTHOI'O, TAK U PaAXOBOJIHOBOI'O METOAOB pC-
TUCTpall HAXOAUTCA Ha OJHOM YPOBHC.

HOHy‘leHHLIG PE3YIBTATHI MO3BOJIAIOT CACIATh BBIBO O BO3MOKHOCTHU MMPUMCHCHUSA paJUOBOJIHOBOI'O MEC-
TOAA pETUCTpAalU JJIA UCCIICAOBAHUA MeTaTeNbHOM crnocodHocTH BB.

THE RADIO-WAVE RECORDING METHOD TO ESTIMATE
RELATIVE DRIVING CAPABILITY OF HIGH EXPLOSIVES

G. A. Grebyonkin, E. B. Smirnov, A. V. Sarafannikov, K. M. Prosvirnin, I. G. Galiullin,
1. A. Akhlyustin, K. V. Eganov, K. M. Miroshkin, A. S. Gremitskikh

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

Explosive-driven flyer-plate experiments are widely used in RFNC — VNIITF gas dynamics research
to assess and control the quality of full-scaled produced explosives parameters. Also, the resulted data are
needed for numerical simulation of detonation.

The given paper is focused on the experimental investigation of the steel plate acceleration by explosive
products using the radio-wave recording method within M-60 technique.

According to M-60 technique, the plate throwing process is experimentally investigated using electric
contact sensors, which are conventionally used for the explosive driving assessment.

The use of electric contact sensors array has several disadvantages: they do not allow continuous and non-
perturbative sensing of the plate acceleration within the whole measurement range; moreover, their manu-
facturing is labour-intensive.

Radio-wave method of recording the plate motion helps to avoid the mentioned disadvantages. In the
given experiment, the radio interferometer with the probing radiation wavelength of 3 mm was used to re-
cord the plate motion.

Compared to the electrical contact technique, which implies discrete plate flight recording and the sen-
sors affecting the plate flight, the radio-wave method provides with much more informative data due to the
continuous recording of the plate acceleration within the whole measurement range.

The relative driving capability calculated based on the experimental results is shown to be the nearly the
same for both electric contact and radio-wave recording methods.

The obtained results allow concluding that the radio-wave recording method may be used to investigate
the explosive driving capability.
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OCOBEHHOCTH PA3JTIOXKEHHUSA OKTOI'EHA
BI'EPMETHYHBLIX YCJIOBHUAX

11. H Cmonapos, IO. A. Mucopun, O. H. Koznosa, A. C. Emenvanos

['HIL PO OI'VII «leHTpanbHblil HayYHO-UCCIEA0BATENIbCKUI MHCTUTYT XUMUH U MEXaHUKW», MOCKBa,
Poccus

B crarne paccMaTpruBarOTC SKCICPUMCHTAJIbHBIC TAHHBIC 110 PA3JIOKCHUIO OKTOI'CHA, IMOJYUYCHHBIC IIPU
IJIOTHOCTAX 3aIllOJTHCHUS pCaKLII/IOHHOfI SI‘IGP'IKH, OIM3KUX K MaKCUMAJIBEHO BO3MOKHBIM (m/v = p, LA m —
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Macca o0Opasia, v — BHYTPSHHHUI 00beM PEaKIIMOHHOW SUYEHKU, p — IJIOTHOCTH BEIECTBA) U MIPH OOJBIINX
BHEIIIHUX JIaBJICHUSAX OKPYXKAIOIIEH Cpeibl.

IIpu naBnenusx go 0,07-0,2 GPa npoucxoauT yBennueHue CKOPOCTH Pa3IOKEHUs, IPU JABICHUIX BBIIIE
0,1-0,2 GPa mpoucxoauT 3aMeJjieHHEe CKOPOCTH Paclajia OKTOTEHA, MOBBIIMICHUE aBJICHUS OT 107* GPa
no 7 - 107 GPa MIPUBOAUT K YMEHBIICHUIO SHEPIHH aKTHUBAIMU OT 55,9 kkan/monb 10 41,8 Kkan/mMonb
C OJTHOBPEMCHHBIM YBEJIMUYEHUEM CKOPOCTH DPA3NOKEHHs. YBenuueHue nasieHus no 5,5 GPa mpusBogut
K YBEJIMYCHHUIO 3HEPTUU akTUBaluu 10 120 KKan/Moib, IpU JAadbHEHUIIIEM YBEINYCHUN JaBICHUS YHEPTHUS
aKTUBAIMK MajaeT A0 37,5 Kkan/Mojib ¢ TSHACHIUEH MajaHus 0 HYJIEeBOro 3HadeHus. [lpu paBneHun 10
5.5 GPa mpoucxogut poct cBoOoaHOI sHeprun ['urca, cbime 5,5 GPa nHaunnaercs nagenue. [lpu naBnenu-
six cBbIIe 6,5—7 GPa 310 MOXKET MPUBECTU K CAaMOIIPOU3BOJILHOMY Pa3I0XKEHUIO OKTOTeHA.

s onmucanus SKCepUMEHTANBHBIX JAHHBIX IO Pa3JIOKEHUIO OKTOreHa npu aasieHusx ao 1,1 GPa no-
CTaTOYHO MOJENHU MEPBOT0 MOPSIKA C YYETOM PACTBOPEHHUS MCXOAHOIO BEIIECTBA B MPOAYKTaX pPEaKIHH,
npu Oonbmux aaeneHusx (3,6 GPa) mocraroyHo mpocThIX MojelNeli aBTOKaTanu3a nepBoro nopsaka. [Ipu
MOBBINICHUU JaBicHus 10 3,6 GPa Habnromaercs cimaboe yCKOpeHHUe pa3ioKeHHsl BO BPEMEHH, MPU JIaBJie-
Huu 4,6 GPa pa3znoxeHue NPOUCXOAUT MO HYIEBOMY HOPSIKY.

IIpoBeneHo cpaBHEHHE BOZMOXKHOCTEN OMUCAHUS SKCIIEPUMEHTANBHBIX JAHHBIX C UCIIOIB30BAHUEM pac-
HIMpEeHHON KuHeTHdeckoi monenu [Ipoyra—TomnkuHCa M POPMATLHO-KMHETHYECKOTO MOIX0a C YYSTOM
(hPM3UKO-XUMHYECKHUX MPEBPAIEHUI B OKTOTCHE.

FEATURES OF HMX DECOMPOSITION
UNDER CONTANT VOLUME CONDITIONS

P. N. Stolyarov, J. A. Misyurin, O. N. Kozlova, A. S. Emelyanov

Central research institute of chemistry and mechanics, Moscow, Russia

This article discusses experimental data on the HMX decomposition obtained at the filling densities of
the reaction cell close to the maximum possible value (m/v = p, where m is the mass of the sample, v is the
internal volume of the reaction cell, p is the density of the substance) and at high external environmental
pressures.

The decomposition rate increases as the pressure is up to 0.07—0.2 GPa, as the pressure is above

0.1-0.2 GPa the HMX slows down, as the pressure increases from 10* GPato 7 - 10> GPa the activation
energy decreases from 55.9 kcal/mol to 41.8 kcal/mol with a simultaneous increase in the decomposition
rate. As the pressure increases to 5.5 GPa the activation energy increases to 120 kcal/mol, if the pressure
increases further, the activation energy drops to 37.5 kcal/mol with a tendency drops to zero value. At a
pressure of up to 5.5 GPa, the free Gibbs energy increases, over 5.5 GPa begins to fall. At pressure above
6.5—7 GPa, spontaneous decomposition of the HMX can appear.

To describe experimental data on HMX decomposition at pressure up to 1.1 GPa a first-order model is
sufficient, taking into account the dissolution of the starting substance in the reaction products, at higher
pressure (3.6 GPa) simple first-order autocatalysis models are sufficient. When the pressure increases to
3.6 GPa, there is a slight acceleration of decomposition; at a pressure of 4.6 GPa, decomposition follows the
zero-order model.

The possibilities of describing experimental data using the extended kinetic Prout-Tompkins model and
the formal kinetic approach with physicochemical transformations in the HMX are compared.
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®A30BBIE IIEPEXOJIbI B OKTOI'EHE
11. H. Cmonapos, 0. A. Mucropun, C. A. Amsacos, A. C. Emenvanos

I'HII PO ®T'VII «llentpanibHblii HAyYHO-UCCIEA0BATENBCKUN HHCTUTYT XUMHUHM U MEXaHUKW», MOCKBa,
Poccus

HccnenoBanne KWHETUKH pa3ioKeHUS B KPUCTAIUIMYECKOM COCTOSHUU OKTOT€Ha OCIOKHAETCS TEM, UTO
y Hero umeercs 5 moaupukanuid. Hanbospee npaktrdeckoe 3Ha4eHHue UMeeT B-PpopMa OKTOreHa, OITOMY
Ba)KHO, IJIs KAKOH MOTMMOp(HONH MOAU(HUKALIUHI TPOBOAUTCS UCCIEI0OBaHNE KWHETUKU Pa3IoKeHUsI OKTOTe-
Ha. OCHOBHBIE KHHETHYECKUE JAHHBIE OTHOCATCS K Y-MOAM(PUKALIH.

[Ipomnecc ¢azoBoro nepexoaa UCCIEAOBAICS B CTATHYECKUX U TUHAMUYECKUX YCIOBUSX HArpeBa, Ha MOHO-
Y TIOJIMKPUCTAIUNINYECKUX 00pa3iax, Ha 00pa3lax MpecCOBaHHBIX M COACPIKAIIMX OIUMEPHYIO CBsI3KY. [is
00pabOTKHN SKCIEPUMEHTAIBHBIX JaHHBIX, MOJYYEHHBIX Pa3HBIMH aBTOPaMH, WCIONb30BAUCH MOJEIH OT
ypaBHEHUS IEPBOTO MOPSIKA 10 aBTOKaTaIn3a NepBOro MOpsKa C y1eTOM 0OpaTUMOCTH peakuui, heHome-
HOJIOTWYeCKHe Mofieny B Buje ypaBHeHul [Ipoyra—Tomnkunca u ABpamu—EpodeeBa, MmoguduuupoBanHoe
ypaBHeHue [Ipoyra—TomnkuHca, ypaBHeHue Kuccunmxepa, Meton O3aBa, M30KMHETUYECKUI METO/.

AHanu3 JIUTepaTypHBIX JaHHBIX U MPOBEACHHBIE PAacueThl IOKA3bIBAIOT, YTO 0COOEHHOCTH mpolecca (da-
30BOTO mepexoia 00yCIOBICHBI MHOTUMH (PaKTOpaMH, B pPaMKaxX OIJHOH CEpHUH 3KCIIEPUMEHTOB MOTYT Me-
HATBCS 3aKOHOMEPHOCTH Tpoliecca.

Hcnone3oBanne GpopManbHO-KHHETHYECKOTO MOAXO0/1A TI03BOJISUIO aBTOPaM BBIOpaTh MUHUMAJIBHO CIIOXK-
HBIE MOZIEJH, TIO3BOJISIONINE OMUCHIBATh SKCIIEPUMEHTAIIbHBIE TaHHbIE porecca (azoBoro nepexona. IIpo-
LEeCC MOTUYHUHSETCS MPOCTHIM MOAEISIM — aBTOKAaTaJIN3y MEPBOTO MOPsAKa, Ui Psiia SKCIIEPUMEHTOB Tpely-
€TCsl MOJIEJNIb JIBYX IOCIIENOBAaTEIbHBIX peakunil. HarsaqHo nmoka3zaHo, YTO B paMKaxX OfHOM Cepuu ONBITOM
MOTYT MEHSIThCS 3aKOHOMEPHOCTH MPOTEKaHUs mporecca (pa3oBoro nepexona.

HMX PHASE TRANSITIONS
P. N. Stolyarov, J. A. Misyurin, S. A. Atyasov, A. S. Emelyanov

Central research institute of chemistry and mechanics, Moscow, Russia

The study of the HMX crystalline state decomposition kinetics is complicated because it has 5 polymor-
phic modifications. The B-form of HMX is of the greatest practical importance, therefore it is important
HMX decomposition kinetics of which polymorphic modification is being studied. The literature sources of
kinetic data mostly relate to the y-modification.

The phase transition process was studied under static and dynamic heating conditions, on mono- and
polycrystalline samples, on pressurized samples and the ones containing a polymer additive. The experi-
mental data obtained by different authors was processed, a variety of kinetic models were used ranging from
the first-order equation to first-order autocatalysis, taking into account the reversibility of reactions, phe-
nomenological models in the form of the Prout-Tompkins and Avrami—Yerofeyev equations, the modified
Prout-Tompkins equation, the Kissinger equation, the Ozawa method, the isokinetic method.

The literature data analysis and the following calculations show that the definitive properties of the phase
transition depend on to many factors, within the scope of single raw of experiments, the regularities of the
process can change.

The formal kinetic approach allowed the authors to choose less complex models that allow describing
experimental data of the phase transition process. The process obeys simple models — first-order autocataly-
sis, for a number of experiments a model of two consequent reactions is required. It is shown that within the
scope of single raw of experiments, the patterns of the phase transition process can change.
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JTUHAMUWYECKUE SIBJIEHUS
MPU PACIIPOCTPAHEHMHU I'A30BO# JETOHALIMU
B HEOJJHOPO/IHBIX CPEJAX

A. P. Kacumos, A. FO. Tonoun

CKONIKOBCKMM HHCTUTYT HAayKH U TexHoJorui, Mocksa, Poccus

B nanHo#1 paboTe uccaeayloTcs AMHAMUYECKUE SBICHU, BOSHUKAIOIINE MTPU PaclpoCTPaHEeHUH ra30BOH
JETOHAIIMH B CPEJE C MEPUOINIECKH MEHAIOIUMHUCS B IPOCTPAHCTBE CBOMCTBaMHU, TAKMMH KaK HEOJHOPO/-
HOCTH TEMIIEPATYPBI WM KOHIEHTPAIK TOIUINBA, WM HEOJHOPOAHOCTH, CBSI3aHHBIE CO CBOMCTBAMM KaHa-
J1a, B KOTOPOM pacIlpocTpaHseTcs BojHa. B ciydae omHOpoAHOM cpenbl NeTOHAIMS MOXKET pacpOCTPaHsATh-
csl B KoJieOaTeIbHOM peXXUME C MEPEMEHHON BO BPEMEHHU CKOPOCTHIO B OMHOMEPHOM Cllydae WU B GopMme
SYEUCTOM AETOHALMK B MHOI'OMEPHOM ciydae. Borpoc o BIMSHMM HEOTHOPOJHOCTH B UCXOIHOM roprodeit
CMECH WJIM B CBOWMCTBAX KaHaja Ha TaKylo JUHAMHKY AETOHALMU MPEACTABIISET HHTEPEC, U OH ObLT H3y4eH
HEaBHO KaK B paMKax MOAEIbHOTo ypaBHeHHs broprepca [6, 8], Tak 1 Ha ocHOBe ypaBHeHUi Ditnepa [7, 5,
2,3]. B aTux paborax yCTaHOBIICHO CYIIECTBOBAHHUE SIBICHHUS PE30HAHCHOTO YCHJICHUS KOJIeOaHUH CKOPOCTH
JETOHAIMH W 3aXBaTa YacTOT WIH CHHXpOHM3auu. OOHApyKEHO, YTO MPOIIecC 3aXBaTa YacTOT MPUBOAUT K
BO3HUKHOBEHMIO A3BIKOB ApHosbaa [9, 2]. [lokazaHo, 4TO pacCUMTaHHBIE JJI 3TOTO MpPOIEcca YUCia Bpa-
LIEHUH B 3aBUCHMOCTH OT BOJIHOBOTO YHCJIA EPUOJUYHOCTH B MCXOIHOW CMECH UMEIOT BUJ bSABOJILCKOH
nectHuusl [4, 1]. B aBymepHOM ciyyae pacnpocTpaHEHMs AETOHALMU B HEOJHOPOAHOM cpelie BOZHUKAIOT
HEKOTOpBIE HOBBIE SIBJICHUS, CBA3aHHBIE C IEPECTPONKON STYEUCTON CTPYKTYPBI I€TOHAINH.

HUccnenoanue BhIMoOMHEHO Mpu (uHAaHCOBOM noanepkke PH® B pamkax HayuHoro mpoekta Ne 22-21-
00902.
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DYNAMIC PHENOMENA IN GAS DETONATION PROPAGATION
IN NONUNIFORM MEDIA

A. R. Kasimov, A. Yu. Goldin

Skolkovo Institute of Science and Technology, Moscow, Russia

This work investigates the dynamic phenomena arising during the propagation of gaseous detonation
in a medium with periodically varying properties in space, such as inhomogeneities of temperature or fuel
concentration, or inhomogeneities related to the properties of the channel in which the wave propagates. In
the case of a homogeneous medium, detonation can propagate in an oscillating mode with a time varying
velocity in the one-dimensional case or in the form of a cellular detonation in the multidimensional case.
The question of the influence of heterogeneity in the initial combustible mixture or in the channel proper-
ties on such detonation dynamics is of interest, and it has recently been studied both within the framework
of the model Burgers equation [6, 8] and on the basis of the Euler equations [7, 5, 2, 3]. In these works, the
existence of the phenomenon of resonant amplification of oscillations of the detonation velocity and mode
locking or synchronization was established. It was found that the process of mode locking leads to the ap-
pearance of Arnold tongues [9, 2]. It is shown that the rotation numbers calculated for this process depending
on the wave number of periodicity in the initial mixture have the form of a devil's staircase [4, 1]. In the two-
dimensional case of detonation propagation in an inhomogeneous medium, some new phenomena related to
the restructuring of the detonation cells arise.

The study was supported by the Russian Science Foundation within the scientific project No. 22-21-
00902.
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JETOHAIIMOHHBIA CUHTE3 HAHOUYACTUII MAJLJIAJTUA
N IIPUMEHEHUE UX B 3ATAYAX KATAJIN3A

A. O. Kawrkapos', E. FO. I'epacumos®, B. JI. Mopos®, [I. A. Bynywes®, @. C. Tony6v’,
3. P. Ipyysn', H. A. Xnebanosckuir’

1I/IHCTI/ITyT ruaponnHaMuk uM. M. A. JlaBpenteeBa CO PAH, HoBocubupck, Poccus
ZHHCTI/ITyT karammsa uM. I. K. bopeckoBa CO PAH, HoBocubupck, Poccust

3HOBOCH6HpCKI/H7I rocyJapcTBeHHbIH yHUBepcuTeT, HoBocubupck, Poccus

B paGote npuBomsATCS pe3ysbTaThl UCIIONB30BaHUS SHEPTHH B3PhIBA JJII TCPMHUUYECKOTO PA3JIOKEHUS CO-
JIeprKaIIUX Al OPraHUYECKUX COSIMHEHHH C MOCIICAYIONMM 00pa30BaHuEM HAHOYACTHI] MaJLIaIis
Y €T0 OKCHJIa ¥ UCIIOIh30BAHUS TIOJYYCHHOTO IPOYyKTa B KAYECTBE KaTaIN3aTOpa PA3JIOKEHUS MypPaBbUHOM
KucaoThl. OCOOCHHOCTHIO MPEIaraeMoro Croco0a CHHTE3a KaTaau3aTopoB SBISETCS OJHOCTaIUIHHBIN MPO-
1[ECC TIOYYCHHUs KaK aKTUBHOTO KOMIIOHEHTA, TaK U €r0 HOCUTEJIS.

Cunraercs, 4To (HPOPMUPOBAHKUE YACTHI] MPOUCXOIUT U3 CBOOOIHBIX aTOMOB METAJUIOB U MX OKCHIIOB,
00pa30BaHHBIX B PE3yJbTaTe TEPMHUUCCKOTO PA3IOKEHUS MPEKYPCOPOB 3a JACTOHAIMOHHBIM ()POHTOM, IO
G dy3noHHOMY MexaHu3Mmy [1]. 3a cueT BBICOKO# TeMIepaTyphl U JaBlICHUS 32 (POHTOM JCTOHAIIMH, TIPO-
JIYKTBI B3phIBA CTPEMHUTEIHLHO PACIIUPSIOTCS U BpeMsl Ha peau3aiuio TudGy3noHHOTO MeXaHu3Ma, KOTOPOoe
3aBUCHT OT UCIOJIB3YEMOI0 B3PBIBYATOTO COCTAaBa U Pa3MEPOB 3apsija, OTPAHUYCHO CIUHUIIAMH MUKPOCE-
KyHJI. 9TO 00CTOSATEIILCTBO SBISAETCS KHHEMAaTHUYESCKUM (DAKTOPOM OTPaHUYCHHS POCTA YaCTHII,

ConyTCTBYIONUM TPOIECCOM SBISETCS (DOPMUPOBAHUE ACTOHAIMOHHOTO YIIEPONa, MOKPHIBAIOIIETO
MOBEPXHOCTh 00pa3yeMBbIX YaCTHII, YTO TAKKE MPEMATCTBYET MX POCTY. B TO ke Bpems IEeTOHAIMOHHBIH
YIJICPOJ SBJISICTCS HOCUTENIEM KaTaIUTUYCCKU aKTUBHBIX YaCTUI METAJJIOB U UX OKCHUJIOB. J[ist comepaxanux
MaJUIaAnid TPOIYKTOB OBUIM TOA00paHbl PEKUMBI AKTHBAILIMU TOJIyYEHHOTO MaTepHasa, Mo3BOJISIONINE Ya-
CTHUYHO YJAJIUTh YIIICPOJHYIO0 000JI0UKY C TIOBEPXHOCTH YaCTHIL AJIs1 00SCIICUCHsI KOHTAKTa C pearceHTaMu.

Hcnonp30BaHue pa3inyHbIX OPraHMYECKUX COCAMHCHUN Majutaaus TO3BOJIMIIO BAPbHPOBAThH JUANa30H
pa3MepoB KaTAIUTUYCCKH aKTHBHBIX YACTHII OT KJIACTEPHBIX GopM 10 20 HAHOMETPOB, a TAKKE U UX KOJIH-
4yecTBO [2].

[IpuMmeHeHre MOMyUYeHHBIX 00Pa3IloB B KAYECTBE KaTalln3aTopa PEeakKiuy Pa3ioKeHUs] MypaBbUHOW KHUC-
JIOTBI ¢ 00pa30BaHUEM CBOOOIHOTO BOJOPO/AA MOKA3all0, YTO OHU O0JIAJAl0T MOBBINICHHOMN, [0 CPABHEHUIO
C MOJICIBHBIMY KaTaJln3aTOPaMH CPaBHEHUS, aKTUBHOCTBIO M CEJICKTUBHOCTBIO. Takke OTMEUCHO BIIHMSHUC
pa3MepoB aKTHBHBIX YACTHUIl U UX KOJIMYESCTBA HA XapaKTep KaTaIUTHYCCKONW aKTHBHOCTH.
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DETONATION SYNTHESIS OF PALLADIUM NANOPARTICLES
AND THEIR APPLICATION IN TASKS OF CATALYSIS

A. O. Kashkarov', E. Y. Gerasimov?, B. L. Moroz®, D. A. Bulushev?, F. S. Golub?,
E. R. Pruuel', N. A. Khlebanovskii®

'Lavrentyev Institute of Hydrodynamics, SB RAS, Novosibirsk, Russia
’Boreskov Institute of Catalysis, SB RAS, Novosibirsk, Russia
*Novosibirsk State University, Novosibirsk, Russia

The paper presents the results of using the explosion energy for the thermal decomposition of organic com-
pounds containing palladium, followed by the formation of nanoparticles of palladium and its oxide, and the
use of the resulting product as a catalyst for the decomposition of formic acid. A feature of the proposed method
for the synthesis of catalysts is a one-stage process for obtaining both the active component and its support.

It is believed that the formation of particles occurs from free metal atoms and their oxides, formed as
a result of the thermal decomposition of precursors behind the detonation front, according to the diffusion
mechanism [1]. Due to the high temperature and pressure behind the detonation front, the products of the
explosion rapidly expand. The time for the realization of the diffusion mechanism depends on the explosive
composition and size of the charge. This time is limited to a few microseconds. This circumstance is a kine-
matic factor limiting the growth of particles.

An accompanying process is the formation of detonation carbon, which covers the surface of the formed
particles, also preventing their growth. At the same time, detonation carbon is also a catalyst support for
active particles of metals and their oxides. For materials containing palladium, activation modes have been
found that make it possible to partially remove the carbon shell from the particle surface to ensure contact
with the reagents.

The use of various organic compounds of palladium allows varying the size range of catalytically active
particles from cluster forms to 20 nanometers, as well as their quantity [2].

The application of the obtained samples as a catalyst for the decomposition of formic acid with the for-
mation of free hydrogen showed that they have increased activity and selectivity compared to the reference
model catalysts. The influence of the sizes of active particles and their quantity on the nature of the catalytic
activity was also noted.
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M3YUEHUE HEKOTOPBIX CBOHUCTB IIJIACTUYHOI'O BB
HA OCHOBE BEH3O0TPU®YPOKCAHA,
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benzorpudypokcan — BB, obnamaromee xopoieii TepMOCTOWKOCTBIO U MajbIM KPUTUYECKUM JHaMe-
TpoM aetoHauuu. JlaHHble kauecTBa BB no3BosAroT co3naBars KOMIO3ULMM IU1acTUUHBIX BB Ha ero ocHoBe.

Hccnenyemoe miactnynoe B3pbiBuatoe BeriectBo (IIBB) Ha ocHoBe OeH30TpudypokcaHa U UHEPTHOM
CBSI3KH OBLTO pa3pab0TaHO IS PACHIUPSHHS TEMIIEPaTyPHO-BPEMEHHOTO AUANa30Ha SKCIUTyaTalliid CHCTEM
WHUIMUPOBAHUS U JETOHAMOHHOM JIOTUCTHKHU.

B Hacrosiiiem okimajzie MpeACTaBICHBI PEe3yNIbTaThl padOT MO W3YyYEHUIO0 HEKOTOPhIX cBoMCTB IIBB Ha
OCHOBe O€H3TpU(YPOKCAaHA M MHEPTHOM CBS3KH, MOJBEPTHYTOTO JJIUTEIILHOMY XPaHEHHUIO.

bruto mokazano, uro amutensHoe XpaHenue (35 ner) [IBB Ha ocHOBe OeH3TpUypOKCaHa U MHEPTHOM
CBSI3KH TMPHUBEIIO K YXYAIICHHIO HEKOTOPBIX €r0 CBOWCTB, HO mpu 3ToM [IBB coxpanuio cBoro paborocmo-
COOHOCTB.

INVESTIGATION OF SOME PROPERTIES
OF LONG-STORED BENZOTRIFUROXANE-BASED PLASTIC HE

A. V. Klepinin, D. M. Gagarkin, D. P. Dudnik, A. V. Sarafannikov, E. B. Smirnov, A. Yu. Garmashey,
S. V. Shakhmaev, K. M. Prosvirnin, I. V. Chemagina

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

Benzotrifuroxane represents an HE possessing good thermal stability and small critical detonation diam-
eter. These HE characteristics allow using it to formulate plastic HE compositions.

The investigated plastic high explosive (plastic HE) based on benzotrifuroxane and an inert binder was
designed to extend the temperature-time range of initiation and detonation logistic systems.

The paper presents the results of investigating some properties of long-stored plastic HEs based on ben-
zotrifuroxane and the inert binder.

The long-term storage (35 years) of the plastic HE based on benzotrifuroxane and the inert binder is
shown to result in degradation of some properties, but herewith the plastic HE has remained functional.
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PA3JIO’KEHHUE IIVIACTU®OUIINUPOBAHHOI'O OKTOI'EHA
3A ®POHTOM YJIAPHOM BOJIHBI

A. M. Knumos, K. H. Ilanos, M. E. [llaspun

OI'VII «Poccuiickuit @enepanbusiii Anepusiii Lentp — Beepoccuiickuit HUU skcnepuMeHTanbHoi
¢u3ukm», MHCTUTYT 3KCIIEpUMEHTANBHON Ta30AMHaMUKH U (GU3UKH B3phiBa, Capos, Poccus

IIpu maTremMaTH4ecKOM MOIEITHPOBAHUU TPOIECCOB WHUIIMMPOBAHUS B3phIBYaThIX BemiectB (BB) mm-
POKOE HCIIONIL30BAaHKUE TMONYyYMIH (DOPMaTbHO-KUHETUYECKUE MOJCIH, B KOTOPBIX M3 (pU3MUECKHX CO00-
pakeHU# 3anaeTcs (yHKIMOHATbHAS CBS3b MEKAY MapaMeTpaMH XapaKTePH3YIOUIUMH MPOIECC XUMUYEe-
CKOTO pasioxeHus BB, a skcriepyuMeHTa bHbIe JaHHBIE UCTIONB3YIOTCS IS onpezencHus ko3duiuneHTon
B COOTBETCTBYIOIUX 3aBUcUMOCTIX [1-2]. [Ipu sToM mporecc pasnoxenus BB xapakrepusyercss omHOM
MEPEMEHHOM O, KOTOpasi OMpPECNIAETCs KaK OTHOIICHHE MAacChl MPOPEarupOBAaBIIEro BEIIecTBa K OOIIeH
macce ucxoaHoro BB.

B paborax [3—4] ommcaH pacyeTHO-IKCIEPUMEHTAIBHBI METON IMOJIyYCHUS KHHETUYCCKUX IaHHBIX
0 MPOoIEeCcce XUMUIECKOTO pa3iokeHus. B padote [5] mist n3pneueHus KUHETUKH pas3iiokeHust BB ucnons3o-
BaJicst MeToJT kBa3uTOHKUX ciioeB (KTC).

YMEHBIINUTH MOTPELMIHOCTD ONMPEAETIEHUS 0L MOKHO ITyTEM OJHOBPEMEHHOI'O U3BMEPEHHUS 3aBUCUMOCTEN
V(¢) n P(f) HemocpeaCTBEHHO B dKCIIepUMEHTe. B HacTosiiee BpeMs B IUTepaType MOSBUIOCH MHOTO pa-
0OT, MOCBSIICHHBIX UCCIIEIOBAHUIO COCTOSHUS BelecTBa 3a ¢pportoM YB (JIB) ¢ momorsio usmydenuii
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pasHoro Buaa [6—8]. DT pabOThI MOCBALICHBI, IFIABHBIM 00pa3oM, NpobieMe onpeAeseHHs! MIIOTHOCTH
BeniectBa 3a ppontom B i UYB. B pabote [9] npeniokeH 3KCIEpUMEHTAIBHBIA METOA I OTpe-
JieJIeHUs] 3aKOHOMEpHOCTH pasnoxkenust BB 3a ¢pponrom YB no 3aBucumoctsam P(f) u V(f), momyuyeHHBIX
B OZJHOM OIIBITE.

Lenbto HacTosAIIEeH PaOOTHI SBISETCS SKCIEPUMEHTAIBHOE UCCIIEIOBaHUE TTOBEJCHUSI CMECEBOTO B3PhIB-
yatoro coctasa (BC) npu yaapHO-BOJIHOBOM Harpy>KeHUH MPeII0KEHHBIM METOAOM.

CxemaTuueckuil BUJ SKCIIEpUMEHTaIbHONH COOPKHM MpeacTaBieH Ha puc. 1.

/lumus ko upobarys

RN

Puc. 1. Cxematuueckuii BU SKCIIEPUMEHTAITLHOU COOPKHU:

1 — obpazen; 2 — nemndep; 3 — cioii [IBB; 4 — dpont /1B B [1BB; 5 — dhpont ¥YB B uccnenyemom obpasiie; 6 — «KONTUICCKUID KITUH
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DECOMPOSITION OF PLASTICIZED OCTOGEN
BEHIND THE SHOCK WAVE FRONT

A. M. Klimov, K. N. Panov, M. E. Shavrin

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”,
Institute of Experimental Gas Dynamics and Explosion Physics, Sarov, Russia

Formal kinetic models have been widely used in mathematical modeling of the initiation of explosives,
in which, for physical reasons, a functional relationship is set between the parameters characterizing the
process of chemical decomposition of explosives, and experimental data are used to determine the coeffi-
cients in the corresponding dependencies [1-2]. In this case, the process of decomposition of explosives is
characterized by one variable o, which is defined as the ratio of the mass of the reacted substance to the total
mass of the initial explosives.

In [3—4], a computational and experimental method for obtaining kinetic data on the process of chemical
decomposition is described. In [5], the method of quasi-thin layers was used to extract the kinetics of explo-
sive decomposition.

It is possible to reduce the error in determining o by simultaneously measuring the dependencies V(¢)
and P(?) directly in the experiment. Currently, many works have appeared in the literature devoted to the
study of the state of matter behind the shock wave (detonation front) front using different types of radiation
[6-8]. These works are mainly devoted to the problem of determining the density of matter behind the front
of the detonation front or initiating shock wave. In [9], an experimental method was proposed to determine
the regularity of the decomposition of explosives behind the SW front by the dependencies P(f) and V(¢)
obtained in one experiment.

The purpose of this work is an experimental study of the behavior of a mixed explosive composition un-
der shock-wave loading by the proposed method.

A schematic view of the experimental assembly is shown in fig.1.

/lumus uruyupobarus

Fig. 1. Schematic view of the experimental assembly:
1 —sample; 2 — damper; 3 — PVV layer; 4 — DV front in PVV; 5 — SW front in the test sample; 6 — “Optical” wedge
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UCCJIEJJOBAHUE MPOLIECCA PA3BOPOTA
JTETOHALIMOHHOM BOJHBI B OBPA3IIAX
HU3KOUYBCTBUTEJbLHOTO B3PBIBUATOIO BELIECTBA

A. D. Knuwenxo, E. B. Cmupnos, A. B. Capaghannukos, K. M. Ilpoceupnun, Y. I ['anuyinun,
K. M. Mupowxun, M. M. bannukoe

OI'YII «Poccuiickuii Denepansubiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusuku
nMmenHn akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

[Iporiecc BO3HMKHOBEHHUSI U Pa3BUTHUSL ETOHALIMM B HU3KOUYBCTBUTENIBHBIX B3PBIBUATHIX BEIIECTBAX
(BB) 3aBucHT OT pa3nuyHbIX (PAKTOPOB: IIOTHOCTH, AUCIIEPCHOCTH, YAAPHO-BOJHOBON YyBCTBUTEIHLHOCTH,
JABJICHUS MHULIMUPOBaHUs U ap. [Ipu 3ToM, B ompeieIeHHBIX YCIOBUAX CYIIECTBYET BEPOATHOCTH PACIIpO-
CTpaHEHUs JICTOHAIIMY TOJLKO B OCEBOM HAIPABICHHH, KOT/IA nepudepuiiHas o0IacTh 0cTaeTcs Hempopea-
THUPOBABIIICH, MPOSBISAETCS CBOETO PO «KaHAIILHOE» PAaCIPOCTPAHECHUE IETOHAIMOHHOM BOMHEI (/IB).

Jlis u3ydyeHHs NaHHOTO HECTAIMOHAPHOTO YIapHO-BOJIHOBOTO TpoIiecca ObUTM MPOBEACHBI OIBITH Ha
oOpa3nax Hu3kouyBcTBUTENEHOTO BB Ha ocHoBe TATH muamerpom 60 MM u BeicTOl 50 MM. B kadectBe
WHUIMATOPa UCTIONB30BaTUCh 00pa3isl BB Ha ocHoBe okToreHa auamerpom 20 MM U BbicoTO# 30 MM (00-
1asi BEICOTa WHUIMATOpa cocTapisuia 60 MM). MHUIIMUPOBaHUE UCCIIEYyEMBIX 00pa3IoB OCYIIECTBISIOCH
o ocu oopasua BB (R = 0 MM) 1 cO cMelIIeHHeM OT OCH Ha BennuuHy R/2 (15 mm).

®doToxpoHOrpaUIecKUM METOZOM IMPOBOAMIACH perucTpanus npoduied Boixona /B Ha OokoByro
Y TOPIICBYIO MMOBEPXHOCTH, a B Ka4eCTBE MapaMeTpa, XapaKTepHu3yIolIero npouecc pa3sopora /B, ObLT BbI-
OpaH yroi 0 — yroy Mexay OChl0 00pasiia U HalpaBJICHUEM JI0 MECTa MAKCUMAIILHOTO pa3Bopota JIB npu
BBIXOJIC Ha TIOBEPXHOCTh 00pa3iia (TOPIEBYIO U/ OOKOBYIO).

B nanHO mocTaHOBKE OIBITOB MOJTyYeHBI 3HAUEHUs yriia paspopota [IB 0. [Ipu nHUIIMupoBaHUH 110 OCH
oOpasnia BB Ha0monanock Toapko 0ceBoe («KaHalbHOE») pacnpocTpanenue JIB. B cinyuae co cmenennem
WHUIIMMPOBAHUS Ha BEIMYMHY R/2 TpOUCXOAMI YacTU4YHBIN BBIXOJ /B kak Ha TopIieByro, Tak U OOKOBYIO
noBepxHocTH. [lepudepuiinas obracte oopasua BB, ynaneHHas oT ocu HHUIIMUPOBAHUS, OCTAIach HEMPO-
pearupoBaBieii. [lony4ueHHble 3HaUeHMs yriaa pa3BopoTa O MOTyT OBITh BHIOPAHBI B Ka4€CTBE KPHUTCPHS
JICTOHAIIMOHHOMN CIIOCOOHOCTH HUCCIIEAYyEMbIX HU3KOUYBCTBUTEIHHBIX BB.
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STUDY OF THE DETONATION WAVE TURNING
IN INSENSITIVE HE SAMPLES

A. E. Klischenko, E. B. Smirnov, A. V. Sarafannkov, K. M. Prosvirnin, 1. G. Galiullin,
K. M. Miroshkin, M. M. Bannikov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Onset and development of detonation in insensitive high explosives (HE) depend on several factors:
density, dispersity, shock wave sensitivity, initiation pressure, etc. At the same time, under certain condi-
tions there is a probability that detonation will propagate in the axial direction only, with the peripheral area
remaining unreacted. In this case, the detonation wave (DW) propagation mode can be characterized as
“channel”.

Experiments with samples of an insensitive TATB-based explosive (diameter: 60 mm; height: 50 mm)
were carried out to study this nonstationary shock wave process. The HMX-based explosive samples (di-
ameter: 20 mm; height: 30 mm; total initiator height: 60 mm) were used as an initiator. The studied samples
were initiated along the HE sample axis (R = 0 mm), as well as with the R/2 axial offset (15 mm).

Photochronography was used to record profiles of the DW arrival to lateral and side surface. 0 angle, the
angle between the sample axis and the direction to the maximum DW turning point upon its arrival at the
sample surface (lateral and/or side surface), was selected as a parameter characterizing the DW turning.

This experimental set up made it possible to obtain the DW turning angle (8) values. With the HE sample
initiated along its axis, we observed only axial (“channel”) propagation. When the initiation point was offset
(R/2), the DW partial arrival at both surfaces (lateral and side) was observed. The peripheral HE sample area,
distant from the initiation axis, remained unreacted. The obtained turning angle (0) values can be used as a
detonability criterion for the studied insensitive HEs.
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MOJAEJIb PA3JIOKEHUA OKTOI'EHA
B YCJIOBUAX ITMHAMNYECKOI'O HAT'PEBA

11. H. Cmonspos, 0. A. Mucropun, M. M. Kykosa, /. A. Kocmepos

T'HLI PO OT'VII «lleHTpanbHblil HAyYHO-UCCIEA0BATENbCKUN HHCTUTYT XUMHUH U MEXaHUKNY, MOCKBa,
Poccus

HccnenoBanus TepMUYECKO CTOMKOCTH 3HEPreTH4ecKnX KoHAeHcHpoBaHHBIX BemecTB (OKC) B ycmo-
BUSIX JIMHEHHOTO Harpesa, (IuddepeHunanbHelii TepMuueckuid ananus ([TA), nuddepenunanbhas cka-
nupyromas kanopumetpus (JICK), repmorpaBuomerpuueckuit ananus (TT'A), psaa COBMEILIEHHBIX METOIOB,
nanpumep, CTA (JICK + TTA + macc-criekTpoMeTp)), HAILIH IIUPOKOE IPUMEHEHHE NPH MOTy4YeHHH KC-
MEPUMEHTANBHBIX JaHHBIX TepMuueckoi croiikoctu DKC. ABTOPHI ¢ HCIOIB30BaHHEM (POPMANTbHO-KUHETHU-
YEeCKOr0 METO/ia MPOBETH aHAJIU3 UMEIOLUXCS B IUTEPAType U MOIYUYEHHBIX UMHU JAHHBIX 10 PA3JI0KEHUIO
OKTOT€HA B YCJIOBHUSAX JJUHEMHOTO Harpena.

Pacuer nokaspiBaer, uto npu ckopocTtH Harpesa 0,05°C/MUH CKOPOCTh Pa3oKeHUs! OKTOT'€Ha IPUMEPHO
B 3 pasa Ooubliie, 4eM mpH cKopocTd HarpeBa 1°C/muH. YBenuuenue m/v (m — Macca obpasua, v — 00beM
PEaKIMOHHON STYeUKH MpUOOpa) MPUBOAUT K M3MEHEHUIO MOAETH C ABYMS JIUMUTHPYIOIIUMH CTaAUAMH JI0
MO/JIEJIM aBTOKaTalln3a BTOPOTo MOPsIIKa.

B ycnoBusix TUHEHHOro HarpeBa CKOPOCTh Pa3fiOKEHHsI OKTOreHa MpH m/v = p MpHUMEpPHO B 2,5 pasa
MEHBbIIE, YeM B CTaTHYECKUX YCIOBUSX Harpesa, npu ckopocTsx ot 0,1 mo 0,35°C/MuH cKOpoCTh pasioxe-
HUS TIPUMEPHO B 3 paza Ooibliie, 4eM npu cKopocTax oT 1°C/mMuH u Bbime. KuHeTHKa pa3ioXeHus ONUCHI-
BaeTCsl ypaBHEHHEM aBTOKaTalln3a BTOPOTO MOPSIKa.
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[Ipu cxopoctu HarpeBa Bbime 1°C/mMuH u BHemHeMm naBineHun 0,05 I'Tla skcnepuMmeHTaJIbHBIE NaH-
HBbIE YIOBJICTBOPUTEIHHO OMNKCHIBAIOTCS YpaBHEHHEM aBTOKATaJM3a BTOPOTO TOPAIKA, MPU CKOPOCTAX
0,1-0,35°C/Mun TpeOyeTcs MOAENb C ABYMsI JTUMUTHPYIOUIMMHU CTaJUsIMU, YBEIUYEHUE BHEIIHETO IaBlie-
Hust 10 1,1 T'Tla npuBOANT K YBETHMUEHHUIO CKOPOCTH PA3JIOKEHHMS, JaJbHEHIee YBETHICHUE JaBICHUS 10
3,6 I'Tla — x 3aMeANICHHUIO CKOPOCTH Pa3IOKEHHSI OKTOTEeHa.

[Ipu crxopoctsax HarpeBa oT 16 o 100°C/c amst yIOBIETBOPUTENHFHOTO OMUCAHHS IKCIIEPUMEHTAIBHBIX
JaHHBIX 10 PA3JIOKEHHUIO OKTOTEHA B paciulaBe TpeOyeTcst MOAENb C IBYMs JUMHUTUPYIOIIUMH CTaIUSMH.
C yMeHbIIEHHEM CKOPOCTH HarpeBa W YBEJIMYEHUH AABJICHUS MMPOUCXOMUT YETKOE pas3liesieHHe KPUBOH Ha
KPHUBYIO C IByMSI MakcuMyMami. [1oBbIlIeHre AaBIeHUs] ¥ M/V IPUBOAUT K YMEHBIICHHUIO BEJTHYMHBI SHEP-
T'MY aKTHBAIMK Ha CTaJluM aBTOKaTaIn3a.

HMX DECOMPOSITION MODEL
UNDER DYNAMIC HEATING CONDITIONS

P. N. Stolyarov, J. A. Misyurin, M. M. Zhukova, D. A. Kosterov

Central research institute of chemistry and mechanics, Moscow, Russia

Methods for studying the thermal stability of energetic condensed substances (ECS) under linear
heating conditions, such as differential thermal analysis (DTA), differential scanning calorimetry (DSC),
thermograviometric analysis (TGA), a number of combined methods, for example, STA (DSC + TGA +
mass spectrometer), have found wide application in obtaining experimental data on the ECS thermal stability.
Using the formal kinetic method authors analyzed the data available in the open sources and data obtained
from the HMX decomposition under linear heating conditions.

The evaluation shows that at a heating rate of 0.05 °C/min, the HMX decomposition rate is about 3 times
greater than at a heating rate of 1°C/min. Increasing in m/v (m is the mass of the sample, v is the volume
of the reaction cell of the device) leads the model changing from two limiting stages to the second-order
autocatalysis model.

Under linear heating conditions, the HMX decomposition rate at m/v = p is about 2.5 times less than under
static heating conditions, at speeds from 0.1 to 0.35°C/min, the decomposition rate is about 3 times greater
than at speeds from 1°C/min and higher. The kinetics of decomposition is described by the second-order
autocatalysis equation.

At a heating rate above 1°C/min and an external pressure of 0.05 GPa, experimental data are satisfactorily
described by the second-order autocatalysis equation, at heating rate from 0.1 to 0.35°C/min a model with
two limiting stages is required, increasing external pressure to 1.1 GPa leads to increasing the decomposition
rate, a further increasing to 3.6 GPa leads to slowing down the rate of decomposition of the HMX.

A data description of the HMX decomposition in the melt phase at heating rate from 16 to 100°C/s re-
quires a model with two limiting stages. Increasing the heating rate and pressure results into a clear division
the curve into two maxima. Pressure and m/v increasing leads to decreasing the activation energy at the
autocatalysis stage.
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JANHAMUKA, CUMMETPUA U YAAPHO-UHAYHUPOBAHHOE
«IIBIVIEHHUE» ITPU KBASUU3DOHTPOIINYECKOM
N N3DOHTPOIINMYECKOM YCKOPEHHNH
HUWJIUHJIPUUYECKUX JAHUHEPOB

C. B. EpyH081’2, B. A. OZOpO@HuKOG’l’Z, A. O. Bukoe"?, B. H. Kuszes', E. B. Kyﬂakoel’ '
A. B. Teopeuesckaa"?, H. B. Jlagvi0o6', A. C. Cokonosa', E. A. Uyoakos', M. B. Kepnoxnemos',
A. B. Pomanos', A. B. Peickos', A. C. ITynkos', H. A. Brunoe" % B. A. Apunun', A. B. Komun',
B. A. Kompakos', M. B. Aumunos', A. IT. Aemywenxo'

"Poceumiicknit (enepanbHbIi SACPHBIN HeHTp — Beepoccuiickuii HayYHO-HCCIIEIOBATENLCKUI HHCTUTYT
sKcniepuMeHTanbHoi dusuku 607188, Capos, Poccus

2 o . o o
Hwuxeropoackuii rocynapcTBeHHbIN TexHuueckuil yausepeuret uM. P. E. AnekceeBa, Huwxuuit Hosropoz,
Poccus

*E—mail: postmaster@ifv.vniief.ru

Jis TepMOSiAEPHOTO 3aKUTaHusl IeHTepuil — TPUTHEBOM CMECH ee HeoOXOIWMO HarpeTh O BBICOKOM
TEMIIepaTyphl U CKaThb 10 OOJNBILION IIIOTHOCTH. DTO MOXKET OBITh OCYIIECTBIIEHO, HAIPUMED, IPH €€ LUINH-
JPUYECKOM HJIH C(HEPUIECKOM CKATHH METAJUNIMYECKUM JIAHEPOM U OTPaKEHHOH OT TeOMETPHUYECKOTO LIeH-
Tpa YCTpoicTBa ynapHo# BosHOW. OHAKO peanu3alus Takoro mpolecca CBsA3aHa ¢ PIIOM 0COOEHHOCTEH:
acCUMMETpHUE U HEYyCTOMYHMBOCTBIO CXOXKACHHUS JlaiiHepa, 3aCOpEeHNEeM ra30BOH CMeCH YacTHLIaMU MaTepHa-
JIa OKPY’KAIOILETo €€ JaliHepa MPH BBIXOJE HA €r0 BHYTPEHHIOIO MOBEPXHOCTh YAAPHOM BOJIHBI.

B nanHOM cO0OLICHNN TPOAEMOHCTPUPOBaHA BO3MOKHOCTh MUHUMHU3AIMN ACUMMETPUH H TTOJaBICHHS
s¢dexra yrapHO-UHAYLUPOBAHHOTO «IBUICHUS» ¢ BHYTPEHHEH rpaHULbl IUJIMHIPUIECKUX JIAHHEPOB, pa3-
TOHSIEMBIX C TIOMOIIBIO SHEPTHH XUMHUYECKOTO B3PBIBUATOrO BEIIECTBA MyTeM MX Oe3ynapHOr0 KBa3HH33H-
TPOMHMYECKOTO MIIM M33HTPOMHYECKOTO YCKOPEHHS 10 CKOPOCTEH ~5—7 KM/C B yCTpoiicTBax IuIs CxKaTHsI 3a-
MarHU4eHHOH I1a3MBl.

DYNAMICS, SYMMETRY AND SHOCK-INDUCED EJECTION
AT QUASI-ISENTROPIC AND ISENTROPIC ACCELERATION
OF CYLINDRICAL LINERS

S. V. Erunov®?, V. A. Ogorodnikov"? A. O. Blikov"? V. N. Knyazev', E. V. Kulakov" ",
A. B. Georgievskaya"? N. B. Davydov', A. S. Sokolova', E. A. Chudakova', M. V. Zhernokletov',
A. V. Romanov', A. V. Ryzhkovl, A.S. Pupkovl, 1. A. Blinov"?, V. A. Arinin', A. V. Kotin",
V. A. Komrakov', M. V., Antipovl, A. P. Yavtushenko'

'Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics, Sarov, Russia.
’R. E. Alexeev Nizhegorodskiy state technical university, Nizhniy Novgorod, Russia
"E-mail: postmaster@ifv.vniief.ru

A deuterium — tritium mixture should be heated to high temperatures and compressed to high density for
its thermonuclear ignition. The way to do this is, for example, through its cylindrical or spherical compression
by a metal liner and a shock wave reflected from a geometric center of a device. However, the implementation
of this process is linked to some peculiarities: asymmetry and instability of liner convergence, contamination
of a gaseous mixture with material particles of a surrounding liner at exit of a shock wave to its inner surface.

The given work presents a possibility to minimize asymmetry and to suppress shock-induced ejection
from inner boundaries of cylindrical liners being accelerated by the help of chemical explosive energy
through their shock-free quasi-isentropic or isentropic acceleration up to ~5—7 km/s in devices for magne-
tized plasma compression.
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YUCJEHHOE MOJEJIUPOBAHUE B3AUMOJENCTBUS
TETEPOTEHHOWM JETOHAIIMHU C MIOPUCTOM BCTABKOH
KOHEYHOMH JJINHBI

C. 4. Jlaspyx, . A. Tponun

HuctutyT TeopeTndeckoit n npukiaagHoi Mexanuky uM. C. A. Xpucrtuanosuda CO PAH, HoBocuOupck,
Poccus

HccnenoBanue mpoliecca B3auMOICHCTBYSI IETOHAIIMOHHOM BOJHBI C MIPEMSITCTBUSIMU Pa3HOM MpoHUIIae-
MOCTH U sIBISeTCs (PyHIaMEHTAIBHOM 3a/1aueli U HallPaBJICHO HA YMEHBIIICHUE Pa3pyIIUTEIIbHBIX TEXHOTCH-
HBIX KaracTpo( U Mpu KCCISIOBAaHUU TIpoIlecca rmepexoa Ae(aarpaioHHOTO TOPEHUS B IETOHAIIHO.

PaccmarpuBaetcs 3ajaua 0 B3aUMOJCHCTBUU T€TEPOTEHHOM JETOHAMOHHOW BOJIHBEI B CMECHU QJIIOMHU-
HUEBBIX YAaCTHUI[ B KUCIOPOJE C TIOPUCTOM BCTaBKOM, COCTOsIIEH M3 HaOopa IMIMHPOB, KOHEYHOTO Pa3Me-
pa, IepeKphIBaIONIeH BCIO MHUPUHY KaHana. OcoOESHHOCTHIO paboThI ABISIETCS TO, YTO MOPUCTAs BCTaBKa
MOJICJIUPOBAIach HE SIBHO, & B IIOPUCTOW 00JACTH, PEIIANIOCH JIOTIONIHUTEIILHOE YPAaBHEHHE, YUUTHIBAIOIIEE
B3aUMO/ICHCTBUE IEMEHTOB IMOPUCTON BCTABKU C TETEPOrCHHON NETOHALIMOHHOM BOMHOM. B kauecTBe uuc-
JIEHHOM MOJENH HCHOIb30Bajach MOJAENIb B3aUMOIIPOHUKAIONINX KOHTHMHYYMOB. CHcTeMa ypaBHEHHH CO-
CTOUT U3 yPaBHEHUI 3aKOHOB COXPAHEHUSI MAaCChl, IMITYJIbCa ¥ SHEPTUU IJIs Kax a0l u3 a3 (ra3, roproune
YaCTHUIBI M TIOPHUCTHIN 3JIEMEHT), 3aMbIKACTCsl YPABHEHUSIMH COCTOSIHUSI U COOTHOIICHUSIMH JIJISI TIPOIIECCOB
MaccooOMeHa MEXTy KOMIIOHEHTaMU, 0OMeHa UMITYJIbCaMH ¥ TeIJIO00MEHa MEXy Ta30M U TBEPIbIMH (a-
3aMu (TOPIOYMMU YaCTHIIAMU U UHEPTHOH cpenoit) [1, 2].

Jlyis anrOMHUHHMEBBIX YaCTHIl AMAMETPOM | MKM U TIOPUCTOTO (PHIBTpA C MapaMeTpaMu: TUaMETp dIIeMEH-
TOB NOPUCTON BCTaBKU d; = 50 MKM, 00beMHas KOHLIEHTpalus HHEPTHOH (a3l my = 1,8 - 1073 MIOJIyYEHBI
pe3yibTaThl, MPEACTaBICHHbIC Ha pUC. | (ITYHKTUPHBIMH JUHUSIMU OYE€PUCHO TOJIOKECHUE MTOPUCTON BCTaB-
KH B pacyeTHO# oOmactu). BuiHo, 4T0 Npy yBenuueHUH JITUHBI mopuctor BctaBku ¢ 40 cMm (puc. 1, a) 1o
45 cm (puc. 1, 6) nporcxonuT cpeiB AeToHarmu. [Ipu pmuHe obnaka 40 cM MPOUCXOTUT JOKATBLHOE OCiade-
HUE JCTOHAIINH, C MOCIIEAYIONINM pe-UHUIIMMPOBAaHUEM JieToHanuu. Ha puc. 1, 6 npencTaBieHbl pe3yabTaThl
JUTSI CPBIBA IETOHALIMOHHOM BOJIHBI, IIMPUHA MIOPUCTOTO 1eMeHTa cocTtaBuia 45 cMm. BunHo, uyTo pu cpeiBe
JICTOHAIIMH TIPOUCXOIUT IMOCTETICHHOE BRIPABHUBAHUE JTUANUPYIONIETO ()POHTA, a TABJICHUE 32 JTUAUPYIOIIIM
(ponTOoM He mpesbimiaet 30 aTM.
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o

Puc. 1. [Tons uctopru MakCUMaIbHOTO OaBleHUS s dp = 1 MKM, di = 50 MM, my = 1,8 - 1073,
a-L=40cm,6 - L =45cMm

HccnenoBanue BBITIOTHEHO 3a cueT rpanta Poccuiickoro nayunoro ¢onma Ne 21-79-10083, https://rscf.
ru/project/21-79-10083/
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NUMERICAL SIMULATION
OF HETEROGENEOUS DETONATION INTERACTION
WITH FINITE LENGTH POROUS INSERTS WITH

S. A. Lavruk, D. A. Tropin
Khristianovich Institute of Theoretical and Applied Mechanics SB RAS, Novosibirsk, Russia

The study of the process of interaction of a detonation wave with obstacles of different permeability is
a fundamental task and is aimed at reducing destructive man-made disasters and in studying the process of
deflagration to detonation transition.

The problem of the interaction of a heterogeneous detonation wave in a mixture of aluminum particles
in oxygen with a porous insert consisting of a set of cylinders of finite size covering the entire width of the
channel is considered. A feature of the work is that the porous insert was modeled implicitly, in the porous
region, an additional equation was solved that takes into account the interaction of the elements of the
porous insert with a heterogeneous detonation wave. The model of interpenetrating continuums was used
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as a numerical model. The system of equations consists of equations of the laws of conservation of mass,
momentum, and energy for each of the phases (gas, combustible particles, and porous element), is closed
by equations of state and relations for the processes of mass transfer between components, momentum
exchange, and heat transfer between gas and solid phases (combustible and inert particles) [1, 2].

For aluminum particles with a diameter of 1 pm and a porous filter with the following parame-
ters: diameter of the elements of the porous insert d; = 50 pm, volume concentration of the inert phase
my=1.8- 1073; the results presented in fig. 1 (dotted lines outline the position of the porous insert in the
computational domain). It can be seen that with an increase in the length of the porous insert from 40 cm
(fig. 1, a) to 45 cm (fig. 1, b), detonation is attenuate. At a cloud length of 40 cm (fig. 1, @), local weakening
of detonation occurs, followed by re-initiation of detonation. On fig. 1, b shows the results for detonation
failure, the width of the porous element was 45 cm. It can be seen that when the detonation is attenuate, the
leading front gradually flattening, and the pressure behind the leading front does not exceed 30 atm.

b
Fig. 1. Maximal pressure fields in dy = 1 pm, d5 = 50 pm, m3 = 1,8 - 107,
a—-L=40cm,b—L=45cm

The work was supported by Russian Science Foundation, project No. 21-79-10083, https://rscf.ru/
project/21-79-10083/
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NCCIEJOBAHUE ®YHKIIMOHAJIBHBIX XAPAKTEPUCTHUK
JHEPI'OHACBIINEHHOI'O MATEPUAJIA IPEJJHA3ZHAYEHHOI'O
A TASOANHAMMUNYECKOTI'O PASPBIBA HED®TAHOTI'O IIJIACTA

A. A. Jlauyeun, A. A. Mapcos, A. C. Ilempos, A. A. Mokees, /1. O. [lasnosa

OI'bOY BO «Kazanckuii HaIlMOHAIBHBIN UCCIICOBATEIHLCKHNA TEXHOIOTHIECKUN YHIUBEpCUTET», Ka3aHs,
Poccus

B TexHONMOTHsSIX WHTEHCU(PHUKALUHN OTAaYM HE(QTSIHBIX IJIACTOB 3HAYUTENFHOE MECTO 3aHUMAIOT YCTPOii-
CTBa Ha OCHOBE YHEProHACHIIIEHHBIX MarepuanoB (OHM), mpuMeHseMBbIX IS OKa3aHUS BBICOKODHEPIETH-
YEeCKOro BO3ACUCTBHS Ha MiacT. OAHUM U3 NEPCIEKTUBHBIX METOJOB YBEIWYECHHUS! HE()TEOTHauH SBIACTCS
TEXHOJIOTHs Ta30AMHAMHYECKOTO pa3pbiBa Iacta. MeTos 3aKIr04aeTcs B CO3AaHUH N30BITOYHOTO IaBICHUS
NpoayKTaMu cropanus 3apsaa u3 JHM B unTepBane nepdopaunu ckBaXuHbl. bnarogaps aaBienuto, npe-
BBIIIAIONIEMY TOPHOE JaBjIeHUe B Tene HeTIHOro miacta, popmupyeTcs ceTb TpemuH. biarogaps stomy
YBEITUYMBACTCS IOBEPXHOCTH (QMIIBTpAlMK HE(PTSHOTO I1acTa U YBEIMYUBACTCS JEOUT CKBAYKHUHBI.

B HacTosimeii pabote npencTaBieHbI pe3ylbTaThl SKCIEPUMEHTAIBHBIX UCCIIEI0BAHNI YHEProHACHIIICH-
HOIO Marepuaja Ha OCHOBE JIAKOBOTO KOJUIOKCWJIMHA M MHEPTHBIX CBSI3YIOLIUX, C IIEJBI0 OLEHKU MOTEH-
IUaTBbHOH BO3MOXKHOCTH NPUMEHEHHS 3THX COCTABOB B YCIOBHUAX HE(QTIHOW CKBaXHHBL 3ajiada TMOMCKa
aNbTEPHATUBHBIX MATEPHAJIOB [ BHIIIOIHEHHS TEXHOIOTHH Ta30JHHAMHYECKOTO Pa3phiBa IUIACTA SBISETCS
aKTyaJIbHOH B paMKaX MPOrpaMMbl UMIIOPTO3aMEIeHHs. DKCIIEpUMEHTANbHBIE 00pa3ibl H3rOTAaBINBAJINChH
METOZIOM MPECCOBAHNUS B BUJE MIMHAPUUECKUX IIAIEK AMaMeTpoM 65 MM ¢ OCEBBIM KaHajoM 15 M, uTo
COOTBETCTBYET pa3MepaM IITAaTHBIX 3apsIoB, MPUMEHSIEMBIX Ha mpoMbiciax. OOpa3ubl NOrpyKaiich B -
JUHIPUUYECKUH COCY/l CTEHI0BOH YCTAaHOBKH 3allOJIHEHHYIO BOJOW, MMUTHPYIOIIEH CKBaXKMHHYIO )KUAKOCTb.
MHnnumnpoBanyue OCyIIECTBISUIOCH JIEKTPUUYECKUM HMITYIbCOM. Pe3ynsTaTsl 3KCIIEpUMEHTa PerucTpHpo-
BAJINCh B BHJE IKCIIEPUMEHTAJIBHON KPHUBOW 3aBHCUMOCTH M30BITOUYHOTO AABJICHHUS B COCYIE CTEHAOBOU
YCTaHOBKH OT BPEMEHH TpoLecca TOpeHus SKCIeprUMEHTaIbsHOro obpasua (puc. 1).

Puc. 1. DxcniepuMeHTanbHast KpuBast

[o pesynbraTtam HcCIeAOBaHUN YCTAaHOBIIEHO, YTO HanboJee OIU3KMM K MPOMBIIUIEHHBIM 00pas3iaMm 3a-
PAIOB TIO CKOPOCTH TOPEHUS SIBIAETCSl COCTaB KOJUIOKCHIJIMH/ONENHOBAs KUCIIOTa B COOTHOIIEeHHH 85/15,
MOMEIlleHHbIE B repMeTHuHbIl kopmyc (33,4 mm/c B nuamazone nasnenuit 0,8—8,2Mlla). OGpa3ubl 3TOrO0
COCTaBbI OBUIM PEKOMEHAOBAHbI ISl IPOBEACHHUS UCIIBITAHUN B TIOTUTOHHBIX yCIOBUSIX.
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STUDY OF THE FUNCTIONAL CHARACTERISTICS
OF ENERGYSATURATED MATERIAL INTENDED
FOR GAS-DYNAMIC FRACTURING OF OIL RESERVOIR

A. A. Lachugin, A. A. Marsov, A. S. Petrov, A. A. Mokeev, Ya. O. Pavlova

Kazan National Research Technological University, Kazan, Russia

The devices, which are based on energysaturated materials (ENM), used to provide high-energy effect on
the reservoir, take a significant place in technologies of intensifying the oil recovery of oil reservoirs. One
of the prospective methods of increasing the oil recovery is the technology of gas-dynamic fracturing. The
method is to create the excess pressure by products combustion of the charge from the ENM in the well
perforation interval. Due to the pressure, which is exceeding the ground pressure in the body of the oil res-
ervoir, a fracture network is formed. According to this the filtration surface of the oil reservoir and the well
rate increase.

The results of the experimental studies of an energy-saturated material based on lacked colloxylin and
inert binders in order to evaluate the potential application of these compositions in oil well conditions are
given in this paper. The task of search for the alternative materials for the implementation of the technology
of gas-dynamic fracturing is relevant in the framework of the import substitution program. The experimen-
tal models were made by pressing in the form of cylindrical grain with a diameter of 65 mm and an axial
channel of 15 mm, which corresponds to the size of standard charges used in the fields. The examples were
immersed in a cylindrical vessel of a test bench installation filled with water, simulating a well fluid. The
initiation was done by an electrical impulse. The results of the experiment were recorded in the form of an
experimental curve of the dependence of the excess pressure in the test bench installation vessel on the time
of the experimental model combustion (fig. 1).

Fig. 1. Experimental curve

According to the results of the research, it was found that the composition of colloxylin / oleic acid in the
ratio of 85/15, placed in a hermetic enclosure (33.4 mm/s in the pressure range of 0.8—8.2 MPa), is the clos-
est to industrial models of charges in terms of burning rate. Samples of this composition were recommended
for testing in field conditions.
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NPUMEHEHHUE COIJIOBON YCTAHOBKM JJIS1 UCCJEJOBAHUS
OCOBEHHOCTEM T'OPEHUA BHICOKOIIJIOTHBIX TOILJIUB

K. C. Pocaes, A. C. /[vsuxosckuu, A. H. Hwenxo, H. M. Camopokosa,
E. IO. Cmenanos, A. JI. Cuoopos

HaunonansHaeiii nuccnenoBarenbckuii ToMckuii rocynapcTBeHHbIN yHUBEpCHTET, ToMck, Poccus

[lepen ncnpITaHUSIMA HOBBIX TOIUTUB B CTBOJIBHBIX CUCTEMAaX BBIMIONHACTCS UCCIEI0BAaHUE TOPEHHS HOBBIX
MEPCIEKTUBHBIX TOILUTUB B YCIOBUSIX MOTY3aMKHYTOTO 00beMa (comioBoit 6ombe) [ 1, 2]. OxHoli u3 0coOeHHO-
CTel COMJIOBOW YCTaHOBKH SIBISIETCS HEMOABUYKHOCTB TOPALIETO 3apsifia, YTO SBISETCS KIIOUEBBIM (DaKTOPOM,
WCKJIIOYAIOIIUM BIHMSHHIE MPOLIECca YCKOPEHHUS HCCIIETyeMOro 3apsiia, COCTOSILETO U3 UCCIIEAyEeMBbIX TOILTUB
[3]. B oinumy oT ucnbITaHU B MAHOMETPUYIECKOH O0MOe, XapaKTepHu3yIoLIecsl HU3KOW TIIOTHOCTBIO 3apsi-
xanus (1o 0,2 r/cM3), IpH HCClleIOBaHNH TOPEHHSI HOBBIX TOIJIMB B YCJIOBHUSIX COIIOBOI OOMOBI BO3ZMOXKHA
peanu3anus IIOTHOCTEH 3apsKaHus 3apsiia, COOTBETCTBYIOIINX apTHILIEPUHCKOMY BBICTPEILY.

B nanHo#i paboTe nmpeacTaBieHa SKCIEPUMEHTaIbHAs METOIUKA OTPEEICHHsI 3aKOHOB TOPEHUS TOTIJIHB
B YCJIOBHUSIX COIUIOBOM OOMOBI IIPH pa3NUYHbIX YCIOBHUSIX HCTEUCHHMSI, HA IPUMEPE MOJEIBHBIX BEICOKOILIOT-
HBIX TOIUIMB.

OOmias cxema cOMIOBOH OOMOBI BBHICOKOTO AABJICHUS C MCTEYEHHWEM MpeAcTaBieHa Ha puc. 1. Brico-
KOIUTOTHOE TOIIMBO PACIoiaragoch B IMOJUATUICHOBOM KOHTEHHEpe, Ui peaqu3aliy TOPLEBOro pekuma
ropeHus. B kauecTBe BoCIIaMEHHTENS 3apsiia HCIOIb3YeTCs MUPOKCHIMHOBBIM MOPOX U Karcionb. B nu-
JUHIPUYECKYIO YacTh COJIOBOTO OJIOKa MOMEMIAETCsl MOJMITUIICHOBAs MM TEKCTOIUTOBAs «IIPOOKa» MO3BO-
JISIFOILAS PETYNUPOBaTh MAKCUMAaJIbHOE aBJICHHE B KAMEPE CTOPaHusl.

9
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Puc. 1. O61mmas cxeMa corioBoii 00MOBI C HCTEUEHHUEM

I~k

1 — xoprryc; 2 — TOIMBO; 3 — KOHTEHHEp; 4 — MOPOX BOCIUIAMEHHTENb; 5 — BOCIZIAMEHUTEIFHOE YCTPOHCTBO; 6 — po0Ka; 7 — Coll-
J10; 8 — COILJIOBOM OJIOK; 9 — JaTYnKK JaBIeHUs

B pamkax BBIIOTHEHHOTO UCCIIEIOBAHHS PACCMOTPEHO TOPEHUE BHICOKOIUIOTHBIX TOILIMB B YCIIOBHSX COILIO-
BOI OOMOBI MPH PA3TMYHBIX KOH(QUTYpAIUAX COIUIOBOTO OoKa. ccnenoBanbl pa3iiuYHbIe CIIOCOOBI OTKPBITHS
corutoBoro Onoka. [TomyueHbl 3aKOHBI TOPEHUS UCCIIEIYEMBIX TOIUIUB, B YCIOBUSAX 3aMKHYTOTO 00beMa (IOKa
COIUIO OCTAETCS 3aKPHITHIM) ¥ MTPU UCTEUCHUH ra3a Yepe3 cOIIo (MIpU OTKPhITUH coruta). [lomyueHHbIe 3aKOHBI
TOPEHHUS TOTUIMBA B COIUIOBOM YCTAHOBKE ITO3BOJISIOT C BHICOKOW TOYHOCTh OIICHUTH MTOBEACHHUE TAHHBIX TOTLIHB
B CTBOJILHBIX YCTaHOBKAX U JETAJIILHO PACCMOTPETh T'a30JUHAMHYECKHE MPOIIECCHI, COMPOBOXKIAIOIINE BHICTPEIL.

HccnenoBanue BBITIOTHEHO 3a cdeT rpanta Poccuiickoro nayunoro ¢onma Ne 21-79-10054, https://rscf.
ru/project/21-79-10054/
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THE USE OF ANOZZLE INSTALLATION
FOR STUDYING THE PECULIARITIES OF COMBUSTION
OF HIGH-DENSITY PROPELLANTS

K. S. Rogaev, A. S. D’yachkovskij, A. N. Ishhenko, N. M. Samorokova,
E. Yu. Stepanov, A. D. Sidorov

National research Tomsk State University, Russian Federation, Tomsk, Russia

Before testing new propellants in gun systems, the combustion of new prospective propellants is studied
in a semi-closed volume (a nozzle bomb) [1, 2]. One of the peculiarities of the nozzle installation is the
immobility of the burning charge, which is a key factor that eliminates the influence of the acceleration pro-
cess of the investigated charge consisting of the tested propellants [3]. Unlike tests in a manometric bomb,
characterized by low charge density (up to 0.2 g/cm3), the combustion of new propellants can be studied in
conditions of a nozzle bomb with charge densities corresponding to artillery firing.

This paper presents an experimental methodology for determining the laws of propellant combustion in
conditions of a nozzle bomb under different exhaust conditions, using model high-density propellants as an
example.

The general schematic of a high-pressure nozzle bomb with a bypass is shown in picture 1. High-density pro-
pellant was stored in a polyethylene container for the implementation of the combustion end mode. Pyrotechnic
powder and a capsule are used as the charge igniter. A polyethylene or textolite “plug” is placed in the cylindrical
part of the nozzle block, allowing for the regulation of the maximum pressure in the combustion chamber.

9
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Fig. 1. General schematic of a high-pressure nozzle bomb with a bypass:

1 — casing; 2 — propellant; 3 — container; 4 — powder igniter; 5 — ignition device; 6 — plug; 7 — nozzle; 8§ — nozzle block;
9 — pressure sensors
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As part of the conducted research, the combustion of high-density propellants in conditions of a nozzle
bomb was studied under various configurations of the nozzle block. Different ways of opening the nozzle
block were investigated. The laws of combustion of the propellants being studied were determined in the
conditions of a closed volume (while the nozzle remains closed) and during gas exhaust through the nozzle
(when the nozzle is opened). The determined laws of propellant combustion in a nozzle system allow for
highly accurate estimation of the behavior of these fuels in gun systems and detailed examination of the gas
dynamic processes accompanying the shot.

The study was carried out at the expenses of the grant from the Russian Science Foundation (project No.
21-79-10054), https://rscf.ru/en/project/21-79-10054/.
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HNPUMEHEHHUE METOAUKHU MAJIOYIJVIOBOTI'O
PEHTI'EHOBCKOI'O PACCESAHUA B U3YUYEHUU
BBICTPOIIPOTEKAIOHNIUX ITPOLHECCOB

U A. Py6yog"? K. A. Ten?, D. P, Hf?nyle, A. O. Kawixapos®, A. A. Cmydennuxog"?,
B. I1. Xanemenuyx®, A. B. 3y6asuuyc', K. 3. Kynep', A. B. Byxmuspos', B. I1. Tonouko®

1I/IHCTI/ITyT rugponuHaMuky uM. M. A. JlaBpentoeBa CO PAH, HoBocubupck, Poccus
2I_IKH «CKU®», UnctutyT katanusza um. I. K. bopeckoBa CO PAH, Koasnoso, Poccus

3 HNucTuTyT Xumun TBepmoro tena u mexanoxumun CO PAH, HoBocubupck, Poccus

B pamxax peanuzauuu npoekta LHKII « CKM®y» npeanonaraercs crpoutenscTBo 30 SKCIIepUMEHTATBHBIX
CTaHUUU, OMHON U3 KOTOphIX sBisieTcss Cranuusa 1-3 «bBeICTpompoTeKaue Nporeccs», caada KOTopoit
oxugaetcs B 2024 rogy. OnHol 13 OCHOBHBIX SKCIEPUMEHTAIBHBIX METOUK, PEaIN30BaHHBIX Ha CTaHIINH,
OyZeT METOIMKa MaJIOyTIIOBOTO PEHTTEHOBCKOTO PACCESHUS ¢ BRLICOKUM BpeMEHHBIM paspenieHueM (MYPP).

OkcriepuMeHThI 10 MYPP 111 n3yueHust ObICTPOIIPOTEKAIOIINX MPOIIECCOB (HAIIPUMEP, MPH JETOHAIIMH
B3pbIBUaTHIX BemecTB) coBMecTHO nposoasTcs UI'uJl CO PAH u USI® CO PAH naunnas ¢ 2000-x ronos.
OpnHOM U3 OCHOBHBIX IEJIEH 3TUX IKCIIEPUMEHTOB SIBJISIETCS] BOCCTAHOBJICHUE JUHAMUKU KOHJIEHCALIUU yTIIe-
pona myteMm aHanuza pacnpenencauii MYPP 3a ¢ppoHTOM neToHanmy, U3MEPEHHBIX B PEKHUME PEeaTbHOIO
BPEMEHU.

Jannast paboTa MOCBAIICHA Pa3BUTHIO TOAXOM0OB K HCIOJIB30BAHUIO BBHICOKOIHEPIETHUECKHUX ITYYKOB
st peanuzanuu Ha ctaHiusax KT «CKH®y, a uMEeHHO COBEpLICHCTBOBAHUIO METOJUKHU MAaJIOyIIIOBOTO
PEHTTEHOBCKOTO PAaCCESHUS C BBICOKMM BPEMEHHBIM paspeiieHueM. Pa3o0paHbl mpuMepbl MpUMEHCHHS
JTAHHOW METOIWKH B MCCICIOBAHUU OBICTPOIPOTEKAIOIIUX TPOIECCOB: M3yYCHUE KOHACHCALMU YIIepoa
B IIpoliecce JETOHALMU, M3YUYEHHUE MPOIeCCa pearupoBaHUS HAHOCTPYKTYPHUPOBAHHBIX B3PHIBYATHIX Be-
IIECTB, TOPEHKE U JICTOHAIIUS COCTABOB C J00ABICHUEM AJIFOMUHUS U 00pa, @ TAKXKE JICTOHAIIMOHHBIN CHHTE3
HaHOYACTHUI[ MeTauIOB. [IpuBeIeHBI KOHIIENTYaIbHBIC PEIICHUS, KOTOPbIE OyayT npuMeHeHbl Ha CTaHIMH
«bricTpomnporekaromue npouecch» [IKIT « CKH®» npu uccneqoBaHuu ObICTPOIPOTEKAIOIIUX MTPOIIECCOB,
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JJId COBEPHICHCTBOBAHUSA METOAUKU, YTO MMO3BOJUT CYIIECTBCHHO YBCINYUTH KAUCCTBO IMOJYYaCMbIX 3KCIIC-
PUMCHTAJIbHBIX JaHHBIX U IPOABUHYTLCA BICPCA IMTPU NU3YUCHUUN MTPOLICCCA JETOHAIINY B3PbIBYATHIX BEIICCTB.

APPLICATION OF THE TECHNIQUE OF SMALL-ANGLE X-RAY
SCATTERING IN THE STUDY OF FAST-FLOWING PROCESSES

I A. Rubtsov'?, K. A. Ten?, E. R. Pruuel’, A. O. Kashkarov*, A. A. Studennikov'?,
V. P. Khalemenchuk?, Ya. V. Zubavichus', K. E. Kuper', A. V. Bukhtiyarov', B. P. Tolochko®

'Lavrentyev Institute of Hydrodynamics, SB RAS, Novosibirsk, Russia
2SRF “SKIF” Boreskov Institute of Catalysis, SB RAS, Kol’tsovo, Russia
3Institute of Solid State Chemistry and Mechanochemistry, Novosibirsk, Russia

As part of the implementation of the SKIF project, it is planned to build 30 beamlines (experimental sta-
tions), one of which is Station 1-3 “Fast Processes”, which is expected to be commissioned in 2024. One
of the main experimental techniques implemented at the Station will be time-resolved small-angle X-ray
scattering (SAXS).

SAXS experiments to studying fast processes (for example, during the detonation of explosives) have
been jointly carried out by LIH SB RAS and BINP SB RAS since the 2000s. One of the main purpose of
these experiments is to reconstruct the dynamics of carbon condensation by analyzing SAXS patterns behind
the detonation front, measured in real time.

This work is devoted to the development of approaches to the use of high-energy beams for implementa-
tion at the SRF “SKIF” stations, namely, the improvement of the technique of small-angle X-ray scattering
with high temporal resolution. Examples of the application of this technique in the study of fast processes
are analyzed: the study of carbon condensation during detonation, the study of the reaction process of nano-
structured explosives, the combustion and detonation of compositions with the addition of aluminum and
boron, and the detonation synthesis of metal nanoparticles. Conceptual solutions are presented that will be
applied at the SRF “SKIF” Station “Fast Processes” in the study of fast processes, to improve the methodol-
ogy, which will significantly increase the quality of the experimental data obtained and move forward in the
study of detonation process of high explosives.
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JHEPI'OHACBILIEHHBIE KOMIIO3UTHI HA OCHOBE
HAHOCTYKTYPUPOBAHHOI'O MOPUCTOI'O KPEMHUS
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A0 «MammHO CTpOUTENBHBIN 3aBox «ApmanuTy, Cankr-llerepOypr, Poccust

3 Cankr-IleTepOyprekuii rocyrapCcTBEHHBIH TEXHOIOTHICCKUNA HHCTUTYT (TEXHUIECKUA YHUBEPCUTET),
Cankr-IletepOypr, Poccus

‘A0 «MypoMcKHit MpuOOPOCTPOUTETHHBIN 3aBO», MypoMm, Poccust

B HacTosmiee BpeMsi OAHUM U3 NMEPCIEKTUBHBIX TUIIOB HOBBIX dHEpreTMueckux koMmno3utoB (OHK) sB-
JsieTcsl MOPUCTBIN KpeMHHH (por-Si), W3roTaBIMBaEMBbIH 1O TEXHOJIOTHHU JIEKTPOXUMHUYECKOTO TPaBICHUS
MOHOKPHCTAJUIMYECKOTO KPEMHHUS B JIEKTPOJIUTaX Ha OCHOBE IUIABUKOBOM KUCIOTHI. CTPyKTypa KpeMHHS,
oOpasyromasics B MpoIecce TAKOro TPABICHUs, HMEET YIEIbHYI0 IIOBEPXHOCTb, IPEBOCXOIAIIYIO COTHH M /T
[1] (puc. 1). Pazmepsl mop B 3aBUCUMOCTH OT MMapaMeTPOB TEXHOIOTHYECKOTO MPOLecca JIeXkKaT B AUaNa30He
OT €OMHHUI] HAHOMETPOB J0 HECKOIBKHX MHUKPOMETPOB. Takas CTpYKTypa NPUBOAMT K HEOOBIYHBIM W YHH-
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KaJbHBIM CBOMCTBaM por-Si, HApUMep, OH MOXET FOPeTh B YHCTOM BUJIE, & B COYETAHHHU C OTIPECIICHHBIMU
OKHCIIMTENSMH Y HETO MOSBIISIETCS CIIOCOOHOCTD K B3pBIBY (IeToHauum) [2, 3].

a 9]

Puc. 1. CHUMKH TOBEPXHOCTH HAHOCTPYKTYPHPOBAHHOTO ITIOPUCTOTO KPEMHHUS (@) ¥ MTONIEPEYHOro CKOJIa OPUCTOTO
KpeMHUS (6), TIOJTyYEHHBIE C TIOMOIIBIO CKAaHUPYIOIIETO JIEKTPOHHOTO MUKPOCKOTIA

B noknage mpencraBieHbl pe3yabTaThl MPOBEACHHBIX HCCIeNOBaHUN To mHUIMupoBanuio B DHK Ha
OCHOBE IMOPUCTOTO KPEMHUSI C Pa3IMYHBIMU OKHCIUTEISIMU U J100aBKaMH MPOIIECCOB TOPCHUS W B3PHIBA.
WHnumnpoBaHue 0CyIIeCTBISIIOCH C TIOMOIIBIO TEIIOBOTO UCTOYHUKA (HAKAJISIONIMMCS TPOBOIHUKOM ), Ja-
3€PHOT0 U3IYUYEHUS U CHIIBHOTOYHOTO AJIEKTPOHHOTO ITy4Ka.

[TomydenHbIe pe3yabTaThl MOKA3aJIH, YTO OCHOBHBIMU JICHCTBYIONIMMHE (DAKTOpaMU B3PBHIBYATOTO MPEBpa-
meHust OHK Ha 0CHOBE HAHOCTPYKTYPUPOBAHHOTO TIOPUCTOTO KPEMHUS SIBIISIOTCS: MEXaHUYECKUN UMITYIIbC
(ATUTETFHOCTBIO OKOJIO MUKPOCEKYH/IBI); KOPOTKUI CBETOBOUM UMIYIILC (ATUTEILHOCTHEO HECKOIBKO HAHO-
CEKYHJI) ¥ KOPOTKHIA AJIEKTPOMArHUTHBINA UMITYJIBC (HECKOJIbKO HAHOCEKYHI).
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ENERGY-SATURATED COMPOSITES BASED
ON NANOSTRUCTURED POROUS SILICON
G. G. Savenkov"*3, U. M. Poberezhnaya'>, V. M. Freiman', A. G. Zegrya', A. A. Karpova',
D. V. Fadeev*, G. G. Zegrya'
Noffe Institute, St. Petersburg, Russia
2Machine—Building Plant “Armalit”, St. Petersburg, Russia
3St. Peterburg State Technological Institute (Technical University), St. Petersburg, Russia
*Murom Device-Making Plant, Murom, Russia

Currently, one of the promising types of new energy composites (EC) is porous silicon (por-Si), manufac-
tured using the technology of electrochemical etching of monocrystalline silicon in hydrofluoric acid-based
electrolytes. The silicon structure formed during such etching has a specific surface area exceeding hundreds
of mz/g [1] (fig.1). The pore sizes, depending on the parameters of the technological process, range from
units of nanometers to several micrometers. This structure leads to unusual and unique properties of por-Si,
for example, it can burn in its pure form, and in combination with certain oxidizing agents it has the ability
to explode (detonation) [2, 3].

a b

Fig. 1. Images of the surface of nanostructured porous silicon (@) and the transverse cleavage of porous silicon ()
obtained using a scanning electron microscope

The report presents the results of the conducted research on the initiation of combustion and explo-
sion processes in the EC based on porous silicon with various oxidants and additives. Initiation was car-
ried out using a thermal source (an incandescent conductor), laser radiation and a high-current electron
beam.

The obtained results showed that the main active factors of explosive transformation of energy compos-
ites based on nanostructured porous silicon are: a mechanical pulse (lasting about a microsecond); a short
light pulse (lasting several nanoseconds) and a short electromagnetic pulse (several nanoseconds).
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NCHOJJB30OBAHUE BECO®PTAJIATHBIX IVIACTU®PUKATOPOB
IIPU PASPABOTKE IVTACTUYHOI'O DQHEPI'OHACBIIIEHHOT' O
MATEPHUAJIA TIPOMBIIIJIEHHOI'O HASHAYEHUA

A. C. Canvnuxos', A. C. Kypaxcos', H. . Canvnuxosa', E. A. Bopucosa',
JI. A. Bopucog', IT. B. Kounes®

'®IrBOY BO «Kazanckuii HallMOHAJIBHBIA UCCIEN0BAaTENbCKUI TEXHOMOTUYECKUM yHUBEepcuTeT», Kazans,
Poccus

2 .
[IpoexTHsiit uHCTUTYT «Coro3XumlIpomIIpoexT», Kazans, Poccus

[Inactuunble 3HeproHackinieHHbie Matepuainsl (II9HM) HaxoasT mupokoe NpUMEeHEHHE B TEXHOIOTHSIX
UMITYJIBCHOM 00paboTku MeTamioB. [locTosHHBII pocT TpeOoBaHMI K METAITIOKOHCTPYKLHUSM Pa3IMYHOTO
Ha3Ha4YeHUs, B CBOIO oyepenb, 00yCclaBIuBaeT HEOOXOAUMOCTh pa3padOTKH HOBBIX W COBEPIICHCTBOBAHUS
TEXHOJIOTUU TPUTOTOBIIEHUS CYILECTBYIOIMX AHEPrOHACHIIIEHHBIX MaTepUaloB, MPUMEHSIEMbIX AN J1aH-
HBIX 1eneit [1].

OnHMM M3 OCHOBHBIX HEJOCTATKOB, CYIIECTBYIOIIUX IJIACTUYHBIX SHEPTOHACHIIIEHHBIX MAaTEpHaJIOB B-
JsieTCsl ATUTENBHOCTh M TPYAOEMKOCTh MOATOTOBKU CBSI3YIOIIEro Ha ocHoBe nonmuu3oOytunena [11B-200.
Pemennem manHo#M mpobnemsl ctan pazpaboranssiii B ®I'BOY BO «KHUTY» nnactuuHblil SHEproHACHI-
LIEHHBIA MaTepuan, conepxkamuid, %: RDX — 8085, ces3yromiee Ha ocHOBe Kayuyka — 15-20%. Cszyto-
niee npeacTasisieT codoii kayuyk Mmapku CKH-26 B mopomrkoo6pa3HoM BHIE C JUCTIEPCHOCTHIO MeHee 1 MM,
mnactuduuupoBanHbiil tudytundranatom (Ib®P) B coorHomenuu 1:2. [IpumMeHeHne mopomKooOpa3zHOTo
Kay4dyKa MO3BOJIMJIO CYIIECTBEHHO COKPaTUTh JUIUTEIBHOCTh MOATOTOBKH CBSA3YIOIIETO BBUIY €r0 IJIacTH-
(uKanMy HETMOCPEACTBEHHO B MPOLIECCE CMEUICHUs ¢ HamojHuTeneM [2]. OnHako BBICOKas TOKCHYHOCTH
nuOyTundTanara 1 o0Ias MUPOBasi TEHISHINS 3aMEeHbI TOKCHYHBIX TTacu(prUKaTopoB 00ycliaBIMBaeT HeE0O-
XOOUMOCTb MOWCKA HOBBIX, Oec(TalaTHBIX MIacTUPHUKAaTOpoB B coctaBax [IDHM [3].

B kauecTBe MOTEHIMAIBHON 3aMEeHBl KOMIIOHEHTA B COCTaBE, PACCMATPUBAJIMCH TAKUE ITACTU(PUKATOPHI, KaK
nuoktmicebanunar (J{OC), tpuanerun (TA) u DJIOC, sBustomuecs, no-cpaBHeHuto, ¢ JIb®, ManoTokCHYHbI-
M. MccienoBanre BO3SMOKHOCTH HUCTIONB30BaHMS JaHHBIX MuiacTH(uKkaTopoB B coctae [IDHM nposoguu mo
CTPYKTYpE CBSI3YIOLIEr0 B COOTHOLICHHH MOJIMMEDP/TIACTU(PUKATOP paBHOM l:1 Ha ONTHYECKOM MHKPOCKOIE
Olympus BX-51 (yBenuuenue x50). Bpems BeIIepKu Kayuyka B Iiiacudukarope coctaBmusuio 1 cytku. Haubo-
Jiee TOMOTEHHOE CBSI3YIOIee HaOIoIanoch Mpy UCroiab3oBanuy miactugukaropa IJJOC (puc. 1).

a 4] 8
Puc. 1. Cszyromee Ha ocHoBe kayuyka CKH-26 ¢ 6ecranarHpiME TU1aCTH(HHKATOPAMH.
a — ckH-26/J10C; 6 — ckH-26/TA; 6 — ckH-26/9[10C
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Ha ocHOBe mosyueHHBIX TaHHBIX, OBUT U3TOTOBJICH IUIACTHYHBIA SHEPrOHACHIIICHHBIH MaTepUa, ColIep-
xamui, %: RDX — 80-85, CKH-26/9/10C B cootHomenuu 1:2 — 15-20%. [Homyuennsiii [IDHM ob6namaet
TUTACTUYHOCTHIO (ycankoii) Ha ypoBHe 14%, mpakTHUecKu HEYYBCTBUTENICH K yAapy; CKOPOCTh JICTOHAIINU
npeBocxoauT Ha 10% JaHHBIH MOKa3aTelh COCTaBa-aHaJora.
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THE USE OF PHTHALATE-FREE PLASTICIZERS
IN THE DEVELOPMENT OF PLASTIC ENERGETIC MATERIAL
FOR INDUSTRIAL USE

A. S. Salnikov', A. S. Kyrazhov', N. I. Salnikova', E. A. Borisova', D. A. Borisov', P. V. Kochnev*

'Kazan National Research Technological University, Kazan, Russian
2Design Institute “Soyuzkhimpromproekt”, Kazan, Russian

Plastic energetic materials (PEM) are widely used in pulse metal processing technologies. The constant
growth of requirements for metal structures for various purposes, in turn, necessitates the development of
new and improved technology for the preparation of existing energetic materials used for these purposes [1].

One of the main disadvantages of existing plastic energy-saturated materials is the duration and com-
plexity of preparing a binder based on polyisobutylene PIB-200. The solution to this problem was a plastic
energy—saturated material developed at KNITU, containing, %: RDX — 80-85, a binder based on rubber —
15-20%. The binder is a rubber of the brand SKN-26 in powdered form with a dispersion of less than
1 mm, plasticized with dibutyl phthalate (DBF) in a ratio of 1:2. The use of powdered rubber has significantly
reduced the preparation time of the binder due to its plasticization directly in the process of mixing with
the filler [2]. However, the high toxicity of dibutyl phthalate and the general global trend of replacing toxic
plasticizers necessitates the search for new, phthalate-free plasticizers in PEM formulations [3].

As a potential replacement of the component in the composition, plasticizers such as dioctyl sebacinate
(DOS), triacetin (TA) and EDOS, which are, in comparison with DBF, low-toxic, were considered. The study
of the possibility of using these plasticizers as part of a PC was carried out according to the binder structure
in a polymer/plasticizer ratio equal to 1:1 on an Olympus BX-51 optical microscope (magnification x50).
The exposure time of rubber in the plasticizer was 1 day. The most homogeneous binder was observed when
using the plasticizer EDOS (fig. 1).

a b c
Fig. 1. Binder based on SKN-26 rubber with phthalate-free plasticizers.
a — skn-26/DOS; b — skn-26/TA; ¢ — skn-26/EDOS
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Based on the data obtained, a plastic energetic material was manufactured containing, %: RDX — 80-85,
SKN-26/EDOS in a ratio of 1:2 — 15-20 %. The resulting PEM has plasticity (shrinkage) at the level of 14%,
insensitive to shock; the detonation velocity exceeds by 10% these indicators for the analog composition.
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NCCIEJOBAHUE BJIUAHUA TOBABJIEHUSA
YIVIEPOAHBIX HAHOTPYBOK HA HYBCTBUTEJIBHOCTb
MAJIOIIVIOTHOTI'O 3APAIA TPOTHUJIA

H. IT. Camonxuna"?, A. IT. Epwos', A. O. Kawxapos', H. A. Py6yos', A. A. Kysbmunvix®’,
C. C. Ilyoosa*, M. C. Tepexoea®
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B ¢usuke neroHanuy U3BECTHO HAJIMYUE 3aBUCUMOCTU MEXIY CKOPOCTBIO A€TOHAIMK D U TUaMeTpoM
3apsna d npu GUKCUPOBAHHOM MIIOTHOCTH 3apsaa. [Ipu aTom, yaacTok 3aBucumocT D(d) MOKHO COKpPaTUTh,
a mpeJeNbHBIA TUaMeTp CYLIECTBEHHO YMEHBIINTD, U3MEHss CTPYKTYpy. Tak, B pabote [1] uccnenoBansl 3a-
PSAIBI JUTOTO TPOTHIIA C PA3HBIM CIOCOOOM M3TOTOBJICHUS, CIEACTBUEM Yero ObUTO (popMHUpOBaHNE KPYITHO-
1 MEJKOKPUCTAJUINYECKON CTPYKTYPbI, KpUTHUECKUH JUaMeTp 3aps0B KOTOPBIX oTiInYajcs B =2 pasa (27,5
u 15 mm). [ns oTux 3apsanoB Oblia monydeHa 3aBUCUMOCTb D(d). Bbiio nmpou3BeeHO TepMOLUKINPOBAaHUE
3apsA70B 10 KPUOT€HHBIX TEMIIEpaTyp, MOCe Yero KpUTUIECKUI AuaMeTp YMEHbIIMICS 10 7 U 9 MM, COOT-
BETCTBEHHO. Takxe cylecTBeHHO n3MeHmIICS rpaduk 3aBUCUMOCTH D(d) — y4acTOK BBIXO/a Ha peIeNbHBIN
JUaMeTp CYLIECTBEHHO YKOPOTHJICS, YTO YKA3bIBaeT Ha yBEJIMUEHHE YyBCTBUTEILHOCTH. Takoii ke 3dext
HaOmromascs sl BBICOKOIJIOTHOTO 3apsiia THA, MOIYyYEeHHOTO METOAOM TEPMOBAKYYMHOW BO3TOHKH [2].
Taxkum 00pa3om, U3MEHSS CTPYKTYPY B3pBIBUATOTO MaTepHaia, MOXKHO U3MEHSTh YyBCTBUTEIBHOCTD 3apsiaa.

B HacTosimeit pabote mpoBeneHO HCCleNOBaHUE BIUSHHUA 100aBKM K 3apsay TPOTWIA Ha JETOHAIHIO
MOJY4YeHHOH CMecH, B KauecTBe JOOABKH HCIOJIB30BaHbI YIIEPOAHbIE OMHOCTEHHBIE HAHOTPYOKH. BBIOOD
cnocoba mogudukanun BB onpenensiercs yHuKalbHBIMU CBOMCTBAMU HAHOTPYOOK, KOTOPBIE 00J1a1al0T BbI-
COKHMH TPOYHOCTBHIO, IPOBOAMMOCTBIO M TEITONPOBOAHOCTHIO [3]. Panee BB ¢ mobaBnenuem anajgorud-
HBIX YIJIEPOAHBIX HAHOTPYOOK MccienoBaHo B padote [4]. [IpeccoBaHHBIH BEICOKOIUIOTHBIN 3apsiji TeKCOTeHa
JETOHUPOBAJI CO CKOPOCTBIO BBILIE, YEM JUIsI AHAJIOTMYHOTO 3apsifia 4ucToro rexcorexa. llponenypa usro-
toBnenust cmecu THT+0,5% HaHOTpYOOK aHanornvHa onmucanHol B pabote [4]. B mpouecce KoHneHcaunu
B3pBIBUATOE BEIECTBO OCAXKIACTCS HA HAHOTPyOKax, copepskaiuxcs B pactBope. IlomyueHHbI MaTepuan
noka3aH Ha pucyHke 1. MHTepecHoi 0COOEHHOCTHIO MOMYYEHHON CyOCTaHIINH SBJISIETCS IepeMeIBaHue Ha
CyOMUKPOHHOM ypoBHe. J{j1st 3apsiia ¢ mioTHocThIo ~0,7 r/em’ MOJTy4Y€eHa JETOHAIMS CO CKOPOCTBIO, OMn3-
KOH K IIPEJEeNbHON JUIsl JAHHOH INIOTHOCTH, YTO 3KBUBAJICHTHO YBEIUYECHUIO YyBCTBUTEIBHOCTH.
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Mag= 100.00KX Signal A = InlersDuo
WD'= 1.9mm EHT = 3.00 kv Phato No. = 3708 Time :16:05.01

100 nm Mag = 10000 KX Signal A = InfensDuc Date 23 Jun 2017
WD = 2.0mm EHT = 300k Photo Mo. = 3710 Time :16:07.58

Puc. 1. U3zobpakeHne ocaKIEHHOTO Ha HAHOTPYOKaxX TPOTHIIA TOA MUKPOCKOIIOM
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STUDY OF THE EFFECT OF ADDING CARBON NANOTUBES
ON THE SENSITIVITY OF A LOW-DENSITY TNT CHARGE

N. P. Satonkina' %, A. P. Ershov', A. O. Kashkarov', I. A. Rubtsov', A. A. Kuzminykhz,
S. S. Pudova®, M. S. Terekhova®

'Institute of Hydrodynamics, M. A. Lavrentiev SB RAS, Novosibirsk, Russia
2Novosibirsk State University, Novosibirsk, Russia

Detonation physics knows that there is a relationship between the detonation velocity D and the charge
diameter d at a fixed charge density. In this case, the section of the dependence D(d) can be reduced, and
the limiting diameter can be significantly reduced by changing the structure. Thus, in the work [1], charges
of cast TNT with different manufacturing methods were studied, which resulted in the formation of coarse-
and fine-grained structures, the critical diameter of the charges of which differed by ~2 times (27.5 and
15 mm). For these charges, the dependence D(d) was obtained. The charges were thermally cycled to cryo-
genic temperatures, after which the critical diameter decreased to 7 mm and 9 mm, respectively. The plot
of the dependence D(d) has also changed significantly - the section of reaching the limiting diameter has
been significantly shortened, which indicates an increase in sensitivity. The same effect was observed for a
high-density PETN charge obtained by thermal vacuum sublimation [2]. Thus, by changing the structure of
the explosive material, it is possible to change the sensitivity of the charge. In the present work, we studied
the effect of an additive to the TNT charge on the detonation of the resulting mixture; single-walled carbon
nanotubes were used as an additive. The choice of the method for modifying explosives is determined by the
unique properties of nanotubes, which have high strength, conductivity, and thermal conductivity [3]. Previ-
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ously, explosives with the addition of similar carbon nanotubes were studied in the work [4]. The pressed
high-density RDX charge detonated at a rate higher than for a similar charge of pure RDX. The procedure for
preparing a mixture of TNT+0.5% nanotubes is similar to that described in the work [4]. During the conden-
sation process, the explosive is deposited on the nanotubes contained in the solution. The resulting material
is shown in Figure 1. An interesting feature of the resulting substance is mixing at the submicron level. For
a charge with a density of =0.7 g/cm3 , detonation was obtained at a rate close to the limiting one for a given
density, which is equivalent to an increase in sensitivity.

-

100 nm Mag= 100.00KX Signai A = InlensDuo Date 23 Jun 2017 Mag= 10000KX Signai A = InlensDuo
WD= 20mm EHT = 300KV Pheto No. = 3710 Time :18:07:56 WD= 1.9mm EHT = 300k

Photo No. = 3708 Time :18:05:01

Fig. 1. Image of TNT deposited on nanotubes under a microscope

References

1. Kravtsov, V. V. Effect of low temperature on detonation parameters of cast trotyl [Text] / V. V. Kravtsov,
V. V. Sil’vestrov // Combustion, Explosives and Shock Waves. — 1979. — Vol. 15. — P. 387-390.

2. Mil’chenko, D. V. Nanostructured explosives produced by vapordeposition: Structure and explosive
properties [Text] / D. V. Mil’chenko, V. A. Gubachev, L. A. Andreevskikh, S.A. Vakhmistrov, A. L. Mikhailov
et al. / Combustion, Explosives and Shock Waves. —2015. — Vol. 51. — P. 80-85.

3. Amnmmuk, B. M. Hanomarepuanet u Hanorexnomoruu [Text] / B. M. Anumuk, B. E. Bopucenko,
C. A. XKnanok, H. K. Tonouko, B. M. ®enocrok. — 2008. — Munck : M3garensckuii uentp bI'Y. — 375 p.

4. Ershov, A. P. Detonation of an Explosive Containing Carbon Nanotubes [Text] / A. P. Ershov,
G. R. Dashapilov , D. I. Karpov, A. O. Kashkarov, Ya. L. Lukyanov et al. / Combustion, Explosives and
Shock Waves. —2021. Vol. 57, No. 1. — P. 104-111.

2-27

MEXAHU3M U KHHETUKA
HOJIUMOP®HOI'O NIEPEXOJA B-a B 2,4-TIUHUTPOAHU3OJIE

A. B. Cmanxesuu" %, H. A. Pacnymun®, A. X. Pyouna', B. U. ®@unaxosad’,
I JI. Pycunos®, B. H. Yapywun®

'®I'YII «Poccuiickuit Denepansubiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusnku
nmenu akagemuka E. M. 3a0a0axunay», CHexxuHck, Poccus
2I/IHCTI/ITyT oprannueckoro cunresa uM. U. 5. IToctosckoro, YpO PAH, ExarepunOypr, Poccust
OCHOBOM TUTaBKUX YHEPTeTUYECKUX MAaTEPUasoB, KaK MPaBUIIO, SBISIFOTCS HU3KOUYBCTBUTEIbHBIE BEllle-

ctBa ¢ Temneparypoil wiasnenus Hike 100°C. C nayana XXI Beka, B Ka4eCTBE JIETKOIUIABKOIO KOMIIOHEH-
Ta CMECEBBIX PHEPreTHUYECKUX MaTepHUajoB, Hallesl npuMeHeHue 2,4-nuaurpoanuson (2,4-1HA). Onnaxo,
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B 00J1aCTH DKCILTyaTallHOHHBIX TEMIIEpaTyp B HEM HAOIIOAAETCs, IO KpaiiHel Mepe, OJMH MOIUMOPQHBIH me-
pexon [1, 2]: meTacTaOMIBHON MPH HOPMAJIBHBIX YCIOBHAX [-Popmel [3] B kBazucTabmibHyI0 o-hopmy [4].
B nanHo#i paboTe NpUBEICHBI HCCIIEAOBAHUS MEXaHIU3Ma M KHHETHKH NOIUMOP(HOT0 Mepexoaa BTOPOro
pona, mpoTeKarouero B 3epretruueckoM Matepuane 2,4-JJHA. Ctpykrypssle uzmenenus 2,4-JIHA 3aperu-
CTPUPOBAaHBI M30TEPMUYECKHMH METOJaMU MOPOLIKOBON TePMOpPEHTTeHOrpaduu BHYTPEHHETO CTaHaapTa
ot 290 o 350 K ¢ marom 10 K. PacueTs! 1aHHBIX peHTTEHOBCKOM AU(PAKTOMETPUH BHIOIHEHBI METOIAMH
MOJHONPO(UIBHOTO aHAIN3a C HHTETPUPOBAHHBIM B aJITOPUTM LUKIJIOM KBAHTOBOTO MOJICIMPOBAHUS CTPYK-
Typsl MoieKynl. KuHeTnueckue napaMeTpsl HOMUMOPGHOTO Mepexoaa OLEHUBAIUCh N30KOHBEPCHOHHBIMU
METOJaMHM Ha OCHOBE ypaBHEeHUs! Appennyca. [loidydyeHHble ypaBHEHHUS! KHHETHKH TOJTUMOP(HOTO Iepexoaa
MO3BOJIMJIN ONUCATh MPOIIECCHI, TPOUCXOASIINE B CBEKEN3TOTOBIEHHOM cBepxunucToM JIHA, a Takke nmpous-
BECTH TEPMOANHAMHUYECKHE PacueTsl It oueHkU P-T (a30oBbIX quarpamMm cmeceit Ha ocHoBe 2,4-JIHA.

B pesynbrare s 2,4-/IHA onpeaenensl Toukd (a30BBIX paBHOBECHM M MX BKJaJA B HaOmonaemble 3¢-
¢exTpl Ha TepMorpammax. [lokazaHbl BepoATHBIE TeMIEpaTyphl IUIABICHUS 00pa3loB B Pa3IMYHBIX yCIIO-
BUSIX. YCTaHOBIIEH XapakTep U mepuon nepexona B-o B 2,4-JIHA mpu pa3nuuHOM HaualbHOM COCTOSTHHM
BEIIECTBA B PAa3JIMUHBIX YCIOBUSIX XpaHEHHS Ha ckianax. M3yueH manbHUN W OMVKHUM TOPAIOK KpHCTa-
JIMYECKOTO COCTOSIHUSI 0OBEKTOB MCCIEAOBaHUS B 001acTH (a30BOro Mepexoaa BTOPOTo pofa, OnpeaesieHbl
napamMeTpsl nopsizaka [5].

[lokazano, uto meracrabunpHast B-momudukauus 2,4-/IHA craHoBuTCs KBa3sHCTAOMIBHOM MpPHU YCIIO-
BUSIX XpaHEHHs: naBieHue 1 atm., temneparypa Huxke 15°C. B takux ycnoBusix 2,4-JIHA crmocobeH Haxo-
IuThes B B-monudukanuu 6onee 30 jeT, CBA3aHO 3TO C AMHAMUKON SKCLIEHTPUCHTETA TEIUIOBBIX AIUTICOUIOB
KHcaopoaa B HUTporpynnax. [Ipu ysennuennn temmneparypsl xpaneHus a0 40-50°C 1 B 3aBUCUMOCTH OT
Ha4YaJbHOTO COCTOSIHUS BEILIECTBA, €T0 BHYTPEHHEH SHEPTUH, MOTUMOP(QHBIN Iepexo MPOTEKaeT B 3aMKHY-
TOM 00BEME B TEYEHUH 2—3 4acoOB, B OTKPHITOM 00BeMe OT 2 10 4 Hellelslb. B 3aBHCHMOCTH OT TOYKH HAXOXK-
JeHus pa3oBOro paBHOBECHs], BHYTpEeHHEH sHepruu o0pasua B JaHHBIH MOMEHT BPEMEHH, IPH HEU30TEPMU-
YEeCKHX YCJIOBHSX TEPMUYECKOTO BO3JEHCTBUS B 0Opa3ax Habmonaercs miasneHue ot 84 go 96°C. Kpome
TOT0, MOXKET HaONIOIaThCs NOIMMOPQHBIN mepexoa B ar000i Touke ot 20 mo 82°C. Bricka3ana rumoresa
0 BEPOSITHOM HAaOMIONCHUH METACTaOMILHON MPH HOPMAJbHBIX YCIOBHUSIX 3BTEKTHKH ABYX MOJUMOPQHBIX
moaudukanuii 2,4-/IHA B ciryuyae 0OIHOBPEMEHHOTO COOMIONEHHUS TPEX YCIOBHUIA: HE TOMOI'€HHOCTH CMECH,
BHYTpeHHeH anddy3un u HeperyasipHocTy nepexoaa. [lomydeHHbie pe3yasTaTbl MOTYT OBITh UCTIONB30BaHBI
IpU MOCTPOECHUH (PH3UKO-MaTEMaTHUECKOTO OMUCAHUS MOBEACHUS KoHAeHcupoBaHHOro 2,4-JIHA npu Tep-
MHYECKOM BO3JIEMCTBUH, a TAK)KE MPH OLIEHKE CBONCTB CMECEBBIX KOMITO3UIIHI.
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The basis of melt-castable energy materials, as a rule, are low-sensitive substances with a melting point
below 100°C. Since the beginning of the XXI century, 2,4-dinitroanisole (2,4-DNAN) has been used as a
low-melting component of mixed energy materials. However, in the field of operating temperatures, at least
one polymorphic transition is observed in it [1, 2]: a metastable B-form under normal conditions [3] to a
quasi-stable a-form [4].

This paper presents studies of the mechanism and kinetics of the polymorphic transition of the second
kind occurring in the energy material of the 2,4-DNAN. Structural changes of the 2,4-DNAN were registered
by isothermal methods of powder thermorentgenography of the internal standard from 290 to 350 K in incre-
ments of 10 K. Calculations of powder x-ray diffraction data are performed by methods of full-profile analy-
sis with a cycle of quantum modeling of the structure of molecules integrated into the algorithm. Kinetic
parameters of the polymorphic transition were estimated by isoconversion methods based on the Arrhenius
equation. The obtained equations of the kinetics of the polymorphic transition made it possible to describe
the processes occurring in the freshly prepared ultrapure DNAN, as well as to perform thermodynamic cal-
culations to estimate the P-7 phase diagrams of mixtures based on 2,4-DNAN.

As a result, the points of phase equilibria and their contribution to the observed effects on thermograms
were determined for the 2,4-DNAN. The probable melting temperatures of the samples under various condi-
tions are shown. The nature and period of the transition of B-a for 2,4-DNAN with different initial state of
the substance in different storage conditions in warehouses has been established. The far and near order of
the crystal state of the objects of study in the field of phase transition of the second kind has been studied, the
order parameters have been determined [5].

It is shown that the metastable B-modification of 2,4-DNAN becomes quasi-stable under storage condi-
tions: pressure of 1 atm., temperature below 15 °C. Under such conditions, 2,4-DNAN is capable of being
in B-modification for more than 30 years, this is due to the dynamics of the eccentricity of thermal oxygen
ellipsoids in nitro groups. When the storage temperature increases to 40—50°C and depending on the initial
state of the substance, its internal energy, the polymorphic transition proceeds about 2-3 hours in a closed
volume, in an open volume from 2 to 4 weeks. Depending on the point of finding the phase equilibrium, the
internal energy of the sample at a given time, under non-isothermal conditions of thermal exposure, melting
from 84 to 96°C is observed in the samples. In addition, a polymorphic transition can be observed at any
point from 20 to 82°C. A hypothesis is proposed about the probable observation of metastable under normal
conditions eutectic of two polymorphic modifications of 2,4-DNAN in the case of simultaneous compliance
with three conditions: non-homogeneity of the mixture, internal diffusion and irregularity of the transition.
The obtained results can be used in constructing a physical and mathematical description of the behavior of
condensed 2,4-DNAN under thermal exposure, as well as in evaluating the properties of mixed compositions.
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METOAUKA ONPEJAEJEHUA XUMHU3MA U KHHETUKU
NEPEXOJHBIX COCTOSSHUM BBICTPOIIPOTEKAIOIUX
XUMHNYECKHUX ITPOLHECCOB

A. B. Cmankesuu

OI'VII «Poccwuiickuit enepanpasiii Anepusiii Lleatp — Beepoccentickuit HUU Texandeckon pusuku
nMmenn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccus

XuMusi OBICTPONPOTEKAINUX MPOIECCOB MPHBIICKATA HCCICIOBATENe MHOTUX TBOPYECKUX KOJIICK-
THUBOB, U3-32 BOBMOXKHOCTU OIICHKH MEXAaHU3MOB MPOTEKAHUS XUMHUYECKUX PEaAKINI U MOCIEIYIOIIer0 UX
perynupoBaHus. g 3KCIIEpUMEHTAIbHOM OLIEHKH MEXaHU3MOB M KMHETHKH XMMHUYECKUX PEaKIuil B Ha-
CTOSIIIIEC BPeMsl MPUMEHSIETCS MHOXECTBO METOJIUK, UMEIOIINX PsJl OTPaHUYCHUN (yHIaMEHTAIBHOTO Xa-
pakrtepa [1, 2] u y3kue nuana3oHbl OIpeaeIeHIs] KOMIIOHEHTOB. PazymeeTcs, Kaxk/1asi METOJUKA UMEET Orpa-
HUYCHUS, OHAKO, HAauOoJiee MIMPOKHUIA TUAITa30H KOMIOHEHTHOTO aHalin3a MPeJ0CTaBIsSeT MacC-CIIeKTPO-
METPHS U Pa3IUYHbIC €€ BapUaIlUH, C BOZMOKHOCTSIMU OJTHO U MHOTOCTaAUMHON HOHU3ALNU U OTAEIbHBIM
JETEKTUPOBAHUEM HOHOB [3, 4].

B nmaHHO# paboTe moka3aHO CO3/aHUE METOAMKH OIPEISICHUAX XUMUYECKUX PEaklui OBICTPONpOTe-
KaloIUX MPOIECCOB METOaMH Macc-criekTpomerpun. [IpoBeneHa kamnOpoBKa METOIUMKH U MOKa3aHa Iie-
JIECOOOPa3HOCTh €€ Pa3BUTHS B BUJC TaHIACMHBIX U KOMOWHUPOBaHHBIX pemieHui. [lonyyeHHas TOYHOCTh
MIPH OMPE/ICIICHUU KOMITOHEHTOB JOCTAaTOYHA JUIsS PEICHHUS psla WHKEHEPHBIX 3a]lad KMHETUKHU OBICTPO-
MPOTEKAIIINX peakuuid. Peann3oBan oMHO U JBYX CTAIUIHBIX MPOLIECC HOHU3AINH, BPEMSIIPOIETHOE XPO-
MarorpapupoBaHKUe U pa3zciieHUe HOHOB Ha KBaJPYIOJIAX U IUKIOTPOHE, YTO MO3BOJIMIO 0OJIee NEeTaIbHO
UCCIIEZIOBaTh COCTAB paciajia MOJICKYJ ¢ BPEMEHHBIM pa3pericHueM 10 50 Mkc. OpUTruHaNBHBIE CIIOCOOBI
«3aMOPO3KU» MPOAYKTOB PEAKIUU MMO3BOIMINA COXPAHUTh MAKCUMAJIBHO PENPE3CHTATUBHYIO YaCTh MOJIEKY-
JIIPHBIX Y MOHHBIX ITyYKOB MPOIYKTOB PA3NIOKEHUS B PA3IUYHBIX PEKUMAX OT MEUICHHOTO TEPMUYECKOrO
Pa3NIOKEHUs JO B3PBIBYATOTO MPEBPAILICHHUS.

CoBMeleHHE YKCIICPUMEHTAITLHBIX JJAHHBIX C TEPMOIMHAMHYCCKUMHU pacdyeTaMu [S5] mo3BossieT Hanho-
JIee TOJIHO 0XapaKTEePH30BaTh MEXaHU3Mbl XUMHUUCCKHUX PEaKIUi U KIaCCUDUITUPOBATH UX.
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METHODOLOGY FOR DETERMINING THE CHEMISTRY
AND KINETICS OF TRANSIENT STATES
FOR FAST-FLOWING CHEMICAL PROCESSES

A. V. Stankevich

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The chemistry of fast-flowing processes attracted researchers from many creative teams, because of the
possibility of evaluating the mechanisms of chemical reactions and their subsequent regulation. To assess
the mechanisms and kinetics of chemical reactions, many techniques are currently used that have a number
of fundamental limitations [1, 2] and narrow ranges for determining components. Of course, each technique
has limitations, however, the widest range of component analysis is provided by mass spectrometry and its
variations, with the possibilities of single and multistage ionization and separate ion detection [3, 4].

This paper shows the creation of a technique for determining chemical reactions of fast-flowing processes
by mass spectrometry methods. The calibration of the methodology was carried out and the expediency of its
development in the form of tandem and combined solutions was shown. The obtained accuracy in determin-
ing the components is sufficient to solve a number of engineering problems of the kinetics of fast-flowing
reactions. One- and two-stage ionization processes, time-of-flight chromatography and ion separation on
quadrupoles and cyclotrons were implemented, which made it possible to study in more detail the compo-
sition of the decay of molecules with a time resolution of up to 50 microseconds. The original methods of
“freezing” the reaction products made it possible to preserve the most representative part of the molecular
and ion beams of decomposition products in various modes from slow thermal decomposition to explosive
transformation.

Combining experimental data with thermodynamic calculations [5] makes it possible to characterize the
mechanisms of chemical reactions and classify them most fully.
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TEH30Pbl TEPMUYECKOMN JE®OPMAILIUU PA3JIMUHBIX
MNOJUMOP®HBIX MOJUPUKAIIUA 2,4-TUHUTPOAHU30JIA

A. B. Cmanxesuu"?, H. A. Pacnymqu, A X Pyduﬁal, B. U. Qunaxosd’,
I JI. Pycunos®, B. H. Yapywun®

'OIYII «Poccuiickuii Oenepansubiii Anepusiii Learp — Beepoccniickuit HUU Texandeckoit pusnkm
nmenn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

2I/IHCTI/ITyT opranmdeckoro cuaTesa uM. U. S1. IloctoBckoro, YpO PAH, Exarepunoypr, Poccus

Tepmuueckas nedopmanusi aHU30TPOIHBIX OPraHMYECKUX MOJIEKYISAPHBIX KPHUCTAIIOB MPENCTABISET
OTIpeNIeICHHBIN HHTEpEeC AJIs OLIEHKH U aHAJKN3a MOBEAECHUS CIIOKHBIX CHCTEM M KOMIIO3UIIMOHHBIX MaTepua-
JIOB [P TEPMHUUYECKOM BO3ACUCTBUH. AHM30TPOIHAS TePMUUECcKas AeopMains SHEPTeTHUECKUX MaTepua-
JIOB MOKET OBITH MIPEACTaBIIEHA B TEH30PHOM BHJE [ 1], 4TO 3HAYUTENBEHO YIPOIIAaeT MHOTONIOTOUHBIN aHATIN3
naHHbBIX. MoHOKIMHHBIE o~ [2] U B- [3] dopmel 2,4-guHuTpoanusona (2,4-IHA) B HOpMalbHBIX YCIOBHSAX
SIBIISIFOTCS. aHU30TPOIHBIMHA METAacCTa0MIBHBIME (pa3aMy TBEPAOTO BEIIECTBA U MPEACTABISIOT HHTEPEC KaK
OCHOBa CMECEBBIX JIETKOIJIABKUX 3HEPreTUUECKUX MaTepUasoB.

B nanHoii pabote npuBeaeHs! ccienoBanus Ga3oBoro nepexoa nepBoro pojaa (IIaBieHue) 1 TEH30pOB
TepMHUUYECKOH nedopmanuu i AByX monuMopdueix dopm 2,4-JIHA, paccunTaHHbIe 1O AaHHBIM PEHTTE-
HOBCKOM TU(paKkIiy Ha TMOPOIIKaxX B Auana3zone temmeparyp oT 150 mo 355 K mnsa B- 2,4-JJHA u ot 150
10 370 K nns o- 2,4-JHA. CTpyKkTypHBIE H3MEHEHUS SHEPTeTHUECKUX MaTepHUajIoB 3apEerUCTPUPOBAHBI Me-
TOAaMHU TEPMOpEHTreHorpadguu BHyTpeHHero ctangapta ¢ marom 10 K u 2 K (BOnM3H TOYKM TIaBIEeHUS).
Uzyuen panpHuil 1 ONMKHUE MOPSIOK KPUCTAITUYECKOTO COCTOSHUSI 0OBbEKTOB MCCIEAOBaHUsS B 00JIaCTH
¢a3oBoro mepexona nepBoro poxa. PacueTbl JaHHBIX PEHTIEHOBCKON OU(PPAKTOMETPHU BBIIIOIHEHBI METO-
JaM{ TIOJTHONPO(MUIBHOTO aHaN3a C HHTETPUPOBAHHBIM B aJITOPUTM LUKJIOM KBaHTOBOTO MOJAEIHPOBAHMUS
CTPYKTYpBI MOJIEKyJ [4]. B KauecTBe OMOPHBIX METOIOB MOJTHOMPO(UIEHOTO aHANK3a HCIIOIb30BaHbI Clie-
nytorue Metosl: [Taymu [5], Jle-bans [6], PutBensna (WPPD) [7] u WPPM [8]. B pesynbrate onpeaenceHbl
IJIaBHBIE KpUCTaJUTOrpaduuecKrue OCH M XapaKTepUCTUIECKHE MOBEPXHOCTH TEH30pa TepMHUUecKoi aedop-
Mallii, KOTOpbIE NpeACTaBlIeHbl YUCIEHHO, anredpandecku u rpaduuecku. PaccunTanbl «MCTHHHBIE» KO-
s puuneHTs TepMuaeckoi aedopmannu o- u B- 2,4-JJHA (pacmmpenue u cxarie) B aHU30TPOITHOM MPHU-
Oommxenuu. [IpoBeneHa kanuOpOBKa U CpaBHEHUE C MPOMEKYTOYHBIMH TOUKAMH, TIOTyYEeHHBIMUA METOJaMHU
MOHOKPHUCTaJIbHOM pEeHTreHOBCKOW AudpakToMeTpuu. OTMEUEH pe3KHuid pocT KoadduimenTa TepMuieckon
nedopmaru B-popmsr 2,4-JIHA 1o HampasieHuto a npu oxiaxaenuu ot 270 1o 260 K, koTopbiii yKasbi-
BAeT Ha CHIDKEHUE aMIUTUTY bl SKCIIEHTPUCHUTETA TETNIOBBIX ITUIICOMA0B KUCIOPOJa HUTPOTPYIII U ITEPEXO.
Marepuana U3 MeTacTa0MILHOTO B KBa3UCTAOMIILHOE COCTOsIHHE.
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TENSORS OF THERMAL DEFORMATION FOR VARIOUS
POLYMORPHIC MODIFICATIONS OF 24-DINITROANISOLE

A. V. Stankevich"? N. A. Rasputin®, A. Kh. Rudina', V. I. Filyakova®,
G. L. Rusinov®, V. N. Charushin®

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

’L. Ya. Postovsky Institute of Organic Synthesis, Ural Branch of the Russian Academy of Sciences,
Yekaterinburg, Russia

Thermal deformation of anisotropic organic molecular crystals is of particular interest for evaluating and
analyzing the behavior of complex systems and composite materials under thermal influence. Anisotropic
thermal deformation for energetic materials can be represented in tensor form [1], which greatly simplifies
multithreaded data analysis. Monoclinic a- [2] and B- [3] forms of 2,4-dinitroanisole (2,4-DNAN) under
normal conditions are anisotropic metastable phases of a solid substance and are of interest as the basis of
mixed fusible energetic materials.

This paper presents studies of the phase transition of the first kind (melting) and thermal deformation
tensors for two polymorphic forms of 2,4-DNAN, calculated from x-ray diffraction data on powders in the
temperature range from 150 to 355 K for B-2,4-DNAN and from 150 to 370 K for a- 2,4-DNAN. Structural
changes in energetic materials were recorded by thermorentgenography methods of the internal standard
with steps of 10 K and 2 K (near the melting point). The far and near order of the crystal state of the objects
of study in the field of phase transition of the first kind is studied. Calculations of powder x-ray diffraction
data were performed by methods of full-profile analysis with a cycle of quantum modeling of the structure
of molecules integrated into the algorithm [4]. The following methods were used as reference methods for
full-profile analysis: Pauli [5], Le Bel [6], Rietveld (WPPD) [7] and WPPM [8]. As a result, the main crystal-
lographic axes and characteristic surfaces of the thermal strain tensor are determined, which are represented
numerically, algebraically and graphically. The “true” coefficients of thermal deformation of the a- and
B-2,4-DNAN (expansion and compression) in the anisotropic approximation are calculated. Calibration and
comparison with intermediate points obtained by single-crystal x-ray diffraction data were carried out. A
sharp increase in the coefficient of thermal deformation of the B-form of the 2,4-DNAN in the a direction
was noted when cooling from 270 to 260 K, which indicates a decrease in the amplitude of the eccentricity
of thermal ellipsoids of oxygen of nitrogroups and the transition of the material from a metastable to a quasi-
stable state.

References

1. Nikiforov, A. E. Introduction to the physics of the crystalline state of explosives: a textbook [Text] /
A. E. Nikiforov, V. Ya. Bazotov. — Kazan : KSTU, 2011.

2. Nyburg, S. C. Structures of 2,4-dinitroanisole and 2,6-dinitroanisole [Text] / S. C. Nyburg, C. H. Faer-
man, L. Prasad, D. Palleros, N. Nudelman // Acta Cryst. : Sec. C. — 1987. — Vol. 43. — P. 686—689.

3. Takahashi, H. Low temperature phase transition induced biaxial negative thermal expansion of 2,4-dini-
troanisole [Text] / H. Takahashi, R. Tamura // CrystEngComm. — 2015. Vol. 17. Iss. 46. — P. 8888—8896.

4. Patent 2566399 Russian Federation, MPK GO1N 23/20. Method for determining the structure of mo-
lecular crystals [Text] / Stankevich A. V., Kostitsyn O. V., Taybinov N. P. ; applicant FSUE RFNC — VNIITF ;
priority dated April 14, 2014 (RF). — 13 p. :ill.

5. Le Bail, A. Structure determination of NaPbFe2F9 by X-ray powder diffraction [Text] // J. Solid State
Chem. — 1989. — Vol. 83. — P. 267-271.

69



COOEPXAHUE HA NPEALIAYLWYIO CTPAHULLY HA CNEAYIOLWYIO CTPAHNLY MEYATb

6. Pawley, G. S. Unit-cell refinement from powder diffraction scans [Text] // J. Appl. Crystallogr. — 1981. —
Vol. 14. — P. 357-361.

7. Pecharsky, V. K. Fundamentals of powder diffraction and structural characterization of materials [ Text] /
V. K. Pecharsky, P. Y. Zavalij. — Kluwer Academic Publishers, 2003. — 703 p.

8. Scardi, P. Whole powder pattern modeling [Text] / P. Scardi and M. Leoni // Acta Cryst. : Sec. A—2002. —
Vol. 58. — P. 190-200.

2-30

TEH30PbI TEPMUYECKOMN JE®OPMAIIUU
o-MOANPUKALINU CBEPXYUCTBIX MOJIEKYJIAPHbBIX
KPUCTAJIJIOB 3-HUTPO-1,2,4-TPUA3O0JI-5-OHA

A. B. Cmankesuu, /. M. I'acapxun

OI'VII «Poccuticknii @enepanbubiii Anepusiii Lleatp — Beepoccniickuit HUU texanueckot hpuznku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexunHack, Poccust

TepmocTolikie SHepreTHYecKUe BEIEeCTBA MPEACTABIAIOT ONpeAeIeHHbIN HHTEpEC NMPU HCCIeT0BaHUN
Y aHanu3e CTaOMIIBHOCTH Pa3NUYHbIX (OPM KPUCTAIIOB M U3yUYSCHHH MEKMONEKYIISIPHBIX B3aUMOACHCTBHH.
OnHUM U3 TEPMOCTOMKUX BEUISCTB sIBIIsieTCS 3-HUTPO-1,2,4-Tpuason-5-o1 (HTO), KoTOphIil U3BECTEH, TIO
MEHBLIEH Mepe, B IBYX KpUcTaJuIn4eckux (opmax [1, 2], cymiecTByOMIX MpH HOPMAJIBHBIX yCIoBusX. Kak
MIPAaBUJIO, 332 TEPMUYECKYIO CTOMKOCTh BELIECTB OTBEYAET 3HEPrUs BHYTPUMOJEKYISPHBIX U MEKMOJEKY-
JIIPHBIX CBA3EH, KOTOpas MOKa3bIBAET YCTOMYUBOCTh MOJIEKYJN U KPUCTAJUIOB K BO3JIEMCTBHIO TEMIIEPATYPHI.
JlokanpHasi HEOMHOPOIHOCTh TAKXKE Ba’KHA, HO SIBISETCS YAaCTHBIM CllydyaeM MHOXecTBa (haktopoB. Tewm-
neparypHOe BO3JEHCTBUE Ha BELIECTBO HEM30EKHO MPHUBOIUT K OTBETHOH pEakiWH B BUIE TEPMUUECKOU
nedopMainu, KOTOpYI0 MOXKHO MPEICTABUTh B TEH30PHOM BHUJIE, YUUTHIBAIOIIEM aHU30TPOITUIO KPUCTAIIN-
94eCKOM CTPYKTYypHI [2, 3].

B nanno#1 paboTe BRINONHEHA TITy0OKask OUMCTKA MOJIEKYJISIPHBIX KPHCTAIJIOB SHEPrOEMKOTO COCMHEHHS
3-Hutpo-1,2,4-Tpuaszon-5-ona ot npumeceil. [IpoBeseH peHTTEHOCTPYKTYPHBIN AIKCIEPUMEHT Ul OMpere-
neHus kpuctannndeckoro cocrosHud HTO mpu xoHeuHBIX TeMmeparypax. M3mepeHus TepMUdyecKkoi ne-
(dbopMay MPOBOAMIOCH METOAOM TEPMOPEHTIeHOrpadui BHYTPEHHETO CTaHJapTa Ha MOPOLIKOOOPa3HBIX
obpasuax B auamazone oT 150 mo 490 K, ¢ marom 10 K. IIpoBeaeHo coBMmeleHHe HEKOTOPBIX JKCIEPH-
MEHTaJbHBIX TOUEK C pe3yJIbTaTaMH MOHOKPHCTAJIBHBIX H3MEPEHUH, U MOCIEAYIOmas KaTuOpoBKa KpUBOH
KBa3MN300apu4eCcKOro paclIMpeHnsl YacTUl Mopolika. B pe3ynsrare momyueHsl 6onee TOYHbIE OLEHKH KO-
3pPUINEHTOB aHU30TPOITHOTO TEPMHUUECKOTO pacIIMpeHHs MOJEKYIspHBIX KpucTamuioB o-HTO, a takke
MPOBEJCH MPEIBAPUTEIbHBIH aHAIN3 BKIaAa Ae(PEeKTOB KPUCTAJUIMIECKOW CTPYKTYPBI U UX CMEILEHHE MpH
TEPMUYECKOM BO3JEHCTBHH.
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THERMAL STRAIN TENSORS FOR a-MODIFICATION
OF ULTRAPURE MOLECULAR CRYSTALS
OF 3-NITRO-1,24-TRIAZOLE-5-ONE

A. V. Stankevich, D. M. Gagarkin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Heat-resistant energy substances are of particular interest in the study and analysis of the stability of vari-
ous forms of crystals and the study of intermolecular interactions. One of the heat-resistant substances is
3-nitro-1,2,4-triazole-5-one (NTO) [1, 2], which is known in at least two crystalline forms that exist under
normal conditions. As a rule, the energy of intramolecular and intermolecular bonds is responsible for the
thermal stability of substances, which shows the resistance of molecules and crystals to temperature. Local
heterogeneity is also important, but it is a special case of many factors. The temperature effect on the sub-
stance inevitably leads to a response in the form of thermal deformation, which can be represented in tensor
form, taking into account the anisotropy of the crystal structure [2, 3].

In this work, a deep purification of molecular crystals of the energy-intensive compound 3-nitro-1,2,4-tri-
azol-5-one from impurities was performed. An powder x-ray diffraction experiment was carried out to deter-
mine the crystal state of NTO at finite temperatures. Measurements of thermal deformation were carried out
by the method of thermorentgenography of the internal standard on powdered samples in the range from 150
to 490 K, in increments of 10 K. Some experimental points were combined with the results of single-crystal
measurements, and the subsequent calibration of the curve of quasi-isobaric expansion of powder particles
was carried out. As a result, more accurate estimates of the coefficients of anisotropic thermal expansion of
o-NTO molecular crystals were obtained, as well as a preliminary analysis of the contribution of defects in
the crystal structure and their displacement under thermal influence was carried out.
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TEH30PbI TEPMUYECKOMN JE®OPMAIIUU
CBEPXYUCTbBIX MOJIEKVJIAPHBIX KPUCTAJIJIOB
vy 6 1,1->JINUAMUHO-2,2-TUHUTPOITUJIEHA

A. B. Cmankesuu

OI'VII «Poccwuiicknii @enepansubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckot hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

Bricoko3nepreTuueckoe BemiectBo 1,1-auamuno-2,2-nuantpostiwieH (JAJIHI, FOX-7) sBusercs Tep-
MOCTOMKUM OpraHMYeCKHM MOJIEKYJSPHBIM KpUcTayuioM [1]. B HacTosiee BpeMs Npu4MHA MOSBICHUS K-
30TepMuueckoro 3¢gdekra, conpoBoKAAIOLIETOCs 00pa30BaHUEM MTPOLYKTa, HE UMEIOILETO TP MOBTOPHOM
TEPMHUYECKOM BO3ACHCTBHU MONMMOP(HBIX MEPeXoJ0B [2], BBI3BIBAET HEKOTOPHIE AMCKYCCUU U TpedyeT
JanbHelmero uccienosanus [3]. IloaTomMy, TouHOE OIpeeNieHue NapaMeTpoB KPUCTATUINYECKOTO CTPOSHHS
BbICOKOTeMIeparypHoil ¢asbl JJAJIHD siBnsiercs akTyanbHOH 3amadeil. B To e BpeMs, monyyeHrne MOHO-
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KPHCTAJJIOB JaHHOW (Da3bl 3aTPyAHUTENHHO U3-32 BBICOKOTEMIIEPATYPHBIX PEXKUMOB €TI0 CHHTE3a, a aHAIIN3
TEPMHUUYECKOH Jie(hopMaiy BceX MOIMMOPQHBIX MOIU(BHUKALNHN BaXKeH AJIsl IOHUMAHUS TPUPOBI CTPOEHHS
JaHHOTO BellecTBa. AHaIM3 TepMuuecko nedopmanun o u B — popm JAAHD Hamu npoBoauics paHnee u
nokasas B pabore [4].

B nmannoit pabote mpeacTaBieH aHaJIM3 aHU3OTPOITHOW TEPMHUYECKOH NedopMaliu KPUCTAJUIOB Y U O
JAJIHD MeTomamu TeMIepaTypHOil MOPOLIKOBON PEHTTEHOBCKOH AU(PPAKTOMETPUN BHYTPEHHETO CTaHAap-
Ta. Ha HawanpHOM 3Tarne ObUTH MOCTPOEHBI KPHCTAIIOrpaduuecKue MOAETH, MAKCUMAIBHO OMHCHIBAIOIINE
npoQHIb SKCIEPUMEHTATBHBIX KapTHH AU(PAKIUK PEHTTeHOBCKUX Jyuel Ha kpuctamiax y u o JAJIHD.
Omnpenenensl mapaMeTpbl CyOCTPYKTYphl KPHCTAJUIOB M MX HM30TPOITHBIE XapakTepHCTHKH. Jlanee mpoBo-
IUJIOCh TepMHUYeCKoe Bo3aelcTBre Ha mopowok O JJAJIHD mo 150 K u yTouHeHne Monenu KpucTauia npu
HHU3KUX TeMIIeparypax. 3aTeM ONpenesuINCh TEH30Pbl TEPMUUYECKOH AehopMaliui, 1 TMHAMUKA KPUCTAJIIOB
70 TeMIepaTypsl Hauaja pa3JoKEeHHsI U BHICOKOWHTEHCHBHOM cyOnuManuu. B pesynerate moiydeHsl aHU-
30TpOITHBIE K03()(PUILMEHTH! TEPMUYECKOTO PACIIMPEHUS U YTOUHEHHBIE XapaKTEPUCTUKN KPUCTATUIMIECKUX
¢dopm v u & JAAHD.
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TENSORS OF THERMAL DEFORMATION
OF ULTRAPURE MOLECULAR CRYSTALS
v AND 6 1,1-DIAMINO-2,2-DINITROETHYLENE

A. V. Stankevich

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The high-energy substance 1,1-diamino-2,2-dinitroethylene (DADNE, FOX-7) is a heat-resistant organic
molecular crystal [1]. Currently, the reason for the appearance of an exothermic effect, accompanied by the
formation of a product that does not have polymorphic transitions during repeated thermal exposure [2],
causes some discussion and requires further research [3]. Therefore, the exact determination of the param-
eters of the crystal structure of the high-temperature phase of DADNE is an urgent task. At the same time,
obtaining single crystals of this phase is difficult due to the high-temperature modes of its synthesis, and the
analysis of thermal deformation of all polymorphic modifications is important for understanding the nature
of the structure of this substance. The analysis of thermal deformation of o and f—forms of DADNE was
carried out by us earlier and is shown in [4].

This paper presents an analysis of anisotropic thermal deformation of y and 6 DADNE crystals by methods
of internal standard temperature powder x-ray diffraction. At the initial stage, crystallographic models were
constructed that maximally describe the profile of experimental x-ray diffraction patterns on y and $ DADNE
crystals. The parameters of the crystal substructure and their isotropic characteristics are determined. Next,
the thermal effect on the powder was carried out up to 150 K and refinement of the crystal model at low tem-
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peratures. Then the tensors of thermal deformation and the dynamics of crystals up to the temperature of the
beginning of decomposition and high-intensity sublimation were determined. As a result, anisotropic coef-
ficients of thermal expansion and refined characteristics of the crystal forms y and 8 DADNE were obtained.
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XUMHNYECKAA COBMECTUMOCTD
U MEXAHHU3M B3AUMOJIEMCTBUS KOMIIOHEHTOB CMECEH
CBETOYYBCTBUTEJIBHBIX BB HA OCHOBE TOHA
MNPU TEPMUYECKOM BO3JEVCTBUU

A. B. Cmankesuu, A. P. bakupos, U. B. Yemaeuna

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckort hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

OLICHKa XUMHYECKOH COBMECTUMOCTH KOMIIOHEHTOB CMECEBBIX OHCPIreTUYCCKUX BCIICCTB SBJISICTCA
HCO6XO}_'[I/IMLIM 3HAaHHUEM IpPU OTBETC Ha BONPOCHL 0e30MmacHOCTH BCIICCTB. HpI/I 9TOM, OCHOBHOH ymop
ACIa0T Ha TCPMUYCCKYIO CTOMKOCTD U XapaKTep UBMCHCHU S NPOTCKAaHUSA XUMUYCCKUX pCaKLII/Iﬁl KOHCTaHTbI
CKOpPOCTH peaxuuﬁ, OHEPTrUsd aKTHBAllMM U MHTCHCHUBHOCTL IPOLECCA. CBGTO‘IyBCTBI/ITeHBHLIC MaTepuraJibl
[1, 2], KaK IMmpaBujIO, CO3Jar0TCA Ha Oaze BBICOKOSHECPICTUUCCKOI'O BEIIECCTBA C ,[[O6aBKaMI/I, IoTJIomaromrMu
nu HpeOGpaSYIOH_[I/IMI/I SHECPrur0 SJICKTPOMArHuTHOIO U3JIy4YCHUH. O,I[HaKO, B OOJBIINHCTBE CJIy4acB TakKue
,[[O6aBKI/I SABJIAIOTCA HE TOJIBKO OINTUYCCKHUMU, HO U TCPMHUUCCKUMU, MCXaHUICCKUMHU CCHCI/I6I/IHI/I33,TOpaMI/I
IJI SHEPTETUYCCKOro Mar€purasia, 4YTO CUJIbHO YBCINYNUBACT UYBCTBUTCIbHOCTh K BHCIIIHUM BO3JICHCTBUSAM.

B nannoit pa60Te XUMHUYCCKasA COBMCCTUMOCTh OLICHUBAJIACh METOAAMU TECPMUUYCCKOTO, CIEKTPAJILHOI'O
nu ,I[I/I(bpaKI_[I/IOHHOF 0 aHaJIM3a KOMIIO3ULIUMI CBCTOYYBCTBUTCIIbHBIX BB Ha ocHOBe NBHTAIPUTPUTTETPAHUTPA-
Ta. B xauecTBe ;[063}301( a,[[COp6CHTOB OMMU KuCcnonb30BaIUCh YIIICPOAHLBIC HaHOpr6KI/I, HAaHOOUCIICPCHLIC
METaJlJIbI: aHIOMI/IHI/Ifl, MCIb, HUKCIIb, TUTAH, 4@ TAKXKC OKCH/bI MOJ'II/I6I[CH3. 1 Meau. MexaHn3Mbl B3aUMOICH-
CTBHA KOMIIOHCHTOB OHNPCACIIAINCH U30KOHBCPCHUOHHBIMU METOAaMH C IMapaJuUICJIbHBIMU MACC-CIICKTpOME-
TPUUICCKUMU UBMCPCHUSAMMU.

B pe3yabTaTre HCCIICIOBAaHUN MOKa3aH XapaKTep YBCIINUCHHUA CKOPOCTHU IMPOTCKAHUA PA3JIOKCHUA SHEP-
TETUYCCKUX MATCPUaAJIOB IpHU TEPMUUICCKOM BOBHCﬁCTBHH n o61uee CHHIKCHUC TCpMOCTOI‘/'IKOCTI/I. C yueToM
HU3BCECTHBIX 3aKOHOB TCIIJIONPOBOAHOCTH [3], MMOCTPOCHBI }_'[I/I(l)(bepeHLlI/IaHLHBIC YpaBHCHUA KUHETHUKU IIPO-
TCKaHUA XHUMHUYCCKUX pCaKL[I/IP'I TCPMUYCCKOTO PA3JIOKCHUA CBECTOUYBCTBUTCIBHBIX SHCPICTUICCKUX MaATe-
puaios. Ha ocnose MMOCTPOCHHBIX ypaBHCHI/Iﬁ MMpOBCZCHA OIICHKA BKJIaga CeHCI/I6I/IJ'II/IBaTOpOB B HaIipasJic-
HUA TPOTCKAHUA XUMUUYCCKUX peaKum?I " UX pOJIb B XUMHNYCCKUX MPOLCCCax.
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CHEMICAL COMPATIBILITY AND MECHANISM
OF INTERACTION OF COMPONENTS
FOR MIXTURES OF PHOTOSENSITIVE EXPLOSIVES BASED
ON PETN UNDER THERMAL EXPOSURE

A. V. Stankevich, A. R. Bakirov, I. V. Chemagina

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Evaluation of the chemical compatibility of the components of mixed energy substances is a necessary
knowledge when answering questions about the safety of substances. At the same time, the main emphasis is
placed on thermal stability and the nature of changes in the course of chemical reactions: reaction rate con-
stants, activation energy and intensity of the process. Photosensitive materials [1, 2], as a rule, are created on
the basis of a high-energy substance with additives that absorb and transform the energy of electromagnetic
radiation. However, in most cases, such additives are not only optical, but also thermal, mechanical sensitiz-
ers for energetic materials, which greatly increases sensitivity to external influences.

In this work, chemical compatibility was evaluated by thermal, spectral and diffraction analysis of com-
positions of photosensitive explosives based on pentaerythritol tetranitrate. Carbon nanotubes, nanodisperse
metals: aluminum, copper, nickel, titanium, as well as molybdenum and copper oxides were used as addi-
tives of EMR adsorbents. The mechanisms of interaction of the components were determined by isoconver-
sion methods with parallel mass spectrometric measurements.

As a result of the research, the nature of the increase in the rate of decomposition of energy materials un-
der thermal exposure and the overall decrease in heat resistance are shown. Taking into account the known
laws of thermal conductivity [3], differential equations of the kinetics of chemical reactions of thermal de-
composition for photosensitive energy materials are constructed. On the basis of the constructed equations,
the contribution of sensitizers to the directions of chemical reactions and their role in chemical processes are
estimated.
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KUHETUKA U MEXAHU3M XUMHUYECKUX PEAKIIUIA
B3AUMOJENUCTBUA ®TOPUJIA KOBAJBTA (III) C YIJIEPOJOM

A. B. Cmanxesuy, A. X. Pyouna, U. B. Yemazuna

OI'VII «Poccuiickuit Denepanpubiii Anepusiii Lleatp — Beepoccniickuit HUU Texandeckoi Gpu3uku
nmenu akagemuka E. M. 3a0abaxunay», CHexxuHCK, Poccus

XYUMHYECKUE B3aMMOEHCTBUS OKUCIIUTENS U TOPIOYETO KOMIIOHEHTA CMECH MPENCTABISIIOT ONPEIeeH-
HBIH MHTEpEC B Pa3IMYHBIX OONACTIX MaTepUaoBENCHHS M TEXHHYECKOW (H3HKe, KaK B clydasx oOpa-
30BaHMsl KOHICHCHUPOBAHHBIX MPOAYKTOB PEakUuil — ropeHre METaJIOB, 00pa30BaHUE MHTEPMETAUINA0B
U Ipyrux Ooliee CIOKHBIX M0 COCTaBy XUMHUYECKUX COSIMHEHUH B MpoIleccax caMOpaclpOCTPaHIOLIEToCs
BBICOKOTEMIIEpaTypHOT'O CHHTE3a, TaK U B CiIydae (POPMHUPOBAHHS Ta3000pa3HbIX MPOAYKTOB, TO3BOJISIOLINX
CO03[aBaTh, HAIIPUMED, AKTUBHbBIE (PTOPUPYIOLINE KOMIIOHEHTHI JUIsl IPOLIECCOB TPABJICHUS MOAJIOKEK B MU-
KpPO3JIEKTPOHUKE, XHMUYECKOH MPOMBIIITIEHHOCTH, a TaKXK€ UMITYJIbCHbIE XMMUYECKHUE JIa3ephl.

B nmanHO# paboTe mpoBeneHBI HCCIENOBaHUS MEXaHHW3MOB 00pa3oBaHUs (TOPUAOB U OKCHU(TOPH-
JIOB yIiiepofa B peakuusx BzaumoneiictBust ¢propuna xodansra (III) ¢ pasnuuneiMu ¢opmamu yriaepoaa.
UccnenoBanusi MpoBOAMINCH OPUTHHAIBHBIMA METOAWKAMH, OCHOBaHHBIMH Ha W3MEPEHHAX METONAMH
Macc-CIIEeKTPOMETPHH U CIIEKTPOCKONMMU KOMOMHALIMOHHOTO paccesHusl CBeTa MPH Pa3IMYHBIX TEepMHUYe-
CKHX BO3JCHUCTBUAX. YCTAHOBIIEHBI KOHIIEHTPAIIMOHHBIE MPEIENbl B3aUMOAECHCTBUS KOMIIOHEHTOB I MaK-
CHUMaJIbHOTO 00pa30BaHUs LEJIEBBIX MPOAYKTOB. MeXaHU3MbI peakLuii 3alicanbl B BUAE CXeM (PU3UKO-XH-
MHU4YecKuX npoueccos. [lomyyensl koapduunenTs auddepeHraabHbIX YpaBHEHHH KHHETHKH MPOLIECCOB
XUMHUYECKOTO B3aMOJECHCTBHS KOMIIOHEHTOB CMECel Pa3InYHON KOMIIOHOBKH.

KINETICS AND MECHANISM OF CHEMICAL REACTIONS
OF COBALT (III) FLUORIDE INTERACTION WITH CARBON

A. V. Stankevich, A. Kh. Rudina, I. V. Chemagina

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The chemical interactions of the oxidizer and the combustible component of the mixture are of particular
interest in various fields of materials science and technical physics, as in cases of the formation of condensed
reaction products — combustion metals, the formation of intermetallides and other chemical compounds
more complex in composition in the processes of self-propagating high-temperature synthesis, and in the
case of the formation of gaseous products, allowing the creation, for example, active fluorinating compo-
nents for etching substrates in microelectronics, chemical industry, as well as pulsed chemical lasers.

In this paper, the mechanisms of formation of fluorides and carbon oxifluorides in the reactions of cobalt
(III) fluoride with various forms of carbon have been studied. The research was carried out using original
methods based on measurements by mass spectrometry and Raman spectroscopy under various thermal in-
fluences. Concentration limits of interaction of components for maximum formation of target products are
established. The reaction mechanisms are recorded in the form of schemes of physico-chemical processes.
Coefficients of differential equations of kinetics of processes of chemical interaction of components of mix-
tures of various layouts are obtained.
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KHHETUKA CYBJIUMALIUU CBEPXYUCTBIX
MOJIEKYJISAPHBIX KPUCTAJJIOB SHEPTOEMKHUX COEJJUHEHU

A. B. Cmankesuu

Q@I'VII «Poccutickuui Dedepanvuviii Adepuviii [Jenmp — Beepoccuvickuii HUHU mexuuyeckoti
Gusuxu umenu akademuxa E. U. 3ababaxunay, Cuescunck, Poccus

Jlyis GONMBIIMHCTBA OPTAHUYECKUX BEIIECTB XapaKTEPHO MPOTEKAHUE CYOIMMAIMOHHBIX MTPOIECCOB, KaK
C TIOBEPXHOCTH, TaK u B Macce [1]. O4eBHIHO, YTO YUET CKOPOCTH MPOIIECCOB MEPeXo/ia BEIIecTBa U3 TBEp-
JIOTO B Ta3000pa3HOE COCTOSIHUE HEOOXOAMM TIPY aHATH3E U3MEHEHHI CBOVCTB BEIIIECTBA C TEUCHUEM BpeMe-
HU U OIICHKE FapaHTHUIHBIX CPOKOB XpaHeHwus. [lapaiensHo ¢ mporeccaMu CyOIMMaIiy MOTYT MTPOTEKaTh
MPOIECCHI MEIJICHHOH TECTPYKIIMU MaTepUajoB Kak B ra30BOH (a3e, Tak U Ha MOBEPXHOCTH pazjiena ¢as.

C TOYKHM 3pEHHUs KIACCHYECKOW TEPMOIMHAMUKH CYOIUMAIIMIO BEIECTBA HA HYHEPIeTUUYCCKOHN IIKaje
MOYKHO TIPEJICTaBUTh, KaK Pa3HOCTh SHEPTUHU 00pa30BaHUs TBEPIOTO Tejla U MOJICKYJ BEUISCTBA B Ta30BOU
(haze. M3BECTHO MHOXKECTBO METOJIOB, MO3BOJISIONINX OIEHUTh YHEPTHIO CYOIUMAIIMOHHOTO MPOIecca Kak
W3 TICPBONPUHIIUITHBIX KBAHTOBO-XMMHUYECKUX MPEICTABICHUH [2], TaK M 3KCIICPUMEHTAIbHO Ha OCHOBE
(PM3UKO-XMMHUYECKUX METOJIOB aHanu3a. [Ipudyem, TeopeTudecKrue METO/bl, KaK MPaBUIIO, OLCHUBAIOT UC-
ATM3UPOBAHHBIC TPOIIECCH 00pPa30BaHUs CBEPXUUCTHIX (ha3, B TO BPEMsl, KaK SKCIICPUMEHTAIILHBIC TAHHBIC
cozepkar B cebe nH(opMannio 0 COBOKYITHOCTH MPOLECCOB, MPOTEKAIOIINX OOHOBpeMeHHO. [IpoBectu nae-
AJTBHBIN YKCIICPUMEHT, €/IBa JIM BO3MOXKHO, TAaK KAK MHOXKECTBO (DU3HUYECKUX TApaMETPOB CUCTEMBI MEHSICTCS
C TCUEHUEM BPEMEHU, MHOT/IA IOBOJIBHO CYIIECTBEHHO. Y UeT BKJIa/1a KAKIOTO U3 MPOLIECCOB B OOIIYIO KapTH-
HY B2)XCH TPU OLIEHKE B 1[eJIOM. [103TOMy OTMETUM Ba)KHOCTBH aHAIIN3a Pa3IMYHBIMU YKCIIEPUMEHTATLHBIMU
U TEOPETUYCCKUMH METOJaMH, TI0 BO3MOXXHOCTH, YYUTHIBAOIIUX MAKCUMAIILHOE KOJIMYECTBO IIEPEMECHHBIX.

B nanHoi#1 paboTe 3KCIeprUMEHTATBHBIMH METOIaMH OIPEICIICHBI ITAPAMETPhI CYOTUMAIINU CBEPXYUCTHIX
MOJICKYJISIPHBIX KPUCTAJUIOB SHEPTEeTHYSCKUX COCAMHECHUN. B KadecTBe METOMOB U3MEPEHUS MCIIOIh30Ba-
JIUCh TIpSIMasi 1 MHBEPTHPOBAaHHAS TPABHMETPHS, a TaKKe Macc-criekrpoMeTpus. [lony4yeHHbie 1aHHbIe 00-
pabaThIBAIUCh B €IUHOM IIMKJIC, IPOBOJMICS yUYET IMapaMeTPOB MHKPOPA3JIOKECHUS U cyOonumanuu. B pe-
3yJABTATE TOJTYYCHBI 3HAUCHUS SHEPTHH CYOIMMAIlUU U aKTUBAIMH, KOHCTAHTBI CKOPOCTH CYOIMMAIIUU MTPH
Pa3IUYHBIX TEMIIEpaTypax U JIaBICHUU.
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KINETICS OF SUBLIMATION FOR ULTRAPURE
MOLECULAR CRYSTALS OF ENERGETIC COMPOUNDS

A. V. Stankevich

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Most organic substances are prone to sublimation processes both from the surface and in the mass [1]. It
is obvious that taking into account the speed of the transition of a substance from a solid to a gaseous state
is necessary when analyzing changes in the properties of a substance over time and evaluating the warranty
shelf life. In parallel with the sublimation processes, the processes of slow destruction of materials can occur
both in the gas phase and on the interface of the phases.
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From the point of view of classical thermodynamics, the sublimation of a substance on the energy scale can
be represented as the difference in the energy of formation of a solid and molecules of a substance in the gas
phase. There are many methods that allow us to estimate the energy of the sublimation process both from the
first-principle quantum chemical representations [2] and experimentally based on physico-chemical analysis
methods. Moreover, theoretical methods, as a rule, evaluate idealized processes of formation of ultrapure
phases, while experimental data contain information about the totality of processes occurring simultaneously.
It is hardly possible to conduct an ideal experiment, since many physical parameters of the system change over
time, sometimes quite significantly. Taking into account the contribution of each of the processes to the over-
all picture is important when evaluating as a whole. Therefore, we note the importance of analysis by various
experimental and theoretical methods, if possible, taking into account the maximum number of variables.

In this paper, the parameters of sublimation of ultrapure molecular crystals of energetic compounds are
determined by experimental methods. Direct and inverted gravimetry, as well as mass spectrometry were
used as measurement methods. The obtained data were processed in a single cycle, the parameters of micro-
decomposition and sublimation were taken into account. As a result, the values of the sublimation and activa-
tion energy, the sublimation rate constants at different temperatures and pressures are obtained.
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YUCJIEHHOE MOAEJIUPOBAHHUE
I'A3OAUNHAMHUYECKHUX TPOLHECCOB
B KOAKCHAJIBHO-CJIONCTbBIX KOMBUHUPOBAHHBIX U3JAEJUAX
N3 PASJIMYHBIX TUIIOB DQHEPI'ETHYECKUX MATEPHUAJIOB

A. B. Cmankesuu, /{. B. I[lempos

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamuecko hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

YucneHHoe MoAenTUpOBaHUE ra30lMHAMHUYECKHUX MPOIECCOB B M3JEIMSIX CI0KHOM reoMeTpHuHu, COCTOSI-
LIUX U3 Pa3INYHBIX MaTepUaloB, MO3BOJIAET COCTABIATH MPOCTHIE MHKEHEPHBIE CXEMBI JUIsl JaJbHEHIIEero
aHanu3a (QYHKIMOHANBHBIX TMOKa3aTeliel CHCTeM M ra30AMHaMHUYecKHX IporeccoB. Hampumep, mpu cosz-
JaHWW HarpyKaloLIUX YCTPOWCTB B (PU3MKE BBICOKUX IUIOTHOCTEH SHEPrHH, aHANN3€ aKTMBHOCTU YACTHII
U KOMIIOHEHTOB XUMHUYECKUX MPOLECCOB MPH BHICOKHMX AABICHUIX M TeMmIeparypax Omuskux k 1-1,5 3B.
OnHaxo, AJ1s BEIOJIHEHHS TAKHX YMCJICHHBIX SKCIIEPIMEHTOB HE0OX0IUM HabO0p ypaBHEHHUH COCTOSIHUS, KH-
HETHKH pearupyronmx KOMIOHEHTOB, YIPYro-IJIACTUKHN Ka)KIOro MaTepuaa, BXOIALIero B cucreMy [1, 2].

B nanHo#i paboTe paccMOTpeHa cUCTeMHasl 3a/ia4a U3yueHHs MPOLIeCCOB ra30BOM JUHAMUKH TPH B3PBIB-
HOM TypOYJEHTHOM TE€YEHUH, 00pa30BaHHOM MPOAYKTaMH MPEBPALCHUsI XUMUYECKH PearupyIoInx cCMeceH,
PAacIoIOKEHHBIX B Pa3IMYHBIX YACTAX CIOUCTHIX HMIIMHIPUYECKIX 00pa3LoB: KOaKCHAIBHBIE U TNIaHAJIbHbIC
ciou. MccrnenoBanue mpoBOAMIIOCH pacu€THBIMU METOZaMH KOHEUHBIX 3JIEMEHTOB 1o ceTkaMm Boponoro—/le-
JIOHE B MOCTaHOBKax Dinepa u Jlarpanxka. JluHaMu4eckast KOppeKIs CETOK BBITOIHSUIACH IO AUCKPETHBIM
ANTOPUTMaM 3pO3UH. YPaBHEHHMS IJIsi MOAEIMPOBAHHS MPOLECCOB OBUTM B3STHI W3 M3BECTHOW JINTEpATy-
pBl ¥ 0a3 TaHHBIX, a TAK)Ke MMOCTPOCHBI HA OCHOBE MaJIOMACIITA0HBIX YKCTIIEPUMEHTOB (PH3UUYECKON XUMHUH.
C y4eToM XMMHUYECKOW KMHETHUKH MOKa3aH XapakTep TeueHHs NpH (HOPMHUPOBAHHH TPOUHBIX (MaXOBCKHX )
OTPaKCHUH B Pa3IMUHBIX YACTAX OPHUKETOB U3 DHEPTETUUESCKUX MAaTEPHUAIIOB.
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B pesynprare MonenIupoBaHUs COCTABIEHBI TPOCThIE MHKEHEPHBIE CXEMBI JUIsl pacueTa FreOMETPUN KOaK-
CHAJIBHO-CJIOUCTHIX M3aenuid u3 BB paznuunoro tuna.
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NUMERICAL SIMULATION FOR GAS-DYNAMIC PROCESSES
IN COAXTALLY-LAYERED COMBINED PRODUCTS MADE
OF VARIOUS TYPES OF ENERGETIC MATERIALS

A. V. Stankevich, D. V. Petrov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Numerical modeling of gas-dynamic processes in products of complex geometry consisting of various
materials makes it possible to make simple engineering schemes for further analysis of functional indicators
of systems and gas-dynamic processes. For example, when creating loading devices in physics of high ener-
gy densities, analyzing the activity of particles and components of chemical processes at high pressures and
temperatures close to 1-1.5 eV. However, to perform such numerical experiments, a set of equations of state,
kinetics of reacting components, and elasticities of each material included in the system is required [1, 2].

In this paper, the systemic problem of studying the processes of gas dynamics in an explosive turbulent
flow formed by the products of the transformation of chemically reacting mixtures located in various parts
of layered cylindrical samples: coaxial and planal layers is considered. The study was carried out by finite
element calculation methods on Voronoi—Delaunay grids in the Euler and Lagrange formulations. Dynamic
grid correction was performed using discrete erosion algorithms. The equations for modeling processes were
taken from well-known literature and databases, and also constructed on the basis of small-scale experiments
in physical chemistry. Taking into account the chemical kinetics, the nature of the flow during the formation
of triple (Mach) reflections in various parts of briquettes made of energy materials is shown.

As a result of modeling, simple engineering schemes have been compiled for calculating the geometry of
coaxial-layered explosive products of various types.
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MEXAHUN3M OBPA3OBAHUA PA3SJIMYHBIX ®OPM
HUTPUIOA YIVIEPOAA B BOJTHE 'OPEHUA U IETOHAIIUU

A. B. Cmanxesuu"?, C. I Tonwyuna®, A. B. Kopomuna?®, I'. JI. Pycunos®

1 G . . G .
OI'VII «Poccutickuit ®enepansubiit Anepusiii Lientp — Beepoccuntickuit HUU texanyeckoit Gpusnku
nmenHn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

2I/IHCTHTyT opranmdeckoro cuate3a uM. W. 5. IToctosckoro, YpO PAH, Exarepun0Oypr, Poccus

HyTL K HUTpUAy yriaepoaa [1] 1 CO3JaHHIO MacIITaOHBIX METOJOB CHMHTE3a OKa3aJiCs BECbMa MHTCPCC-
HBIM, KakK C XUMHUYECKON U (1)I/I3H‘ICCKOI>'I TOYKHU 3pCHUSA, TaAK U C TOYKH 3PCHUSA croco6oB MOJIy4YCHUA [2] Ha

78



COOEPXAHWUE HA NMPEALIAYLWYIO CTPAHULYY HA CNEAYIOLWYIO CTPAHNLY NEYATb

CETOAHALIHUHN IeHb U3BECTHO OOJBIIOE KOMUYECTBO PA3IMUHBIX MOAU(HUKALINI HUTpUAA yriiepona chopmu-
POBAaHHOTO Ha OCHOBE TeNTAa3WHOBBIX MM TPUA3WHOBBIX ()parMeHTos [2, 3].

B nanHoli paboTe npeanpuHATa NONBITKA CUCTEMaTU3UPOBATh JaHHBIE O MEXaHM3Max 00pa30BaHUs pa3iny-
HBIX (popM HUTpHA yIiieposia B BOJIHE TOPEHUsSI M AETOHAIIMH C YIIOPOM HA MEXaHH3MBI TEPMHUUECKOTO Pa3JIoxKe-
HHS HCXOJHBIX KOMIOHEHTOB. OOIIENpUHATHIN MOAX0A GOpMUPOBaHUS HUTPUA YIIEPOAa CTPYKTYpHI rpaduta
(g-C5N,) mocpencTBOM MUpOJIM3a MEIaMKHHA IIMPOKO UCHOB3YETCs B MPAKTUKE U3TOTOBIEHHS (OTOKATaIN3a-
TOPOB [2—5] pa3nu4HOrO XUMHUYECKOTO COCTaBa U 0a3upyeTcs Ha Peakluy OTIIEIIEHHs MOJIEKYJIbl aMMHaKa OT
TPUA3MHOBBIX LIMKIIOB € MOCieAyomeil monumepusanueil. Of1Hako, 3T0 He eNUHCTBEHHBIHN Ty Th HOPMUPOBAHUS
HHUTPUIA YIIEPOAa, CYIIECTBYET TEPMOOAPUUECKUH METOA C MEPEerpyNInUpOBKO sp2-sp3 MeKaTOMapHBIX CBS-
3el yrepoaa [6], a Takxke METoJ KOHJCHCALMK U3 Ta30BOH (a3bl MyTeM MPUCOESIMHEHH MOJIEKYN Tunuana [7].
[TomoOHBIN MEXaHH3M MOKET OBITH Pea30BaH B pe3y/IbTaTe MPOTEKaHMI XUMUUECKHUX peakuuii B hopme rope-
HHS U IETOHAIIWY C MIOCIIEI0BaTENbHBIM Pa3IOKeHUEM BEILIECTBa, CKATHEM ra30BOH (a3bl U OJMKOHACHCAUeH
HUTpUJA yriiepoaa B rpaduToBoi nim anMasHo ¢opme. [Ipuuem, Ha npenmnonaraemMoil Gpa3oBoii Tuarpamme,
00pa3oBaHKe aJMa3HOTO HUTPHAA YIIIepoaa BOZMOXKHO NpH AaBieHusx ceoime 55 I'Tla.

[Toka3aHbl BOBMOXKHBIE MMyTH U MEXaHU3MbI 00pa30BaHMsl pa3IMYHBIX (OpM HUTpHIA YIIEpOAa B BOJIHE
TOPEHHUS U IETOHAIIMH NP PEaKLUAX B MOJUA30TCOACPKAIINUX COENNHEHHIX.
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MECHANISM OF FORMATION OF VARIOUS FORMS
OF CARBON NITRIDE IN THE WAVE
OF COMBUSTION AND DETONATION

A. V. Stankevich"?, S. G. Tolshchina®, A. V. Korotina®, G. L. Rusinov?

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

’I. Ya. Postovsky Institute of Organic Synthesis, UB RAS, Yekaterinburg, Russia
The path to carbon nitride [1] and the creation of large-scale synthesis methods turned out to be very in-
teresting, both from a chemical and physical point of view, and from the point of view of production methods

[2]. To date, a large number of different modifications of carbon nitride formed on the basis of heptazine or
triazine fragments are known [3].
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In this paper, an attempt is made to systematize data on the mechanisms of formation of various forms of
carbon nitride in the combustion and detonation wave, with an emphasis on the mechanisms of thermal decom-
position of the initial components. The generally accepted approach to the formation of carbon nitride of graph-
ite structure (g-C;N,) by pyrolysis of melamine is widely used in the practice of manufacturing photo catalysts
[2-5] of various chemical compositions and is based on the reaction of cleavage of ammonia molecules from
triazine cycles with subsequent polymerization. However, this is not the only way to form carbon nitride, there
is a thermobaric method with the rearrangement of sp2-sp3 interatomic carbon bonds [6], as well as a method of
condensation from the gas phase by attaching dicyan molecules [7]. Such a mechanism can be realized as a result
of chemical reactions in the form of combustion and detonation with sequential decomposition of the substance,
compression of the gas phase and polycondensation of carbon nitride in graphite or diamond form. Moreover,
in the assumed phase diagram, the formation of diamond carbon nitride is possible at pressures above 55 GPa.

Possible ways and mechanisms of formation of various forms of carbon nitride in the wave of combustion
and detonation during reactions in polynitrogen-containing compounds are shown.
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BOIIPOCHI YCTOMYUBOCTHU MMPOJIYKTOB
BBICTPOIIPOTEKAIOIUX PEAKIIU ®TOPUPOBAHUSA BOPA,
KPEMHMUA U YIVTIEPOIA

A. B. Cmankesuu

OI'VII «Poccuticknii ®enepansubiii Anepusriii Lleatp — Beepoccniickuit HUU texanueckort puznku
nmenHn akagemuka E. M. 3a0a0axunay, CHexunnck, Poccust

XuMHYECKUE PeakuH (GTOpupoBaHus 0opa, KpEMHHS U YIIEPOAa UCIOIB3YIOTCS B Pa3IMYHBIX 00JIACTAX
HayKH U TEXHUKH, HAIPHUMEP, IPU TPaBJICHNH KPEMHUEBBIX MOUIOKEK CUIBHBIMU KucioTaMu JIbtonca nnm
reHepaliy UMITYJIBCOB JIa3epHOTo n3iny4eHus. PyHaaMeHTaIbHbIe CBOMCTBa 0Opa — CHIIBHOTO BOCCTaHOBHU-
Tens U GTopa, — CUIBHEHIIIET0 OKUCIIUTENS, ONPEACIAIOT KUHETUKY UX B3aUMOJACHCTBHS, U XapaKTepu3yeT
peaxnuu, Kak OsicTponpoTekatonue [1]. XuMus OpICTPONPOTEKAIONINX MPOLECCOB UTPAET ONPENEIISIONIYI0
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ponb B GyHAaMEHTaJIbHBIX BOMPOCAX U3YUYCHUS MEXAaHU3MOB XHUMHUUECKUX PEaKHi B yCIOBHUSIX BBICOKOTO
JaBJICHUS W TeMIIEpaTypbl. XMMHUYECKasi aKTUBHOCTh KOMIIOHEHTOB PEaklMid, a TaKKe UX yCTOWYMBOCT,
OILIEHHBAETCS 10 TEPMOAMHAMUYECKUM MOTEHIMalIaM, ITOJTyYE€HHBIM TPU PEIIeHNH 33/1a4 KJIaCCUYECKOU Tep-
MOIMHAMUKH, MOJNEKYJISIPHOH TUHAMUKA M KBAHTOBOH XUMHH.

B nanHOI1 paboTe pacCMOTPEHBI BOMPOCH YCTOHYMBOCTH MPOAYKTOB B3auMOAEHCTBUS (propa ¢ yriaepo-
JIOM, KpeMHHEM U OOpOM B YCIIOBHSX BO3AYIIHON aTMoc(hepbl, B BakyyMe u aprore. OueHka yCTOWYMBOCTH
BBIMOJTHSJIACH METOIaMH KJIACCHYECKOM TEPMOAMHAMUKH [2] HA OCHOBE M3BECTHBIX 0a3 aHHBIX CBOWCTB
NpOayKTOB peakumii [3, 4]. B pesynsrare ObUM MOMydeHBI U30TEPMBI M H300apbl MPOLIECCOB B3aUMOAEH-
CTBUS MCCIETYyEMbIX KOMIIOHEHTOB, COCTaB NMPOAYKTOB PEaKLUil P Pa3IMYHBIX AABICHUSIX U TEMIepaTy-
pax, IpoBe/IeHa OLIEHKa MPEEIbHBIX CKOPOCTEH 3ByKa B MPOIYKTaxX peakiuil U TeroTa peakuuil. I[Toctpo-
eHbl quarpammel [ m60ca—Po3eboma aisi IByXKOMIOHEHTHBIX cMeceid. [Ipu aHanmuse auarpamMM BBISBICHBI
HaunboJjee ycTOHYNBBIE OKCUPTOPUABI U PTOPUABI OOpa, KPEMHHS U YIIIEpoa.
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ISSUES OF STABILITY OF PRODUCTS FOR FAST-FLOWING BORON,
SILICON AND CARBON FLUORINATION REACTIONS

A. V. Stankevich

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Chemical reactions of boron, silicon and carbon fluorination are used in various fields of science and
technology, for example, when etching silicon substrates with activity Lewis acids or generating laser radia-
tion pulses. The fundamental properties of boron, a strong reducing agent and fluorine, the strongest oxidizer,
determine the kinetics of their interaction, and characterizes the reactions as fast—flowing [1]. The chemistry
of fast-flowing processes plays a decisive role in the fundamental issues of studying the mechanisms of
chemical reactions under conditions of high pressure and temperature. The chemical activity of the reaction
components, as well as their stability, is estimated by thermodynamic potentials obtained in solving prob-
lems of classical thermodynamics, molecular dynamics and quantum chemistry.

In this paper, the issues of stability of products of interaction of fluorine with carbon, silicon and boron in
the conditions of an air atmosphere, in vacuum and argon are considered. Stability assessment was carried
out by methods of classical thermodynamics [2] on the basis of known databases of properties of reaction
products [3, 4]. As a result, isotherms and isobars of the interaction processes of the studied components, the
composition of reaction products at various pressures and temperatures were obtained, the limiting sound
velocities in reaction products and the heat of reactions were evaluated. Gibbs—Rosebohm diagrams for two-
component mixtures are constructed. The analysis of the diagrams revealed the most stable oxifluorides and
fluorides of boron, silicon and carbon.
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KHMHETHUKA OKHC/IEHUA MEXAHOAKTUBUPOBAHHBIX
HUHTEPMETAJJINI0B AJIFOMUHUA

A. B. Cmanxesuy', M. A. Viimur?, A. E. Epnaxos®, H. B. Yemaeuna®, C. U. Hosukos®

'OIYII «Poccuiickuii Oenepanpubnii Anepusiii Learp — Beepoccniickuit HUU Texandeckoit pu3nkm
nMmenHu akagemuka E. M. 3a0a0axunay, CHexunck, Poccust

2I/IHCTI/ITyT ¢uzuku meraios, YpO PAH, ExkarepunOypr, Poccus

[Iporecc MexaHWYECKOI aKTHUBAIMKM B IIAPOBBIX MEJIBHUIAX B OOJIBIIMHCTBE CIY4YacB COMPOBOXKIACT-
Csl 3HAYUTENBHBIMUA U3MEHEHUSIMU CTPYKTYPBl U HE3HAUUTEIHHBIMU U3MEHEHUSIMUA XUMHUYECKOTO COCTAaBa.
Hapsny ¢ mponieccamu amopduzanmu [1, 2] mpoTekaroT 3aMeTHBIC H3MEHEHUS pa3MEPOB YaCTHUI] U KPUCTAII-
muToB [2]. KpoMme Toro, MEHsSIeTCs TepMUYeCcKas U XUMUYeCcKash CTaOMIBHOCTh, a CIIOCOOHOCTh K OKHUCIIC-
HUIO MOKET YBEIMUMUBAThCA. B pesynbprare ykazaHHbIC TPOLIECCH U CTPYKTYPHOE COCTOSIHUE TBEPIOTO Tela
BIIUSIIOT HA CBOMCTBA KOHEUHOTO MPOIYKTA.

B nanHO paboTe MpOBEACHBI UCCICIOBAHUS MEXAaHH3MOB M KUHETHKH MPOIIECCOB OKUCIICHUS WHTEP-
METAJUTUIOB AIOMUHMUS, TIOTYYCHHBIX MEXaHHMYECKOH 00pabOTKOH B IIapoBhIX BUOpoMenbHUIAX. [lomyyde-
HBI 3HAYEHUSI CKOPOCTEU peakiuil Il UHTePMETANIMI0B alfoMUHUs, coaepkanmx Ba, La, Pr, Y, Sm, Ce.
OTMEUYEHO CHIDKEHUE TePMHUYECKON CTOMKOoCcTH M »Hepruu aktuBanmu Ha 10-30%, yBenmuueHne KOHCTaH-
THI CKOPOCTH peakluu B 3 pa3a U UHTEHCUBHOCTHU B3aUMOJAECHCTBYIOLIUX YACTHI], KOJIMYECTBA aKTOB B3au-
MOJIEUCTBUSI YaCTULl B €AUHUILY BPEeMEHH, Ha 4 TOPSAIKa, IPU CPaBHUMBIX TeMIIepaTypax AJisi UCXOMHBIX
1 00paboTaHHBIX TPOIYKTOB.

B pesynbrare nony4deHsl SJHEPreTUUECKUE XAPAKTEPUCTUKHU MPOIECCa MEXaHUUYECKONH aKTUBAI[UU UHTEP-
METAJUTU/IOB AFOMHHUS: yACJIbHAs 3HEPTUs U Kod((UIMEHT Mepeayd 3HEPTUU IApOB MaTepuaty B Ia-
POBBIX BHOPAIIMOHHBIX MENILHUIAX, U BBHITIOJHEHA OIICHKA BIUSHUS PA3JIMYHBIX PEKUMOB MEXaHUYCCKOM
aKTHUBALIMM HA BETUYMHY 3a[IaCEHHON YHEPTUHU B MHTEPMETAJUIHIaX AJIFOMUHHUSL.
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KINETICS OF OXIDATION OF MECHANICALLY ACTIVATED
ALUMINUM INTERMETALLIDES
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The process of mechanical activation in ball mills in most cases is accompanied by significant changes
in structure and minor changes in chemical composition. Along with the processes of amorphization [1, 2],
there are noticeable changes in the sizes of particles and crystallites [2]. In addition, the thermal and chemi-
cal stability changes, and the ability to oxidize may increase. As a result, these processes and the structural
state of the solid affect the properties of the final product.

In this paper, the mechanisms and kinetics of the oxidation processes of aluminum intermetallides ob-
tained by mechanical processing in ball vibrating mills are investigated. The values of reaction rates for alu-
minum intermetallides containing Ba, La, Pr, Y, Sm, Ce were obtained. A decrease in thermal resistance and
activation energy by 10-30% was noted, an increase in the reaction rate constant by 3 times and the intensity
of interacting particles by 4 orders of magnitude, at comparable temperatures for raw and processed products.

As a result, the energy characteristics of the process of mechanical activation of aluminum intermetal-
lides were obtained: the specific energy and the coefficient of energy transfer of balls to the material in ball
vibration mills, and the influence of various modes of mechanical activation on the amount of stored energy
in aluminum intermetallides was evaluated.
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CUHTE3 U ®U3UKO-XUMHNYECKHUE CBOMCTBA COJIEHA
3-HUTPO-4,5-JUT'N]IPO-1,2,4-TPUA30OJI-5-OHA
I. C. Auesckuii', A. B. Cmanxeeuu"?, I JI. Pycunos', H. B. Yemazuna®, B. H. Yapywiun'

1I/IHCTI/ITyT opraanyeckoro cuaTe3a uM. M. 5. IlocroBckoro YpO PAH, Exarepun0ypr, Poccus

2PI'VII «Poccuiickuii Oenepanpabnii Anepusiii Leatp — Beepocceniickuit HUU Texandeckoit pu3uku
nmenu akagemuka E. M. 3a0a0axunay», CHexxHHCK, Poccus

[ToBeimeHre 6€30MACHOCTH YHEPTETUUCCKUX COSAMHEHUN ¢ COXPAaHCHHEM MX B3PBIBYATHIX CBOMCTB SIB-
JISIeTCsl MEPBOCTEIICHHON 3a/laueil Mpu CHUHTE3€ MOJEKYT U MOJIEKYISIPHBIX KPUCTAJIOB, B TOM YHUCJE CO-
KpUCTAILIOB U coyied. OJUH W3 MyTel yBeNHUYeHUs CTA0MILHOCTH, C BO3MOXKHBIM, YBEIIMYCHUEM TETLIOTHI
B3PBIBYATOTO MPEBPAIICHUS SHEPIETUYECKUX MATePUaJIOB SIBJISIETCS CO3/IaHUE COKPHUCTAILIOB WJIM MOH-MO-
JICKYJISPHBIX KOMIUIEKCOB, COJIEPIKAIIUX B 00bEME IEMEHTAPHOM SYSHKH KPUCTAIUIMYECKOTO TBEPIOTO Tela
IBe U 6oyee MOJIEKYJIbI.

Jlns cuHTE3a TEPMUYECKH CTAOMIBHBIX MOH-MOJCKYISPHBIX COKPHUCTAILIOB (COnei) B JaHHOUM pabore
B KayecTBE HCXOAHOTO COEAMHEHHUS HCIIOIb30BAJIOCh TEPMOCTOMKOE COENMHEHHE 3-HUTpo-4,5-Auruapo-
1,2,4-tpuazon-5-on (HTO). Conu (1-3) [1-3] Obutu momyuens! B3aumojeiicteueM HTO ¢ cooTBETCTBYOIIN-
MU aMHHAaMU B METaHOJIC (B CIIyyae THAPOXJIOpUAA THIPOKCUIAMUHA — B IpUCYTCTBUM 3KkBUBaieHTa KOH).
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3-HUTPO-5-0kC0-4,5-nurunpo-1,2,4-rpuazonun runpazuans (1)

N——NH
/ e N 2H 4
O5N (@)
NH
3-HUTPO-5-0KCc0-4,5-muruapo-1,2,4-Tprazonu ruapoKCuIaMMOHM (2)
N——~NH

/4 x « NH,OH
O,N N o)

3-HUTpO-5-0KCc0-4,5-nurnapo-1,2,4-rpuazonus aMMOHHs MOHOTHApAT (3)
N——NH

gt
O,N 0
NH

C nomyueHHBIMU 00pa3amMu ObLUTH MTPOBEIEHBI HCCIIEA0BAHUS: CTPYKTYPBI, CIIEKTPAJIbHBIX CBOICTB, TEp-
MHUYECKOH CTaOMIIBHOCTH, XUMHUYECKOH CTOMKOCTU. BBIMOMHEHBI TEpMOOMHAMUYECKUE PACUEThl B3phIBYa-
TO-9HEPreTUYECKUX XapaKTepUCTHK. Kpome Toro, moaydeHs! JaHHbIE 0 KWHETHKE TEPMUYECKOT0 Pa3ioKeHUs
B MEIJICHHBIX U OBICTPBIX Ipoueccax. MexaHn3M XUMUYECKHX PEaKLUi ONpeaesnsics N30KOHBEPCHOHHBIMU
MeTopaMu. Kpucrannuueckas cTpyKTypa, MOJIEKYISIPHOE CTPOEHHUE ONPENEICHO COBOKYIMHOCTHIO METOJIOB
MOPOIIKOBOH peHTreHoBckoi nudpakromerpun, KP u UK-Dypre cniexkrpockonuu.

B pesynbrare momyuyeHbl U MOKa3aHbl TepMUUecku ctadbuibhble 10 170-205°C noH-MOneKysipHbIE CO-
Kkpuctamwsl (comu) Ha ocHoBe HTO, obnanmaromme HECKONBKO MEHBLIMMH, YeM T'€KCOTEH B3PBIBUATHIMU
CBOHCTBaMH, OJHAKO MPEBOCXOSIINE €r0 10 SHEPTETHKE M OE30MaCHOCTH.

Jluteparypa

1. Zhang, M. Promising hydrazinium 3-Nitro-1,2,4-triazol-5-one and its analogs [Text] / M. Zhang, C. Li,
H. Gao, W. Fu, Y. Li, L. Tang, Z. Zhou // J Mater Sci. —2016. — Vol. 51. — P. 10849—-10862.

2. Yi, J. Preparation, characterization, non-isothermal reaction kinetics, thermodynamic properties, and
safety performances of high nitrogen compound: Hydrazine 3-nitro-1,2,4-triazol-5-one complex [Text] /
J. Yi, F. Zhao, H. Gao, S. Xu, M. Wang, R. Hu // Journal of Hazardous Materials. — 2008. — Vol. 153. —
P. 261-268.

3. Patient 5274105 US. Hydroxylammonium salts of 5-Nitro-1,2,4-triazol-3-one [ Text].

SYNTHESIS AND PHYSICO-CHEMICAL PROPERTIES
OF 3-NITRO-4,5-DIHYDRO-1,2,4-TRIAZOL-5-ONE SALTS

D. S. Yachevsky', A. V. Stankevich"?, G. L. Rusinov', I. V. Chemagina?®, V. N. Charushin'

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

’I. Ya. Postovsky Institute of Organic Synthesis, Ural Branch of the Russian Academy of Sciences,
Yekaterinburg, Russia

Improving the safety of energetic materials while preserving their explosive properties is a primary task
in the synthesis of molecules and molecular crystals, including co-crystals and salts. One of the ways to
increase stability, with a possible increase in the heat of explosive transformation of energetic materials, is
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to create co-crystals or ion-molecular complexes containing two or more molecules in the volume of an el-
ementary cell of a crystalline solid.

For the synthesis of thermally stable ion-molecular crystals (salts) in this work, a heat-resistant com-
pound 3-nitro-4,5-dihydro-1,2,4-triazol-5-one (NTO) was used as a starting compound. Salts (1-3) [1-3]
were obtained by the interaction of NTO with the corresponding amines in methanol (in the case of hydrox-
ylamine hydrochloride — in the presence of KOH equivalent).

3-nitro-5-0x0-4,5-dihydro-1,2,4-triazolyl hydrazinium (1)

A,
O,N 0
NH

3-nitro-5-ox0-4,5-dihydro-1,2,4-triazolyl hydroxylammonium (2)
N——NH

A,
O,N N o)

3-nitro-5-0x0-4,5-dihydro-1,2,4-triazolyl ammonium monohydrate (3)
N

NH
T e
O,N 0
NH

The following studies were carried out with the obtained samples: structure, spectral properties, ther-
mal stability, chemical resistance. Thermodynamic calculations of explosive-energy characteristics are per-
formed. In addition, data on the kinetics of thermal decomposition in slow and fast processes were obtained.
The mechanism of chemical reactions was determined by iso-conversion methods. The crystal structure and
molecular structure are determined by a combination of methods of powder x-ray diffraction, Raman and
FTIR spectroscopy.

As a result, thermally stable up to 170-205°C ion-molecular co-crystals (salts) based on NTO have been
obtained and shown to have slightly less explosive properties than RDX, but surpassing it in energy and
safety.

References

1. Zhang, M. Promising hydrazinium 3-Nitro-1,2,4-triazol-5-one and its analogs [Text] / M. Zhang, C. Li,
H. Gao, W. Fu, Y. Li, L. Tang, Z. Zhou // J Mater Sci. —2016. — Vol. 51. — P. 10849—-10862.

2. Yi, J. Preparation, characterization, non-isothermal reaction kinetics, thermodynamic properties, and
safety performances of high nitrogen compound: Hydrazine 3-nitro-1,2,4-triazol-5-one complex [Text] /
J. Yi, F. Zhao, H. Gao, S. Xu, M. Wang, R. Hu // Journal of Hazardous Materials. — 2008. — Vol. 153. —
P. 261-268.

3. Patient 5274105 US. Hydroxylammonium salts of 5-Nitro-1,2,4-triazol-3-one [ Text].
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CUHTE3 U TEPMAYECKAS CTABUJIbHOCTH HEKOTOPBIX
MOJUA3OTCOJIEPKAIINX MTPOU3BOJIHBIX
[1,2,4] TPUA30JI0[4,3-b][1,2,4,5]TETPASUHA

C.rI TOJZZ/L;MH(II, A. B. Kopomuﬂal, P. 1. Mumemosa', A. B. Cmanxeeuu"?, U. B. Yemazund®,
I JI. Pycunos', B. H. Yapywun'

1I/IHCTI/ITyT opraanyeckoro cuaTe3a uM. U. S. Ilocroseckoro, YpO PAH, ExarepunOypr, Poccus

2PI'VII «Poccuiickuii Oenepansasiit Anepusiii Lleatp — Beepoceniicknit HUU texanueckot puznku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexunck, Poccus

[Ipoussonnsie [1,2,4]rpuazono[4,3-b][1,2,4,5]|terpasuna (TTA) HekoTOpOe BpeMs paccMaTpPUBAIOTCS
KaK MEPCIICKTUBHBIC YHEPTreTHYSCKUE MaTepPHalibl, U B OyIyllleM MOTYT HalTH MPUMEHEHHUE B Pa3IMYHBIX
00JTacTsX MPH UCIIOJIb30BAHUY 3HEPTUU, 00pa30BaHHON B PE3yNIbTaTe XUMHUECKUX MPEBPAIEHUI caMOIo-
JICPXKUBAFOIIETOCS Pa3IONKCHHUS, HAPUMEDP B aBHUa U aBToTpancnopte [ 1-3]. /g noHnMaHus 0€30macHOCTH
MPH peasin3allii SHEPreTHUSCKOTO TOTSHIIMANA TAHHOTO KJ1acca COCIUHEHUN HEOOXOIUMO YUUTHIBATh MX
TEPMUYECKYIO CTA0MIILHOCTD, TEPMOJMHAMUYCCKUE CBOWCTBA U KMHETHKY MPOIECCOB Pa3IOKEHUS.

B nacrosimeli pabote CHHTE3MPOBaHBI BOCEMb MOIHA30TCOACPIKANUX TETSPOIMKINICCKUX IPOU3BO-
nabIX TTA U mpoBeieHbI UCCIIEAOBAHMS UX TEPMHUYSCKON CTaOMIBHOCTH. CTOUT OTMETUTH, YTO B HCCIIEIyE-
MOM DSy COCIUHEHUN HEKOTOPBIE MOJEKYJBI CIyXaT UCXOJHBIMU JJI CHHTE3a BHICOKOIHEPIeTHUECKUX
MaTepHaliOB, UMECIOIIUX MMPUEMIIEMbIC XapaKTEPUCTUKU MO OE30MacHOCTH Ha YPOBHE TPHHHUTPOTOIYOJA
Y MOIITHOCTH Ha ypOBHe rekcorena. Hanpumep, 3,6-nuamuno| 1,2,4 Jtpuazono[4,3-b][1,2,4,5]reTpa3un, Tep-
muuecku crabuieH a0 350°C, a (3-amuno[1,2,4]tpuazono[4,3-b][1,2,4,5]teTpa3un-6-ni)ryaHuivH, CTaOu-
nen a0 320°C. Ilony4yeHHBIE COCIMHEHUS UMEIOT BBICOKHE MOKAa3aTeNH IIOTHOCTU oT 1,56 mo 1,91 F/CM3,
U OIICHOYHBIE B3PHIBUATO-IHEPTETUUCCKUE XapaKTEPUCTUKU, aHATN3 KOTOPHIX BBHIIIOJIHEH METOJaMU KIIACCH-
YECKOM TePMOJUHAMUKU U THAPOJUHAMUKH.

Takum 00pa3oM, MOTyYEHBI U UCCIIC0BAHBI HEKOTOPHIC HOBBIC SHEPIETHUSCKHUE TTOIMA30TCOACPIKALIUC
COCJIUHCHHS, KOTOPBIC MOTYT OBITh UCIIOJIb30BAHBI B KAUECTBE BHICOKOPHEPIETUYCCKUX BEILIECTB, a TAKKE B
KauyeCTBE UCXOJIHBIX KOMIIOHEHTOB X CHHTE3A.
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SYNTHESIS AND THERMAL STABILITY
OF SOME POLYNITROGEN-CONTAINING DERIVATIVES
OF [1,2,4] TRIAZOLO[4,3-b][1,2,4,5] TETRAZINE

S. G. Tolshchina', A. V. Korotina', R. I. Ishmetova', A. V. Stankevich"?, 1. V. Chemagina®,
G. L. Rusinov', V. N. Charushin'

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

’L. Ya. Postovsky Institute of Organic Synthesis, UB RAS, Yekaterinburg, Russia

Derivatives of [1,2,4]triazolo[4,3-b][1,2,4,5]tetrazine (TTA) have been considered for some time as promis-
ing energetic materials, and in the future may find application in various fields when using energy formed as a
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result of chemical transformations of self-sustaining decomposition, for example in aviation and motor transport
[1-3]. To understand the safety when realize the energy potential of this class of compounds, it is necessary to
take into account their thermal stability, thermodynamic properties and the kinetics of decomposition processes.

In this work, eight poly nitrogen-containing heterocyclic derivatives of TTA have been synthesized and
studies of their thermal stability have been carried out. It is worth noting that in the studied series of com-
pounds, some molecules serve as starting materials for the synthesis of high-energy materials that have
acceptable safety characteristics at the level of trinitrotoluene and power at the level of RDX. For example,
3,6-diamino[1,2,4]triazolo[4,3-b][1,2,4,5]tetrazine is thermally stable up to 350°C, and (3-amino[1,2,4]
triazolo[4,3-b][1,2,4,5]tetrazine-6-yl)guanidine is stable up to 320°C. The obtained compounds have high
densities from 1,56 to 1,91 g/cc, and estimated explosive-energy characteristics, the analysis of which was
carried out by methods of classical thermodynamics and hydrodynamics.

Thus, some new energy poly nitrogen-containing compounds have been obtained and investigated, which
can be used as high-energetic materials, as well as initial components of their synthesis.
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CTPYKTYPA U DJIEKTPOHHBIE CBOMCTBA
1-(AIUOPTOPAMUHO)AMHUTPOMETNJI-3.4-ITUHUTPO-1H-IIMPA3OJIA

K. FO. Cynonuyxuii', T. K. Illxunesa', U. JI. Jawuneep', A. B. Cmanxesuy®

1 .
Wuctutyt oprannyeckoit xumuu uMm. H. [1. 3enenckoro PAH, Mocksa, Poccus

2PI'VII «Poccniickuii Oenepanpabiii Anepusiii Leatp — Beepocceniickuit HUU Texandeckoit pu3ukn
nmenH akagemuka E. . 3a0a0axunay», CHexxnHCK, Poccus

Kpucrannmueckas cTpykTypa, a TakKe CTPOEHHE MOJIEKY CHUHTE3UPYEMBIX BELECTB, MOITY4YEHHBIE U3
SKCIIEPUMEHTA SIBISAIOTCS OCHOBHOW MH(OpMaLneil, MOKa3bIBaloLIel MPEINONI0KEeHNS O XUMHUUECKOH YHCTO-
T€ BEIECTBA, AIEKTPOHHBIX CBOMCTBAX U MpHUPOAE 00pa3oBaHusl KpUcTaioB. [lomyueHre KonnyecTBEHHbBIX
JAHHBIX O CTPOEHHUHU MOJIEKY/ U KPUCTAJIOB: TUII U JUTMHA BHYTPH U MEXMOJIEKYJISIPHBIX CBSI3€il, BaJIEHTHBIE
YIIIBI, TTApaMEeTPhI TIEMEHTAPHOH STUEHKH, a TaKKe CyOCTPYKTYypHBIE XapaKTEePUCTUKU OMPEAEIISIIOTCS METO-
JaM{ PEHTTEeHOBCKOM Au(paKIuu.

B nanHo# pabore MeTOnaMI MOHOKPUCTAIILHON PEHTI€HOBCKOM JU(paKiK NPOBEACHb NPELH3HOHHbIC
HCCJIEZIOBAaHUS KPUCTANIMYECKON CTPYKTYPBI, MOJIEKYJISIPHOTO CTPOEHUS U 3IEKTPOHHBIX CBOMCTB 1-(am-
¢dTopamuHo) tuHUTpOMETHI-3,4-1uHUTpO- | H-tupasona. IlokazaHo, 4yTo MOJIEKYNbl JaHHOTO COCAMHEHHS
yIaKOBaHbl B MOHOKJIMHHYIO KPUCTA/UIOrpaMyecKylo CUCTEMY € IPyNINoi cumMeTpuu P2,/c u napamerpa-
MU 3JIeMEHTapHOH stueiiku a = 13,1857(3); b =6,7793(2); ¢ = 13,0949(3); B = 116,8665(8). Uucno dhopmyib-
HBIX eIMHHI B 00beMe dlIeMEeHTapHOM siueiiky paBHO 4. Kpucramnmuueckas miotHocts pu 100 K cocraBnna
1,992 r/em’. Kpucrannuueckas ynakoBKa COSIUHEHUS CTAaOMIM3HPOBAaHA MCKIIOYUTENBHO CIa0BbIMH B3au-
mopeiicteusivu: O(N)...O(N) u cnadsiMu O...7T KOHTaKTamMu U BogopoaHbiMu cBs3smu C-H. .. O.

CTpyKTypHl paciinpoBaHbl MPSIMBIM METOJIOM M yTOYHEHHI nonHoMarpudHeiM MHK B aHuzorponnom
NpUOIIKEHNN [T HEBOJOPOAHBIX aTOMOB 110 F 2hk1' [TonoxeHnus aToMOB BOAOPOAA JIOKATU30BaHbl U3 pa3-
HOCTHOT'O CHHTE3a AJIEKTPOHHOU IJIOTHOCTH, M YTOYHEHBI B M30TPOIHOM NPUONMKEHUH. Y TOUHEHHE POBO-
JWIN C UCIIONIb30BaHueM IporpammHoro komriekca SHELXT.
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STRUCTURE AND ELECTRONIC PROPERTIES FOR
1-(DIFLUOROAMINO)DINITROMETHYL-3,4-DINITRO-1H-PYRAZOLE

K. Yu. Suponitskiy', T. K. Shkineva', I. L. Dalinger', A. V. Stankevich*

N. D. Zelinsky Institute of Organic Chemistry, RAS, Moscow, Russia

’FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The crystal structure, as well as the structure of the molecules of synthesized substances obtained from
the experiment are the main information showing assumptions about the chemical purity of the substance,
electronic properties and the nature of crystal formation. Obtaining quantitative data on the structure of
molecules and crystals: the type and length of intra and intermolecular bonds, valence angles, unit cell
parameters, as well as substructural characteristics are determined by x-ray diffraction methods.

In this work, precision studies of the crystal structure, molecular structure and electronic properties of
1-(difluoroamino)dinitromethyl-3,4-dinitro-1 H-pyrazole were carried out using single-crystal x-ray diffrac-
tion. It is shown that the molecules of this compound are packed into a monoclinic crystallographic system
with the symmetry group P2,/c and the unit cell parameters a = 13.1857(3); b = 6.7793(2); ¢ = 13.0949(3);
B = 116.8665(8). The number of formula units in the unit cell volume is 4. The crystal the density at 100 K
was 1,992 g/cc. The crystal packing of the compound is stabilized exclusively by weak interactions:
O(N)...O(N) and weak O...w contacts and C-H...O hydrogen bonds.

The structures were deciphered by the direct method and refined by the full-matrix LSM in the anisotropic
approximation for non-hydrogen atoms according to thkl- The positions of hydrogen atoms are localized
from the difference synthesis of electron density, and refined in the isotropic approximation. The refinement
was carried out using the SHELXT software package.
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PA3JIOKEHUE OKTOI'EHA B HE'EPMETHUYHBIX YCJIIOBUSAX
1. H. Cmonsapos, FO. A. Muciopun, A. A. Kocmeposa, B. H. Anghumos

['HIL PO OI'VII «leHTpanbHblil HayYHO-UCCIEA0BATENIbCKUI UHCTUTYT XUMUH U MEXaHUKW», MOCKBa,
Poccus

HccnenoBanue KWHETUKU Pa3JIOKECHUSI OKTOTEHa B OONBIIMHCTBE CIy4aeB MPOBOJUIUCH JINOO B OTKPHI-
THIX sSYEWKaxX MPU BO3MOXKHOCTH yXOZa ra3000pa3HbIX MPOAYKTOB Pa3sIOKECHUS U3 30HBI PEakLuH, JTUOO
B T€PMETHYHBIX YCIOBHUSAX MPH OTHOCHTEIHHO HEOONBIINX IIOTHOCTSIX 3alOIHEHH 00beMa sSUeiku o0pas-
oM. OCHOBHas LIeJb TAKUX MCCIENOBaHUM, KPOME CPaBHUTEIHHON CTOWKOCTH psiia SHEPrOEMKHX COEAH-
HEHHH, ONPENENNTh HA4YalIbHYIO0 CKOPOCTD Pa3ioKEHHsI, KHHETUIECKUE MTapaMeTphl, TPOAYKTHI Pa3IOKeHUs
Y MEXaHU3M pacraja.

[Ipu uccnenoBaHnyu pa3noKEeHUs] OKTOT€HA B CTATHYECKHUX YCJIOBUSX HAarpeBa IO JaBJICHUIO MPOLYKTOB
(MM MCHoNB3ys Macc-CIEeKTPOMETP, MPOTOYHBIH peakTop ¢ Macc-ciekrpoMerpoM FRMS) peakuun momy-
4eHo, uto E mensercs ot 10 000 kan/mons 1o 67 000 xan/mMonb, a ¢ UCHONb30BaHueM npuoopoB Tumna JTA,
JCK ¢ TT'A E mensierca B ipenenax ot 38 000 kan/mons 1o 67 800 xan/mMomb.

[IpoBeneH aHamM3 UMEIOIIMXCS Y aBTOPOB U B JIMTEpaType AaHHBIX MO Pa3IOKEHHUIO OKTOT€HA B CTATH-
YeCKHX ycIOBHUsAX Harpesa. [lomydeHo, 4TO TOJBKO MpU HAJIHYMH NPUMECcel SKCIEpUMEHTAIbHBIE KPUBBIE
yAaeTcsl YAOBIETBOPUTENEHO ONMKCATh YPaBHEHHUEM aBTOKAaTaIN3a NEPBOTO MOPSAIKa, B APYTHX CIydasx Tpe-
OyeTcs ypaBHEHHE aBTOKaTajln3a BTOPOTO MOpPsIKa MK Oojiee CIOKHAs MOJIENb.

[Toka3zaHo, 4TO 3HaUEHHE BEIUYMHBI SHEPTUHU aKTUBALMU IIEpBOH KoHCTaHTHI On3ko K 40 000 kan/Mob,
a BBICOKHE 3HAYEHUS SHEPIMU aKTHUBALMU SIBIISIETCS CIEACTBMEM BBIOOpa MPOCTON MOJENH IS ONUCAHMS
SKCTIEPUMEHTAIILHBIX JaHHBIX, TPEOYIOMINX IS YIOBIETBOPUTEILHOTO ONMUCaHUs OoJiee CIOKHON MOJIEINH.

88



COOEPXAHWUE HA NMPEALIAYLWYIO CTPAHULYY HA CNEAYIOLWYIO CTPAHNLY NEYATb

HMX DECOMPOSITION
UNDER CONTANT PRESSURE CONDITIONS

P. N. Stolyarov, J. A. Misyurin, A. A. Kosterova, W. N. Alfimov

Central research institute of chemistry and mechanics, Moscow, Russia

The HMX decomposition kinetics research in most cases were carried out either in open cells where the
gaseous decomposition products escape from the reaction zone, or in sealed conditions with relatively small
filling ratio of the cell volume with a sample. The main aim of such studies is not only to compare stability
of a number of energy-intensive compounds, but also to determine the initial decomposition rate, kinetic
parameters, decomposition products and the mechanism of decomposition.

During HMX decomposition studies under heating to a constant temperature by determination of pres-
sure of the reaction products (or using a mass spectrometer, a flow reactor with a FRMS mass spectrometer),
it is found that £ varies from 10 000 cal/mol to 67 000 cal/mol, and using devices such as DTA, DSC with
TGA E varies from 38 000 cal/mol to 67 800 cal/mol.

The data of the HMX decomposition in static heating conditions presented in the open sources was
analyzed. It is found that only with the presence of impurities, experimental curves can be satisfactorily de-
scribed by an autocatalysis equation of the first order, in other cases, an autocatalysis equation of the second
order or a more complex model required.

It is shown that the value of the activation energy of the first constant is close to 40 000 cal/mol, and high
activation energy values are determined by the usage of a simple model to describe experimental data that
require a more complex model to be described satisfactorily.
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PACIIAJI OKTOTEHA B XKUJIKOM N TA30BOM ®A3AX
11. H. Cmonsapos, 0. A. Mucropun, C. A. Amsacos, A. A. Kocmeposa

T'HLI PO OT'VII «llenTpanbHblil HAyYHO-UCCIEA0BATENbCKUN MHCTUTYT XUMHUH U MEXaHUKNY, MOCKBa,
Poccus

PaccMoTpensl uMeromIyecs y aBTOpOB U B JIUTEpaType JaHHBIE IO Pa3IoKEHHUIO OKTOreHa B ra3oBoi Qase,
B pacIUiaBe U B pacTBOpE.

PacueTHbIe TaHHBIE TOKA3BIBAIOT, YTO U B Ta30BOH (haze pa3nokeHUe OKTOreHa Ooliee CI0KHO, YeM B OHY
JUMUTHPYIOLIYIO CTaIuI0, SHEPTUs aKTHBALUS HAYaJIbHOTO IPOLIEcca Pa3IoKEHHsI B CTATUIECKUX YCIOBHIX
Harpepa Onm3ka K sHepruM cBsa3u N-NO,, mpu JMHAMUYECKOM HarpeBe HAaOIIONAEeTCs 3HAYUTENBHBIN pas-
opoc B 3HaueHusx £ ot 32 000 go 52 900 kan/monsb.

OKcHepUMeHTalIbHBIE aHHBIE MO Pa3jIoKeHHI0 2% pacTBOpa OKTOTEHA YIOBJIECTBOPUTEIBHO OIHCHI-
BAIOTCS C UCIIOJIB30BaHUEM MOJIETH JIBYX MOCIIEI0BATENbHBIX PEaKIUi C aBTOKaTaJIM30M pacnaga OKTOreHa
MPOMEXYTOUHBIMH MPOLYKTAMH PA3IOKEHHUS.

HUccnenoBanue paznoxeHust pactBopoB oktoreHa B Tpotuie (80%, 70%, 50%, 10% u 5% conepxanus
OKTOT€Ha B pacTBOpE) MOKa3asio, YTO AJISl ONMUCAHUSI HKCIIEPUMEHTAJIbHBIX AAHHBIX C KOHLEHTpAlHMeH OK-
ToreHa ot 80 10 50% HeoOX0AMMO HCIIONB30BATh 1BE HE3aBUCHMBbIE MOJIEIIN aBTOKAaTaIN3a MIEPBOTO MOPSIKa
¢ OMMOIIEKYJIIPHOM TPOMEXKYTOUHOH cTanuei. DxcrepuMenTaibabie KpuBble 10% u 5% pacTBopa oKTOreHa
B TPOTHJIE AJIS YIOBJIETBOPUTEIHHOTO OMTUCAHUS TaKKe TPEOYIOT MOJIEINb C IBYMsI HE3aBUCUMBIMH CTaIUSIMH.

J1J1s yIOBIETBOPUTENBHOTO OMMCAHMSI AKCIIEPUMEHTAIbHBIX JAHHBIX M0 KHHETUKE Pa3IOKEHHsI OKTOTeHA
npu ckopocTax HarpeBa 6°C/muH, 10°C/mMun u 15°C/MuH TpeOyroTCs NOCTPOSHUS KMHETHYECKUX MOAeen
C YYETOM Pa3JIoKeHHs B TBEPAOM COCTOSIHHH, B paciljiaBe, a TakyKe ydeTa Ipolecca paciyiaBiIeHNs: OKTOreHa.

s Bcex ciydaeB paccuMTaHbl KHHETHUECKUE MapaMeTphl Pa3ioKeHHsI OKTOreHa B Pa3lUUHBIX COCTOS-
HUSX U IPOBECHO X CPaBHEHHE.
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HMX DECOMPOSITION IN LIQUID AND GASEOUS PHASE
P. N. Stolyarov, J. A. Misyurin, S. A. Atyasov, A. A. Kosterova
Central Research Institute Of Chemistry And Mechanics, Moscow, Russia

The available data in the open sources on the HMX decomposition in the gas phase, in the melt phase and
in solution are studied.

The calculated data shows that in the gas phase, the HMX decomposition model is more complicated than
one limiting stage. The activation energy of the initial decomposition process under static heating conditions
is close to the energy of the N-NO, bond. Dynamic heating shows a significant variation in the values of £
from 32 000 cal/mol to 52 900 cal/mol.

Experimental data on the 2% HMX solution decomposition are satisfactorily described by a two consecu-
tive reactions with autocatalysis model of RDX decomposition activated by intermediate decomposition
products.

Investigation of HMX decomposition solutions in TNT (80%, 70%, 50%, 10% and 5% of the HMX
content in solution) showed that experimental data with an RDX concentration of 80 to 50% require two
independent models of first-order autocatalysis with a bimolecular intermediate stage. Experimental curves
of 10% and 5% HMX solution in TNT also require a model with two independent stages.

Kinetic models of thermal decomposition in the solid state and in the melt phase, as well as the process
of HMX melting are required to describe experimental data of the HMX decomposition at heating rates of
6°C/min, 10°C/min and 15°C/min.

Kinetic parameters of HMX decomposition in various states are calculated for all cases and their com-
parison is carried out.
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BJIUAHUE YJIBTPA3BBYKOBOM OBPABOTKH
HA ®U3UKO-XUMHNUYECKHUE XAPAKTEPUCTUKHU KPUCTAJIJIOB
NHANBUAYAJIBHOI'O B3PBIBYATOI'O BEIIIECTBA
N3 KJACCA APOMATHYECKUX HUTPOCOEIUHEHUM

A. IO. Tapacos, E. b. Cmupnos, A. B. Capagannuxos, H. A. Anexuna, A. H. @uiumonenxo

OI'VII «Poccuticknii @enepanbubiii Anepusiii Lleatp — Beepoccniickuit HUU texanueckort hpuznku
nmenHn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

VnerpasBykoBas 00padoTKa, Kak Coco0 JUCIIEPrUPOBaHMS, IIUPOKO PaclpoCTpaHeH B pa3IMYHbIX 00Ja-
CTAX IPOMBILUICHHOCTH U MOAPOOHO M3ydasicsi MHOTUMH HCCIIE0BaTeIsIMU. B 3aBUCIMOCTH OT pUMeEHsie-
MBIX PEXHMOB U HHTEHCUBHOCTH YJIBTPa3ByKa BO3MOXKHO TOJTy4aTh TpeOyeMylo JUCTIEpCHOCTh 0OpadarhiBa-
eMbIX MaTepuaios [ 1] n/unn npunaBate MaTepraiaM pa3anuHyio AedekTHoCTh [2]. OmHaKo 10 HACTOALIETO
BpPEMEHH OITyOJIMKOBaHO MaJio padoT re yIbTPa3ByKOBOMY BO3AECHCTBHIO TIOABEPTAIUCH OBl B3phIBYATHIE BE-
mectBa (nanee — BB). Tak, B paborax [3, 4] noka3zaHo, 4TO yAbTPa3ByKOBast 00padOTKa KPUCTAIJIOB BTOPHY-
Horo BB u3 ki1acca HUTpaMHUHOB TIO3BOJISIET MTOBBICUTH AETOHAIIMOHHYIO CIIOCOOHOCTH MtacTuyHoro BB Ha
ux ocHoBe. B manHO# paboTe ynbpTpa3ByKoBOil 00pabOTKe MOIBEPraliuch CYCIIEH3UH B3PhIBYATOTO BEILIECTBA
U3 KJacca apoMaTH4ecKuX HUTPOCOEAMHEHUH B BOJAE NMPHU Pa3IMYHBIX PEXUMAX BO3AECUCTBUS YABTpa3ByKa
(cm. puc. 1).
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I mocTaHoBKka II mocranoBka

Puc. 1. Cxembl 00paboTKH cyclieH3Ui YabTPa3ByKOM:

I mocranoBKa — KaBUTAIMOHHBIA pexuM; 1 mocTaHOBKa — JOKaBUTAIIMOHHBIN pekuM. Beicora (4, £*) OT HCTOUHMKA yIbTpa3ByKa
10 HA KOHTeitHepa cocTasisia 40, 80 Mm

[lokazano, 4TO yABTpa3ByKOBas 00padOTKa KPUCTAJJIOB B3PHIBYATOTO BEIIECTBA M3 Kilacca apoMaruyde-
CKMX HUTPOCOETUHEHUI OKa3bIBaeT BIMSHHE Ha (PU3MKO-XUMHUECKUE XapPaKTEPHCTHKH, TaKHE KaKk MOp-
¢domnorus, BenMYMHA YAETHHON MOBEPXHOCTH, MOPUCTOCTh M MHKHOMETPUYECKasl MJIOTHOCTh. Tak, Xapak-
TEPUCTHKH TMOPUCTOCTH M IUIOTHOCTH KPUCTAIUIOB, 0OpaOOTaHHBIX B KaBUTALIMOHHOM PEKUME, JTMHEHHO
MEHSIFOTCSL OT BpeMEHH 00pa0OTKH; Te e XapaKTEPUCTUKHU KPUCTAIUIOB, 00pa0OTaHHBIX B JOKAaBUTALMOH-
HOM pEXUME yBeIHYHBatOTCH 10 ~30 MUHYT 00pabOTKH, MOCIE YEero OCTAIOTCS IPUMEPHO MOCTOSHHBIMH.
VYBenuueHune NpoaomKUTeNbHOCTH 00padoTku BB ¢ 5 10 30 MUHYT ciocoOCTBYeT YBENMYESHHUIO TOKA3aTeNs
yAEeNbHOW MOBEPXHOCTH B ~10 pa3 — 1Isl KAaBUTAIL[MOHHOTO peXHMMa U B =5 pa3 — AN JOKABUTALMOHHO-
ro. AHaJOrM4YHBIM 00pa3oM MeHseTcs mopuctoctb BB mocne o0paboTku. Yinerpa3zBykoBoe BO3IEHCTBHE
MPUBOINT K YBETUUEHHIO MJIOTHOCTH KpUcTaioB Ha =12,5-15%. IIpu sTomM He HalmonaeTcs 3aBHCUMO-
CTH TUIOTHOCTH OT JJIUTEIBHOCTH 00paboTku. Mopdonornieckuil anaimu3 mokasaj, 4to AJisi o0paboTku B
00ernx MOCTaHOBKaX MpH YBEJIMUEHHH BPEMEHH YIBTPa3BYKOBOTO BO3ICHCTBHUS pasMephl Kpuctamios BB
YMEHBIIAIOTCS U MOSBISIETCS] BEICOKOAMCIIEpCHast Pppakius, ¢ pasmMepom yactul 0,2-3,4 mxMm. Paspymenune
KPYIHBIX KPHCTAJIOB IPOUCXOANT C HEKOTOPBIMU OCOOEHHOCTSIMU: KPUCTAILIBI MTOCIIE Pa3pPyLICHHUS] UMEIOT
MPEUMYIIECTBEHHO TUIOCKYIO (OPMY C OONBLIMM KOJTHYECTBOM MOBEPXHOCTHHIX Ie(EKTOB B BUJE CKOJIOB,
TPELIH, BBIOOUH, KaBEpH H Ap.
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EFFECT OF ULTRASONIC TREATMENT ON PHYSICAL
AND CHEMICAL CHARACTERISTICS OF CRYSTALS
OF INDIVIDUAL HIGHLY EXPLOSIVE NITRO AROMATIC
COMPOUND

A. Yu. Tarasov, E. B. Smirnov, A. V. Sarafannikov, N. A. Alekhina, A. N. Filimonenko

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

The ultrasonic treatment as a dispersion method is widely used in various industries and has been studied
comprehensively by many researchers. Depending on the applied ultrasound conditions and intensity it is
possible to obtain the required dispersity of treated materials [1] and/or to introduce different defects to
materials [2]. But until now only few papers devoted to ultrasonic treatment of high explosives (HE) have
been published. It is reported in [3, 4] that ultrasonic treatment of secondary HE crystals of nitramine class
contributes to the enhanced detonability of nitramine-based plastic HE. The paper describes ultrasonic treat-
ment of suspensions of a highly explosive nitro aromatic compound under different ultrasound conditions
(see fig. 1).
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Fig. 1. Ultrasound suspension treatment scheme:

I setup — cavitation conditions; II setup — subcavitation conditions. The height (4, #*) from the ultrasound source to the container
bottom was equal to 40 and 80 mm, respectively.

It is shown that ultrasonic treatment of crystals of the highly explosive nitro aromatic compound exerts
an effect on physical and chemical characteristics such as morphology, specific surface area, porosity, and
pycnometric specific gravity. Thus, porosity and density characteristics of crystals treated in cavitation con-
ditions vary linearly depending on the treatment time; the same characteristics of crystals treated in subcavi-
tation conditions increase over ~30 minutes of treatment time and then they remain nearly constant. The
increase of HE treatment time from 5 to 30 minutes results in about tenfold increase in specific surface for
cavitation conditions and about fivefold increase for subcavitation conditions. Similarly, the treatment influ-
ences the HE porosity. Ultrasound exposure leads to the increase in crystal density by =12.5-15%, whereas
no density dependence on treatment time is observed. The morphological analysis has shown that the higher
ultrasonic exposure time in both experimental setups reduces the HE crystal sizes and induces a fine fraction
with particle size of 0.2-3.4 um. Some peculiarities are observed during coarse crystal damage, that is, the
crystals after damage mostly have a plane shape with a great number of surface defects in the form of spalls,
cracks, dents, caverns, etc.
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NUCHAPEHUE HATPETOTI'O 2,4-IMHUTPOAHU3OJIA
U BJIUAHHUE CKOPOCTH OXJTAKIAEHHUSA PACIIJTIABA
HA ITOJIYHAEMYIO ITOJIUMOP®HYIO MOANP®UKALIUTIO

A. FO. Tapacos, E. b. Cmupnos, A. B. Capagannuxos, K. A. I'aticuna,
A. B. Cobonesckas, . B. Yemacuna

OI'VII «Poccuiickmii @enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nmenH akagemuka E. M. 3a0abaxunay», CHexuHCK, Poccus

B pabote mpencraBieHbl pe3yabTaThl MCCIECAOBAHUN HHM3KOUYBCTBHUTEIBHOTO B3PBIBUATOTO BEILECTBA
2,4-muantpoanunson (ganee JHA) [1-3]. Metonamu Tepmorpasumetpuu (nanee TI'A) u nuddepenunans-
HOTO TepMuueckoro ananuza (nanee JJTA) nccrnenoBanack TepMuyecKasi CTOMKOCTb, MeTogoM JITA onpene-
JSUTUCH TEMIIEPaTyphl IIaBIeHUS U MHTEHCHBHOTO TEPMHYECKOTO PAa3IOkKEHUs, a TaKKe HOMUMOPQHEBIE MO-
IQUKaIE KPUCTAJUTM30BAaHHOTO BemiecTa. [IpoayKThl, BeIAENSIOMUECs NpU HarpeBaHuu HaBecku JTHA,
Obutn uaeHTUGUIIpoBanbl MeTonoM UK-Dyphe crieKTpoMeTpHH.

[loxkazano, uto pacmas JIHA npu neperpeBe HHTEHCHBHO UCTIAPSIETCS, YTO MOXKET CIIPOBOLUPOBATH 00-
pa3oBaHHe B3PBIBOOIIACHON MapoOBO3AYLIHOM cMecH. Hanbonee HHTEHCHBHO NpoLIeCC HCTIApEHHS IPOXOIUT
B uHTepBase Temneparyp ot 220 no 300°C. PaccmarpuBas ckioHHocTh JJHA k ncnapenuto, ¢ TOUKH 3peHHs
HCTIOJIb30BaHUS €ro B cMeceBbiX BB, u cnennguky ero Bo3AecTBHSI HA OPTaHU3M 4YelloBeKa, Hanbosee orl-
THMAaJbHO MpoLiecC IIABJIEHHs TPOBOIUTH B HArpEBaTeNAX 3aKphITOTO TUIA.

B pabote mokaszaHa CBsI3b MOMy4aeMoil KpucTamnueckoil Mogudukauun JJHA oT ckopocTu oxiaxkiae-
HUS paciuiaBa. Tak MpH OXJaKACHUH 34 CUET €CTECTBEHHOTo TerooTBoaa Ha JITA-kpuBbIX HabmomaeTcs
JIBa SHIOTEPMHUYECKUX MHKA, KOTOPhIe COOTBETCTBYIOT ABYM monuMopdubiM Moaupukanuam JHA ¢ tem-
neparypamu miaasieHus 85 u 93°C. Ilpu koHTponupyemoii ckopocTtr oxnaxaeHus JJHA kpucramimsyercs
B nonuMop¢Hol Moaudukanuu ¢ Temrneparypoi miasiaenust 85°C. [lonydeHHbIE pe3ynbTaThl CBUAETEINb-
CTBYIOT O BO3MOXKHOCTH MONy4YeHHUs TpeOyeMoil kpuctaumueckoir Mmoaudukannu JJHA Bapbupys ckopocTb
OXJIAXKACHHUS pacIliaBa.

Panee B pabote [4] mokazaHo, uTo nmonuMopdHas MoauduUKanus ¢ TemrnepaTypoi miasneHus 85°C me-
Hee cTaOuiIbHA M CO BPEMEHEM IEPEXOIUT B MOTMMOP(HYI0 MOAU(UKAIIMIO ¢ TEMIIEPaTypoll MiaBIeHUs
93°C. IToatomy, paccMaTpuBas Hanuuue noaumopgHoro nepexona JJHA B oOnactu TeMneparyp miaBieHus
W KpUCTAJUTU3alMY, C TOYKH 3peHus ucnonb3oBanus [JHA B cmeceBbix BB, cTtanoButcs oueBuaHON HE0O-
XOIMMOCTh ONTHUMHU3ALNN PEXUMOB KpucTtamnuzanuu JJHA ¢ nenpro rapaHTHpOBaHHOTO TOITYYEHUS TEPMO-
CTOIKOH (cTaOMIbHOI) MOAN(DUKALIMN TIPH OTBEPKACHUH.
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EVAPORATION OF HEATED 2,4-DINITROANISOLE
AND INFLEUENCE OF MELT COOLING RATE ON THE OBTAINED
POLYMORPHIC MODIFICATION

A. Yu. Tarasov, E. B. Smirnov, A. V. Sarafannikov, K. A. Gaisina,
A. V. Sobolevskaya, I. V. Chemagina

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

The given work presents the results of investigation of insensitive explosive 2,4-dinitroanisole (DNAN)
[1-3]. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used to study ther-
mal resistance, DTA was used to define the melting temperature, the temperature of intensive thermal de-
composition, and polymorphic modifications of the crystallized material. Fourier-transform infrared spec-
troscopy identified products, released during DNAN heating.

It is demonstrated that overheated DNAN melt evaporates intensively which may induce the formation
of highly explosive air-vapor mixture. The most intensive evaporation process occurs at the temperatures
ranging from 220 to 300°C. Taking into consideration the evaporation tendency of DNAN when used in the
mixed explosives and the specific character of its impact on human organism, the most optimal way is to
melt it in enclosed heaters.

The work shows the relation of the obtained crystal modification of DNAN to the melt cooling rate. Thus,
two endothermal peaks are observed on DTA curves due to natural heat release. The peaks are consistent
with two polymorphic modifications of DNAN with the melting points of 85 and 93°C, respectively. Hav-
ing the cooling rate controlled, DNAN crystallizes into polymorphic modifications with the melting point of
85°C. The obtained results show the availability of the desired DNAN crystal modification by varying the
melt cooling rate.

In the earlier work [4] it is shown that the polymorphic modification with the melting point of 85.1°C
is unstable and it turns into more thermally stable modification with the melting point of 93°C with time.
Therefore, considering the polymorphic transition of DNAN in the melting and crystallization region with
the view to its further use in the mixed explosives reveals the need for optimization of the DNAN crystalliza-
tion behaviour in order to ensure the thermally stable modification under solidification.
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YIBTPA3ZBYKOBASA OBPABOTKA KPUCTAJIJIOB
NHANUBUIAYAJBHOI'O B3PBIBYATOI'O BEIIIECTBA
N3 KIIACCA HUTPAMUWHOB U EE BJIUAHUE
HA JETOHAIIMOHHYIO CIIOCOBHOCTbD

A. IO. Tapacos, E. b. Cmupnos, A. B. Capagannuxos, H. A. Anexuna, A. H. @uaumonenxo,
. 11 J[yonux, B. H. /[ynaes

OI'VII «Poccuiickmii @enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nmenH akagemuka E. M. 3a0abaxunay», CHexxuHCK, Poccus

OOGecmneyeHne HaAKHOCTH pabOTHI B3PHIBYATHIX BEIECTB (Iajee — BB) B TOHKHUX cI0SX SIBISETCS aKTyasb-
HOH Hay4YHO-TEXHMYECKOH 3amaueii. HeomHOKpaTHO HAaOMIOMANOCH, YTO Pa3InyHbIe TAPTUH B3PHIBYATOTO Bellle-
CTBa, CHHTE3MPOBAHHbIE M0 OAHON TEXHOJIOTHH, B PABHBIX YCIOBHSAX MOCTAHOBKHU 3KCIIEPUMEHTA MOTYT CYILE-
CTBEHHO pa3IM4aThCs MO JETOHALMOHHOM criocoOHOCTH. B manHO# paboTe mpou3BeAeHa MOMBITKA OBIUATH HA
JeTOHAIIMOHHYIO ClIocOOHOCTh BB U3 Kiacca HUTpaMHHOB IyTeM YIIBTPa3BYKoBO# 00paboTku kpucTasios BB.

B pabote nokazano, uto o06paboTka kpuctamuioB BB u3 ximacca HUTpaMHHOB MO3BOJNMIA TIOBBICUTD J€-
TOHAIMOHHYIO CIIOCOOHOCTH TutacTuuHOoro BB Ha nx ocHoBe mpubmusutensHo Ha 20% [1]. YmerpasByko-
BOi 00paboTKe moaBepranack cycreHsus BB B akyctuueckoit skuakoctu. [Ipu Bo3aeiicTBUM yiabTpa3ByKa
kpuctawisl BB mperepneBatoT crnenyromnye n3MeHeHus (CM. pHc. 1): MOBEpXHOCTh KPHCTAIJIOB MpHoOpe-
TaeT BBHIPAKEHHYIO IIEPOXOBaTOCTh M BU3YaJbHO CTaHOBHTCS Ooiiee NeeKTHOM, pedpa KPHUCTAIUIOB CIila-
JKUBAIOTCS, YaCTh KPUCTAJUIOB paspyliaeTcs. BeposiTHee Bcero, B MEpBYIO 0Yepeb pa3pyLIalOTCsl CPOCTKH
U aroMepaThl KpUCTAJUIOB, IPUCYTCTBYIOIINE B UICXOAHOM 00pasie 10 oopabotku. Eme oqHol oTinunTens-
HOW 0COOEHHOCTBIO YIBTPa3ByKOBOH 00pabOTKH SBIsieTCS 00pa3oBaHNE BHICOKOANCIIEPCHOH (ppakuun BB.
MOo>KHO MPENONIOKUTh, YTO BEICOKOAUCTIEPCHAs (pakuus oOpasyeTcsi Py CXJIONBbIBAHUN KaBUTAMOHHBIX
MOJIOCTeH BOMU3U TOBEPXHOCTH KpUCTaIoB BB, B pe3ynbrare 4ero oT KpUCTAIIOB «OTKAJIBIBAIOTCS» Mell-
KH€ 4acTHUIlbl, nMeromue pazmepsl 0,2—3,5 MKM.
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a 0 8
Puc. 1. BHeuHuii Bua KpUCTaJIOB B3PHIBYATOTO BEIIECTBA U3 Kjacca HUTPAMUHOB:

a — 1o Y3 obpabdotku; 6 — nocie Y3 00pabOTKH; 6 — BEICOKOAUCTICPCHAS (hpaKIIHs
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ULTRASONIC TREATMENT
OF THE INDIVIDUAL NITRAMINE-EXPLOSIVE CRYSTALS
AND ITS EFFECT ON THE DETONATION PROPERTIES

A. Yu. Tarasov, E. B. Smirnov, A. V. Sarafannikov, N. A. Alekhina, A. N. Filimonenko,
D. P. Dudnik, V. N. Dunaev

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

Ensuring reliable performance of high explosives (HE) in thin layers is a relevant scientific and tech-
nological task. It has been observed repeatedly that different batches of an HE synthesized using the same
technology may vary dramatically in terms of their detonation properties under equal conditions of experi-
mentation. This work describes an attempt to affect the nitramine explosive detonation properties by ultra-
sonic treatment of the HE crystals.

It is demonstrated that the detonation properties of the nitramine-based plastic-bonded explosive has
been improved by about 20% after treatment of the nitramine explosive crystals [1]. The HE suspension was
ultrasonically treated in the acoustic fluid. Under ultrasonic treatment, the HE crystals undergo the following
changes (see fig. 1): the crystal surface becomes distinctly rough and looks more defective by visual inspec-
tion, the crystal faces are smoothed, part of the crystals are destroyed. Most likely, aggregates and agglom-
erates of the crystals present in the original sample will be destroyed first. Fine fraction formation is also a
distinctive feature of ultrasonic treatment. It can be supposed that fine fraction is formed during cavitation
bubble collapse in the proximity of the HE crystal surface. As a result of this process, small particles sized
0.2-3.5 pum are broken off the crystal.

SEM HV: 20 KV WOz B.79 mm LYRA3 TESCA) SEM HV: 2.2 kY WO: 9.03 mm | LrrasTESCA
Wiew fleld: 379 pm Det: SE 100 pm View fedd: 378 pm et SE
SEM MAG: 500 x SM: RESOLUTICN Mpeucss AM. p.r. $-42.20 SEM MAG: 500 x $M: RESOLUTION Mpeucea AM. p.1. 54220

Fig. 1. Appearance of the nitramine explosive crystals:

a — before ultrasonic treatment; b — after ultrasonic treatment; ¢ — fine fraction
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YUCJITEHHOE UCCIIEJOBAHHUE
PACITIPOCTPAHEHUSI TA30BOM JETOHAIIUU
B IIVTIOCKOM INPAMOYTI'OJIBHOM KAHAJIE C ITIPEIIATCTBUAMHU

B. M. Temepbexos, /]. A. Tponun

WucTtutyT TeopeTnueckoi n npukinaaaoi mexannku uM. C. A. Xpuctrnanosuaa CO PAH, HoBocubupck,
Poccus

B Hacrosimeit pabote mpeacTaBiieHbl pe3yabTaThl YHCISHHOTO MOAEIMPOBAHUS 3a1a4l O MPOXOXKACHUS
JeTOHAIIMOHHON BONHHI (/IB) Mo mimockoMy HpsMOYroJbHOMY KaHally C PeryjspHO yCTaHOBICHHBIMH IIpe-
naTcTBUAMU. [IpensiTcTBUA npeacTaBisii co00i MPSMOYTOIbHbIE MTACTHHBI, KOTOPbIEe pa30uBaIi HCXOIHBIH
KaHaJl Ha HECKOJIbKO MaJIbIX KaHAJIOB, INO0 HA0Op KOHEYHOPA3MEPHBIX IJIACTHH, PETYIISPHO YCTAaHOBICHHBIX
B Mozenupyemoii oonactu. Lllnpuna ucxoqnoro kanana cocrasmsia H = 100 MM, 3a30p MeXIy IIaCTHHAMHA
(1), nx uiHa (/,) ¥ mar ux ycraHoBKu (/;) BapbupoBanuck. TomuyMHa miactiH cocTasnsiaa 2 mm. Hemocpen-
CTBEHHO Tepel NPEMATCTBUAME B Ka4€CTBE HAYaIbHBIX YCIOBHUM 3a/1aBajlach IPEIBApUTEIBHO PACCUUTAHHASL
s4YencTas AeTOHaMOHHAas BoiHA. PacueTsl mponsBoauuck B mporpaMmioM komrmiekce ANSY'S Fluent. s
MOJEIMPOBAHUS XUMUYECKOH KHHETHKH ObUIa MCIONb30BaHA MPHUBEACHHAsS KMHETHUECKUE CXeMa, KOTopast
BKJIIOYaeT B cedsl 0Hy OpYyTTO-peakLuio ropeHus Bogopoaa B okucnutene [1]. Mcnonb3yemble B HacTOsIIIEH
paboTe MaTeMaTHyecKasi MOAEb U YUCICHHBIA METOA OBbUIM MPOTECTUPOBAHBI Ha 3a1a4ax 0 (OPMUPOBAHIH
HAKJIOHHBIX JETOHAIIMOHHBIX BOJH M OLIEHKE SHEPIHY HHUIIMUPOBAHUS JETOHAINH [2].

B pesynprare OblI0 NMOKa3aHO, YTO YMEHBIIEHHE LIMPHUHBI MalbIX KaHAJoB (/;) MeHee IONepeyHo-
ro pazMepa JETOHALMOHHOW SYeHKU MPUBOAUT K Pa3pyLICHHUIO SUEHCTOW CTPYKTYPHI (pPOHTA AETOHALMU
U K YMEHBIICHUIO CKOPOCTH ee pacmpocTpaHeHus. [lokazaHa BOZMOXHOCTH JOOWTHCS YMEHBIICHHUS CKO-
POCTH pacnpocTpaHeHHs JETOHALMH, MYyTEM 3aMEHBI CIUIOIIHBIX IUIACTHH KOHEYHOpa3MepHbIMU (puc. 1).
OmnpeneneHo, 4To yBeIHUSHHE KONWYECTBA TIACTUH (71) MPUBOIUT K Oojiee CHIBHOMY OclaOleHHI0 IeTOHa-
UM N0 CPAaBHEHUIO C YBEJIMYEHHEM HX YAEIBHOTO o0beMa (v). YBenuueHue yaensHoro oodbeMa, 3aHuMae-
MOTO IJIACTUHAMH, a TaKXKe MX KOJHMYECTBAa B OOHOM PSIIy, B COBOKYIMHOCTH C YMEHBIIEHHEM 3a30pa MeX-
Iy IUTACTHHAMH MEHBIIE T€OMETPUYECKOro Mpeesa CyIECTBOBaHMS NETOHAMOHHON SYEHKH, MPUBOAUT
K OoJiee CymeCTBEHHOMY BIIMSIHHIO KONMYECTBA PSIOB IUIACTHH Ha ocliabieHue netoHauuu. JlanbHeimee
YMEHBILIEHHE 3a30pa MEXAY IUIACTHHAMU MPUBOIHUT K OOjiee paHHEMY pa3pyLICHHIO STYEUCTOH CTPYKTYpPbI
JETOHAIIMOHHOH BOJHBI U JaJbHEHWIIEMY OCIAa0JeHHIO U BHIPOXKICHHUIO TPOHHBIX TOUEK. YIaeTcsl J0OUThbCs
OoJiee 3HAYUTENILHOTO CHIKEHUS] CKOPOCTU PacIpoCTpaHeHus AeToHauuu (puc. 1, 6) u Gonee paHHero pac-
LIETUICHUS IETOHAIMOHHOW BOJTHBI Ha YapHYIO BOJIHY U BOJIHY TopeHus. [Ipu 3ToM cokparieHne paccTosIHUS
Mex Iy miactuHaMu (o1 /3 = 10 MM 10 /3 = 5 MM) IPUBOZUT C OTHOM CTOPOHBI 60JIee paHHEMY Pa3pyLIEHHIO
SYEHCTON CTPYKTYPBI M PacLICIJICHUIO AETOHAINH, & C JPYTOi CTOPOHBI K MHTCHCU(HUKALIUY JIMANPYIOIEH
yAapHOU BOJHBI M O0Jiee BEICOKUM CKOPOCTSIM €€ pacrpocTpaHenus (puc. 1, 6).
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Puc. 1. CpaBrenue ckopocTeii pacpocTpanenus B s koHeuHOpasMepHbIX IiacTu npu [, = 0,54 (a) u /, = 0,3A (6)
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1. Tropin, D. A. Problems of detonation wave suppression in hydrogen-air mixtures by clouds of inert
particles in one- and two-dimensional formulation [Text] / D. A. Tropin and I. A. Bedarev / Combustion
Science and Technology. — 2021. — Vol. 193, No. 2. — P. 197-210.

2. Bedarev, L. A. Estimation of the energy of detonation initiation in a hydrogen-oxygen mixture by a high
velocity projectile [Text] / I. A. Bedarev, V. M. Temerbekov // Thermal Science. — 2021. — Vol. 25, No. 5. —
P. 3889—-3897.

NUMERICAL INVESTIGATION
OF THE GAS DETONATION PROPAGATION
IN THE PLANE RECTANGULAR CHANNEL WITH OBSTACLES

V. M. Temerbekov, D. A. Tropin
Khristianovich Institute of Theoretical and Applied Mechanics SB RAS, Novosibirsk, Russia

This work presents the results of numerical simulation of the problem of the detonation wave (DW) pas-
sage through the flat rectangular channel with regularly installed obstacles. The obstacles were rectangular
plates that divided the original channel into several small channels, or a set of finite-size plates regularly in-
stalled in the simulated area. The width of the initial channel was /7 = 100 mm, the gap between the plates (/,),
their length (/,), and their installation step (/;) were varied. The thickness of the plates was 2 mm. Directly
in front of the obstacles, the previously calculated cellular detonation wave was set as the initial conditions.
The calculations were made in the ANSY'S Fluent software package. To simulate the chemical kinetics, the
reduced kinetic scheme was used, which includes one overall reaction of hydrogen combustion in an oxi-
dizer [1]. The mathematical model and numerical method used in this work were tested on the problems of
the formation of the oblique detonation waves and estimation of the detonation initiation energy [2].

As aresult, it was shown that a decrease in the width of small channels (/;) less than the transverse size
of the detonation cell leads to destruction of the cellular structure of the detonation front and to decrease in
its propagation velocity. It was shown that it is possible to achieve a decrease in the detonation propagation
velocity by replacing infinite size solid plates with the finite-size ones (fig. 1). It was determined that an in-
crease in the number of plates (n) leads to a stronger attenuation of the detonation compared to an increase
in their specific volume (v). An increase in the specific volume occupied by the plates and also their number
in one row, together with the decrease in the gap between the plates below the geometric limit of the exis-
tence of the detonation cell, leads to more significant effect of the number of rows of plates on detonation
attenuation. A further decreasing of the gap between the plates leads to the earlier destruction of the cellular
structure of the detonation wave and the further weakening and degeneration of the triple points. It is pos-
sible to achieve a more significant decreasing of the detonation propagation velocity (fig. 1, b) and an earlier
splitting of the detonation wave into the shock wave and the combustion wave. In this case, the decreasing
of the distance between the plates (from /; = 10 mm to /; = 5 mm) leads, on the one hand, to earlier destruc-
tion of the cellular structure and splitting of the detonation, and, on the other hand, to intensification of the
leading shock wave and higher velocities of its propagation (fig. 1, b).
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Fig. 1. Comparison of DW propagation velocities for the finite-size plates at /, = 0,5\ (@) and /, = 0,3\ (b)
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NCCIIEJOBAHUE PACITPOCTPAHEHUSA JETOHAIIMU
B KIMHOBHU/IHBIX OBPA3IIAX B3PBIBYUATHIX BEIIIECTB
HA OCHOBE TATb U OKTOI'EHA

A. E. Tennsaxos, A. IO. I'apmawes, E. b. Cmupnos, A. B. Capaghannuxos,
K. M. Ilpoceupnun, U. I I'aruyinun

OI'VII «Poccuiickmii ®enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nmenH akagemuka E. WM. 3a0abaxunay», CHexuHck, Poccus

B Hactosmielt paboTe mpencTaBiIeHbl Pe3yNbTaThl UCCIIEIOBAHUHN MO ONPEICICHUIO CKOPOCTH JeTOHA-
MoHHOM BOoHEI (/IB) 1 obnactu ee 3aTyxaHus B KIMHOBHUIHBIX 00pa3nax B3pbIBUaThIX BemiecTB (BB), pas-
JUYAIOLIUXCS MEXKAY COOO0M IPUPOAOH B3PHIBYATOrO HAMTOIHUTEIIS.

HccnenoBamuch B3phIBUATHIE KOMITO3UIIUM Ha OCHOBe TpuamMuHOTpuHUTpoOeH3ona (TATB), okrorena
u cmecu HanonHutene TATD u oxtoreHa. CBs3yrOIIMM KOMIIOHEHTOM BO BCEX B3PBIBUATHIX BEIIECTBAX
BBICTyNaJIa (TOPIIOIMMEPHAS CBSA3KA.

Uccnenopanus ckopoctu JIB u obnactu ee 3aTyxaHus NPOBOAMIOCH C MOMOIIBI0 BEICOKOCKOPOCTHOIO
(hotoperucTparopa ¢ JIMHSHHOHN MIENIEBOI Pa3BEPTKOM, MPH TTOMOIIU KOTOPOTO PErHCTPUPOBAIUCH BPEMEH-
HbIe poduu Beixoaa /IB Ha OOKOBYIO MOBEPXHOCTh KIMHOBUIHOTO 00pasna. MOMEHT 3aTyXaHUsl JI€TOHA-
MU (PUKCUPOBAIIOCH 110 XapPaKTEPHOMY U3JIOMY CBEUCHHS TPAHUIIBI PACIIPOCTPAHCHUS JCTOHAIIMH, TIOCIIES
4yero ObUIM pacCYMTAHbBI 3HAYCHHSI KPUTUYECKOM TOJIIMHBI ISTOHAIIMH BCeX HccieayeMbix BB, a Takxke cko-
pOCTb IETOHALIMH HA CTAllMOHAPHOM YYacTKe.

AHanu3 pe3ylbTaToB, MOJIYYCHHBIX B JAHHOW padoTe, MO3BOJIWII MPOU3BECTH OLCHKY BIIMSHUS JOJIH BbI-
COKOIHEPTETUYECKOTO0 Mareprualia HaoOJIHUTENS Ha BEIMYUHBI CKOPOCTH AETOHAIIMU U KPUTHUUECKOUN TONIIU-
HBI JeToHauuu BB.
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INVESTIGATION OF DETONATION PROPAGATION
IN TATB- AND HMX-BASED WEDGE EXPLOSIVE SAMPLES

A. E. Teplyakov, A. Yu. Garmashev, E. B. Smirnov, A. V. Sarafannikov,
K. M. Prosvirnin, I. G. Galiullin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

The given work presents the results on determining the detonation wave velocity and detonation attenua-
tion region in wedge high-explosive (HE) samples, which differ in high-explosive component nature.

Triaminotrinitrobenzene- (TATB-), HMX-, and TATB/HMX-based HE compositions were investigated.
Fluoropolymer binding was used in the studied HEs.

A linear streak camera was used to investigate detonation wave velocity and detonation attenuation region
by recording time profiles of detonation wave breakout to the side surface of the wedge HE sample. The
detonation attenuation time was determined by the representative light emission inflection of the detonation
propagation boundary; then the critical detonation thicknesses for the studied HEs were calculated along
with the detonation velocity at the steady-state portion.

The analysis of the experimental results allowed estimating the effect of highly energetic component in
the studied HEs on their detonation velocities and critical detonation thicknesses.
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KAJIMBPOBKA YPABHEHUSA COCTOAHUSA NTPOAYKTOB B3PbIBA
HIACTUOPULHUPOBAHHOI'O OKTOI'EHA
HA PE3VYJIBTATAX OIIBITOB IO PA3TOHY JIAMHEPOB

B. B. Tumosa', H. A. Bonoouna', M. O. Illupwiosa', M. H. Kupioxuna',
E. H. boeoanoé’, A. A. Cmanoeos’

'®I'VIT «Poccuiickuii ®enepanpubiil AnepHsiii Lientp — Beepoceniicknit HUU skcnepuMenTanbsHON
¢uzuku, UHCTUTYT TeopeTnueckold 1 Maremaruueckoi gusuku, Capos, Poccust

2
WuctutyT Qusmku B3psiBa, Capos, Poccus

B pabote npencraBieHbl pe3ynbTaThl pacieTHO-3KCIIEPUMEHTANBHOTO aHAIN3a PE3YJAbTATOB OIBITOB 110
UCCIIEIOBAaHUIO METATENbHOW CHOCOOHOCTH MIacTU(HUIMPOBAHHOTO OKTOTEHA B MHTEpEcax BepH(UKALMU
ypaBHeHuit cocrosinus (YPC) ero npoaykToB B3psiBa (I1B). OkcnepumeHTansHO MPOBeieHa HETIpephIBHAS
perucTpanyu IBUKEHHS JIAHHEPOB U3 aJIIOMUHHUS U CIlIaBa BoJb(paM-HUKenb-kene3o (BHXK), meraembix
NPOAYKTaMH B3pbIBa MJIaCTU(GHULIMPOBAHHOTO COCTaBa Ha OCHOBE OKTOreHa. [IpoBeneHa kamuOpoBka mapa-
METPOB YPABHEHUM COCTOSHHUS IIPOAYKTOB B3pbIBA C OIIOPOM HA PE3YJIBTAThl SKCIIEPUMEHTAIIBHBIX JaHHBIX
ans Tpex popm YPC I1B. PacueTHo-TeopeTnueckuii aHanu3 MoKasai, YTO IPUMEHEHHE HOBBIX COBPEMEH-
HBIX 9KCIIEPUMEHTAIBHBIX METOAOB MCCIIEI0BAaHMS IO3BOJISIOT MPOBOAMTE Oejiee KaueCTBEHHYIO KaluOpOB-
Ky IIapaMeTpOB YPAaBHEHHM COCTOSHMS IPOLYKTOB B3pbIBA, & UCIOJIb30BAHUE PA3IUYHBIX JIAHHEPOB IOJY-
YaTh JaHHBIE AJIS Pa3IMYHBIX 001acTel COCTOSHUS BEIIECTRA.
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PROVING THE EQUATION OF STATE FOR THE EXPLOSION
PRODUCTS OF PLASTICIZED HMX USING THE EXPERIMENTAL
RESULTS ON LINERS ACCELERATION

V. B. Titova', N. A. Volodina', M. O. Shirshova', M. N. Kiryuhina',
E. N. Bogdanovz, A. A. Stanovor?

'FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, ITMP,
Sarov, Russia

’FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, IPE,
Sarov, Russia

The paper presents the results of computation and experimental analysis of the experimental results of the
research on flying capability of the plasticized HMX aiming at verification of the equation of state (EOS) for
its explosion product. A continuous registration of the liners motion was carried out; the liners were made of
aluminum and of tungsten-nickel-iron, alloy and they were thrown with the explosion products of the HMX-
based plasticized composition. Parameters of the EOS of the explosion products were calibrated basing on
the experimental data for three forms of the EOS for its explosion products. Computation and theoretical
analysis has shown that implementation of new modern experimental methods of the research allows per-
forming more high-quality calibration of parameters of EOS of the explosion products and implementation
of different liners allows producing data for different areas of the equation of state of the material.
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NCCIEJOBAHUE BOSMOKHOCTH ITOJIYYHEHUA
IIYYKOB CUHXPOTPOHHOI'O U3JIYUEHUSA
C HAHOPASMEPHBIM CEYEHUEM JJIs1 UCCJIEJOBAHUSA
CTPYKTYPBI AIETOHAIMOHHOI'O ®POHTA HA UCTOYHHUKE
®OTOHOB CKU®: MOJAEJBbHBINA SKCOIEPUMEHT HA BJIIII-4
C UCITIOJIB30O0BAHUEM PE®PAKIIMOHHBIX
PEHTITEHOBCKHUX JIUH3
B. I1. Tonouxo™*, H. U. Pasymos™*, B. IT. Hazomos®, K. A. Ten"?, 3. P. ITpyyan', H. A. Py6yos"?,
JI. 1. Hlexmman®, A. IO. Tapmawes®, /1. B. ITempos®, E. 5. Cuupios’
1I/IHCTI/ITyT rugponuHaMuky uM. M. A. JlaBpentoeBa CO PAH, HoBocubupck, Poccus
2I_IKH «CKU®», UnctutyT katanusza um. I. K. bopeckoBa CO PAH, Koasnoso, Poccus
3I/IHCTI/ITYT smepHOi pu3uku uMm. I. Y. bynkepa CO PAH, HoBocubupck, Poccus
4I/IHCTI/ITYT XuMUH TBeporo tena u mexanoxumun CO PAH, HoBocubupck, Poccust
SOI'YII «Poccuiickuii Oenepansubiii Anepusiii Lientp — Beepoccuiickuit HUU Texanveckoit Gu3uku

nmenu akageM. E. . 3ababaxuna», Cuexxunck, Poccus

CoBpeMeHHbIE UCTOYHUKUA CHUHXPOTPOHHOro u3nydeHus: (CH) mo3BONSIOT MONyYaTh MyYKH PEHTICHOB-
CKOTO M3JIyYCHUS C CCUYCHUEM B HECKOJIBKO HAHOMETPOB. DTO JOCTHraeTcs Oarojgaps MajioMy 3MUTTAHCY
YCKOPUTEIIS M UCIIOIB30BAHUIO COBPEMEHHON PEHTICHOBCKOHM onTuKU. KOJIEKTHB aBTOPOB JJAHHOUM PabOTHI
KCCIEeI0BANl BO3MOXKHOCTh MoyueHus mydkoB CU ¢ HaHOpa3MEepHBIM CEUEHUEM JIJISl UCCIEAOBAHUS CTPYKTY-
pHI eToHAIMOHHOTO (ppoHTa Ha ucTouHKKe (hoToHOB CKUD ¢ MMKOCEKYHIHBIM BPEMEHHBIM Pa3pEIICHUEM.

BrlmonHeHbl TeopeTUYeCcKue pacueThl ONTHYECKON cXeMbl (puc. 1), UCIONB3YIOUIEH COCTaBHBIE PEHTIE-
HOBCkue pedpakiuonnbie siuH3b (PPJI). Ilokazano, uro PPJI MmoxxHO mcmonb30Bath ajis (hOKYCUPOBKH HE
TOJILKO MOHOXPOMAaTHYECKOTO, KaK YTBEpXKIaeTcs B JuTeparype [1], Ho U HOAMXpOMaTHYECKOrO U3TyUYCHHUS.
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U3 pacueroB ciemyeT, YTO MpU BEPTUKAIBLHOM pasMepe B 6 MkM 3iekTpoHHoro mydka CKHU®da, 3a cuer
(hOKyCHPOBKH Ha 00pa3iie MOXKET OBITh MONYYeH BepTHKAILHBINA pa3mep mydka CH B 300 um. [Ipu ucnons-
30BaHMHU BTOPHYHOTO UCTOYHUKA C allepTypoil 2x2 MKM, anepTypa myuka Ha oopasue Oynet 100x100 am. U3
PacUeTOB TaKXKe CIEIYET, UTO JJIsl padOThI ONITUYECKOI CXeMbl HEOOXOAMMO CY3UTh IMOJIMXPOMATHIECKOE 13-
nmydenue ot quana3zona 5—200 k3B go 20-50 k29B. DTo AMana3zoH, ONTUMAJILHBIN AJIs1 UCCIEOBAHUS I€TOHA-
LIUOHHBIX MPOIECCOB METOIAMU MAJIOYTIIOBOTO PEHTTEHOBCKOTO PACCESIHUS U PEHTTEHOBCKOW HHTPOCKOIHUY.

Jlis mpoBepKH BBIMOJHEHHBIX PACUYCTOB OBUI BBIMOJHEH MOICIBHBIA JKcIepuMeHT Ha myuke CU
BOIIII-4 Ha kanane Ne 8-6. [y 3TOr0 3KCIIEPUMEHTA TAaKKe OBLIN BBITIONHEH PACUET ONTHUYECKONW CXEMBEI.
Bo Bpemst skcniepumMenTa nonuxpomarrueckuii mydyok CH nuamerpom 500 MKM HampaBIisijics Ha pedpak-
IUOHHYI0 OCPUJUTUEBYIO JTUH3Y, (POKYCHUPOBAJICS U 3aT€M PETUCTPUPOBANICS JICTEKTOpOM. J[aHHBIC n3Mepe-
HUN COBIAM C JAHHBIMU TEOPETUYECKUX PACUETOB C XOPOIIEH TOYHOCTHIO.

Peanuzanus onucaHHON ONTHUYECKON CXEMBbI OTKPOET HOBBIE MEPCIIEKTHUBHI JJIsI UCCIICIOBAHMS I€TOHA-
LIUOHHBIX U YIapPHO-BOJHOBBIX MIPOILIECCOB HA HAHO YPOBHE.

Puc. 1. [Tnanupyemas cxema poxycupoBku nmyuka C CKHU® Ha uccieayemMpiii 00bEKT ¢ OMOIIBIO pehpaKIIHOHHBIX
JIUH3

Jlureparypa

1. Snigirev, A. A compound Refractive Lens for focusing High-Energy X-rays [Text] / A. Snigirev, V. Kohn,
I. Snigireva, B. Lengeler // Nature. — 1996. — Vol. 384. — P. 49-51.

INVESTIGATION OF THE POSSIBILITY OF OBTAINING
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Modern sources of synchrotron radiation (SR) make it possible to obtain X-ray beams with a cross section of
several nanometers. This is achieved due to the low emittance of the accelerator and the use of modern X-ray op-
tics. The team of authors of this work investigated the possibility of obtaining SR beams with a nanosized cross
section to study the structure of the detonation front at the SKIF photon source with a picosecond time resolution.
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Theoretical calculations of the optical scheme (fig. 1) using composite X-ray refractive lenses (RRLs)
have been performed. It is shown that RRL can be used to focus not only monochromatic, as stated in the
literature [1], but also polychromatic radiation. It follows from the calculations that with a vertical size of
6 um of the SKIF electron beam, by focusing on the sample, a vertical size of the SR beam of 300 nm can be
obtained. When using a secondary source with an aperture of 2x2 um, the beam aperture on the sample will
be 100x100 nm. It also follows from the calculations that for the operation of the optical scheme it is neces-
sary to narrow the polychromatic radiation from the range of 5-200 keV to 20-50 keV. This range is optimal
for studying detonation processes by small-angle X-ray scattering and X-ray introscopy.

To verify the performed calculations, a model experiment was performed on the SR beam of VEPP-4
on channel No. 8-b. For this experiment, the calculation of the optical scheme was also performed. During
the experiment, a polychromatic SR beam 500 pum in diameter was directed to a refractive beryllium lens,
focused, and then recorded by a detector. The measurement data coincided with the data of theoretical cal-
culations with good accuracy.

Implementation of the described optical scheme will open up new prospects for the study of detonation
and shock-wave processes at the nanolevel.

Fig. 1. Planned scheme for focusing the SR beam from SKIF on the object using refractive lenses
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B3ANMMOJIEVICTBUE SYEUCTOM JETOHAIIUH
B CMECSX BOJIOPO/] - BO31YX U BOJIOPO/] - KHCJIOPO/I - APTOH
C UHEPTHBIMH ®UJIBTPAMHU

. A. Tponun, K. A. Bviuezopooyes

WucTtutyT TeopeTnueckoii n npukiaaaoi mexanuku uM. C. A. Xpuctrnanouua CO PAH, HoBocuOupck,
Poccus

B paboTe mpoBeneHO YHCICHHOE MOACIMPOBAHHE B3aUMOIEHCTBHUS SUEHCTHIX NETOHALMOHHBIX BOJH
([IB) B cMecsix BOOOPOI-KUCIOPOA-aproOH M BOJOPOA-BO3AYX C WHEPTHBIMU MOPUCTBIME (uiibTpamu. [u-
Ha pacyeTHOM obmacTu cocTapisia | M, MMpUHA MoadUpanach TAKUM 00pa3oM, 4TOOBl BMeLIaTh B cebs
7 HeTOHAIMOHHBIX f4YeeK. B cMecu BOOOPOX — BO3AYX CPEIHUH MOMEpeuHBId pa3Mep SYeHKH COCTaBHI
14,29 MM, B cmecu Bomopon — kuciopon — aprod 1,8 mwm. Hlupuna pacuetnoi obnactu cocraBuna 0,1
n 0,0126 M, coorBeTcTBeHHO. B 00nactu x € [0,51] M pacnionoxeH GUIBTp, MOAEIUPYEMBIH KaK HETTOIBIK-
HO€ 00J1aK0 MHEPTHBIX YacTull. J[s Kaxkaoi cMecn paccMaTpruBanuch QUIBTPHI ¢ YacTUIIAMU JuaMeTpoM S0,
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100 u 200 mxm. [y pacd4eToB MCHOIB30BANIACh pa3paboTaHHAs paHee MareMaTH4YecKask MOJEIb C YUCIICH-
HBIM aJITCOPUTMOM pelieHus [ 1] u omHocTaauitHas MOAENIb XUMUYECKOM KUHETUKH [2].

B cMmecu Bogopox — BO3ayX peanu3yeTcs HeperyispHas sueuctasi ctpykrypa JIB ¢ CuIbHBIME mOnepey-
HBIMH BOJHaMHu. B pesynbrare pacueToB ObLIO BBISBICHO, YTO JUISl CPBIBA JCTOHAIIMU B JAHHOW CMECH TIO-
MUMO ocnabneHus muaupyomero Gponra /B Heo6xoauMO 0CnaOUTh NOTNEpeYHble BOJIHBI TaK, YTOOBI OHU
HE CMODIA BOCILUIAMEHHTH CMecCh. KpuUTHUECKHE KOHIEHTpAluu (MUHUMAJbHBIC KOHICHTPAIIUH, TIPU KO-
TOPBIX HAOIIOMANICS PEKHUM CPbIBA JICTOHAIIMH) COCTABHIIN 2 10_3, 4.10°ug8-107 JUISL YaCTHUIl JUaMET-
pom 50, 100 u 200 MKM, COOTBETCTBEHHO. B cMecu BOZOpOA — KUCIOPOA — aprOH peaau3yeTcs peryispHast
SIYEUCTAsI CTPYKTYpa CO CIa0BIMU MOMEPEYHBIMU BOTHaMU. B 3TOM citydae npu B3aumonerictuu 1B ¢ Gpuiib-
TPOM TPOUCXOUT OJHOBPEMEHHOE OCJIA0JICHUE U JUIUPYIONIETO (pOHTA U MOMEPEUYHBIX BOJIH JI0 Hapame-
TPOB, KOTOPBIE HE MPHUBOMAT K BOCILUIAMEHEHHUIO cMecH. KpuTnueckne KOHIEHTPAIUH COCTaBWIN 2 - 1072,
4.1072wu 0,1 mns gactun auamerpom 50, 100 u 200 MkM, COOTBETCTBEHHO. BUaHO, 4TO A1 MOJABICHUS
JIETOHAIIMK B CMECH BOZOPOJ — KUCIOPOI — aproH Tpebyercs B 10 pa3 Oonbiias 00beMHAsE KOHIICHTPAIUS
YaCTHII, YeM B CMECH BOIOPOJ — Bo3ayX. [Ipu 3TOM (UIBTPHI C KOHIEHTPAIUEH Y4acTUI] HUKE KpUTHYC-
ckoii B 10 pa3 B cMecH ¢ aprOHOM HE OKa3bIBAIOT BIMSHUE HA CTPYKTYpy B u pasmeps! sueek (puc. 1, a).
[To mMepe yBenWYeHHs KOHIIGHTPALMW YacTUI] B (PUIBTpPE, CTPYKTypa CTAaHOBUTCS CIIa00 HEPETyJISPHOM
(puc. 1,6). Ecniu KOHIIEHTpALIKs BBIIIE WIIM paBHA KPUTHYECKOM, POUCXOUT CPBIB JCTOHAIIUY C pa3pyIICHUEM
SIYEUCTON CTPYKTYpHI (puc. 1, ). B BOJOPOAHO — BO3MYIIHOW CMECH CTPYKTypa YMEPEHHO HEperyispHas
(puc. 2), mo Mepe yBeTUYCHUS KOHIICHTPAIK YacTHUIl B PHIBTPE pa3Mep SYSCK MOHOTOHHO YBEIIMYUBACTCS.
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Puc. 1. [Tonss MakCUMYMOB AaBJIEHUSI B CMECH BOAOPOJ — KUCIOPOA — aproH.
ITapametpsl punbrpa: d = 50 MEM. @ —m, = 10736 - my=5- 107 6— my=2- 1072
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Puc. 2. TTons MaKCHMYMOB JaBIICHHS B CMECH BOIOPOI — BO3IYX.

[apamerpsl punbrpa: d = 50 MKM, m,, = 107

B o0eunx cmecsix yBenuueHHe 00bEMHOUM KOHIETPALMU YACTHI[ M YMEHBIICHUE UX TUAMETPa MPUBOIUT
K YBEIMUCHHUIO pa3Mepa JIETOHAIMOHHBIX sSYeeK, a Hauboyiee d3PPEKTUBHBIMU ISl TIOAABICHUS SBISIOTCS
YaCTHUII HAUMEHBIIIUX TUAMETPOB.

HccnenoBanue BBITIOTHEHO 3a cueT rpanta Poccuiickoro nayunoro ¢onma Ne 21-79-10083, https://rscf.
ru/project/21-79-10083/
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INTERACTION OF CELLULAR DETONATION
IN HYDROGEN-AIR AND HYDROGEN-OXYGEN-ARGON MIXTURES
WITH INERT FILTERS

D. A. Tropin, K. A. Vyshegorodcev

Khristianovich institute of theoretical and applied mechanics, Siberian Branch of Russian Academy of
Sciences, Novosibirsk, Russia

Numerical modeling of the interaction of cellular detonation waves (DW) in hydrogen-oxygen-argon and
hydrogen-air mixtures with inert porous filters was carried out in this work. The length of the computational
domain was 1 m, the width was chosen to contain 7 detonation cells. In a hydrogen—air mixture, the average
transverse cell size was 14.29 mm; in a hydrogen—oxygen—argon mixture is 1.8 mm. The width of the
computational domain was 0.1 and 0.0126 m, respectively. In the area x € [0.51] m there is a filter modeled
as a motionless cloud of inert particles. For each mixture, filters with particle diameters of 50, 100, and 200
pum were considered. For calculations, a previously developed mathematical model with a numerical solution
algorithm [1] and a one-stage model of chemical kinetics [2] was used.

In a hydrogen-air mixture, an irregular cellular structure of the DW with strong transverse waves is
realized. As a result of the calculations, it was found that in order to suppress the detonation in this mixture,
in addition to attenuating the leading DW front, it is necessary to attenuate the transverse waves so that
they cannot ignite the mixture. Critical concentrations (minimum concentrations at which the detonation
failure mode was observed) were 2 - 1073 , 4 - 10~ and 8 - 10~ for particles with a diameter of 50, 100
and 200 pm, respectively. In a hydrogen—oxygen—argon mixture, a regular cellular structure with weak
transverse waves is realized. In this case, when the DW interacts with the filter, both the leading front and
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transverse waves are simultaneously attenuated to parameters that do not lead to ignition of the mixture. The
critical concentrations were 2 - 10_2, 4-1072 and 0.1 for particles with a diameter of 50, 100, and 200 pm,
respectively. It can be seen that in order to suppress the detonation in a hydrogen—oxygen—argon mixture, a
10 times higher volume concentration of particles is required than in a hydrogen—air mixture. At the same
time, filters with a particle concentration 10 times lower than the critical one in a mixture with argon do
not affect the DW structure and cell sizes (fig. 1, a). As the concentration of particles in the filter increases,
the structure becomes slightly irregular (fig. 1, b). If the concentration is higher than or equal to the critical
one, detonation fails with the destruction of the cellular structure (fig. 1, ¢). In the hydrogen-air mixture, the
structure is moderately irregular (fig. 2). As the concentration of particles in the filter increases, the size of
the cells increases monotonically.
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Fig. 1. Fields of maximums of pressure in a hydrogen—oxygen—argon mixture.
Filter parameters: d = 50 um. a —m, = 107 b— my=5- 107 se—my=2- 1072
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Fig. 2. Fields of maximums of pressure in a hydrogen-air mixture.
Filter parameters: d = 50 um, m, = 1073

In both mixtures, an increase in the volume concentration of particles and a decrease in their diameter
lead to an increase in the size of the detonation cells, and particles of the smallest diameters are the most
effective for suppression.

The work was supported by Russian Science Foundation, project No. 21-79-10083, https://rscf.ru/proj-
ect/21-79-10083/
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ONPEJIEJEHUE MAPAMETPOB JETOHAIIMU TPOTUJIA
C IOMOIIBIO JAZEPHOU 'ETEPOJJMHHOM METO/JIUKH

A. C. Tymanux, K. A. Ten, 3. P. IIpyyan, H. Il. Camoukuna
OI'bYH «MucTtutyT runpoanHamuku uM. M. A. JlaBpentreBa CO PAH», HoBocubupck, Poccus

s uccnenoBaHus JETOHAMOHHBIX MPOLIECCOB HEOOXOOMMBI SKCIIEPUMEHTAIbHBIE METOAUKH U3Mepe-
HUI ¢ BPEMEHHBIM Pa3pelieHUEM JIydllle OAHOW MHKPOCEKYH/bI, ClIOCOOHBIE paboTaTh B 3KCTPEMabHBIX
yCIOBUAX (BBICOKHE TEMIIEPATypPhl U JaBJICHHUs, CBETOBOE U3NydeHue). Bee 3To cTaBUT cepbesHbie TpeOoBa-
HUS K aIIaparype, ¢ IOMOLIbI0 KOTOPOM MOXKHO M3y4aTh IIPOLIECC.

Lenbto paboThl OBUTO M3y4YeHHE BOSMOXKHOCTEH Jla3epHOW rereponnHuoil meroguku (JII'M) mpu uccie-
JOBaHHUHM AeToHauHU. J{J1st 3Toro Oblia coOpaHa ycTaHOBKa, peaiusytomas npuHuuns! JIFTM, u ¢ ee ucnonb-
30BaHKEM MPOBEICH P/l SKCIIEPUMEHTOB 110 UCCIIEJOBAHHUIO CTPYKTYP JETOHAIMOHHOTO ()POHTA MPECCOBAH-
HOTI'O U JIMTOTO TPOTHUIIA.

[Ipu nccrnenoBaHuM CTPYKTYpPbI IETOHALIMOHHOTO ()pOHTA ObUIA M3MEpPEHa MaccoBasi CKOPOCTh B ABYX
nperpagax (LiF u [IMMA) c pasnuyHbIM ynapHO-BOJHOBBIM HMIEJaHCOM. V3MepeHHas 3aBHCHMOCThb
CKOPOCTH OT BpEMEHHU Ha KOHTAaKTHOH IpaHMLE OTIMYAETCS OT TOM KOTopas Obljia B HCCIEAYEMOM 3apsje.
Jns mepecdyera M3MEpEHHOM BO3MYLICHHOW CKOPOCTH I'DAHMIBI 3KpPAaHA B UCTUHHBIEC IapaMeTpbl Yenme-
Ha—Kyre ObL1a HCIONIB30BAaHA METOAMKA, YUMTHIBAIOIIAS Ta30AMHAMUKY TEUEHHsS Ha KOHTaKTHOW TpaHu-
ue [1]. OxciepuMeHTanbHBIE TaHHBIE 00Pa0aThIBAIHCE C MIOMOILBIO AITOPUTMa, PEATM30BAHHOTO Ha SI3BIKE
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nporpamMmmupoBanus Python, B ocHOBe KOTOporo JexuT OblcTpoe mpeobpasoBanue Dypoe. s kaxxaoro
SKCTIEpUMEHTa ObUIM MON00paHbl ONTHMAIbHBIE apaMeTphl, o0ecreunBaroye HeoOXoauMoe BpeMEeHHOE
paspeleHne U pa3pelieHne Mo CKOPOCTSM.

Pesynbratom paboThl cTajia MOATOTOBKA W COOPKa M3MEPUTENsl CKOPOCTH, ocHOBaHHOro Ha JII'M, mo-
3BOJISIIOILETO ONpeAeNsaTh napaMeTpbl AeToHaunn YenMeHa-)Kyre A MpeccCOBaHHOIO U JIUTOTO 3apsiioB
TPOTHIIA.
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DETERMINATION OF TNT DETONATION PARAMETERS USING
PHOTON DOPPLER VELOCIMETRY

A. S. Tumanik, K. A. Ten, E. R. Pruuel, N. P. Satonkina

Lavrentyev Institute of Hydrodynamics of the Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

The study of detonation processes requires experimental measurement techniques with a time resolution
better than one microsecond, capable of operating under extreme conditions (high temperatures and pres-
sures, light radiation). All this puts serious demands on the equipment with which you can study the process.

The aim of the work was to study the possibilities of Photon Doppler velocimetry (PDV) in the study
of detonation. To this end, an experimental setup was assembled that implements the principles of PDV,
and with its use a number of experiments were carried out to study the structures of the detonation front of
pressed and cast TNT.

When studying the structure of the detonation front, the mass velocity was measured in two barriers (LiF
and PMMA) with different shock-wave impedance. The measured dependence of velocity on time at the
contact boundary differs from that in the explosive under study. To convert the measured perturbed velocity
of the contact boundary into the true Chapman—Jouguet parameters, a technique was used that takes into
account the gas dynamics of the flow at the contact boundary [1]. The experimental data were processed
using an algorithm implemented in the Python programming language, which is based on the fast Fourier
transform. Optimal parameters were selected for each experiment to provide the necessary time resolution
and velocity resolution.

The result of the work was the preparation and assembly of a velocity meter based on PDV, which allows
determining the parameters of the Chapman-Jouguet detonation for pressed and cast TNT charges.
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YHOPABJEHUE MPOLIECCOM I'OPEHUS CTOPAIOIIUX U3AEJUMA
JJ1 MUHOMETHBIX U APTUJUIEPUACKUX BBICTPEJIOB
B KECTKHUX CTOPAIOIIINX KAPTY3AX

P. B. ®amanues, C. B. Conoamos, A. IO. Ocunosa, T. A. Eneixkuna, P. ©. ['amuna, FO. M. Muxaiinos

OKII HayuHo-uccneaoBareibCKuii MHHCTUTYT XUMHUYECKHUX MPolyKToB, Kazanb, Poccus

IIpu cozmanuu croparomyx U3AEINi HOBOTO (TpeThero) nokonaeHus anst MuHoMeToB 1 CAQO Ha nepBbIi
IUIaH BBIIBHTANAch 3ajada pa3padOTKH Marepuana, KOTOpbIH o0naman Obl KOMIUIEKCOM (PH3HKO-XMMHUYE-
CKUX, MEXaHMYECKHX, OATNTUCTUIECKUX M IKCIUTyaTallHOHHBIX CBOHCTB, KOTOPBIE OAHOBPEMEHHO MPHUCYIIN
1 KOHCTPYKIIMOHHOMY MaTepuaiy U MOpoxy.

K takomy cropatorieMy n3aenanio ObUT BBIABHHYTHI CIEAYIOLINE:

* JIOJKEH 3aKOHOMEPHO TOpeTh MPH BHICTpeNie, 03 HECTOPEBILINX OCTATKOB;

* HE JOJDKEeH yXyAIaTh OaINCTHUECKHE XapaKTEPUCTUKU TIOPOXOBOTO 3apsia;

* COXpaHATh CTaOMIIBHOCTH CBOMCTB IpH JUTHTENLHOM XpaHeHuu (10—15 nert);

* HM3rOTaBIMBATHCS U3 TOCTYIHOIO OTEUECTBEHHOIO ChIPhSL.

Kpome toro, aj1st coBpeMeHHBIX MHHOMETHBIX OOETIPUIIacOB BMECTO IIEPEMEHHOT0 U JalbHOOOMHOTO 3a-
PAIOB pa3pabaThIBalOTCS €AMHBIN MOMHBIN epeMeHHbIld MeTarenbHbii 3apsa (EINIT3). O npencrasnser co-
0011 KOHCTPYKLUIO, B KOTOPOil 00beIMHEHBI 1aTbHOOOWHBIN U IEPEMEHHBIN 3apsiibl. A U1 apTUIICPUIACKHX
BBICTPEJIOB — MOIYJBHBIA MeTaTrenbHbIl 3apsan (MM3) B skectkux cropatoumx kapry3ax (JKCK). B cszu
C HOBBIMH pazpaboTkamu MM3 NOsSBUIIOCH ellle 0JHO 0c000e TpeOoBaHKe sl apTHIUIEPUHCKUX BBICTPEIIOB.
s obecnieuenus 6e3omacHocTH HaxokaeHnst MM3 B cuibHO pazorperoM kaHaine ctBosia CAY HeoOxomu-
Ma TOBBIIIIEHHAs! TEPMOCTOMKOCTh MaTepuaa U CHI)KEHHas! YyBCTBUTEIbHOCTh K MEXaHUYECKHM BO3JEHCT-
BusiM. JKCK nomxeH ObITh TEpMUUECKH CTAaOMIIBHBIM M HE BOCIIJIAMEHSTHCS B KAMOpE B TeueHue 5—12 MuH
pu Temneparype He Huxke 240°C.

Ha 6a3e uccnenosanuii ®KII «"'ocHUUXID» 6putn pa3paboTaHbl HECKOIBKO COCTABOB CTOPAIOIINX Ma-
tepuanoB ais JXKCK mo texHonoruu GuiasTpaunoHHOTO JUThs 1 mHeBMopopmosanus. JKCK — Bricokokaue-
CTBEHHBIE KOHCTPYKLMOHHBIE U3I€HA CTIEUAIbHOTO Ha3HAYEHHU 1, KOTOPBIE OTHOCSITCS K KJIaCCy MOTHOCTHIO
CTOparoIUX TWIb3, HO OTINYAIOTCS OT HUX (POPMOIl MaTpHILbl, pEIENTYPHBIM COCTABOM Marepuana U I03-
TOMY BBIJIEJIEHBI B OTAENBHYIO MOATPyHITy. DT0 00yCIOBIEHO 0COOEHHOCTAMH MHHOMETHBIX U apTHILIepHii-
CKHX CHCTEM, B KOTOPBIX OHU IPUMEHSIOTCS.

[ onepesxaromiero pa3BUTHsL OOCTIPUIIACHON OTpaciy MpeAnojaraeTcsi Co3AaHhe CrOParoLINX H3/e-
nuii JKCK, koTopble mO3BOIISIOT OoJiee THOKO yIpaBisTh MEXaHU3MOM ropeHus. [Ipu 3ToM TONBKO 3a cueT
KOPPEKTHPOBKH pelentypsl cropatomero marepuana JKCK He Bcerna yaaercs obecniednts TpeOyeMblid 3a-
KOH ropenusi. KiroueBsIM BOIPOCOM B 3TOM OTHOILEHUH SIBIISIETCS. MOAM(HUKALINS CTOPAIOIIETo U3AEHs ISt
yIpaBICHU MEXaHU3MOM T'OPEHUS 110 CIEAYIOUINM HalpaBICHUAM:

* BapbHPOBAHHE IUNIOTHOCTBIO MaTepHasa Croparolero u3Ienus;

* UCIOJIb30BaHKE CIIEUUATBLHOM POPMBI ¢ pacmiafatonieiicsi OOKOBOM MOBEPXHOCTHIO CTOPAIOILETO U3ACTHS;

* MOKPBITHE MOBEPXHOCTH 3aIIUTHBIMU COCTaBaAMU;

* BBE/ICHHUE B COCTaB TEPMOCTOMKHX BeLIECTB AJis obecneyenus O6ezomacHoctdt MM3 B ycnoBusx 00s;

* BBEJICHHME B COCTAB KaTaJIu3aTOpOB FOPEHMS.

BapbupoBanue MIOTHOCTHIO 0OECIeUrBaAETCs 32 CUET Pa3HOil TONIIMHBI MaTepraia OOKOBOW M JOHHOM
yacTell kopiyca cropatomiero uzaenus B JKCK. Tak, no TexHonoruu GUITPaluOHHOTO JHUThS IyTEM YBEJIHU-
YeHUsI OTBEPCTHUI Ha THE POPMYIOIIECH MaTpHUIIbl, BO3MOKHO YBEITMUMBATH INIOTHOCTH MaTepuana JKCK nocie
tepmonpeccoBanus 10 0,05-0,45 r/em® u yBEIUYNBaTh BpeMs 3ajiepKkH Bocriamenenus Ha 0,015-0,018 c.

Monudukauust popmbel MM3. B cBsi3u ¢ Tem, uro matepuan JKCK sBisercs sHepreTndeckuM, To B Ipo-
1ecce BhICTpena MoayapHeIMU M3 npu cropannu JKCK B kamope opyaust JONOTHUTEIBHO MOBBILIAETCA
JlaBJIeHue MOpoxoBbIX ra3os. IIpu stom pacnan XXCK mpu ropeHnu HOCHT HEKOHTPOJIUPYEMBIN Xapakrep.
Coznanue XXCK ¢ BepTukanbHBIMH MMOJOCaMH MEHbIIEH maotHocTy (Ha 0,20-0,25 F/CM3), YyeM OCHOBHOM
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Mmarepuan (0,90-0,95 r/CM3) Ha OOKOBOW MOBEPXHOCTH, MO3BOJAET HMPOTHO3UPOBATH XapaKTep TOPEHHS
B KaMope OpyAust MyTeM 3aKOHOMEPHOTO pacmaga OOKOBBIX YaCTel CrOpaloLIero H3Aeusl.

3ammtHBIA coctaB. M3, kotopsiii momeniaercst B JKCK, usroraBnuBaercsi u3 OaJUIMCTUTHBIX MOPOXOB
C BBICOKHM cojiepaHueM HuTpormuiepuna. [TockonbKy HUTpo3(hupbl GU3UKO-XUMHUYIECKH cl1ab0 CBSI3aHBI
C MOJUMEPHBIMHM MOJIEKYJIaMH HUTPATOB IIEJIIIONIO3b], TO B MPOLIECCE XPAaHEHUs OHU SKCYAUPYIOT Ha IO-
BEPXHOCTbH Mopoxa u fganee aupoyaaupyror B matepuan XKCK, nsmenss ero xapakrep ropenus. B Poccun
JaHHBIA MPOLECC KOPPEKTHPYETCS MyTeM OOKIaaKkh OCHOBHOTO M3 MUPOKCHIMHOBBIM MTOPOXOM IO MEpHU-
(epuitHOil YacTH 11 IPEIOTBPALICHUS COTPUKOCHOBEHUS OaJNIMCTUTHOTO MOPOXa C MarepuaioM Croparo-
IETO M3/EeNus, WU 3aMeHbl OAIIMCTUTHOTO MOPOXa Ha BBICOKOIHEPreTHUECKUI MTUPOKCHUIIMHOBBINA. B pam-
Kax JTaHHOW paOoThl MOKa3aH UHOW METOIl, CBSI3aHHBIA C HAHECEHHEM 3alIUTHOTO COCTaBa Ha MMOBEPXHOCTh
CTOpPAIOILETO M3/eNusl. YcTaHOBIeHa d(PPEeKTUBHOCTh 3MOKCUAHOTO Jaka JI1-5123 u nonuBuHUIOYTHpAIS
(IIBB) B kxauectBe Oapbepnoro mokpeitus JKCK mis cHuwkeHus npoTekaHusi AU @y3UOHHBIX MPOLECCOB.
[TokazaHo BAMsIHME 3aLIUTHBIX COCTABOB Ha 3a/Iep’KKy BOCIIJIAMEHEHHUS MaTepHasa CrOparoIlero U31eius.

TepmocrTolikuii coctaB croparomero uzaenus. B mrarusiii cocras XKCK g aprunnepuiickux BBICTpe-
JIOB, M3TOTOBIIEHHOTO 11O TEXHOIOTUH (MIIBTPALIMOHHOTO JHUThs, BXoauT HII ¢ Temneparypoii pasnoxeHus
186°C, ero Tepmuueckasi CTAOMIBHOCTh HE 00eCIeYMBaET BHIOJHEHNE HOBBIX TPEOOBaHUH MO TEPMOCTOM-
koctu npu 240°C. Kak nokaszanu nposeaeHssie B «'ocHUMXID» nccnenosanus npu 160°C n3 marepuana
KCK naumHaeT ucnapsAThCsl TPOTHUII, TIONHAsA NoTeps ero Maccsl npoucxonut npu 200°C. Hcnapenue Tpo-
Ttuna u3 Marepuana CU compoBoxkgaeTcs cHmkeHueM ero ruotHoctu ¢ 0,95 mo 0,70 r/em® M, KaK Clel-
cTBHe, najgeHueM npoyHocty 1o 10 MIla. Haubonee peanbHbIM MyTeM BBIXOJA M3 CO3AABLICHCS CUTYalluH
MOXET OBITh NPUMEHEHHE DHEPreTUYeCKUX KOMIIOHEHTOB C OoJiee BHICOKOW TeMIlepaTypol pa3ioKeHHSI.
B @©KII «'ocHUUXII» n3roToBineHs! 1 MccieI0BaHbl ONBITHBIE 00pa3Ibl cropatoiero matepuaina ast JKCK
TIOBBIIICHHOW TEPMOCTOHKOCTH Ha OCHOBE OKTOTEHa M T€KCOreHa, MCCIe0BaHa MX TEPMOCTaOMIILHOCTh
U xapakTep ropeHus. Takxe npeniaratorcss MeTonsl u3rorosiaeHus repmoctorkux XKCK nByxciaoiiHON KOH-
CTPYKIUH, TO3BOJISIONINE PETYINPOBATH CKOPOCTh TOPEHMS U 33JIEPKKY BOCIUIAMEHEHMSL.

B nanHoii cTathe OyAyT MpeACTaBICHBbl Pa3lUYHbIE METOABI YIPABICHHS MPOIECCOM TOPEHHUS Croparo-
IIUX U3AEIHH, pe3yIbTaThl IPOBEACHHBIX UCCIEN0BaHUM 1 ONMCaHNE HallJICHHBIX 3aKOHOMEPHOCTEH.

CONTROL OF THE COMBUSTION PROCESS OF COMBUSTIBLE
PRODUCT FOR MORTAR AND ARTILLERY SHOTS
IN COMBUSTIBLE CARTRIDGE CASES

R. V. Fataliev, S. V. Soldatov, A. Yu. Osipova, T. A. Eneikina, R. F. Gatin, M. Yu. Mikhailov

Research Institute of Chemical Products Federal State Enterprise, Kazan, Russia

When creating combustible products of a new (third) generation for mortars and self-propelled artillery
mount, the task of developing a material that would have a complex of physicochemical, mechanical, bal-
listic and operational properties that are simultaneously inherent in both structural material and gunpowder
was put forward.

The following have been put forward for such a burning product:

* should burn regularly when fired, without unburned particles;

* should not impair the ballistic characteristics of the powder charge;

* maintain the stability of properties during long-term storage (10-15 years);

* be made from available domestic raw materials.

In addition, for modern mortar ammunition, instead of variable and long-range charges, a single full vari-
able propellant charge is being developed. It is a design that combines long-range and variable charges. And
for artillery shots, a modular propellant charge (MPC) in combustible cartridge cases (CCC). In connection
with the new developments of the MPC, another special requirement for artillery shots has appeared. To
ensure the safety of the location of the MPC in a highly heated bore of the self-propelled artillery mount, an
increased thermal stability of the material and reduced sensitivity to mechanical stress are required. must
be thermally stable and not ignite in the chamber for 5—-12 minutes at a temperature not lower than 240°C.
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On the basis of research by Research Institute of Chemical Products Federal State Enterprise (RICP FSE),
several compositions of combustible materials for CCC were developed using the technology of filtration
casting and pneumatic molding. CCC — high-quality structural products for special purposes, which belong
to the class of completely combustible sleeves, but differ from them in the shape of the matrix, the recipe
composition of the material and therefore are separated into a separate subgroup. This is due to the peculiari-
ties of the mortar and artillery systems in which they are used.

For the advanced development of the ammunition industry, it is planned to create combustible CCC prod-
ucts, which allow more flexible control of the combustion mechanism. At the same time, it is not always pos-
sible to ensure the required combustion law only by adjusting the formulation of the burning material. The
key issue in this regard is the modification of the combustible product to control the combustion mechanism
in the following areas:

* variation in the density of the material of the burning product;

* use of a special form with a decaying side surface of a burning product;

* surface coating with protective compounds;

* introduction of heat-resistant substances into the composition to ensure the safety of MPC in combat
conditions;

* introduction into the composition of combustion catalysts.

Density variation is provided due to the different thickness of the material of the side and bottom parts of
the body of the burning product in the housing cooperative. So, according to the technology of filtration cast-
ing, by increasing the holes at the bottom of the forming die, it is possible to increase the density of the ZhSK
material after thermal pressing to 0.05-0.45 g/cm’ and increase the ignition delay time by 0.015-0.018 s.

Modification of the MPC form. Due to the fact that the CCC material is an energy one, in the process of
firing with MPC, when the CCC is burned in the gun chamber, the pressure of the powder gases additionally
increases. In this case, the decomposition of CCC during combustion is uncontrolled. Creation of CCC with
vertical stripes of lower density (by 0.20-0.25 g/crn3) than the main material (0.90-0.95 g/crn3) on the lateral
surface makes it possible to predict the nature of combustion in the gun chamber by regular decay of the side
parts of the burning product.

Protective composition. MPC, which is placed in the CCC, is made from ballistic powders with a high
content of nitroglycerin. Since nitroesters are physically and chemically weakly bound to the polymeric
molecules of cellulose nitrates, during storage they exude onto the surface of the powder and then diffuse
into the material of the FGC, changing its combustion character. In Russia, this process is corrected by lining
the main MH with pyroxylin powder along the peripheral part to prevent contact of ballistic powder with the
material of the burning product, or replacing ballistic powder with high-energy pyroxylin powder. Within
the framework of this work, another method is shown related to the application of a protective composition
to the surface of a burning product. Efficiency of EP-5123 epoxy varnish and polyvinyl butyral (PVB) as a
barrier coating for CCC to reduce diffusion processes has been established. The effect of protective composi-
tions on the ignition delay of the material of a burning product is shown.

Heat-resistant composition of the burning product. The regular composition of the LCC for artillery shots,
manufactured using the filtration casting technology, includes NC with a decomposition temperature of
186°C, its thermal stability does not ensure the fulfillment of new requirements for heat resistance at 240°C.
As shown by studies carried out at RICP FSE, at 160°C, TNT begins to evaporate from the CCC material,
and its complete loss of mass occurs at 200°C. The evaporation of TNT from the SI material is accompanied
by a decrease in its density from 0.95 to 0.70 g/cm” and, as a consequence, a drop in strength to 10 MPa. The
most realistic way out of this situation may be the use of energy components with a higher decomposition
temperature. In RICP FSE prototypes of lubricants for CCC with increased thermal stability based on HMX
and RDX were manufactured and studied, their thermal stability and combustion character were studied.
Methods are also proposed for the manufacture of heat-resistant CCC of a two-layer structure, which allow
one to control the burning rate and ignition delay.

This article will present various methods for controlling the combustion process of burning products, the
results of the research and a description of the patterns found.
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N3MEPEHUE JABJIEHUA U UMITYJIBCA JABJIEHUSA
B YIAPHOM BOJIHE MEMBPAHHBIM KPEIIEPOM

K. B. Xaupmoenoes, E. b. Cmupnos, A. B. Capagpannuxos, K. M. I[Ipoceupnun, U. I [anuyniun

OI'VII «Poccwuiickuit @enepanpasiid Anepusiii Lleatp — Beepoccentickuit HUU Texandeckoi pusuku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexunck, Poccust

B pabote npencraBneHbl pe3yabTaThl HCCIEIOBAaHUN BO3ACHCTBHS YIapHOW BOJIHBI, 00pa30BaHHON MPH
JeToHAMKH 00pa3loB OpH3aHTHBIX B3phIBUATHIX BemecTB (BB), Ha memOpaHHsbIid kpemep. MeMOpaHHBIM
KpelepoM Ha3blBaeTcs MpruOOp, MPUMEHIEMBIN AJIs1 K3MEPEHUS AaBICHUS WM UMITYJIbCa AaBICHUS B yaap-
HOU BOJIHE, paclpoCTpaHsoLIeiics oT MecTa B3phiBa 3apsiaa BB. OcHoBHOI yacThio mpubopa sBIseTcs TOH-
Kasi CBUHIOBas MJIacTHHA (MeMOpaHa), 3axaras 1o nepudepun B crienuaasHoM aepkatene. [lpu ycranoBke
MeMOpaHHOTO Kpellepa Ha MyTH paclpoCTPpaHeHUs YIApHOW BOJIHBI IUTACTHHA IO ACHCTBHEM MOBBIIIEHHO-
O JaBJIEHHsI BO (PPOHTE BOIHBI POTrHOAETCA U IO BEITUYMHE €€ MPOruda MOKHO CYJUTh O BEIUYHHE JIaBIIe-
HUSI WK UMITYJIbCa AaBJICHUS, MPUIOKEHHOTO K TJIaCTHHE.

HccnenoBanus mpoBOAWINCH HA HWIMHAPHUYECKUX oOpasnax BB pasnuunoi Maccel u pazmepoB. DakT
BO3JIEICTBUS yIapHOH BOJHBEI HA MEMOpaHHBIN Kpeliep MOATBEPKAaICS MPOrHOOM IIACTHHBL.

[lo pe3ynsraTaM mccienoBaHU OBUIM MOTYyYEHBl BEJIMYMHBI MPOTrHda CBUHLIOBOH MIACTHUHBI, KOTOPHIE
B 3aBUCHMOCTH OT BEJIHMYHH, XapaKTepU3YIOIINX MEMOpaHHBIH Kpemep (MPOYHOCTh Marepuana, pa3Mepsl
MeMOpaHBbI ¥ 1p.), ObUTK MepecYnTaHbl B JaBleHHE (MMITYJIBC TABICHHS).

SHOCK-WAVE PRESSURE AND PRESSURE PULSE
MEASUREMENTS USING A MEMBRANE CRUSHER

K. V. Khairtdenov, E. B. Smirnov, A. V. Sarafannikov, K. M. Prosvirnin, I. G. Galiullin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

The paper presents the results of studying how a shock wave generated under the high-explosive (HE)
samples detonation affects a membrane crusher. The membrane crusher is a device used to measure the pres-
sure and pressure pulse in a shock wave propagating from a point where HE charge was exploded. A thin
lead plate, or a membrane, fixed around its periphery using special holder represents the main element of this
device. If the membrane crusher is placed in a shock-wave path, the plate is deflected under the shock-wave
front overpressure, and the amount of deflection can help find the pressure and the pressure pulse applied to
the plate.

Cylindrical HE samples of different masses and sizes were used for the study. The shock-wave action on
the membrane crusher was evidenced by plate deflection.

Based on the results of this study, the lead plate deflection values were determined and converted into the
pressure/pressure pulse values, depending on the values that characterize the membrane crusher, i.e., mate-
rial strength, size of a membrane, etc.
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PACYHETHO-OKCIIEPUMEHTAJIBHOE OINPEJAEJEHUWE JTABJIEHUA
MNPOAYKTOB B3PbIBA 'EKCOT'EHA ITPUMEHHUTEJIBHO
K KOHCTPYKIHUHA 3AHIUTHOTI'O PASMBIKATEJIA
CHUCTEM JJIEKTPOIIUTAHUSA YHUKAJIBHBIX
AJIEKTPOPUINYECKHUX YCTAHOBOK

. U. Anexcees, M. B. Man3zyk, A. H. Ilayuenxo, B. B. Xapuenko

Axtmmoneproe obmectBo < HUNMDDA um. [1. B. Ebpemosay, Cankr-IletepOypr, Poccus
E-mail: v.v.harchenko@mail.ru

OTAMYNTENBbHOM O0COOEHHOCTBIO BBHIKJIIOUATENs] MOCTOSHHOTO TOKA, MPEAHA3HAUYCHHOTO MAJISl 3alIUThI
CBEPXMPOBOJHUKOBBIX KaTyIIEK MAarHUTHBIX CHCTEM AJIEKTPOPHU3MUECKUX YCTAHOBOK (ajee — 3alluTHBIN
pasmbIkareins), paspadoranHoro B AO « HUMD DA, siBisieTcsl HCIOIB30BaHUE SHEPTUU IETOHALIMU HEOOIb-
LIOTO KOJIMYECTBA B3PBHIBUATOrO BEIIECTBA (T€KCOTeHA) [T IPUBEACHUS B ICHCTBUE U, OAHOBPEMEHHO, IS
CO3JaHUs YCIIOBHUM, HEOOXOAUMBIX Ui 3(P()EKTUBHOTO TallleHUs MEKTPUUYECKON AYTH MOCie pa3pylieHus
TOKOBEZYIIEro dJeMeHTa. Takoe coBMenenre GyHKIUH 3apsiaa B3pbIBYATOrO BEIIECTBA JOCTUTACTCS 32 CUET
KOHCTPYKTUBHBIX 0COOCHHOCTEH KOMMYTHUPYIOIIEH YaCTH, B KOTOPOH pa3pyllaeMblii TOKOBEIYLIHi 371eMEHT
U 3apsi]l paclojoKeHbl COOCHO, a CBOOOIHBIA 00bEM 3aloHEH AeMUHEpaM30BaHHON BOJOW MOA JaBiie-
HueM. CHapyH TOKOBEIYILEro 3JIeMEHTa YCTaHOBJIEHA CUCTEMa OIPaHUYMUTENbHBIX KOJEll, COEAMHEHHBIX
C MPOYHBIM KOPITyCOM, KOTOpasi MO3BOJISIET AOOMTHCSA NpeacKazyeMoro AehOpMHUPOBAHUS TOKOBEIYLIETO
3NleMEeHTa ¢ 00pa30BaHUEM TapaHTUPOBAHHBIX 3a30POB, KOTOPHIE 3allOJMHAIOTCS AEMUHEPATN30BaHHON BO-
JIOH TOJ1 IaBJIEHHEM, KOTOopasi oOecreyrBaeT OXJIaxIeHHEe 1 raleHne MeKTPHYECKON TyTH.

3almuTHBIE pa3MbIKaTeId NPUMEHSIOTCS B CHCTEMax MUTaHUs BCEX COBPEMEHHBIX TOKAMAKOB CO
CBEPXIPOBOJHUKOBOW MarHUTHOM CHCTEMOH, B YaCTHOCTH, 3aILUTHBIN pa3MbIKaTENlb, pACCMATPUBAEMBIN B
JaHHOW paboTe, yCTaHOBJIEH B YCTPOMCTBaX aBapUHHOTO (3aIIMTHOTO) BBIBOAA dHEPIruM TokamakoB UTOP,
JT-60SA u KSTAR. Cnenyer oTMETUTB, 4TO cOOIl B Ipoliecce BBIBOA SYHEPTUU MOXKET BBI3BAaTh HEOOpaTH-
MBbI€ IOBPEXKIEHHUS HE TOJIBKO CBEPXITPOBOJHUKOBBIX KaTyIllIeK, HO U BaKyyMHON KaMepbl TOKaMaka, YTO paB-
HOCHJIBHO BBIBOJLY M3 CTpOsI BCEil moporocrosimeii ycraHoBKU. 1103TOMy K HafeKHOCTH yCTPOWUCTB BBIBOJA
SHEPTUU MPEIBSBIIOTCS OYEHb BBICOKHE TpeOOoBaHMs (BEPOSTHOCTH Oe30TKa3zHOro cpadareiBanust — 0,99,
MIpU JOBEepHUTENbHON BeposTHOCTH 0,9).

KoncTpykuus 3aiuTHOTO pa3MbIkaTens 3anuiieHa nareHroM PO Ne 2755454,

CraTbsl MOCBsIIEHA W3YYEHUIO BIMSHUSA JETOHAIMOHHBIX INPOLECCOB HA pa3pyLIeHHE TOKOBEHYIIMX
3IIEMEHTOB C LIENBIO MOCIEAYIOMEH ONTUMHU3AMNA WX KOHCTPYKIHH, YTO HEOOXOAWMO Ui JallbHEHIIEero
PasBUTHS U pacIIMpPEHUs 00acTell MPUMEHEHUsI TAKUX KOMMYTAIMOHHBIX YCTPONCTB, MOCKOJIBKY BBIKITIO-
YaTeau NogoOHONH KOHCTPYKIIMU MOTYT HATH MIMPOKOE MPUMEHEHUE B TPaJULIMOHHONW SHEPTeTHKE B Kaye-
CTBE OrpaHMYHTENEH TOKa KOPOTKOTO 3aMBIKaHHs, CIOCOOHBIX OTPaHHMYMBATH TOK KOPOTKOTO 3aMBIKAHHS B
TeueHune 1 Mc mociie oOHapyKeHUs HencnpaBHOCTH. Ha pemienue 3ol 3agaun B Onmkaiiinee BpeMs: OyayT
HampaBJeHbl OCHOBHBIE YCHIINS aBTOPOB.

B xone paOoThl yTOUHEHBI 3HAYCHUS AABICHUN U YyCHIIMH, BO3HUKAIONMIMX OT MPOAYKTOB B3pbiBa (I1B)
B BO3YLIHOW U BOAHOH cpezie A ONTHMHU3ALUHU Pa3pylIaeMbIX B3pBIBOM AJIEMEHTOB KOHCTPYKLIMH, a TaK-
XKe orpeneNieHns: Ko3QQUIUEHTOB 3anaca 0 UMIYJIECHOMY B3PBIBHOMY HarpyXKeHHUIO, HEOOXOIUMBIX IS
rapaHTUPOBAHHOW PabOTHl KOMMYTHPYIOIIEH YacTH.

B paboTe BBIMOIHEHO pacueTHO-3KCIEPUMEHTANBHOE OTpeIe/IeHe BO3HUKAIOIINX AaBJICHUH 1 YCHITHA,
paccunTanbl KOG PHUIHUEHTHI 3anaca Mo UMITYJbLCHOMY B3PBIBHOMY HarpyKeHHUIO, BKJIIOYas IHHAMHUYECKOE
paspyuenue (1o Teopun Muszeca) HWIMHAPHYECKOTO TOKOBEAYILETO 3JIEMEHTa, HaXOMIIIErocsi B BOXHON
cpene. OnpeneneHa CKOPOCTh pasjeTa Karcyibl, coaepKalei 3apsj rekcoreHa mo merony I'apau. Beimon-
HEHO YHMCIICHHOE MOAEIUPOBaHNE pa3pylIeHUs] TOKOBEAYIETo dnemMenTa [1-7].
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Kpowme Toro, nposenens! npsiMele n3MepeHus AasiaeHui ot [1B B BonHOM cpene Ha BHyTpeHHEN rpaHulle
TOKOBENYILETO 3JIEMEHTA MpH B3pbIBE 1 rpaMMma rexkcoreHa. BeINoIHEH cpaBHUTEIBHBIN aHAIU3 MOTy4YeH-
HBIX KCIIEPUMEHTAIbHBIX JaHHBIX C PE3yJbTaTaMU pacyeToB 3HaYCHUH AaBieHui mo merogy HoOns—Aobens
C 3aTyXaHHeM JaBJICHUH B LMIMHAPUYECKOH reomerpuu [6]. OmpeneneHa cKopocTh AeQopMaluu paspy-
IIIa€MOTO TOKOBEIYILETo 31eMeHTa o Metonuke ITokposckoro [7].
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DESIGN-EXPERIMENT DETERMINATION OF THE PRESSURE
OF HEXOGEN EXPLOSION PRODUCTS AS APPLIED
TO THE DESIGN OF THE PROTECTIVE MAKE SWITCH
OF POWER SUPPLY SYSTEMS OF UNIQUE ELECTROPHYSICAL
INSTALLATIONS

D. I. Alekseev, M. V. Manzuk, A. N. Pauchenko, V. V. Kharchenko
Joint Stock Company “D.V. Efremov Institute of Electrophysical Apparatus”, St. Petersburg, Russia

E-mail: v.v.harchenko@mail.ru

A distinguishing feature of the DC circuit breaker used to protect superconducting coils of magnetic sys-
tems of electrophysical installations (hereinafter — protective make switch), developed in JSC “NIIEFA”, is
the use of detonation energy of a small amount of explosive (hexogen) to actuate and, at the same time, to
create the conditions necessary for effective arc-quenching after the failure of the current-carrying element.
This combination of explosive charge functions is achieved due to the design features of the switching part,
in which the destructible current-carrying element and the charge are located coaxially, and the free volume
is filled with demineralized water under pressure. On the outside of the current-carrying element there is a
system of stopper rings connected to a solid body, which allows a predictable deformation of the current-
carrying element with the formation of guaranteed gaps, which are filled with demineralized water under
pressure, providing cooling and arc-quenching.

Protective make switches are used in the power systems of all modern tokamaks with a superconducting
magnetic system, in particular, the protective make switch considered in this work is installed in Fast Dis-
charge Units of ITER, JT-60SA and KSTAR tokamaks. It should be pointed out that a failure in the energy
output process can cause irreversible damage not only to the superconductor coils, but also to the vacuum
chamber of the tokamak, which is equivalent to the failure of the entire expensive installation. Therefore,
very high requirements are imposed on the FDUs reliability (the component reliability is 0.99 with a confi-
dence probability of 0.9).

The design of the protective make switch is protected by RF patent No. 2755454,

The article is devoted to the study of the detonation processes influence on the destruction of current-
carrying elements for subsequent optimization of their design, which is necessary for further development
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and expansion of applications of such switching devices, because switches of such design may find wide
application in conventional power industry as fault current limiters capable of limiting the circuit within 1
ms after detection of a fault. The main efforts of the authors will be directed to the solution of this problem
in the near future.

During this work, the values of pressures and forces arising from explosion products in the air and water
environment were specified to optimize the elements of the structure destroyed by explosion, as well as to
determine the reserve coefficients on the impulse explosion loading required for the guaranteed operation of
the switching part.

In this work, the design-experiment determination of the arising pressures and forces is performed, and
the reserve coefficients for impulse explosive loading, including dynamic destruction (according to von
Mises’ theory) of a cylindrical current-carrying element located in water environment are calculated. The
expansion velocity of a capsule containing a hexogen charge was determined using the Gurney method. Nu-
merical simulation of current-carrying element failure was performed [1-7].

In addition, direct measurements of pressures from explosion products in the water environment at the
inner boundary of the current-carrying element during the explosion of 1 gram of hexogen were made. A
comparative analysis of the experimental data obtained with the results of calculations of pressure values by
the Noble-Abel method with pressure damping in the cylindrical geometry [6] was performed. The deforma-
tion rate of the destructible current-carrying element was determined by the Pokrovsky method [7].
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PETUCTPAIUA JETOHAIIMOHHOI'O CUHTE3A HAHOYACTHUI
METAJIJIOB PEHTTEHOT'PAOUYECKUM
N MUKPOCKOIMUYECKUM METOJAMHA
H. A. Xnebanoeckuii', A. O. Kawxapos®, K. A. Ton?, E. IO. I'epacumos’, b. JI. Mopo3®
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B nannoi pa60Te MPUBOAATCA PE3YJIbTATHI OIIBITOB 10 ACTOHAIIMOHHOMY CUHTE3Yy HAHOYACTUI] MCTAJJIOB
n ux I/ICCJ'IG,E[OBaHI/Iﬁ pCHTFGHOFpa(l)I/I‘IGCKI/IM METOAOM U METOOOM HpOCBC‘II/IBaIOH_ICI\/'I SHCKTPOHHOI\/'I MUKPO-
CKOIIMU BBICOKOT'O pa3pCHICHUS. Oxcanarsl eje3a u MEIW PaBHOMEPHO CMCUIMBAJIUCHL C MMOPOMIIKOM IITAaT-
HOI'0O T9HA 1 3aTE€M U3rOoTaBJIUBAJIUCH IIPECCOBAHHBIC 3aPAbI. COCI[I/IHGHI/UI METAJIJIOB B XOA€ TCPMUYCCKOI'O
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pas3NoKeHus 3a JeTOHAMOHHBIM (PPOHTOM SIBISIIMCH HCTOYHMKAMHU CBOOOJHBIX aTOMOB METAJJIOB U UX OK-
cunoB. B mociencteum, u3 HUX (GOPMUPOBATUCH HAHOYACTHUIIBI, MIPEATIONOKHUTEIBHO MO0 JUPPYy3HOHHOMY
Mexanusmy [1].

[Mocne peronanmuu MOp¢OIOTHs MPOLYKTOB B3PHIBA U COAEPKAILUXCS B HUX HAHOYACTHI] METAJIIIOB MO-
KeT 3HAYUTEIbHO MEHSThCA, HallpUMep MPHU UX COyJapeHUHU O CTEHKH B3pPBIBHON KaMmepsl. [y MUHUMU3A-
UM BIHMSHUS YCIOBHH OINBITOB 3apsiAbl MOMEIIATIKNCh B jeAsHble 000m0uku. CoxpaHeHHBIE TPOAYKTHI Je-
TOHALIUU 3apAJ0B C pa3HbIM MPOLEHTHBIM COAEPKAHNEM METAJUIOB, UCCIIEAOBAINCH Ha MPOCBEYUBAIOLIEM
3JIEKTPOHHOM MHUKPOCKOTIE.

[Iponecc popmMupoBaHUs HAHOYACTUI] METAIIIOB 32 (HPPOHTOM JIETOHALUH PETHCTPUPOBAIICS IPU TOMOIIH
JTUHAMWYECKON PETUCTPALMU MaJIOYIJIOBOTO PEHTTEHOBCKOTO PACCEAHUS CHHXPOTPOHHOTO U3JIydyeHus. JTa
METO/IMKA MO3BOJISET IPOBOIUTH U3MEPEHHS HETTOCPEACTBEHHO BO BPEMs B3pbIBa U UCCIIEA0BATh JUHAMUKY
3apOXAEHUS U pOCTa HAHOYACTHUI] METAJUIOB C BpEMEHHBIM paspernieHueM okoio 200 He [2].

[lony4yeHnHsle pe3yabTaThl MO CHHTE3y HAHOYACTHI[ B MpPOIECCE B3pBIBA MOTYT OBITH HCIOJIB30BAaHEI
B KaueCcTBE JONOJHUTEIHHON BepHU(UKALIUK aIrOPUTMOB BOCCTAHOBJICHHUS pa3MEpPOB PACCEUBAIOIIMX IICH-
TPOB METOAMKH TUHAMHUYECKONW PETUCTPALIMN MAJIOYIJIOBOI'O PEHTTEHOBCKOTO PacCesHUsI.
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REGISTRATION OF DETONATION SYNTHESIS OF METAL
NANOPARTICLES BY X-RAY AND MICROSCOPIC METHODS

N. A. Khlebanovsky', A. O. Kashkarov?, K. A. Ten*, E. Y. Gerasimov®, B. L. Moroz

"Novosibirsk State University, Novosibirsk, Russia
2Lavrentyev Institute of Hydrodynamics, SB RAS, Novosibirsk, Russia
3Boreskov Institute of Catalysis, SB RAS, Novosibirsk, Russia

This paper presents the results of experiments on the detonation synthesis of metal nanoparticles and their
studies by X-ray diffraction and high-resolution transmission electron microscopy. Iron and copper oxa-
lates were evenly mixed with standard heating element powder and then pressed charges were made. Metal
compounds in the course of thermal decomposition behind the detonation front were sources of free metal
atoms and their oxides. Subsequently, nanoparticles were formed from them, presumably by the diffusion
mechanism [1].

After detonation, the morphology of the explosion products and metal nanoparticles contained in them
can change significantly, for example, when they collide with the walls of the explosion chamber. To mini-
mize the influence of experimental conditions, the charges were placed in ice shells. The stored detonation
products of charges with different percentages of metals were examined using a transmission electron mi-
croscope.

The process of formation of metal nanoparticles behind the detonation front was recorded using dynamic
registration of small-angle X-ray scattering of synchrotron radiation. This technique makes it possible to car-
ry out measurements directly during the explosion and to study the dynamics of the nucleation and growth
of metal nanoparticles with a time resolution of about 200 ns [2].

The results obtained on the synthesis of nanoparticles during the explosion can be used as an additional
verification of the algorithms for reconstructing the sizes of scattering centers of the technique for dynamic
detection of small-angle X-ray scattering.
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BJIMSAHUE J1OBABOK YACTHUI ATFOMUHMU A
HA JETOHAIMOHHBIE XAPAKTEPUCTUKHU
BOJAOPOA-KUCJIIOPO/JIHBIX CMECEN
T. A. Xmenv

HHcTuTyT Teopetnuecko u npukiangHoi mexaHuku uM. C. A. Xpuctunanosuua CO PAH, Hosocubupck,
Poccusa

MeTtonamu 4UCIEHHOTO MOAECTUPOBAHUS OMHOMEPHBIX U ABYMEPHBIX TEUEHU HCCIIeIOBAHBI MIPOLIECCHI JETO-
HAIIUHU B BOJOPOA-KUCIOPOIHBIX CMECIX, Pa30aBICHHBIX aprOHOM HJIH a30TOM C J00aBKaMH MEJIKOMCICPCHBIX
YaCTHIl ATFOMUHHSA (qHaMeTpoM oT 1 10 5 MkM). McIiop30BaHbI TOXOABI MEXaHUKH CIUIOIIHBIX CPEJ] U MOJICIH
MPUBEIICHHOW KUHETHKY TOpeHus Bogopoaa [ 1] u amomunmus [2], BepupHUIUpOBaHHEBIC IO COBOKYITHOCTH Mapa-
METpoB. B omnucaHuu 1eTOHAIIMOHHOTO TOPEHUSI AIOMHUHUS YYUTHIBACTCS 00pa30BaHHUE TBEP/bIX HAHOYACTHII
OKCHJIa ATIOMHHUS U Ta3000pa3HbIX CyOOKUCIIOB. [IJisi 3aMBIKaHUST MOJIENIN TIPUBJICKAIOTCS M3BECTHBIC IAHHBIC
AKCTIEPUMEHTOB U TEPMOJMHAMHYECKHUX pacueToB. PaccMoTpeHbl 3a1a4u 0 pOPMUPOBAHUH U PACTIPOCTPAHCHUH
STYCUCTON JIETOHAIMH B TUIOCKUX KaHanaX. B BOMOPOI-KUCIOPOIHBIX CMECSX C M30BITKOM KUCIOPOIA, CHIIEHO
pa30aBJICHHBIX aprOHOM, JICTOHAIIMS XapPaKTEPU3YEeTCs MPOOIBHON HEYCTOMYMBOCTHIO IUIOCKMX BOJH M HEpe-
T'YJISPHOCTBIO ICTOHAIMOHHBIX siueeK. J[o0aBKka HEOOIBIIOrO KOMYECTBA YACTUI] AIFOMUHUS 00€CIICUMBACT CTa-
OWIM3AIMIO JETOHAIIMOHHOTO TeUECHHS U (QOPMUPOBAHUIO PETYISPHBIX SUYEHCTHIX CTPYKTYD. [lepexon k ycraHO-
BUBIIEMYCSI PESKUMY THOPUIHON JETOHAIIMU MPOUCXOMUT Yepe3 (popMHUpPOBaHUE TPOMEKYTOUHBIX JIBYX-(POH-
TOBBIX CTPYKTYp [3, 4], KOTOpBIE 371eCh HE SBISIOTCS CTalMOHAPHBIMU. [Ipu cOMmKeHun 1 CIUSHUU (HPOHTOB
(hopMupyeTcst HOBasi KBa3UCTAI[MOHAPHAS CTPYKTypa THOPHIHOM NeTOHAIMU. Pa3Mephl ETOHAIIMOHHBIX S4e-
€K B YCTAHOBUBIIHMXCS PEKMMaX THOPUIHOW JETOHAIMU MEHBINE, YeM CPSIHHUN pa3Mep SYCHKU JCTOHAIUH
B ra3oBoii cMec (puc. 1). CKOpoCTh AETOHAIIUY YBEINYMBACTCS C YBEIMYCHUEM 3arpy3KH YaCTHUI] JI0 HEKOTOPO-
T0 Tpefiena, ONpefeieMoro KOHIEHTpauueld cBOOOTHOTO KUCIOPOoa.

y/m &

0.05

0.05

08 1 12 XIm

Puc. 1. Tpaekropuy TPOMHBIX TOYEK B yCTAHOBUBLIEMCS PEXMME JeTOHAUMM Ta3oBoi cmecu 0,72H,+0,+2,58 Ar
(p0 = 1 arm) u ruGpuHON cMecH ¢ no6aBkamu dacTHIl Al pu d = 3,5 MKM, p,, = 50 r/m?

117



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CJIELYIOLLYIO CTPAHULY MEYATH

Pabora Beimonuena npu noxaepxke PH®, mpoekt 21-79-10083, https://rscf.ru/project/21-79-10083/.
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EFFECT OF ADDITIVE ALUMINUM PARTICLES
ON THE DETONATION CHARACTERISTICS
OF HYDROGEN-OXYGEN MIXTURES

T A. Khmel
Khristianovich Institute of Theoretical and Applied Mechanics SD RAS, Novosibirsk, Russia

The processes of detonation in hydrogen-oxygen mixtures diluted with argon or nitrogen with the addi-
tion of finely dispersed aluminum particles (with a diameter of 1 um to 5 pm) have been studied by methods
of numerical simulation of one-dimensional and two-dimensional flows. The approaches of continuum me-
chanics and models of the reduced kinetics of hydrogen [1] and aluminum [2] combustion, verified by a set
of parameters, are used. The description of aluminum detonation combustion takes into account the forma-
tion of solid aluminum oxide nanoparticles and gaseous suboxides. To close the model, the known data of
experiments and thermodynamic calculations are involved. The problems of formation and propagation of
cellular detonation in flat channels are considered. In hydrogen-oxygen mixtures with an excess of oxygen,
strongly diluted with argon, detonation is characterized by longitudinal instability and irregularity of detona-
tion cells. The addition of a small amount of aluminum particles ensures the stabilization of the detonation
flow and the formation of regular cellular structures. The transition to the steady regime of hybrid detonation
occurs through the formation of intermediate double-front structures [3, 4], which are not stationary here. As
the fronts approach and merge, a new quasi-stationary structure of hybrid detonation is formed. The sizes of
detonation cells in the steady modes of hybrid detonation are smaller than the average size of a detonation
cell in a gas mixture (fig. 1). The detonation velocity increases with increasing particle load up to a certain
limit determined by the concentration of free oxygen.

0.8 1

Fig. 1. Trajectories of the triple points in the steady detonation regime in gas mixture 0.36H,+0,+2.58Ar at p, = 1
atm and hybrid mixture with addition of Al particles: d = 3.5 pm, p,, = 50 g/m?
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HOBBIE ITU®TOPAMUHCOAEPKALIUE TPOU3BOJHBIE
®YPA3AHA: CUHTE3 U OIIEHKA DHEPTETUYECKHX CBOVICTB

I JT. Yuoncos', FO. A. Keawnun', A. B. Cmanxesuy?®, IT. A. Cnenyxun',
I JI. Pycunos', B. H. Yapywun'
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OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Lentp — Beepoccniickunit HUU texamueckor hpuznku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHCK, Poccus

®ypazansl (1,2,5-0kcanua3onbl) OTHOCATCS K BHICOKOSHTAIBIIMUHBIM a30TCOACPKALINM TE€TEPOLIUKIAM.
Psax coenunenuii, conepxxamme (ypasaHoBble (parMEeHTHI, OCOOCHHO B COUETaHWHU C APYTHMH 3KCILI030-
¢opHBIME TpynmamMu (HUTPO-, a30-, a30KCH- U Jp.), 3aPEKOMEHIOBAIN ce0sl KaK MEepPCIEeKTUBHBIE BBICOKO-
SHEPreTUYECKUE COEUHEHUS C MOHWKEHHON 4yBCTBUTENBHOCTHIO. C APYroil CTOpPOHBI, OJHUM M3 IyTei
TIOBBIILICHHS SHEPTeTHUECKUX MapaMeTpoB (0COOCHHO B Cilyyae TOTUTUBHBIX KOMITIO3HIIMIT) Moriia OBl CTaTh
3aMeHa HUTPOTPYIIIBI Ha TM(PTOPaMUHHYIO, YTO YaCTHYHO MTOATBEPKAAETCS PACUETHBIMU SHEPTETHUECKUMH
napameTpamu AJs psga IupTopaMHHO3aMELIeHHBIX (pypa3aHoOBBIX Mpou3BoAHBIX [1]. OnHako, Ha HacTos-
MK MOMEHT, B JIMTEpaType €CTh TOIBKO OJHA IMyOIHKaIHs [0 CHHTE3Y apuiiypa3aHoB, COAEPIKAIINX OAHY
mudropaMuHHYIO Tpyny [2].

C 1enbi0 MOMYYEeHHUS] HOBBIX DHEPrOHACHIIEHHBIX COCOMHEHUH MpPOBENCHO (hTOPHpOBAHHE psAa amMH-
HO3MelIeHHbIX (ypasaHoB — 3.4-nuamuHodypaszana, 4,4’-nuamuHoasodypazana u 4,4’-TuaMHHOA30K-
cudypazana. B pesyabrare, mpu MCIONB30BAHWU B KauecTBEe (DTOPHPYIOIIETO areHTa 3JIEMEHTHOro (To-
pa, pa30aBIeHHOr0 MHEPTHBIM Ta3oM, ObUIM BHepBble THonyudeHbl 4,4’-Ouc(audropammuuo)azodypazan 1
u 4,4’-6uc(nudropamuno)azokcudypasan 2 (puc. 1). CTpyKTYpbl MOTYUEHHBIX COSTMHEHNUH IOATBEPKACHBI
JTaHHBIMU SIMP-crieKTpoCcKonMH U peHTI€HOCTPYKTYPHOTO aHAJIN3A.

/O‘- zo'x
NCON NTON
) Y o
FoN = NF2  F,N =N NF
2 N=—N 2 N—-+N
T m
N\ /N N\ <
1 O 2 O

Puc. 1. Ctpyktypbl nudTopaMuHCOAEpIKAIIMX MPOU3BOIHBIX (ypa3zaHa | u 2

119



COOEPXAHUE HA NPEALIAYLWYIO CTPAHULLY HA CNEAYIOLWYIO CTPAHNLY MEYATb

[IpoBenen aHanM3 JHEPreTUYECKUX CBOMCTB KaK CHHTE3MpOBaHHBIX 4,4’-Ouc(audropamuHo) azo-
¢dypazana 1 u 4,4’-6uc(mudropamuno)azokcudypasana 2, Tak U UCXOOHBIX 4,4'-muaMuHO azodypaszaHa
u 4,4’-nunamuHoazokcudypazana. MccienoBanusi MpOBOAWINCH TEOPETUIECKUMHU METOJaMU KJIACCUYECKON
TEPMOAMHAMHUKH, & TAKKe MEPBONPUHIMITHBIMU MOTYIMIIMPUIECKUMU METOAaMHU KBaHTOBOW XuMmuH. [Ipu
3TOM OBUIO MOKa3aHOo, YTO paccMaTpUBaeMbli Kiacc AU(TOpaMUHCOAEPKAIUX YHEPTETUIECKUX MaTepHa-
JIOB IMEET MAacCOBYIO TETIOTY B3PbIBYATOTrO MpPEBpaLIeHUsI U 00beM Ta30Boi (asbl conocraBumbie ¢ THT
1 rekcoreHoM. OLeHOUHbIE 3HAaYCHUSI CKOPOCTEH AeToHauuu ajst 4,4°-ouc(audropaMuHo) azokcudypazana
npeBocxonsaT okTored Ha 10% u C1-20 na 3%.
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NEW DIFLUORAMIN-CONTAINING FURAZAN DERIVATIVES:
SYNTHESIS AND EVALUATION OF ENERGY PROPERTIES
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Furazans (1,2,5-oxadiazoles) are high-enthalpy nitrogen-containing heterocycles. A number of com-
pounds with furazan fragments, especially in combination with other explosophoric groups (nitro-, azo-,
azoxy-, etc.), have proven to be promising high-energy compounds with reduced sensitivity. On the other
hand, replacement of the nitro group by the difluoroamine group in an energy compound could be concidere
as one of the ways to increase the energy parameters (especially in the case of fuel compositions). This have
partially confirmed by the calculated energy parameters for a number of difluoroamino-substituted furazan
derivatives [1]. However, to the best of our knoledg, there is only one report in the literature on the synthesis
of arylfurazans containing one difluoroamine group [2].

In order to obtain new energy-saturated compounds fluorination of a number of amino-substituted fu-
razans (3,4-diaminofurazan, 4,4’-diaminoazofurazan and 4,4’-diaminoazoxyfurazan) was carried out. As a
result, 4,4’-bis(difluoroamino)azofurazan 1 and 4,4’-bis(difluoroamino)azoxyfurazan 2 were obtained for
the first time using elemental fluorine diluted with an inert gas as a fluorinating agent (fig. 1). The structures
of the obtained compounds were confirmed by the NMR spectroscopy and the single crystal X-ray analysis.
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Fig. 1. Structures of difluoroamine-containing furazan derivatives 1 and 2

The energy properties of both the synthesized 4,4’-bis(difluoroamino)azofurazane 1 and 4,4’-bis(di-
fluoroamino)azoxyfurazan 2, and the starting 4,4’-diaminoazofurazane and 4,4’-diaminoazoxyfurazan were
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analyzed. Theoretical methods of classical thermodynamics, as well as first-principles semi-empirical meth-
ods of quantum chemistry were used in this study. It was shown that this class of difluoroamine-containing
energy materials has a mass heat of explosive transformation and a volume of the gas phase that are com-
parable to TNT and RDX. Estimated detonation velocities for 4,4’-bis(difluoroamino)azoxyfurazan exceed
HMX by 10% and CI1-20 by 3%.
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OHNPEIAEJEHUE ITAPAMETPOB IETOHALIUU TOHKHUX CJIOEB
HJIACTUYHBIX B3PBIBYATBHIX BEHLIECTB

C. B. llaxmaes, /I. M. I'acapkun, K. B. Ecanos, A. B. Knenunun, P. H. Jlamuinos,
A. B. Capagpannuxos, E. b. Cmupnos

OI'VII «Poccuiickmii @enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nmenH akagemuka E. . 3a0abaxunay», CHexxuHCK, Poccus

[Tnactiunble B3priBuaThie BemectBa (IIBB) ¢ ManbiM 3HaueHHEM KPUTHUYECKOTO AMAMETpa JeTOHALH
HIMPOKO MPHUMEHSIOTCS B KayeCTBE TPAHCIATOPOB ACTOHALMOHHOIO MMITYJIbCA B 3JIEMEHTAaX JE€TOHAIMOH-
HOU JIOTHKH, a TAaKXKE B COCTABE PA3TUUHBIX HATPYKAIOLIUX YCTPOUCTB. Tak, IEHTH U epOJICHTHI U3 TUIa-
cTHUHBIX BB MoryTt mcnonb3oBaThCsl B Kaue€CTBE COCTABHOM YacTH CHCTEMBl MMHUTAIMM MEXaHHYECKOTO
uMmynsca [1].

W3BecTHBIE CMIOCOOBI UMHTAIIMM MEXaHUYECKOIO MMIIYJIbCa METOIOM B3pbIBa HAIBIJICHHOTO B3pbIBYA-
TOTO BEIIECTBA HAa NTOBEPXHOCTh MCHBITHIBAEMOTO M3Aenus [2], a Takke METOAOM 3IEKTPUUYECKOTO B3pbIBA
MPOBOAHUKA [3] cONPSHKEHO CO 3HAYUTENBbHBIMA TEXHHYECKUMHU TPYIHOCTSIM U HEOOXOAUMOCTBIO HCIIONB30-
BaHMS TEXHOJIOTMYECKH CIOKHOTO o0opynoBanus. [Ipu aToM jeHTs 1 niepdonents u3 BB ¢ ManbiM 3Haue-
HUEM KPUTHYECKOTO TUaMeTpa JIMIIEHbI YKa3aHHBIX HEJOCTATKOB.

s mony4yeHust JaHHBIX O AETOHAIIMOHHBIX MapaMeTpax TOHKUX cioeB [IBB Obutu npoBeneHs! skcnepu-
MEHTHI C OIpEEIEHNEM CKOPOCTH JIETOHAINH, a TaKXKe KPUTHUYECKOTO U MPENEIbHOro JUaMeTPOB JAETOHA-
LUY JIEHT pa3IM4HON TOIIUHBL.

Bb1o mokaszano, 4To 3HaUe€HHE KpUTHYECKOro auaMeTpa jeHT u3 [IBB Ha ocHoBe dnermaruzupoBaHHO-
ro TOHa [4] cocTtaBnger menee 0,20 mm. IIpu 3TOM IIpU OJHOTOYEYHOM MHUIMHPOBAHUN OTHOCHTENbHAS
CKOpOCTb JIETOHAIIMM TaKWX JIEHT cocTaBuia nopsaaka 0,96 oT ckopocTH AETOHALMU 3apsiia MpeaesibHOro
Juamerpa.
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DETERMINATION OF DETONATION PARAMETERS
FOR THIN LAYERS OF PLASTIC HIGH EXPLOSIVES

S. V. Shakhmaev, D. M. Gagarkin, K. V. Eganov, A. V. Klepinin, R. N. Latypov,
A. V. Sarafannikov, E. B. Smirnov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

Plastic high explosives (plastic HEs) with a small critical detonation diameter are widely used as detona-
tion impulse translators in detonation logic elements, as well as in various loading devices. Thus, tapes and
perforated tapes made of plastic HEs can be used as an integral part of the mechanical impulse simulation
system [1].

The known methods of simulating a mechanical impulse by means of explosion of an HE deposited on the
surface of the tested product [2], as well as by means of electrical explosion [3] of a conductor, are associ-
ated with significant technical difficulties and the necessity to use technologically sophisticated equipment.
At the same time, tapes and perforated tapes made of HEs with a small critical diameter are free from such
disadvantages.

To obtain data on the detonation parameters of thin layers of plastic HEs, experiments were carried out
to determine the detonation velocity, as well as the critical and extremal detonation diameters of tapes of
various thicknesses.

The critical diameter of tapes of plastic HEs based on phlegmatized PETN [4] is shown to be less than
0.20 mm. In this case, the relative detonation velocity of such tapes at single-point initiation was about 0.96
of the detonation velocity of the charge with the extremal diameter.
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OCOBEHHOCTHU PACIHIPOCTPAHEHUSA JETOHAIIMHU B KAHAJIAX
MAJIOTI'O CEYEHUA AJS1 COCTABA HA OCHOBE TOH

B. B. Tumosa, H. A. Bonoouna, M. O. [llupwosa, U. A. Cnupun

OI'VIT «Poccuiickuit @enepanbubiil SAnepusiit Lentp — Beepoccuiickuit HUU skenieprimeHTanbHOM
¢dhm3ukn», Capos, Poccus

B HacTosee BpeMsl B LIETSX COBEPIIEHCTBOBAHUS CHCTEM MHHULIMUPOBAHUS JETOHALMH B 3KCIIEPUMEH-
TaJbHBIX COOPKax, COIEpXalliX B3pbIBUATHIE BEILECTBA, BEAYTCS paOOTHI MO HMCCIEAOBAHUIO MPOLIECCOB
pacnpocTpaHeHHsl JeTOHAIIMOHHON BOJHBI B KaHanax, cHapsbkeHHbIX BB Ha ocHoBe TOH (meHTasputput-
TeTpanurpar) [1].

B nanHoii paboTe Ha OCHOBE MOIENBHBIX SKCIEPUMEHTOB, NPEACTaBIeHHBIX B [1], nccnemyrorcs moa-
XOJIbl YMCIIEHHOTO MOJIEIMPOBAHUS PACIPOCTPAHEHUs JE€TOHAIMOHHONW BOJHBI B KaHajaX Majloro CEYeHHs
¢ yueToM KHUHETHKH AetoHaruu MK [2].
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CHARACTERISTICS OF DETONATION WAVE’S PROPAGATION
IN CHANNELS OF A SMALL CROSS-SECTION
FOR PETN-BASED COMPOUND

V. B. Titova, N. A. Volodina, M. O. Shirshova

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

Today, the work on studying the detonation wave propagation in channels with PETN-based (pentae-
rythrite tetranitrate) HE is in progress in order to improve the detonation initiating system in experimental
assemblies containing explosives [1].

The report describes studies of the approaches based on the model experiments presented in [1] to the
numerical simulation of detonation waves propagating in channels of small cross-sections with account for
kinetics using the MK detonation kinetics model [2].
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PEIT’MCTPALUSA NIEPEXOJAHOTI'O MTPOLOECCA
NP1 UTHULHNUUPOBAHUU TATb YEPE3 UHEPTHYIO IPET'PAJY

A. A. CmydeHHukoel’ 2 U A Py6u061’ 20 P Hgyyaﬂz, K. A. Ter?, A. O. Kam;capoez,
B. IT. Xanemenuyx®, A. K. Mysops®, E. 5. Cmupnos®, K. M. ITpoceupnun®, 1. I Tanuynnun’,
K. B. Ezanoé’, A. C. Ipemumckux®

'IKIT «CKH®D», WuctutyT karanuza uM. I. K. bopeckosa CO PAH, HoBocubupck, Poccus
2I/IHCTI/ITYT ruaponnHaMuk uM. M. A. JlaBpenteeBa CO PAH, HoBocubupck, Poccus

3OI'YII «Poccuiickuii Oenepansubiid Anepusriii Lentp — Beepoccniickuit HUU Texamueckoii hpuznku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexuHck, Poccus

B pabore mpexacrtaBieHbl pe3ynbTaThl JUHAMUKH (POHTA BOJHBI MPH MHULMHPOBAHWM LMIMHIpHYE-
CKuX mpeccoBaHHBIX 3apanoB u3 TATD uepes nperpany u3 nonumerunmerakpuiara (IIMMA) pa3znuysbix
ToH. OCHOBHOH LEeNbI0 UCCIIEOBAHUS SIBIISIETCS ONpe/ielieHre TyOnHBl BOSHUKHOBEHUSI MHTEHCHBHOM
XMMUYECKOW PeakLuH B HCCIEAYEMOM BEIIECTBE, CKOPOCTH €ro (poHTa M OOHApYKEHHE TIEPEXOTHOTO MPo-
necca nauuuupoBanus TATDB. Peructpanns nponssoauiack napauienbHO IByMs HEBO3MYIIAIOIIUMHI METO-
IUKaMu — cuHXpoTponHoii (CH) u pagrnonaTepdepoMeTpudecKoil METOIUKON UCCIeJOBaHMsI OBICTPOITPOTE-
Karorux nporeccos (PN).

Meton CU no3BosnseT perucTpupoBaTh He TOJIBKO YIAPHYIO U IE€TOHALMOHHYIO BOIHY B DHEPI€THYECKOM
Mmarepuaie, HO U COCTOSHHUE BellecTBa 3a (PpOHTOM BONHBEI B TeueHHH ~10 MKC mociie ee MpOXOXKICHHUS.
Takass nHPOpPMAIMA MO3BOJISIET MONYYUTHh JAaHHBIE O HAJMYME M XapakTepe XUMHUECKOH peakiuu, nHave
TOBOPS 3aPETUCTPUPOBATH IEPEXO] YAAPHOM BOIHBI B IETOHALIMOHHYIO.

Merton PU mo3BonsieT onpenensits BpeMEHHYIO 3aBUCHMOCTD JIBM)KEHHsI ()POHTA BOJHBI, a YacTOTHAs
XapaKTEpUCTUKA CUTHAJIA — XapaKTEP Pa3BUTHs NIPOLIECCAa UHULUUPOBAHUS.

CpaBHEHHsI SKCIIEPUMEHTAIBHBIX JAaHHBIX MMOJYYEHHBIX 3TUMH METOAWKAMH ITOKa3bIBAIOT ONH3KHE pe-
3yJIbTaThl 110 Pa3BUTHIO MPOLECCAa UHULMUPOBAHUS U JOMOJHAIOT IPYr Apyra [0 ONPEACIICHUI0 CKOPOCTU
($poHTa, ero 3BOIOLMH U ITyOUHBI BOSHUKHOBEHHUS! XUMHYECKON PEaKLInH.

SYNCHROTRON RADIATION METHODS
FOR REGISTRATION OF TRANSIENT PROCESS
OF TATB INITIATION THROUGH AN DENSE BARRIER

A. A. Studennikov"?, I. A. Rubtsov"? E. R. Pruuel’, K. A. Ten®, A. O. Kashkarov?,
V. P. Xalemenchuk?, A. K. Myzirya®, E. B. Smirnov’, K. M. Prosvirnin®, I. G. Galiullin®,
KV Egan0v3, A. S. Gremitskich®

1Synchrotron radiation facility SKIF, Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
2Lavrentyev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia

SFSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

The paper presents the results of the dynamics of the wave front during the initiation of cylindrical
pressed charges from TATB through a barrier made of polymethyl methacrylate (PMMA) of various thick-
nesses. The main purpose of the study is to determine the depth of the occurrence of an intense chemical
reaction in the test substance, the speed of its front and the detection of the transient process of TATB initia-
tion. Registration was carried out in parallel by two non-perturbing methods — synchrotron (SR) and radio
interferometric methods for studying fast processes (RI).

The SR method makes it possible to register not only the shock and detonation wave in an energetic ma-
terial, but also the state of matter behind the wave front within ~10 ps after its passage. Such information
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makes it possible to obtain data on the presence and nature of a chemical reaction, in other words, to register
the transition of a shock wave into a detonation one.
The RI method makes it possible to determine the time dependence of the motion of the wave front, and
the frequency response of the signal determines the nature of the development of the initiation process.
Comparisons of the experimental data obtained by these methods show close results on the development
of the initiation process and complement each other in determining the front velocity, its evolution, and the
depth of the chemical reaction.
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IQOPOEKT CEHCUBUJIN3ALINU BBICOKOOHEPI'ETUYECKHUX
KOMIO3UIUA ITPU DJIEKTPOMEXAHUYECKOM BO3JEACTBUU

JI. X. baopemounosa, P. M. Baxuoos, A. C. Kypaorcos, /[. B. Memasaxos

®denepalibHOE TOCYIapCTBEHHOE OIOKETHOE 00pa3oBaTeIbHOE YUPEKACHNE BRICIIET0 00pa30oBaHuUs
«KazaHckuil HallMOHAJIBHBIN HCCIIE0BATENbCKUN TEXHOIOTHUECKUI YHUBEepcuTeT», Kasans, Poccus

B paborax xadenpsr TTXB BoisiBieH addekr yBenuueHust ayBctBuTensHocTH bBB k ynapy mpu ox-
HOBPEMEHHOM BO3JIEHCTBUH 3IEKTPHUUECKOTO OIS, CO3aBaeMOro Ae(opMUpYEMBIM IbE303IEKTPUIESCKUM
aneMeHTOM. BozneicTBue anekTpuueckoro noias Ha bBB nmpuBOOUT K MOBBINIEHUI) YYBCTBUTEJIBHOCTH
K yrapy Ao ypoBHs nepBuuHbIx DOHM. PacueTsl moka3bIBarOT, UTO SHEPTHUs AIEKTPUUECKOrO MOJIS MO3BO-
JISIET TMOBBICUTH TEMIIEpaTypy HABECKH Ha COTbIE AOJIH rpagycoB. K Tomy ke, MHUIMUpPOBaHUE MPH DIEK-
TPOMEXaHNYECKOM BO3JEHCTBUU MPOUCXOAUT MPU 3HAUYUTEIHHO O0Jiee HU3KUX JABICHUAX, YTO UCKITIOYAET
MOBBILIEHHE YYBCTBUTEIBHOCTH 3a CUET MOBBIMIEHUS TeMieparypsl HaBecku DHM. [lpennonaraercs, uto
3¢ QeKT BEI3BaH YMEHBLICHUEM BEPOSTHOCTH PEKOMOMHALIMEH HOHOB U PaJUKal-HOHOB, 00pa3yIOLUINXCs IPH
paspyueHnu KpuctauioB. OcuuuiorpaMMel nHHIMUpoBanus DHM npu ynape 6e3 mosi, moKa3blBaloT, YTO
ropearie OHM B mpuGopurke npu pasrpy3Ke MOXKET MPEepBaThCsl U POCT JABICHHS BBI3ZBAHHOTO PasJioKe-
HUEM IIPOUCXOAUT Ha HUCXOMAILIEH BETBU KPUBOU Harpy:keHus. IIpyu 3eKTpoMeXaHUYeCKOM BO3JAECHCTBUU
Pa3loKEHUE MPOUCXOAUT Ha BOCXONAIIEH KPUBOW HATPYXKEHUS, & POCT JABICHMS IIPOUCXONUT CO 3HAUU-
TenbHO Ooubliel ckopocThio. [IpuBeneHHbIe QaKThl YKa3bIBAIOT HAa yBEIHYEHHE CKOPOCTH ropeHus DHM
MIPY BIIEKTPOMEXaHUYECKOM BO3JEHCTBUH, @ CKOPOCTh XUMHUYECKOH peaKkiny YBEIUIUBaETCs TUO0 MpHU yBe-
JMYEHUN TOABMKHOCTH, MO0 YBEIMYCHUU BPEMEHHU KM3HHU, JIMOO KOHIEHTPALMH XMMHUYECKH aKTHBHBIX
IIPOMEKYTOUHBIX IIPOAYKTOB PA3I0KEHUS. YBEIMUEHUE MTOJBUKHOCTU HOHOB U PaJIMKAI-UOHOB B KPUCTAJI-
JINYECKOU PEIIETKE MAJIOBEPOSITHO, a YBEJIMUEHUE KOHLEHTPALMY OIIPENEISAETCS AABICHUEM, OKa3bIBAEMbIM
Ha OHM. Takum 00pa3oM, ocTaeTcs TOJBKO YBEIMYCHUE BPEMEHHU JKM3HU XMMHUYECKH AKTHBHBIX YaCTHIL,
T. €. YMEHBIIICHNE BEPOSTHOCTH UX PEKOMOWHALINH.

THE EFFECT OF SENSITIZATION OF HIGH-ENERGY
COMPOSITIONS UNDER ELECTROMECHANICAL ACTION

L. Kh. Badretdinova, R. M. Vakhidov, A. S. Kurazhov, D. V. Metlyakov

Federal State Budgetary Educational Institution of Higher Education «Kazan National Research
Technological University», Kazan, Russia

In the works of the department of solid chemical substance technology, the effect of increasing the
sensitivity of high explosives to impact with the simultaneous action of an electric field created by a
deformable piezoelectric element was revealed. The impact of an electric field on high explosives leads to an
increase in shock sensitivity to the level of primary energy-saturated materials. Calculations show that the
energy of the electric field makes it possible to increase the sample temperature by hundredths of a degree.
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In addition, initiation under electromechanical action occurs at much lower pressures, which eliminates the
increase in sensitivity due to an increase in the temperature of the sample of energy-saturated material. It
is assumed that the effect is caused by a decrease in the probability of recombination of ions and radical
ions formed during the destruction of crystals. Oscillograms of the initiation of energy-saturated materials
upon impact without a field show that the combustion of an energy-saturated material in the device during
unloading can be interrupted and the pressure increase caused by decomposition occurs on the descending
branch of the loading curve. Under electromechanical action, decomposition occurs on an ascending loading
curve, and the pressure rises at a much higher rate. The above facts indicate an increase in the burning rate
of an energy-saturated material under electromechanical action, and the rate of a chemical reaction increases
either with an increase in mobility, or an increase in the lifetime, or the concentration of chemically active
intermediate decomposition products. An increase in the mobility of ions and radical ions in the crystal
lattice is unlikely, and the increase in concentration is determined by the pressure exerted on the energy-
saturated material. Thus, there remains only an increase in the lifetime of chemically active particles, that is,
a decrease in the probability of their recombination.
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