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The laser initiation of energetic materials doped with metal nanoparticles having oxide
shell explosive decomposition

The work is devoted to the development of the model describing laser initiation composite materials being an
explosive matrix with metal nanoparticles covered with oxide shell. The model considers the oxide shell as a
dielectric that does not absorb light. The example of aluminum nanoparticles covered with alumina is the
main one in the paper. The model describes the thermal transfer in the system metal core-oxide shell-
explosive material, exothermic decomposition of the explosive considered as a one-step reaction with Arrhe-
nius dependence on the rate on temperature, and light absorption of the core-shell interface. The model is
written as a system of the equations and respective computer program is developed. The semi-quantitative
analysis of the model using the typical thickness of the heated layer of the matrix is performed. It is shown
that the radius of the nanoparticle heated most is proportional to the thickness of the heated layer of the ex-
plosive matrix as in the previous versions of the model though the coefficient depends on the oxide shell
thickness. The numerical analysis is done. The dependencies of critical energy density on the oxide shell
thickness at constant nanoparticle’s radius and on the radius at constant shell thickness are calculated. The
dependence on radius shows the existence of the optimal particle minimizing the critical energy density
whose radius depends on the shell thickness.
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Introduction

The development of laser initiation approaches of explosive decomposition is essential for safety in-
creasing in the explosives’ utilization as well as for ecology risks and technological catastrophes minimiza-
tion. One of the solution steps of this relevant task is the development of explosive blends selectively sensi-
ble to laser impact. The decreasing of neodymium laser pulse critical energy density of pentaerythritol
tetranitrate (PETN) explosion in one hundred times was achieved earlier by mixing the explosive with alu-
minum nanoparticles [1]. The significant influence (13 times) of the oxide shell of the nanoparticles on the
critical energy density of the PETN initiation was discovered in [2]. The respective model was suggested
in [3].

The optic detonators based on primary explosives such as silver azide have not been applied extensively
as they show low thresholds not only to laser impact but also to heat and electric stimulus. Another ways of
the problem solution are development of optic detonators based on the high-energy metal complexes with
nitrogen-rich ligands [4, 5] or application of secondary explosives which critical energy density of the laser
impact was diminished with some additives. The sensibilization of the transparent secondary explosives was
done with metal nanoparticles introduced in small quantities (about 1 %) in the works [1, 6, 7]. Significant
decreasing in the critical energy density of the laser pulse appears due to both effective linear absorption co-
efficient increasing [8] and heating of just nanoparticles and thin layer of the explosive around it that is a
negligible part of the sample. For that reason, the minimal energy density of secondary explosive PETN laser
initiation with aluminum [6, 7], nickel and cobalt [9, 10] is about 1 J/cm? at the main wavelength of the neo-
dymium laser. The perspectives of gold nanoparticles with diameter 60 nm showing maximum of the plas-
mon resonance band at 532 nm as a sensibilizing additive to hexogen comparing to carbon particles of soot
and nanotubes was pointed out in [11]. Several papers were devoted to changing of the nanoparticles’ shape
aiming at fitting the plasmon absorption band to the wavelength of the commercially available continuous-
wave lasers [12-15]. The sensibilization of 1,1-diamino-2,2-dinitroethene with gold nanorods was performed
in [12] that made it possible to initiate them with continuous-wave laser at 808 nm and power 8 W with
reaching the pressure of 1.5 GPa at the rear side of the charge which is enough for the typically secondary
explosives’ detonation initiation. The additive of black carbon leads to initiation threshold of 17 W in similar
conditions [13]. The application of gold-copper alloy additives in the nano-stars shape allows one to initiate

46 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa


https://doi.org/10.31489/2024PH4/46-53

The laser initiation of energetic materials...

hexogen with continuous-wave laser irradiation at power 41 W which is 6 times lower than for pure hex-
ogen [14]. Silver nano-plates of various shapes (round, triangle, and cracked triangles) utilization showed
that the cracked triangles are the most efficient as hexogen sensibilizing additives though the absorption
spectra of the samples are close [15].

The micro hot-spot conception of the thermal explosion based on the light absorption by metal nanopar-
ticles in the explosive’s volume was suggested in [16] for silver and lead azides. The relevance of the optic
detonators using secondary explosives linked with safety issues attracted researchers to this model. The hot-
spot model applied to secondary explosives initiation was formulated in [1, 8, 10, 17] with phase transitions
and optical properties of the composites taking into account. As a result, the most of experimental data on the
laser pulse initiation of explosives found qualitative and partly quantitative explanation, including the de-
pendence of the critical energy density on the pulse duration. A few new effects were predicted and discov-
ered afterwards such as dependence of the initiation threshold on the laser wavelength, radius and mass frac-
tion of the sensibilizing nanoparticles. The dielectric shell of the nanoparticles was included in the hot-spot
model in [3] where its influence on the optic and thermal properties was discussed. The calculation of ab-
sorption and scattering efficiency factors of the nanoparticles with metal core-dielectric shell structure was
performed. The maximum temperatures of the core-shell particles heated in the inert medium were calculated
varying the nanoparticle’s radius. It was shown that oxide shell changes drastically the optic properties of the
nanoparticle. The further research into hot-spot model is relevant due to their fundamental significance in the
point of mechanisms of laser initiation understanding and practice linked with optic detonators’ composition
optimization.

The aim of the present work is research into laser initiation regularities of PETN taking into account ox-
ide shell of the aluminum sensibilizing nanoparticle. The main task is to perform the kinetic analysis of the
composites PETN/AI/AI,O3 laser initiation model at variation of the both nanoparticle’s radius and shell
thickness in the wide range. The model is analyzed for the practically important case of composite PETN-
aluminum nanoparticles. The dependence of the critical energy density on this composite on the oxide con-
tent in the nanoparticle was studied experimentally earlier [2].

The hot-spot model of laser initiation in the case of core-shell nanoparticles

The differential equations of the hot-spot model in the core-shell particle case are as follows [3]:

oT T 2 T nQ E x>R
— =0 —+—— |+ K, —exp| ——
ot ox° X OX c ke T
an E x>R
— =-k,n-exp| ——
ot kT
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6_n =0, n=0,
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where lower index 0 marks the shell, A7 marks the core, a is thermal diffusivity, ¢ is volumic heat capacity, n
is the content of the unreacted explosive substance, k, is preexponential factor, E is activation energy, Q is
heat released at decomposition of 1 cm® of the explosive substance, R is nanopartciles radius, r is radius of
the core. The metal core absorbs light in the core of core-shell particles case. The energy absorbed is con-
sumed on heating the core then the shell is heated and only after it the heat is transferred to the surrounding
explosive’s layer initiating its decomposition.

Thus, on the boundaries shell-explosive and core-shell respective boundary conditions arise making
contrast to initial micro hot-spot model:
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The calculations were done using parameters from [1-3]. The temporal dependence of the function J
was taken in the normal distribution shape according to the pulse shape of the experimentally used la-
sers [10]. It is reasonable to get rid of one of the parameters counting time from the pulse maximum and
starting calculation earlier (3):

J(t) =vm-QupsR%kiHy ‘EXP(— kiztz), 3

where ki determines the pulse duration at the half width according to the expression 72«/ . The val-
/U2

ue of absorption efficiency Q,__ determines the intensity of light interaction with nanoparticle and we dis-
cussed it thoroughly in [18, 19].

Results and discussion

An important task in the model analysis is determination of the nanoparticle’s radius heated by the laser

. . . I . f3c .
pulse to maximum temperature neglecting the explosive’s decomposition. Denoting  [— as K in the case of
Cl

micro hot-spot model this radius is proportional to the matrix heated layer thickness Rn=Kh, where
h = {/2a/k; , while the maximum temperature augmentation takes form:

ST = nRH __ nKhH KH

%nclR2+4nc(Rh+h2) %niczth2+4nc(hKh+h2)_ 4ch(K +2)

A similar analysis was performed in the case of the core-shell particles. The estimation of the maximum
heating temperature in the case of particle having oxide shell with thickness (R — r) we will use the ration of
nanoparticles and core radii Z=R/r. The expression for temperature augmentation can be written as follows:

2
AT =9 _ . . H-nr
C CA.gnrs_i_CO.gan(Zs—1)+Cm4TCZZI'2h+4TCthzzr

(4)

The particles with the most pronounced temperature increasing are determined applying maximum con-
ditions:
AT'=0

2
— T -0 (5)
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3 3
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It can be deduced from (5) that the radius of the most heated nanoparticle Ry, does not depend on the
pulse energy density but depends on pulse duration which presents through the thickness of the matrix heated
layer h. For that reason, we calculated the dependence of the maximum temperature of the heated nanoparti-
cle in the inert matrix with PETN parameters on the radius at different pulse durations. The results are shown
in Figures 1 and 2 at the pulse duration 14 and 20 ns respectively. The energy density values were 25, 50,
and 75 mJ/cm?. The ration of core and nanoparticle radii was 0.75. The range of radii was taken rather wide,

so the value of Ry fell in it. The self-accelerating mode of the reaction was excluded due to taking preexpo-
nential factor equal to 0.

48 BecTHuk KaparaHgmMHCKOro yHusepcureTa



The laser initiation of energetic materials...

At the energy density value 25 mJ/cm? the maximum temperature increases from 437 to 604 K when
radius increases from 10 to 60 nm and is decreased to 565 K as the radius gets to 120 nm. When the energy
density increases to 50 J/cm?, the maximum temperature of the nanopartilces increases to 538 K for 10 nm
and 909 K for 60 nm, while it becomes equal to 835, if the radius is 120 nm. If the energy density is 75 J/cm?
the respective maximum temperatures for 10, 60 and 120 nm particle radii are 710, 1213 and 1102 K. The
augmentation of temperature is proportional to the energy density of the pulse. The most heated particle has
radius 60 nm in this case.
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Figure 1. Calculated dependencies of the maximum tem-  Figure 2. Calculated dependencies of the maximum tem-
perature of the aluminum nanoparticles heated in PETN on perature of the aluminum nanoparticles heated in PETN on
its radius at r/R=0.75 and pulse duration 14 ns. its radius at r/R=0.75 and pulse duration 20 ns.

Figure 2 shows similar dependencies of maximum temperature of the aluminum nanoparticle at the
pulse duration 20 ns. Other conditions are the same. The maximum temperature of the particle heated with
20 ns pulse and energy density 25 J/cm? is 555 K when radius is 71.8 nm. The temperature decreases for both
smaller and bigger particles reaching 399 K at 10 nm and 536 at 120 nm. The maximum temperatures for
energy density 75 J/cm?® for 10, 71.8, and 120 nm are 600, 1064, and 1010 K. Thus the maximum heating
temperature is achieved at the definite radius of the nanoparticle dependent on the pulse duration and inde-
pendent on its energy or power density.

We analyzed thoroughly the temperature distributions in the heating of aluminum nanoparticles covered
with alumina in the PETN matrix at the minimal pulse energy density provided explosive decomposition.
The temperature distribution arising at the energy density 137 mJ/cm? in the case of nanoparticle’s radius
50 nm with core radius 35 nm and shell thickness 15 nm are presented in Figure 3. The moments of time
counted from the pulse maximum are shown on the legend; they correspond to the slow temperature evolu-
tion in the reaction hot-spot linked with reaction energy releasing and heat transfer competition [20].
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Figure 3. Temperature distributions in PETN at the Figure 4. Temperature distributions in PETN

time moments shown on the legend in the PETN lay- surrounding nanoparticle with radius 75 nm
er surrounding the nanoparticle with radius 50 nm (50 nm core and 25 nm shell) at the time momonts
(35 nm core and 15 shell thickness) shown in the legend
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The maximum temperature 1145.1 K is observed on the boundary oxide shell- PETN (50 nm) and the
hot-spot thickness is estimated as 2.6 nm at the time 9 ns when the pulse intensity is only 0.318 % of the
maximal one. We determined here the hot-area as the part of the PETN matrix where the second derivative is
negative as it has to be positive inside the matrix in the case of exothermic reaction absence. Further at time
17 ns the temperature maximum increases to 1155.8 K while the hot layer is widened to 8.8 nm. The pulse
intensity at 17 ns is 0.0168 % of the maximum one. Then at 18 ns the temperature on the alumina shell —
PETN boundary increases to 1170 K; the hot layer thickness increases to 12.5 nm. It is essential that heat
evolving in the exothermal reaction forms temperature maximum leading to explosive decomposition.

Figure 4 shows the temperature distributions in PETN matrix in the case of nanoparticle with radius
75 nm (50 nm core radius and 15 nm shell thickness) in the case of energy density 104.17 mJ/cm?. The tem-
perature on the boundary decreases slightly between 23 and 24 ns. At the same time the layer of the heated
PETN widens, so the temperature gradient decreases. For that reason at time moment 24 ns the heating from
the exothermal decomposition reaction overcomes the heat transferring from the hot layer and the tempera-
ture increasing begins. The temperature jumps rapidly at the time moment 24.8 ns counting from the pulse
maximum evidencing the beginning of the explosive decomposition at the given energy density of the pulse.

Thus, the analysis of temperature field evolution in the system PETN — aluminum nanoparticle with
alumina shell varying the energy density of the laser pulse gives one an opportunity to estimate the critical
energy density.

The method of the explosive decomposition critical parameters calculation in the case of the composites
PETN — aluminum nanoparticles covered with alumina is close to used earlier [20]. In the case of interest
one needs to take into account the thermal transfer in the oxide shell. The developed computer program cal-
culated critical energy density H. at given nanoparticle’s radius, radius of the core, shell thickness, and pulse
duration. The results are presented in Figure 5 as dependencies of critical energy density of the PETN explo-
sive decomposition on the nanoparticlers’ shell thickness at the definite radii of the nanoparticles in the radi-
us range from 15 to 70 nm and shell thickness range from 0 to 30 nm. The calculations were done in the as-
sumption of the absorption cross section equality to the geometrical one.
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Figure 5. The calculated dependencies of laser pulse criti- Figure 6. The calculated dependencies H¢(R) for
cal energy density of PETN- Al/Al,O; explosive decompo- unoxidized aluminum nanoparticles and with oxide shell
sition on the oxide shell thickness at definite nanoparticles’ thickness shown on the legend

radii presented on the legend

The dependencies (Fig. 5) show the increasing of critical energy density when the thickness of the oxide
shell increases. It means that the function extremum lays at the zero thickness of the oxide shell minimizing
the critical energy density. On the other hand, if one presents the calculation results as dependencies of criti-
cal energy density on the nanoparticles’ radius at definite oxide shell thickness the minimum points ap-
pear (Fig. 6). Thus, as for original hot-spot model of laser initiation in the model taking into account the ox-
ide shell discussed the radius of the most heated nanoparticle (or the optimal radius) appears, but it becomes
a function of the thickness of the oxide shell. The dependencies in Figure 6 are of the same type showing the
decreasing in the critical energy density from 15 nm to the minimal point and then increasing. The minimum
position is a function of the oxide shell thickness; the thickness increasing leads to the optimal radius of the
nanoparticle rising.
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This trend could be also found from the equation (5). The minimum positions (minimal H. and respec-
tive R values) at several shell thickness values are presented in Table. The optimal radius of the metal nano-
particle existing in terms of the model could be determined in two ways: (i) one is able to find the radius of
the most heated nanoparticle in the under-threshold mode; (ii) one can calculate the dependence of critical
energy density on the nanoparticle’s radius and find its minimum. The existence of the optimal radius of the
nanoparticle providing the minimal energy density other conditions are the same is inherited in the model
taking into account the oxide shell from the initial model of the entirely metallic particles. As in the model a
new parameter appears that is shell thickness, it is not surprising that optimal radius becomes its function.
The optimal radius increases when the oxide shell becomes thicker, for instance, when the shell thickness
increase from 0 to 10 nm the optimal radius increases in 1.5 times.

Table
Minimum coordinates on the critical energy dependence on the nanopartciles
radius at fixed oxide shell thickness values
L, am 0 3 5 7 10
H., mJ/cm? 58,7 67,3 71,2 75,1 80,8
R, nm 66,18 68,08 79,71 86,27 96

Conclusion

The model describing the laser initiation of explosive linked with radiative heating of metal nanoparti-
cle with oxide shell in the explosive matrix was developed and analyzed. We showed that the optimal radius
of the nanoparticle providing the minimum threshold of the ignition depends on the oxide shell thickness.
The model is a new step towards application of the hot-spot theory to real explosive-metal nanopartilces
composites. The optical properties will be incorporated in the future which will make it possible to compare
the calculation results with the experimental one.

This research was funded by the Ministry of Science, Higher Education and Youth Policy of Kuzbass
(agreement No. 5 dated Nov.11, 2022).
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Oxcnari KaObIKIIAHBIH KAPBLIFBINI bIABIPAYbI 0ap MeTaJlJI HaHOOeJIIIeKTepiMeH
JIETHPJICHT€H JHEPreTUKAJIBIK MaTePUAJIAPAbIH Ja3epJiiK HHUINALIHUSACHI

Makana na3epiik HHUIHAIHSIIBIK KOMIO3HITMSUTBIK MaTepUaNIIApIbIH OKCHITI KAOBIKIICH KalTalfaH MeTall
HaHOOeIIIeKTepi 6ap KApBUIFBIII MaTpUIla OONYBIH CUNIATTAMTHIH MOJENBI 93ipieyre apHanFaH. Mozemnbae
OKCHJ] KaOBIFBIH JKapPBIKTHI CIHIPMEHTIH IMAJIEKTPHUK PETiHIE KapacTeipanbl. Herisri HOTmkeIep amtoMHHHUI
OKCHIIMEH KalTalfaH aJIOMUHHA HaHOOeNIIeKTepiHe apHaiFaH. Mojens meHOepiHAe «MeTallul SIpOCh—
OKCHATI KaOBIK—KapBUIFBIII 3aT» JKYHECiHIeri JKbpuly Oepy mporectepi, AppeHHYC TeMIlepaTypackiHa
TOYeJIiTIKICH OipiHIIi PETTi peakiys PEeTiHIe MOCIBICHI€H JKapbUIFBILI 3aTThIH 3K30TEPMHSIIBIK bIIBIPAYhI
KOHE «IIpO—KaObIK» IIeKapachIHAAFbl COYJENeHY/l CiHipy 3eprrenareH. Monenb auddepeHpanapk
TeHJeyJIep XKyieci TypiHae *ka3bUIbII, CaHABIK OPBIHIAYFa apHaIFaH KOMITBIOTEpIiK OaFraapiama jKacajiraH.
MonenbaiH JkapThlIail CaHABIK Talgaybl CoyJeJeHY HWMITYJIbCIHIH OpeKeTi Ke3iHAe KbI3IbIPhIIFaH
MATPULOANBIK KAOATTHIH CHIATTAMANBIK KAIBIHIBIFBIH TMaiilaliaHa OTBIPBIN Kypri3ingi. EH korapbl
TEeMIIepaTypara JKeTKCH HAHOOOIIEKTIH paJnyCchl KBI3ABIPBUIFAH MATPHULAIBIK KaOAaTThIH KAJIBIHIBIFBIHA
MPOTIOPIIHOHAN OOJATBIHBl KOPCETUITeH, Oy MOJENbJIH aJIbIHFBl HYCKAachlHa CoWiKec Kenemi, Oipak
MPOTIOPIIHOHAIIBIK KOXPPHUIIUEHTI OKCU KaOBIKIIACKIHBIH KaJIBIHABIFBIHA OaiilaHbIcThl. Mogenbre caHIbIK
Tamlay JXacaJiabl. I/IHI/lLll/laLlI/lﬂ SHBpFI/IﬂCbIHbIH KpI/ITI/IKaﬂbl]{ ThIFbI3IbIF bIHBIH HaHO69HHJeKTiH T¥paK,Tbl
paauyChIHIAFBl OKCH] KAOBIFBIHBIH KaJIbIH/IBIFbIHA KOHE KAOBIKTHIH TYPAKTHI KAJTBIHABIFBIHIAFbl HAaHOOOIIIEeK
paguycelHa TOyeNJUIri ecenTenedi. Paauycka Toyenailik MHUHHMMAJIbl WHHULMAIMS IIETiHE OKEeNeTiH
OHTAaIJIBI HAHOOOIIEKTiH 00NybIH KopceTei. OHTaiIbl HaHOOOIIEKTIH pagrnyChl KAOBIKTBIH KaJIBIHIBIFbIHA
0aiIaHBICTEL.

Kinm ce30ep: nasepiik WHUIHMALUS, TEPMHUSIIBIK KApPBUIBIC, BICTHIK HYKTE MOJEN, SApO KaOBIKIIACHIHBIH
HaHOOOIIIEKTePi, YHEPTETHKAJIBIK MaTepHaIIap.
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3aKOHOMEpPHOCTH JIa3ePHOT0 MHUIMHPOBAHUS B3PbIBa
JHEPreTHYeCKUX MaTEepPUAJIOB, TONNMPOBAHHBIX HAHOYACTUIIAMHU

Crarbsl MOCBSIIEHA PA3BUTHIO MOJEIH JIa3€pHOTO WHUIIMMPOBAHUS B3PbIBA KOMIIO3UTHBIX MaTepHasoB,
MPEACTABIAIOMUX COO00 MaTPHUIly B3PbIBYUATOTO BEILECTBA, CONCPIKALIYI0 HAHOYACTUIBI METAJIOB C OKCHI-
HOU 000504KOH. B paMkax Monenu okcuaHas 000J04YKa pacCMOTpeHa KaK JUIJIEKTPUK MPO3payHblid Ui Ja-
3epHOro m3nydeHus. OCHOBHBIC PE3yAbTaThl MPEACTABICHBI Al HAHOYACTHUI aTIOMUHHSA, MOKPHITHIX OKCH-
JIOM aOMHHUS. B paMkax Mozenu H3y4eHBl MPOLECCHl TEIUIONEPEHOCA B CUCTEME «METAIITMYECKOE SIPO—
OKCHJIHAsI 000JI0YKa—B3PBIBUATOE BEIIECTBOY, IK30TEPMHUECKOE Pa3I0KEHHE B3PHIBYATOTO BEIIECTBA, MOJIC-
JUpyeMoe Kak peaxiysi MepBoro mnopsijika ¢ AppeHHYCOBCKON TeMIIepaTypHOH 3aBUCUMOCTBIO, U IOTJIONIe-
HUC W3JIyYCHHs Ha TpaHUIE «Iapo—o00Jouka». Mojenp 3amicaHa B BHIC CHUCTEMbI Ju(epeHINATEHBIX
YpaBHEHUH, U pa3paboTaHa KOMITBIOTEPHAS MPOrpaMMa JUTsl YUCICHHOW pealti3aniy. BBIMOIHEH MOTyKOJIH-
YECTBEHHBIH aHaIu3 MOJIENU C MCIIOJIb30BaHUEM BEJIMYMHBI XapaKTePHON TOJIIIMHEI CJIOS IPOrpeTOoi MaTpu-
Bl 32 BpeMs ACHCTBHS UMITYJbca M3MydeHHsA. [loka3zaHo, YTO paguyc HAHOYACTHIBI, JTOCTHrarolieil Hau-
OospIIel TemMIepaTypbl, TPOMOPIHOHATIEH TOJIIIHE IPOTPETOTO CIOS MAaTPHUIIBL, YTO COTIIACYETCS C MPeabl-
IyIIAM BapHaHTOM MOJEIH, OJHAKO KO3()(UIIMEHT MPONOPLUHUOHAIBHOCTH 3aBUCHT OT TOJIIUHBI OKCHIHOU
obonouku. [IpoBeneH YWCICHHBIA aHANW3 MOIENU. PaccuWTaHbl 3aBHCMMOCTH KPUTHYECKOW IUIOTHOCTH
SHEPTUU WHUIMUPOBAHUS OT TOJIIIMHBI OKCHIHONH OOOJIOYKH MPHU IMOCTOSIHHOM PaJiyce HAaHOYACTHUIIHI U pa-
JINyca HAHOYACTHUIIBI NMPH TOCTOSHHOM TOJIMHE OOOJIOUKH. 3aBUCHMOCTh OT Pajyca CBHICTCIbCTBYET O
CYILIECTBOBAHUHU ONTHUMAJbHOW HAHOYACTHUIIBI, IIPUBOJASALICH K MUHUMAIBLHOMY MOPOTY HHULUMUpOBaHUs. Pa-
JINYC ONTUMAIbHOM HAHOYACTHUIIBI 3aBHCUT OT TOJIIIHHBI 000JIO0YKH.

Knrouegvie crosa: naepHoe HHUIMMPOBAHHUE, TEIUIOBOH B3pbIB, MUKPOOUYaroBasi MO/ielb, HAHOUACTHIIbL, S11-
POo—000JI04Ka, IHEPTETHIECKUE MATECPHAIIBI.
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