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LASER IGNITION OF ENERGETIC MATERIALS BASED
ON CARBON CONTAINING METAL OXIDE PROPELLANT

Abstract. An experimental study to investigate the laser ignition using a diode laser
for carbon containing energetic compositions based on metal oxide propellant in order to
develop more liable and greener laser ignitors for directinitiation of the propellantwas
conducted. Samples of the propellant were ignited using a 974 nm near-infrared diode
laser. Laser beam parameters including laser energy, beam width and pulse width were
investigated to determine theireffects on the ignition performance in terms of delay time,
rise time and burn time of the propellant which wasarranged in several different confi-
gurations. The results have shown that the smaller beam widths, longer pulsewidths and
shorter laser energy resulted in shorter ignition delay times and overall burn times, howe-
ver, which increasing the amount of laser energy transferred to the material resulted in no
significantreduction in either delay time or overall burn time. The tested propellant well
responded to laser ignition, an expansion that supports continued research into the deve-
lopment of laser-based propellant ignitors.

Key words: laser ignition, ignition delay, combustion, energy materials, activated
carbon, metal oxide.

Introduction. In recent years efforts have been made to eliminate primary-
explosives from ignition mechanisms, primarily because of the associatedsafety
and environmental hazards. Historically, several accidentshave resulted from the
use of high explosive materials, which canbecome unpredictable if they are not
carefully stored and monitored.For example, high temperatures experienced
during storageareknownin affecting the energetic materials service life and, in
extreme cases, lead to potentially fatal occasions. Governments around the world
have introduced measures to discourage the use of heavy metals inignitors and
other explosive devices with the introduction of newlegislation, such as REACH.
This has meant that the search foralternative solutions has become not only
desirable, but necessary. Direct ignition of energetic materials using laser tech-
nology couldeliminate the problems associated with traditional ignitors, by
removingthe primary explosives and heavy metals [1-3].

Laser ignition offers several advantages over electrical ignitionmechanisms,
including immunity to electromagnetic interference, nometal component inser-
tion, the reliability and reproducibility inherentof laser systems and the ease with
which the optical fibers could beutilized to install multipoint initiation. It has
become an important andinteresting topic not only to researchers, but for manu-
facturers ofexplosive ignitors, due to the modern advancements in the develop-
mentof lasers which are more compact, more cost effective, and moreefficient in
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comparison to those lasers used during the first laserignition attempts in the
1960's [4-7]. Despite the extensive researchwhich has been carried out into the
laser ignition of energetic materialsincluding propellants [13—15], few laser-based
ignitors havebeen developed for real world use to date and the details of these
systems are not currently available in the open literature.

Many energetic materials that are typically used in low energy electro-
explosive devices (EED's) can be ignited whenheated by a laser of sufficient
power density. In the past decade, high-power solid-state laser diode technology
hasmatured to the point that it is a viable candidate for replacement of EED's in
applications where reliability and safety areconcerns [8]. Historically, the deve-
lopment of optical initiators has been based on off-the-shelf laser diodes and solid
state lasers. In order to reverse this trend and optimize the laser source speci-
fically for ignition of energetic materials, thefundamental process of ignition must
be better understood. In this work we analyze the thermal-radiative transport
inenergetic materials that are being heated by a laser beam, and investigate the
effects of material properties and laserbeam shape on the minimum energy
threshold for ignition.

Since the laser was first introduced as an ignitionsource for energetic mate-
rials numerous studiesinvolving laser ignition of both deflagrationand detonation
have been carried out and published. However, none or only a few studies have
been devoted to diode laser ignition of unconfined secondaryexplosives by means
of an optical fiber. Thereare at least two possible reasons for this apparently
weakinterest. The first possibility is that studies of the ignitionof confined explo-
sives are more useful when constructinglaser ignition systems. The second possi-
bility originatesfrom the earlier shown strong pressure dependence inthe threshold
ignition energy. The energy needed toignite a secondary explosive at atmospheric
pressure istherefore high [9-11].

Ignition by a laser beam is an external ignition methodwhich offers a number
of advantages when compared toother ignition methods. A non-exhaustive list
includes: high temporal and spatial precision and accuracy, minimalignition
delay, no need for premixing, simultaneousignition of multiple combustion cham-
bers via optical fibercoupling, an increased ignition probability for a widerrange
of mixture ratios and initial chamber conditions(from vacuum to high pressure),
as well as an electromagneticinterference (EMI) which is well below permissible
levels for space flight. Studies comparing laser and electric spark ignition forfuel
rich mixtures has shown that laser ignition ensures ahigher ignition probability for
lower pressures and this isindependent of the initial chamber pressure [12]. Laser
ignition can be performed in a number of differentways, by direct means, where
by the laser energy isabsorbed by the propellants directly upon impingementof the
laser beam, or indirectly, whereby the laser energyis transmitted from the laser
beam to the propellants viaanother medium, such as metal particles.

Due to the potential to increase both the safety and performance of initiation
systems, the use of laser radiation to initiate energetic materials remains a topic of
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interest.Once the fundamentaldetails of the interactions of laser energy and ener-
getic materials are understood, the laser source and delivery hardware can be
designed specifically for this purpose.

EXPERIMENTAL

Materials and Samples. Activated carbon was obtained in the Laboratory of
Functional Nanomaterials of the Institute of Combustion Problems (Almaty,
Kazakhstan). Mechanical treatment (15 min) of ammonium nitrate (purity 99%)
powder was carried out in a planetary mill. Ammonium nitrate was used as an
oxidizer in the condensed mixture with a diameter of 212-250 pm. Magnesium
(Mg) was used as a fuel, and its diameter was 200 um. The diameter of the metal
oxide particles was 30-40 um, and it acted as a catalyst. Nitrate cellulose was
used as a binder. The diameter and length of the compositions were 3 and 10 mm,
respectively.

Measurement of Laser Ignition Characteristics. The schematic diagram
illustrated in figure 1 shows the set up used for laser ignition of a sample. A fibre-
coupled laser diode operating at a wavelength of 974 nm was used as the igniting
source, a laser diode controller was used to set pulse width of 300 ms and laser
power (up to 40 W with ~6 mW resolution), and an external pulse generator (RS
Components 610—629) was used for triggering the laser. The laser beam output
was focused with a focusing lens (50 mm diameter and 50 mm focal length) onto the
surface of a sample material. The beam diameter incident on the lens was ~50 mm.
The spot sizes on sample surfaces varied from 0.7 to 3.5 mm in diame-ters (= 0.05 mm
error). A glass block was used for a strand propellant to sit on for ignition. For
laser initiation, 30 samples were prepared and burned in with each composite.

Figure 1 — Experimental set up for laser ignition: 1 — laser diode; 2 — attenuator split;
3 — energy meter; 4 — focusing lens; 5 — glass plate; 6 — sample; 7 — optic detector;
8 — sampling resistance; 9 — data analysis system
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Upon correct set up of the equipment, a sample holder containingthe pro-
pellant material was placed on a height adjustable stage belowthe focusing lens
and the sample surface was positioned at the laserfocus. Following exposure to
the laser beam, the sample material wouldbe heated up and ignited with sufficient
laser power. The ignition characteristics of the propellant were studied by exa-
mining changes in delay time, rise time and burn time across a range of beam
widths, laser powers and pulse durations.

(1)
(2)

) 200 400 600
Time-base (ms)

Figure 2 — Oscilloscope traces of (1) laser pulse and (2) the ignited flame with measures:
(A) delay time, (B) rise time and (C) burn time

Figure 2 shows graphically the delay time, rise time and burn time measure-
ment definitions. Delay time (A) is taken to be the time between the start of the
laser pulse and onset of deflagration of propellant, rise time (B) is taken to be the
time between deflagration onset and ignition and burn time (C) is taken to be the
time between onset and end of deflagration.

RESULTS AND DISCUSSION

Finding the ignition energy threshold of the propellant was importantas this
benchmarked the minimum energy requirements forsubsequent testing. In
eachcase, a «Go/No-Go» result was recorded for whether or not the ignitiontook
place. Table shows the results of the spent laser energy and ignition delay to
initiate for each composition.

According to the results, we can see that the energy spent on laser initiation
of the composition decreases (figure 3). As seen for the initiation of the basic
composition (AN/Mg) which does not contain activated carbon with metal oxide
was spent 25.97 Jof energy. And for the initiation of the composition AN/Mg/C-
CuOused 4.35 J of energy, almost four times less energy was spent.
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The results of the spent laser energy and ignition delay to initiate for each composition

Ne Compositions Ignition energy, J Ignition delay, ms
1 AN/Mg 25.97 902
2 AN/Mg/Carbon 9.31 810
3 AN/Mg/C-NiO 6.88 688
4 AN/Mg/C-CuO 435 506
* AN — ammonium nitrate.
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Figure 3 — Ignition energy Dependencies on the compositions

The thermal properties of the energetic material play an important part
in addition to the laser energy. This is due to the fact that the activated carbon
itself in the form of as a fuel contains a large amount of energy. Metal oxides
(CuO/NiO) can be the catalyst for our AN-based propellant system.Ignition by a
low-medium laser energy of continuous wave is a complicated process, which
includes transfer and dissipation of the heat generated by laser and also the
energetic material decomposition in a long-time scale.

The delay time is of particular interest as it can affect both system safety and
system response times. Figure 4 presents the dependencies of the ignition delay
time on the compositions. As shown, to initiate the compositions with a decrease
in energy expended, the delay of the ignition time was also reduced. Ignition
delay of basic AN/Mg composition was 902 msand for the AN/Mg/C/CuO com-
position reduced to 506 ms.It could be said that the composition with activated
carbon based on metal oxides reacts quickly to inflammation and is sensitive to
initiation.
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Figure 4 — Dependencies of the ignition delay time on the compositions

Conclusion. This study shows that laser ignition limit for the propellant de-
pends on laser energy and ignition delay and demonstrates that AN/Mg/C/MeO
propellant is a good candidate for laser ignition for several reasons. Firstly, the
propellant does not require the addition of any optical sensitizers in order to
achieve reliable and sustainable ignition, meaning that chemical properties are
retained. Secondly, the propellant burned sustainably at a laser energy of >4.35 J,
providing that ignition delay was 506 ms. The findings of this study support the
development of a laser-diode propellant ignitor based on direct ignition of the
propellant charge without the need for sensitive pyrotechnics or primary explo-
sives.
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Pesome
K. K. Enemecosa, 3. A. Mancypos, b. T. Jlecbaes, P. Illen

METAJI OKCUJ] HET'T3IHAEI'T
KOMIPTEKKYPAM/IbI DHEPT'ETUKAJIBIK KOMITO3NI W AJIBIK
IMMPOINIEJIJITAHTTBIH JTA3ZEPJIIK T¥ TAHVYBI

Tikeneil TyTaHyAbl THIMAI €Ty MakKcaTbIHJa METall OKCHIl Heri3iHieri KypambIHIa
KOMIpTEK 0ap dHEPreTHKAaIbIK KOMIO3UIMSIIBIK MPONEUIAaHTKa AUO/T JIa3epiH KOJIJaHy ap-
KbUIbI TOXKIPUOETIK 3epTTey Kypriziami. OTeIH yarinepine 974 HM-JIK *aKblH HH(PAKbI-
3bUT JMOATHIH Ja3epi maiinananeuinel. Jlazepnik coyse mapamerpsiepi, COHbIH IHIiHIE
JIA3ePJIiK DHEPTHUs, COYJICCIHIH CHI OHE CEepIliH CHi, opTYpi KOH(UTypaIsiaa opHaaac-
KaH KilipTy YaKbIThIH KOTEPY MEH OTHIHHBIH JKaFy yaKbIThIHJA TYTaHy CHIIaTTamMajiapblHa
9CepiH aHBIKTAY VIINIH 3€PTTENIi. AJBIHFAH HOTIOKEIEP OOWBIHIIA COYJICHIH KIIIpEK CHi,
UMITYJIbCTIH YJIKEH €Hi )KOHE KbICKa JIa3epJIiK SHEPTHUsIChI KbICKA TYTaHyIbIH KEIIIry yaKbl-
TBIHA JKOHE TOJIBIK JKaHY YaKbITIHA OKENeTIHIH KOPCEeTTi, aaiiia Jla3epiiK dHeprusHbIH
ke0erol TYTaHYJIbIH YaKbITHIH a3alThaijibl. 3epTTEeNliHreH OTHIH Jla3epllik TYTaHyFa OH
acep eTTi )OHE OJ1 JIa3epIliK OTHIH TYTATKBIIITAPBIH UTepy/Ie KYPTi3LIil KaTKaH 3epTTey-
JIep/Ii KOJAaiabl.

Tyiiin ce3aep: jazepiik TyTaHy, TYTaHy KEIIiryi, )kaHy, SJHEPreTHKaJIbIK MaTepHa-
Jap, OeceHaIpiIreH KOMip, MEeTaJlI OKCHI.
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Pesome
JK. K. Enemecosa, 3. A. Mancypos, b. T. Jlecbaes, P. Illen

JIABEPHOE MTHUIITMNPOBAHUE .
YI'JIEPOACOJEPXAIIINX SHEPTETUYECKNX KOMITO3UINN
HA OCHOBE METAJIOKCUJHOT'O ITPOIIEJIJTAHTA

DKCIIEPUMEHTAFHOE HCCIICOBAaHUE OBUIO TMPOBEACHO I HM3YYCHHUS JIA3EPHOTO
BOCIJTAMEHEHHUS C HCIIOJIb30BaHMEM THOIHOTO Jia3epa Uil YTIIEpOACOIEpKAIIuX dHep-
TeTUICCKUX KOMIIO3HIMI Ha OCHOBE METAJUIOKCHIHOTO TPOIEIUIAHTa C IIETBI0 pas3pa-
00TkM Ooiee HAJEKHBIX W OoJiee 3EJIEHBIX JIA3CPHBIX BOCILIAMEHHUTENCH IS IPSMOTO
HHHUIMUPOBaHMs Ipore/utanTa. OOpasisl TOIUIMBA 3a)KMTAJIMCh C HCIOIb30BaHHeM 974
HM OJIIDKHEro MH(pPAKpacHOTo IMOIHOrO jazepa. [lapamerpsl J1a3epHOro Jiy4a, BKIIOYAs
SHEPruIo Jla3epa, MUPHUHY Jyda U MUPUHY UMITYJIbCca, OBUIM HCCIIEIOBAHBI Ui ONpene-
JICHHS WX BIUSHUS HA XapAKTCPUCTUKU 3Q)KUTAHUSA C TOUKH 3PCHHS BPEMCHHU 3aJICPIKKH,
BPEMCHHU HApPACTaHUs W BPEMCHU TOPCHHUS TOILIMBA, KOTOPOE OBLIO PACIONIOKCHO B He-
CKOJIbKUX DPAa3JIUYHBIX KOH(HUryparusx. Pe3ynbTaThl MoKas3ajid, YTO MEHbIIAS MIHpPUHA
Jy4a, OOJbIIas MIMPUHA UMITYTIhca M 00Jiee KOPOTKask SHEPTHs Jiazepa MPUBOIAT K Ooee
KOPOTKHM BpEMEHAM 3a/ICPKKH 3KUTaHUS U MOJTHOMY BPEMCHH TOPCHHS, OJHAKO YBe-
JTUYEeHUE KOJHMYECTBA JIA3EPHOW SHEPTHH, TMepedaBaeMO MaTephairy, He MPHUBOAUT K
3HAYUTEIHHOMY COKPAIICHHUIO BPEMEHH 3aJCp KKUHIN oOImiee Bpems 3amucH. Mcmbrran-
HBII TPOTIEJUIAHT XOPOIIO pearupoBall Ha JIa3epHOE BOCIUIAMEHEHHE, PACIINPEHHUE, KOTO-
poe TOIACPKUBACT MPOJOJIKAIOIINECS HCCICAOBAHKUS B Pa3pabOTKe JIa3€PHBIX BOCILIA-
MEHHTEJIEH TOIUINBA.

KiroueBble cjioBa: j1a3epHOC WHHUIMUPOBAHHE, 3aJCPiKKa 3a)KUTAHUSA, TOPCHUE,
SHEPreTUYCCKUEC MaTCPUAIbl, AKTUBUPOBAHHBIN yroJb, OKCHJT METAJIIA.
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