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Method for Effective Increasing the Decomposition Rate
of Ammonium Perchlorate in Solid Rocket Fuel

Ammonium perchlorate (AP) is a common oxidizer in solid rocket propellants. For devices, the most im-
portant parameter of which is the speed of movement, the key correlation is between the jet thrust and the
combustion rate of fuels and, consequently, the rate of thermal decomposition of the AP. To increase the de-
composition rate of AP, fuel, aluminum powder, is used in the form of nanoparticles. The aim of this work is
to identify the decomposition mechanism of AP molecules under conditions where aluminum nanoparticles,
in addition to acting as a fuel, also act as catalysts for the decomposition of AP. The result of spraying alumi-
num nanoparticles into multiple nanoclusters in the fuel combustion zone due to the melting of nanoparticle
cores and the destruction of aluminum oxide shells is considered. In this case, aluminum nanoclusters become
sources of terahertz (THz) radiation. Since the frequencies of vibrational and rotational oscillations in AP
molecules are in the THz range, irradiation of AP molecules with THz photons promotes their decomposition.
It is proposed to use emission of THz photons by aluminum nanoclusters, increasing its intensity by introduc-
ing 3d impurities into aluminum, which increase the density of electron states near the Fermi level of alumi-
num.
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Introduction

Improving the performance of solid rocket fuel by reducing the particle size scale of the oxidizer, am-
monium perchlorate (AP) NH,CIO, [1], and the fuel, dispersed aluminum [2], from the micrometric to the
nanometric level has been the subject of research over the last decade. One of the main goals of the research
was to find a way to effectively increase the rate of thermal decomposition of AP in fuel in order to increase
jet thrust.

Of particular value are studies on the dispersion of aluminum nanoparticles into nanoclusters in the fuel
combustion zone [3-6] — as a result of melting of the nanoparticle core, rupture of the oxide shell on them,
and splashing of molten aluminum due to high internal pressure in the molten core. Nanoclusters are frag-
ments of molten aluminum nanoparticles several nanometers in size. These works [3-6] suggest that in the
fuel combustion zone, in addition to accelerating the decomposition of AP due to the grinding of aluminum
nanoparticles (increasing the area of interaction of aluminum with the oxidizer), aluminum nanoclusters be-
come sources of spontaneous terahertz (THz) radiation, which can be used to accelerate the decomposition of
AP molecules. Although there is insufficient data on the absorption spectra of AP in the THz range, and the
available information is contradictory and fragmentary, it is still known that the frequencies of the lattice vi-
brations of the NH,CIO, crystal and the rotation of the NH," ion in the crystal [7-10] lie in the THz range.

Spontaneous emission of THz photons by aluminum nanoclusters

The physical mechanism of THz photon emission by an aluminum nanocluster is illustrated in Figure 1,
where a Fermi electron with momentum pg absorbs a vibrational mode (longitudinal phonon) with momen-
tum g’ propagating along the nanocluster diameter D. An excited electron with momentum s moves along
a chord H, Figure 1(a). In the energy—momentum space, this process is illustrated in Figure 1(b), where the
paraboloid is the dispersion surface of electrons, and the cone-shaped bells are the dispersion surfaces of
longitudinal phonons. Relevant formulas to Figure 1 and numerical values of the parameters: s = [2m-(Er
+Em)]¥% v = arccos[(2m-Eym + q*md)/(25-0*um)]; Fermi energy in Al: Ex = 11.7 eV [11; 51]; energy of dom-
inant longitudinal phonons in Al: E,, = 34.8 meV; magnitude of the momentum of dominant longitudinal
phonons in Al: g*,m ~ 1.2 10™° g cm s*; with these parameters, the angle y = 71°.

The excited electron, due to the Coulomb interaction with the positive aluminum ions, could induce a
secondary longitudinal phonon with a momentum collinear to the momentum s; and this would be a way of
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relaxation of the excited electron. However, in nanoclusters smaller than the electron mean free path, this
mechanism is impossible, and relaxation occurs through photon emission. Other reasons that take into ac-
count the confinement of electrons and longitudinal phonons in nanoclusters are the following.

The first reason conditioning the emission is the difference in the quantization steps of momenta of lon-
gitudinal phonons propagating along the nanocluster’s diameter D and the chord H, equal to h/D and h/H,
respectively (here h is Planck's constant). Consequently, the steps of energy quantization for these two direc-
tions of phonon propagation also do not coincide. Due to the mismatch of quantized energy levels, the ener-
gy transfer from the excited electron to the secondary phonon is impossible (indeed, the Fermi electron re-
ceived energy from the primary phonon quantized with a certain step, and it cannot generate a secondary
phonon, energy of which would be quantized with a different step).

Figure 1. Absorption of a vibrational mode (longitudinal phonon) with momentum g*,,, by a Fermi electron
with momentum pg in an aluminum nanocluster. The excited electron with momentum s moves along the chord H.

Another reason that excludes the excitation of a secondary phonon and, therefore, favors the emission
of a photon is the following. As the nanoparticle diameter decreases, the gap between the energy levels of
longitudinal phonons for the direction of propagation along the vector s increases, and eventually a situation
may arise where the gap exceeds the full width at half maximum of the peak of the longitudinal phonon en-
ergy distribution FWHM,. Figure 2 shows the threshold state at which the energy step of vibration modes in
a nanocluster AE,, propagating along the chord H with momentum s, exceeds the value of FWHM_. As a
result, the energy level of the excited electron “hangs” between the levels of longitudinal phonons for the s
direction: there are no levels to which the electron could transfer its energy. Consequently, the electron will
relax, scattering at the boundary of the nanocluster, with the emission of a photon (the electron cannot leave
the nanoparticle, since its energy is less than the work function of the electron in aluminum, =4.25 eV [11;
364]).

For the direction “along the chord H”, the quantization steps of vibrational modes in momentum and
energy are equal, respectively, to h/H and AE,w= v'L-(h/H), where v"_ is the propagation velocity of longi-
tudinal phonons with energies within the FWHML region. The value of the velocity v, is less than the nom-
inal speed of sound in aluminum v, = 6.5 10° cm s due to the curvature of the dispersion curve of longitu-
dinal phonons near the boundary of the Brillouin zone, where the energies of longitudinal phonons corre-
sponding to the FWHM,_ are located.

Obviously, the gap between energy levels must take into account the consequence of Heisenberg's un-
certainty principle. As a criterion for “complete divergence” of phonon levels, a situation was chosen in
which two adjacent energy levels moved apart by an amount exceeding the FWHM|, taking into account the
uncertainty in the energy of the levels. Such a threshold situation is shown in Figure 2, where the value of
JoE.mn is calculated taking into account the Heisenberg uncertainty relation for the phonon momentum and
coordinate, 0E,m> v'-h/(2zH). The inequality that determines the corresponding threshold chord length
(such that at shorter chord lengths intense photon emission occurs) is as follows:
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Figure 2. The threshold state at which the energy step of vibrational modes in a nanocluster AE,mn,
propagating along the chord H with momentum s, exceeds the FWHM__ value for the energy distribution
of longitudinal phonons in an aluminum nanocluster.

AE mi>FWHM, + (OEymif/2) + (0Eymi/2) > FWHM, + v’ -h/(27H) 1)

Substituting the value AE,mu = v - (h/H) into the left-hand side of inequality (1), we obtain:

V'L-(WH) SFWHM, + v’ -(h/27H)
or H <[1—(1/27)]-v"L-(WFWHM,). (2)

If this inequality is satisfied, excited electrons will not be able to relax with the excitation of secondary
phonons — they will emit photons. In this case, the energies of the emitted photons will correspond to the
THz range, since the energies of the dominant primary phonons belong to the THz energy region: in alumi-
num, the FWHM__ region of the longitudinal phonon energy distribution lies in the band ~31-38 meV [12],
that is, in the frequency range ~7.5-9 THz.

It should be noted that so-called two-phonon processes can take place: an excited electron, if it cannot
excite a secondary phonon with an energy exactly equal to the energy acquired E; from the primary phonon,
can excite a secondary phonon of lower energy E,, and transfer the difference in the energies of the primary
and secondary phonons AE =FE; — E, to the electron [13]. And the electron will not be able to relax with the
excitation of the phonon and emits a photon. Then the region of frequencies generated by the nanocluster
will expand and, possibly, cover a sufficient part of the phonon spectrum in the AP molecule.

Substituting the numerical values of the quantities (v', ~4,7-10° cm s*; FWHM_ ~7.9 meV) into ine-
quality (2), we obtain an estimate of the chord lengths for which the vibration mode levels diverge by an en-
ergy gap AEymy>FWHM_: H< 2.1 nm.

Let the “threshold” chord of length Hy = 2.1 nm be the chord of minimum length of all chords that form
an angle of y = 71° with the nanocluster diameter; it contacts the nanocluster diameter on its surface. Then
the “threshold” diameter of the nanocluster Dy = Ho/cos vy = 6.45 nm. Aluminum nanoclusters are smaller
than D, will be the most intense sources of THz photons.

Let AEp~ v’ -(h/D) be the energy step for longitudinal phonons traveling along the diameter of the
nanocluster. The greater the stacking multiplicity of the energy step 4Ep within the FWHM,_ width (for ex-
ample, with an increase in the nanocluster diameter D), that is, the greater the value of (FWHM,/4Ep), the
higher the probability of superposition of the energy level extended to 6E,n on the energy level of the pri-
mary phonon, which will lead to relaxation of the excited electron with the generation of a secondary phonon
(with the energy of the primary phonon). And the lower the intensity of spontaneous emission of photons,
and the lower the catalytic activity of the nanocluster.

Method for increasing the intensity of THz photon emission by aluminum nanoclusters

Spontaneous emission of THz photons by aluminum nanoclusters can be used to accelerate the decom-
position of AP molecules. To do this, it is necessary to use nanoparticles of aluminum containing impurity
atoms of the so-called 3d-metals, elements of the 4™ row of the Periodic Table: V, Cr, Mn. In such systems,
the energies of the electron d-levels of impurity atoms are located near the Fermi level of aluminum, due to
which the density of states of Fermi electrons increases significantly. The use of nanoparticles from the Al-
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V, Al-Cr and Al-Mn systems would make it possible to obtain in the nanoclusters of these systems increased
numbers of electrons participating in the processes of absorption of longitudinal phonons and emission of
THz photons, due to which it would be possible to increase the intensity of irradiation of AP molecules with
THz radiation and accelerate their decomposition.

Figure 3 shows a summary picture of the density of states of electrons in aluminum with impurities of

3d elements (based on the results of works [14-19]). The energy axis shows the position of the Fermi level
Er for the intermetallic compound FeAl.

N(E), arbitrary units CrAl
| | | I [ I vl [ I

Energy

Figure 3. Summary picture of the locations of Fermi levels (indicated by arrows) in intermetallic compounds
of Al and 3d metals on the distribution of the electron density of states by energy
(based on the results of works [14-19]).
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Figure 4. Change in the direct current specific electrical conductivity of Al when impurities are introduced into it [20].

The feasibility of the proposed approach is confirmed by data on the behavior of the specific electrical
conductivity of aluminum when introducing even a small amount of impurities of V, Cr and Mn (~ 1-4
mass.%) [20] (Fig. 4).

From Figure 4 it is evident that with impurities of ~1 mass.% V or Cr the conductivity of Al decreases
by approximately 2 times; this means that the mean free path of electrons I, also decreases by 2 times. For
bulk aluminum, lyg = 18.9 nm [21]. This means that for aluminum with 1 mass% V or Cr, the electron mean
free path is lnp ~ 9.45 nm. Approximately the same length ln, = 9 nm will be for aluminum with
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2 mass.% Mn. Therefore, if the size of aluminum nanoclusters-splashes containing such concentrations of
impurity atoms of V, Cr or Mn is less than 9 nm, then they will emit THz photons and become catalysts for
the decomposition of AP molecules. A rough estimate of the size of aluminum nanoclusters-splashes ob-
tained as a result of dispersion of melts of 20-120 nm nanoparticles is known [3, 4]: 5-10 nm. Aluminum 5—
10 nm nanoclusters with an unoxidized surface are already produced in the form of polymer nanocomposites
(the binder is hydroxyl-terminated polybutadiene (HTPB) containing aluminum nanoclusters grown in situ)
and demonstrate a high combustion rate, more than five times higher than that of conventional ALEX alumi-
num nanopowders [22].

The concept of in situ nanocluster formation in polymer nanocomposites [23], in principle, also in-
cludes the idea of obtaining nanoclusters-splashes of molten aluminum in situ — in the combustion zone, in
already burning fuel, with fuel from a mixture of a polymer binder and aluminum nanoparticles, and an oxi-
dizer, AP.

Unfortunately, we were unable to find data on the absorption of HTPB in the THz frequency range.

One of the possible ways to further increase the intensity of spontaneous emission of THz photons by
nanoclusters is the use of f-element impurity atoms in aluminum instead of 3d impurities. So-called electron
systems with “heavy fermions” are known [24, 25], characterized by a very high density of states of f-
electrons near the Fermi level — more significant than in the case of using 3d-element impurities, for exam-
ple, the compound CeAls. It seems appropriate to conduct studies of the decomposition rate of ammonium
perchlorate using dispersed aluminum in the form of a mixture of nanoparticles of ordinary aluminum and
CeAl; nanoparticles with a variation in the composition of the mixture.

Discussion

How to implement the approach using aluminum nanoparticles with 3d metal impurities? There are in-
dustrially produced aluminum alloys with an impurity element Mn (“alloying component”), of which the
AMl alloy (Table), containing a sufficient amount of manganese, appears to be a promising alloy. This al-
loy could become a raw material for the production of nanoparticles.

Table 1
Composition of industrial aluminum alloys
Alloying components, mass%
lloy brand
Al Cu Mg Mn
AMts [20] Base of the alloy |- - 1.0-16
AMtsl [26] [Same ? ? 2.0-45
MM [20] Same - 0.2-0.5 |1.0-14
AMg6 [20]  |Same - 5.8-6.8 (0.5-0.8
D16 [20] Same 3.8-4.9 |[1.2-1.8 |0.3-0.9

From Table 2 [26] it can be seen that, compared to other 3d metals, the solubility of Mn in Al is in-
creased. Nanoparticles of aluminum intermetallic compounds could be produced from alloys obtained by the
method of self-propagating high-temperature synthesis of aluminides [27—-30] or by the method of exploding
wires from the AMts1 alloy — this method of industrial production of metal nanopowders has been mas-
tered [31].

Conclusions

Recently, the concept of forming nanoparticles in situ — directly in the matrix or binder — has been
developed in the development of polymer composites. It has also found application in the production of pol-
ymer fuel in the form of 5-10 nm aluminum nanoclusters grown in situ in a polymer binder, hydroxyl-
terminated polybutadiene (HTPB).

In this paper, it is proposed to develop this concept to obtain nanoclusters-splashes of molten aluminum
containing impurity atoms of V, Cr or Mn, in situ — in burning fuel, with a fuel consisting of a polymer
binder (hydroxyl-terminated polybutadiene) and 100-120 nm nanoparticles of Al-V, Al-Cr or Al-Mn inter-
metallic compounds, and an oxidizer (ammonium perchlorate).

78 BecTHuK KaparaHguHckoro yHuBepcuTeTa



Method for Effective Increasing...

Table 2
Maximum solubility of a number of 3d metals in aluminum [27]
Maximum solubility, mass.%
System
Equilibrium solubility Nonequilibrium solubility

Al-Ti 0.24 0.35

Al-Cr 0.77 5.7

Al-Mn 1.82 10.2

Al-Fe 0.052 0.2

It has been shown that nanoclusters of aluminum containing impurity atoms of V, Cr or Mn, smaller
than 9 nm in size, can become sources of terahertz radiation and contribute to the acceleration of the decom-
position of ammonium perchlorate molecules in solid rocket fuel. This should result in increased jet thrust.

A promising development is the study of the decomposition rate of ammonium perchlorate using dis-
persed aluminum in the form of a mixture of nanoparticles of ordinary aluminum and nanoparticles of
CeAls— with a variation in the composition of the mixture.
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K.A. Monnocanos, B.M. JleneBkun

KaTThl pakera OTHIHBIHA2 AMMOHUI NEPXJI0PATHIHBIH
BIABIPAY KbLIIAMABIFBIH THIMAI apTTHIPY dici

Awmmonmii iepxiopatsl (All) KaTTel 36IMBIPDaH OTBHIHAAPBIHIA KEH TapalfaH TOTBHIKTBHIPFBIN. EH MaHBI3IBI
mapameTpi KO3FaJbIC KbUIIAMIBIFEI OOJBIN TaOBUIATHIH KYPBUIFBLUIAP YIIIH HETI3Ti KOPPENSIHs aFbIHHBIH
KYIIIi MEH JKaHapMaiIbIH KaHy XKBUIIAMIBIFEL, JeMeK, All TepMUSUTBIK BIABIpAY KBULIAMIBIFE apackiHaa 60-
nmanel. All bIIbIpay SKBULAaMABIFBIH apTTHIPY YIIiH OTBIH, aTIOMHHHN YHTaFbl, HAaHOOGIIIEK TYpiHIe
KOJIJaHbUIa/IbL. JKYMBICTBIH MaKcaThl aJIOMHHUI HaHOOOIIIEKTepi OThIH PETiHIE dpeKeT eTyMeH Kartap, All
BIIBIPAYBIHBIH KaTaaM3aTOPhl PETiHIE A€ OpeKeT erTeTiH jkarmaitmapma AIl MojekynaigapbIHBIH BLIBIpAY
MEXaHHM3MiH aHBIKTay. AJIIOMHHHUIA HaHOOGNIIEKTepiH HaHOOONIIEKTePIiH ©3eKTepiHiH OanKyblHa >KoHE
TIOMUHMI OKCHAIHIH KaOBIKIIAIapbIHBIH OY3bUTYbIHA OailIaHBICThI YKaHApMaii J)KaHy aiiMaFbIHIaFbl KOIITEreH
HAHOKJIACTEpJIepre MIANIBIPATy HOTHKECI KapacThIpbUIaAbl. byl skarmaiia amroMAHUA HAHOKIACTEPJIEpi Te-
parepuy (TTm) coymemeHy ke3nmepiHe aifHamanmel. All MosekynamapblHOarel TepOemic JkoHe aifHaiy
tepOemicrepiniy  kuinmiktepi Tl  nuamazoHbiHma — OosraHapikTaH, Tl QoTtoHmapeivern — All
MOJICKYJIATAPBIHBIH COYJIENIEHYl OJNapIblH BIIbIpayblHA BIKMAT eTemi. ANroMuHUANIH Pepmu aeHreitine
JKAKBIH 3JICKTPOH KYHIICPiHiH THIFBI3IBIFBIH apTTHIPATHIH aTfoMuHKire 30d-Kocmanap/ bl €Hri3y apKbUIbl OHBIH
KapKbIHIBUIBIFBIH apTThIpa OTBIPBIT, ATIOMUHHNA HaHOKIactepiepidid TI'Tl (hOTOHIAPHIHBIH SMHCCHICHIH
naiiianany yChIHbBLIAIbL.

Kinm ce30ep: anoMunuii HaHOOeIIETi, aMMOHHI NIEPXJIOpPAThl, KaTajln3, HAHOKJIACTEP, TeParepil.
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Cnoco0 3¢ ¢eKTUBHOTO MOBBIIEHUSI CKOPOCTH Pa3JI0KeHU s
NnepxJiopaTa aMMOHHUSI B TBEPJIOM PAKeTHOM TOILJIMBe

Ilepxmnopar ammonust (ITXA) — pacrpocTpaHEHHBIH OKHUCIHTENb B TBEPABIX PaKeTHBIX TOIUHBaxX. st ycT-
pOMCTB, BaKHEHIIEH XapaKTEPUCTUKON KOTOPBIX SIBIAETCS CKOPOCTb JBMXKEHMs, KIIIOUEBask KOppelsiuus —
MEXJ[y peaKTUBHOH TATOI M CKOPOCTHIO TOPEHUSI TOIIUB U, CIEA0BATEIBHO, CKOPOCTBIO TEPMUIECKOTO pa3-
noxenus [1XA. Jlnsg noBeIIIeHUs CKOPOCTH pasioxkeHus [1XA, roprodee, HOPOIIOK aTlOMUHUS, TPUMEHSIIOT
B BUJe HaHo4acTHL. L{ens 3T0il paboThl — BBIIBICHHE MEXaHU3Ma pasioxeHus Moiekyn [IXA B ycnoBusx,
KOTJ]a HAaHOYACTUI[bl AJIFOMUHHUS, IIOMHMO BBIIIOJIHEHHS. POJIM TOPIOYEro, SIBJIAIOTCS M KaTalu3aTOpaMu pas-
noxenus [IXA. PaccmarpuBaercs pe3ynabTaT pacHbUICHHsS HAHOYACTUI] aIFOMUHMS Ha MHOJKECTBO HaHOKJIA-
CTEpOB B 30HE FOPEHHMS TOIUIMBA M3-3a IUIABICHHS sJiep HAHOYACTHUI] ¥ pa3pylIeHHs] 000J0YeK OKCHIa allio-
MuHUA. [Ipn 9TOM HaHOKIACTEpH! ATIOMHUHHS CTAHOBSTCS MCTOYHHKAMH CIIOHTaHHOTO TepareprieBoro (TI'm)
n3mydeHns. [1ockoibKy JacTOThI KosieOaTebHBIX M BpallaTesIbHBIX OCIMILLIINI B Mojiekynaax [IXA Haxo-
narea B Tl auanaszone, obmydenue Monekyn [IXA TI'm ¢poToHaMu crmocoOCTBYeT HX pasiokeHHI0, TaK Kak
BBIHY’)KACHHBIE OCIHWJULIIUHA MOJIEKYJ OCNAbIAI0T BHYTPUMOJIEKYISIPHBIE CBSI3H. ABTOPAMH MPEATI0KEHO HC-
MOJB30BaTh CHOHTaHHYIO 3Muccuio T pOTOHOB HaHOKJIACTEpaMH aTIOMHHUS, TOBBICHB €€ HHTCHCHBHOCTh
nyTéM BHEIPCHHS B ANFOMHUHHNA 3d-mpuMeceil, MOBBINIAIOMINX [UIOTHOCT COCTOSIHMN BIIEKTPOHOB BOJH3H
ypoBHs depMu aqrOMUHMSL.

Knrouesvie cnosa: KaTalin3, HaHOKJIaCTEP, HAHOYACTUIla AJIIOMUHUS, IEPXIIOpAT aMMOHUS, TEparepu.
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