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ChemistryofaJlaluminizedammoniumnitratebasedHTPB
compositesolidpropellantcombustion

byHidetsuguNAKAMURA'.SyousakuARAMAXI十.NobuyoshiMURAKAMI書.

YasutakeHARA事andKazushigeKATOH…

Thechemistryofanaluminizcdammoniumnitratebasedhydroxyterminatedpolybuta･

diene(HTPB)compositesolidpropellantcombustionwasstudiedinthisreport.Whenam･

moniumperchloratewasaddedtoanammoniumllitratebasedHTPBcompositesolidpro･

pelLant.whichcoIBis【edoEammonitnlrLitraEe.aluminumandHTPBbinder(A3NPLpro･

pellant).enhaJICementOfthea)uminumoxidationprw ∝curTedwhichwasdeterminedby

quarLti(aliveanalysisoftheunreactedaluminum.

TherolesofmagnesiumwheJladdedtoallA3NPLpropeuaJltare(‖ anenhncemel1t

ofthealtJminumoxidationpTDCeSSand(2IaneutralizationoEtheacidicexhaust.Fortheht･

te√case.twostepwisereacdonsequences.whkhincludesEq.3followedbyEq,1.isap･

plicableforcalculatingmagnesiumdemandthatinhibitsacidicexhausts.

I. Jntroduction

Thecurrentpracticalsolidrocketpropellantfornon-

militarytJSeCOnSistsoloxysalts asanoxidizer.

hydroxytermirLatedptybutadiene(HTPB)servlngaS

thefuelandbinder.aluminumpowderasanenergetic

material.combustioncatalystsandsoon.Althotlgh

ammoniumperchlorale(AP)hatsbenmainlyusedas

anoxidizerinsoudrocketpropenants.ithasapro･

blemoEairpollutiollandozonedestructioninthe

stratospherebecauseoEhydrochloricacidorother

ch)orillccompoundsinthecombustiongases.Adop･

lionofammoniumnitrate(AN)asanoxidi之erinplace

oLammoniumperdlloraleisacmdidatetodecrease

theamountotacidicraincausedbyhunchingoEa

ro(:kct.Butifuseammoniumnitrateasanoxidizer.it

isknownthatthereishsufficientoxidationoEthe

a)uminum powderwhkhisusedastheenergetic

material血 useoE(helowcombustiontemperature
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andnoncorrosivepropertiesoftheproductgasesto

aluminumcomparedwithammoniumpercMora(e.

Atthepresenttime.apropellantformuhtionwhich

containsammoniumnitrateasanoxidizeristhemost

practicalbasedonthe)owacidexhaustaJldcostper･

formance.Fromthesecircumstances,therearesome

ideastoimproveamLnOniumnitrateCOntainingrocket

propeuants.FLrStistheuseoftheammonium

llitrate- ammonitJm PerChloratemktweswhichare

preparedbysubstitutionofpartoEtheammonium

nitratebyammoTIiumperch)oratetominimizeacid

po]luLa11tSaJldtoenheneecomlmstioneEEicieJICyl1.

Theotheristheideaofa-Mg-containingpropellant'

whichisintendedtoneutralizeaddexhaustbyreac-

tion with thealkalinecombustion productof

magnesium2'.lwamact･al.reportedthecombined

methodoEtheaboveusingGAPbinder3I.

[nthisexpenment.theproblemsofthesolidpro

pellantwhichcontainammoniumnitrate.ammonium

perchtorateandaluminum(A3NPLpropelhnt)with

ma即IeSit)mwerediscussedinordertoclarifythecom･

bustionchemistryoEsolidpmpellantpropsedby

Iwamaet･aLAtfirst.theeffectofammoniumper･

chloratesutxstittJtionforpartoftheammomium nitrate
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Table1 Propelhntformulations

HTPB Al Mg AN

APAN l4 20 14

0 66 0AN l6

20 日 0 56 10AN l7 20 I.I 0 16

20AN 18 20 14

O 36 30AN 19 20
8 0 .52 20AN20

20 24 0l 36 2

0AN21 20 / /

.:16 1(IAN25

20 / 7 16 20AN26

20 / / 36 :10AN

27 20 / ∫ 66 0AN28 20 l2_6 1.J

16 20AN29 20 9.8 i.2 16 20AN30 20 1

2.6 1.1 66 0AN31 20 9.8 J.2 66 0HTPB;hydroxyteminatedpolybutadi
enebinder.AN;ammoniumnitrate,AP;ammonium

perchlorate.AL:aluminum.Mg:magnesiuminanammo

nium nitratebasedsolidpropellantonaluminumoxid

ationwasstudiedbythermalanalysis,quantitative

analySlSOftheunreactedaluminumandcombustio

ncalorimctry.NexLcombustionefficiencyandac

idformationwereevaluatedwhenmagnesiumwasadded

aSmagnaliumtotheA3NPLpropellant.Moreover.thereactionequationwas

establishedforthe

combustionofa~Mg-containingA3NPLpro-pel一

antI.2. Expelirnent812.1 M8tOri81s A】NPL

Reagentgmdeammoniumnitrate.puri丘ed fromwate

r.waspulye血d andscreenedintounder147/'m(loomeshpasslafterstlEficientdrying

.ThealurrLintJmusedwascommerdallyatomi

zed powderandwaspulyerizedtoatxlutlO〝m.

Magnesium WZLSaCOmmerCl'al reagentgrade

powder.Magnaliumwasprepredbythemechanicalallo

ylngOEaluminum andmagnesium powderhwhichthe

magnesiumcontentswere10,30and50wt.,oo'.I

tsmeanparticleSiZeSWereabout10/Lm.Twotypes

oEpropelhntwereprepared.Ttlefirstgroupwasma

跡IeSium-freepropellaJltSandthese･con

dwasam耶 ltJm-COntaining伽e.he且d)case,theHT

PBcontentwasdeterminedtobe20wt.%.Magnesiumwascontainedasnagnalium .Thesepro･

K8YakuGakkaishi.Vol.56.No.2.1995 65pellantformulations

aredescdbedinTable1.2.2 Thorm81an8lysisTh

eox]'dationofaluminum.magnes]'um andmagna

lhlmbyatmospherico】くygenandthereactionwithamm

onium nitratewerestudiedbytherma)analysis.Thermal

analysisduringoxidationwascar･Tiedoutf

orthesamplepackedinaluminacruciblesus･ingas

imultateneOuSDTA-TGapparatus.lnthereaetionwitha

nnoniumnitrate,thethermalanalysiswasCarriedout

inallargongasatmospheretJSlngahigh-pressu

reDTAapparatuswithherTneticalIyseal･edaluminumcn

)cibleswhichhavepinholesilltheCenteroftheircoyer.lneachcase,thesample

weightwas5喝andtheheatingrateWas20K

/min.2.3 MeasurernentoftheheatofreactionT

heheatolreactionwasmeasuredunderapressunked

argonconditionoE2Mphbyabmbcol･orimete

rwithabout2.0golpropeuaJlt.OIle-tenthgramoEthemixtuTeOEboronandbariumchro

mate(a/JiaCrOl=L:I/87byweight)wasusedas

thein-itiatortoeasilyignitethemixture.2.4 De

terminationoftheextentofoxkJ8tionThefractio

naloxidationofaluminumaftercombus･tiorLWasdeter

minedusillgaVOlumetricmethodinwhichthevolum
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1Themalanalysisoialuminum.magnes

ium
andmagnaliuminair.

rL･Siducwithadd ed 8N-hydrochloricacid

wasmeasured･Aprelimi

naryexperimentshowsthattherelativedeviatio

noftTlismethodiswiEhin±2,0.I.2.5 Det

erminationofacjditylnanair

tightcontainer2.35gofpropellantwasburlledtJnder

apressudzedconditionof2MPaargon.Theamount

oEacidofthecombustiorLproductafterburningwa

sdis∽lvedin5OOmloEdistilledwateranddire

ctlydeteminedbypH 【itration.inwhichthen

eutraliAng pointwastakenaspH-5.8.Anygaseousaci

dproductwasdeterminedbythesamemethodafterbe

ingdissolvingin2Oumlofdistilledwater.3 ExpE,rim
entalResults3.I The thermalreactjv

jty ofalurninurn.m89neSLurnandmagnaTium.andit

smixturewithammoniumnitrateFigure1sho耶

theresultsofthethermalanalysisoLaluminum.ma

pesiumandmagnalit)minairorargon.Theoxidat

ionwithregardtoaltJminumwithoutmill-ingcommenc
edat621Llbeforemelting(mp-660℃)andthatwithmillingat573tl.Buttheextentofoxi

da-lionwasnotverylarge.TheFractionaloxid

ationofaluminumpowderwithoutmillingwas9.

4wt.%aJldforthemilledoneitwas35.3wt.!6by

heatinginairupto12OOIC･Theoxidationofmagnesi

um inairbt!ganat483'Llbeforemelting(mp-65O-‖ an

dwasthorough)yoxidizedat8OOC.Ontheotherhand.

theoxidationoEmagnalium commencedatalower +OXjI1V･-OOPuj Prop○rhntl○rrTIUbbn;

HTPB/ANIAP/AV

Mg(wt.%)(1)28/66IOI14/0(2)20/46I20I14/0

ト(3120/66/α9.8/4.2 ｣(4)20/4即2血相.Bl4.2l l l ■ ｣l ■ ■
100 200
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Fig.3 ELLectofammoniumperchtorateontheheat
ofreactionoEaluminizedammoniumnitrate

eompositepropelhJlt.
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Fig.4 EEfectofammoniumperchlora(eontheoxida･
tionofaluminuminammoniumniけateCOm･

poslEePTOPelhnt.

noniumnitratebasedHTP且solidpropelhntwithout

andwithmagnesium.From theseresults,itwas

foundthatthepropellantswithmagmesitJm hada

largerheatolreactionthanlhatwithoutmagnesium

andtheheatofreactionbecamehrgeraccordingto

ammoniumperchlortecontent.Fig.Ashowstheef･

feetofammoniumperchtorateonthefractionaloxida･

lionofaluminumforthepropellantswith(5けwt.%)

andwithoutmagnesium.Fromthisresult.wecan

concludethatabouta2Owt.,～/additionoEammonium
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Fig.5 Effectofmagnesiumontheheatofrealionof

ammoniumnitratecomp s)tepropellants.

perchloratewassufficierltinordertoenhancetheex･

tentoEoxidation.becausepropellantswithand

withoutmagnesium hadafractional oxidationoE

about95wt./0.I.

Everyheatofreactionbecamelargerwitham･

moniumperchlDrtCContent.But.thepropcuantwith

magnesiumhadabetteroxidationefficiencythanthat

withoutmpesium.whichcontahednoammoniun

perchlorate.ComparingthisresultwiththeheatoL

reactioninFig.3.itwasdeterminedthatthereisno

differenceintheheatolreaction.everlthoughthere

isaconsiderablediffcreneeinthefractiona)oxidaLion

ofal血 um ･ThisisbecausethepropellantistISually

EormuhtedinordertoperforTrLurlderaEue)richcondi･

tion.aJldotherreducingspeciessuchashydrogenare

oxidiZedinsteadofaluminum.Ⅳammonium per･

chlorateexceededto20wt.,0./.thefractionaloxida･

tionofalumintm showedthesameva)uefortheproI

pella爪Withandwithoutmapesilnl.

Figure5showsthecEEectofmagnesiumCOnLenton

theheatofreactionoEthemagnesitm-containingAユ

NPLpropel一antsandpropellantswithoutammonium

perChlorate.Propdlantswithandwithoutammonium

perchlorateshowsthemaximum heatolreaction

yaLueat30wt.,0.'magnesiumcontent.ButA)NPL

propelhJltS.inwhichtheratioofammoniunnitrate

andammoniumpercMorateis80:20thyweight).

ShowslargerheatofreactionvaltJeSthanthatofpro･

pellantswithoutammoniumperchlorate.Thisresult

isascribedtotheextentofaluminumoxidationinthe

67-
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Fig.6 EEEectoEmagnesium ontheoxidationof
aluminum inammorLium nitratecomposite
propellaJltS.

propeuants.Thefractiona)oxidationofaluminumin

Fig.6Correspondswe)Lwiththeheatofreaction

result.

3.3 Acidityofthecombustionproducts

Thecombustionproductsofthemixtureofam.

moniumnitrateandaluminum,though itscomposi･

tiondependsontheprope]hntEormuhtion.arewater.

nitrogen.oxygen.hydrogen.nitrogenoxide.am･

moniaandalumintlmOXide.TheA3NPLpropellant.

inaddition(otheaboveproducts.formscarbon

monoxide.carbondioxide.hydr∝hloricaddand

somehydrocartx}ns.thoughitsdistributiondepends

onthepropellantfomulatioll.neaddsubstances

amongthesepTdtJC(Sarehydr∝hJoricacid.nitrogen

oxideandcarbondioxide.Thegぉeousproductcon･

lainsnitrogenoxideandcarbondioxideasaddic

substances.But.mostoEtheacidicsubstancesstlCh

ashydr∝hloricacidandaluminumoxideexistinthe

condensedphasebecausetheseweredissolvedhor

coexistwiththepn)ducedwater.

Thevolumeofdtrationofthecondensedphaseis

largerbyabouHcntimesthanthatoLthegaseous

phase.theneutralizingpointbeingtakenatpH5.8.

Fromx-raypowderdiffractiondataohhecombus･

lionproductsincondensedphasethathadbeendryed

at120LC.magneshlmaluminatewasfoundtoexist.

Figure7showstheefLc･ctofammoniumperchlorate

ontheamountoLacidinthecondensedphase

Fig.7 EEEec



Fig.8 EELectofmagnesitlJnOnaCidityoftheresi
dueafterthecombustionoEAP20%containing

ammoniumnitratecompositepropellants.magne

siumCOntent.4. DiscussionPropellarLtS,Which

consistoEammoniumnitrate,HTPBbinderandaltIminu

m .haveaproblemoEinsuE-Licientoxidati

onofaltminumbecauseoEthelowercombustion

temperatureandreactionresistanceofthesurfaceo

xidelayerofaluminum.Ifammoniumperchlorat

eisaddedtotheseformulations(A3Nf■Lpropellant)

.theextentofaluminumoxidationgoesup becatlseof

an increaseinthecombustiontemperatureandthecorrosivepropertyof

hydrogenchloridegasprodt)tedversustheoxidelayer

ofaluminum.hthisexperiment,itwasdetermined

thatabouta20wt･%contentofammoniumperchlora

teshowedsdLicient批idationefficiencyifthemixture

ofammoniumnitrateandammonit)mperchloratewasusedastheoxidizer.But,thesepropellantswhich

contained20wt･%ammoniumperchlorateastheox

･idizerproducedatxlut1.OO米10-3molesacidp

ergrampropellant.MagnesiumisaddedtotheA3NPL

propellantstolowertheleveloLacidicexha

llSt.Inthisexperiment,theA3NPLpropellantsw

ithmagnes]'uma一soproduc-edalowerlevel

ofacidicexhaustcomparedtoonewithoutmagnesiumITheadditionoEmagnesiumca

us･edal10therimprovementeffectonthealuminumo

xida･tionreactivity.h Fig.4.propeuaJltSwithoutam･ moni

umperch)Orateshowedaremarkableincreasein

thefractionaloxidationwithasmalladditionof

magnesiuTn.
Fromthethermalanalysis,
itwasfound

thatmagnaliumhadahigheroxidationreactivity.
Thisisbecausemagnesiumhasahigheroxidativepro-
pertyandthatmagnesiumoxideremovedthe

aluminumoxidelayertoallowareactionwith

alumintJmoxideonitssurfacebytheforTnationof

magnesiumalumirLate.
But.w
hentheamountof

magnesiumexceed30wt･
形
,t
heheatofreactionof

thepropellantsdecreased,
becausetheheatofforma-
tionofmagnesiumoxideperunitweightissmaller

血anthatofaluminum.
FromFig.
8
.
withregardtotheA3NPLpropeuants.

in

whichtheratioofammomiumnitr

ateandammoniumperchlorateis80:20(by



requlreSabout38wt.%'mapesium contentto

neutralizetheacidproductgases.Thistwo-stepcon･

siderationillCltldingEq.(3)EollowedbyEq.(4)to

calcula(emagnesiumdemandisapplicabletoallthe

othercompositionsofAJNPLpropeuaJItloformulate

non-acidicexhaustgasesusmgmagnesium.
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硝酸7ンモニウムー7ルミニウムーHTPB系固体推進薬燃焼の化学

中村英嗣',荒牧昌作',村上佑兎●
原 事故'.加藤一成''

硝酸アン4･ニウム.過塩素酸-/ンそこウム,7ル ミニウふ.マグネシウム.HTPBJ:イ

ンダーから成る固体推進薬の燃焼の際に起る化学反応が検討され.以下の結果が待ちJtた ｡

Alの一語lHこ代り加えられたマグネシウムは7ル ミニウムの頼化を促進 し.生成 した酸性

〝スを中和する｡この化学反応は二段階の反応によって進行する｡また,アル ミニウムの

代りに†グネシウムを用いても.燃焼熱等の燃焼性能は低下せず.むしろアル ミニウムの

酸化串の向上などにより高性能化した｡
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