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Thereactivityofmagnesium-oxidizingagentpyrolants

HidetsuguNAKAMURA●.MiyakoAKIYOSHI●andYasutakeHARA●

A"pyTDJBLTLt"isamixturewhichconsistofametaIfuelandanoxidizingagentfunctioningasboth

apropellantaJldapyrothenicandwhichundergoesareacdonevolvinghigh energyandalarge

amountofgasathigh temperatureJnthisreport.thethermalreactionandthecombusdonofthe

magnesium-containingpyrolants,whicharemixturesofmagnesiumwithoxidizingagents,were

studiedbythermalanalysis.analysisofcombusdonresidues.burningratemeasurementsand

visualobservationofcombusdon.Theresultsobtainedareasfollows:

Thethemalreactivityofamagnesium･containingpyrolantvariesconsiderablywiththespecies

ofoxidizingagent.Themagnesium-ammoniumnitratepyrolantwasverythermallyreactive

andthemagnesium-potassiumnitratepyrolantcausedanexothermicreactionatahighertem-

peratureofabout450℃,However.thelinearburningrateofmagnesium-potassiumnitrate

wasabout6dmesasfastasthatofthemagnesium･am moniumnitrateorammoniumperchlorate

pyrolant.Therefore.noapparentrelationwasfoundbetweenthethermalreactivityandthe

bumingrate.

1.∫ntroduction

Themagnesium(abbreviatedasMgト oxidizing

agentmixturehasbeenutilizedinthefieldof

pyrotechnicsand丘reworks.Manyresearchershave

reportedonthereacdonandcombustionphenomenon

ofthiscomposidon.However.therearemanyprob-

lemsunclariGedaboutthelowtemperaturereaction

causingspontaneousignition.themechanismofthe

thermaJreactionandthedetailedcombusdoncharac･

teristicsforthesecomposidons.

Kuwaharaetal.gaveadefinitionoitheterm

"pyrolant"asamiXturewhichconsistedofametal

fuelandanoxidizingagentfuncdoningasbothapro･

pellantandapyrothenicuj).Thiscompositionunder-

goesareactionwhichevolveshigh energyandaurge

amountofgasathightemperature.Thus.thecom･

posidonca皿eda【pyrolantnisaveryinteresdngmate-

rialfora点reworksengineers.Thepurposeofthis
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reportistoclarifythethermalreacdonandthecom-

bustionofthemagnesium-containingpyrolantsusing

thermalanalysis.analysisofcombusdonresidues.burn･

ingratemeasurementsandvisualobservadonofcom･

busdonofthepyrolant.whichisamiⅩtureofmagne･

siumwithoxidizingagents.Forthispurpose,ammo-

niumnitrate.ammoniumperchlorateandpotassium

nitratewereselectedastheoxidizingagents.

2.Experimental

2.1Materia一s

ThemagnesiumusedinthisstudywasMETAL

M-1002ObtainedfromCERACIncqintheUSA.Its

pardclesizeis10.2JLmaJldthepurityis995%.Ammo･
niumperchlorate.ammoniumnitrateandpotassium

nitratewereallreagentgrade.andtheirpardcJesizes

wereabout150FLmafterpulverizingandsieving.

Stearicacid(SA)ofparticlediameter<150FLmWas

usedasapromoterofthesustainedcombusdonofthe

incombustjblepyrolant,

Themixtureofmagnesiumfuelwithoxidizer

(pyrolant)waspreparedbyusinganordinaryba)1･

millmixerafterweighingtheingredientsLTheincom-

bustiblepyrolantwasimprovedbyaddingstearicacid
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assubsidiaryfueltomakeitcombustible.Formula-

tionsofthepyrolantsweredeterminedaccordingto

equations(1)～(3)andareshowninTable1.

5Mg+2KNO3-N2+K20+5MgO (1)

5Mg+2NH4CIO4=N2+3H20+2HCl+5MgO (2)

Mg+NH4NO3=N2+2H20+MgO (3)

2.2Combustionexperiments

Thepyrolantswereburntinanaluminumcylin-

dricaltube.andthetimeforlOmmburningwas

recordedusingaDigitalStragescopefromtheIwasa-

kiTuusinkiConLTD.withoptica川bersignals.The

aluminumtubehasinsidediameterof6mm.outside

diameterof15mmand30mmlength.Onepyrolant

compositiondividedintoequalninepartwasloaded

ninetimesinonealuminumtube.andthebulkdensi-

tywas70%ofthetheoreticalmaximumdensity.Meal

surementwascarriedout5timesinatmosphericand

pressurizednitrogen.

2.3Analysis

ThermalanalysiswasperbrmedusingaRIGAKU

DTA･TGsimultaneousanalyzer.Thesampleweight

was5mgandtheheatingratewas20℃/minunder

anargongasstream.Thesamplecontainerwasan

openaluminacrucible(5mmLd.×5mmheight)for

magnesium.potassiumnitrateandtheirmixture.and

ahermeticallysealedaluminumcruciblewhichhada

pinholeinthecenterofthecoverfわrammonium

nitrate,ammoniumperchlorateandtheirmixturewi仙

magnesium.

Aqualitativeanalysisofthereactionproductswas

performedusingcommonX･raypowderdiHracdonor

aUVanalyzerafterdissolvingtheproductsindis-

tilledwater.

Observationofthereactionpr∝essonhea血gwas

TabJe1 F ormulationofmagnesium-oxidizing
agentpyrolants

Mg/AN Mg/PN Mg/AP Obalan

ce30/70 43/57 40/6

0 -1028/72 40/60

37/63 - 523/77 3

8/62 34/66 018/82 3

4/66 ｣30/70 +513

/87 31/69 26/74 ; +10AN;NH4NO3,
PN;KNO3.AP;NH4CIO4,0balance;oxygenbalance Carriedoutusingamopti

calmicroscopewhichwasattachedtotheheatingapparatusLK-1500fro

mJapanHightecCoqLtd～3

.Resultsanddiscussion3.1Thereactionofmagnesiumwi

thpotassiumnitrateFigure1showstheresult

softhermalanalysisofmagnesiuminair.potassium

niけateinairandtheirmiXtureinargon.Magnesiu

mwasgraduanyoxidi2:edataboutsoo℃ andunder

wentavigorousexother-miCreacdonat580℃.Beca

usethemeltingpointofmagnesiumis600℃,magnesi

umisinitiallyoxidizedinthesolidstateinair.Onhe

ating.potassiumnitrateundergoesmeltingat3

40℃andgraduallydecom-posesinthetemperature

rangeof620-1000℃.TheweightdecreaseuptolOOO

℃is44.4%.ConklingandStern eLal.statedthatth

ethermaldecomposidonofpotassiumnitrateoccurred

accordingtothefollowingequations(1)～(3)3)･4)･

●2

KNO3-K20+N2+2.501'2KN

O3-K20+2NO2+0.50_'2

KNO3-K20+2NO+1.50コSternalsoreportedthatan

equilibriumofequation(4)existedbetweenpota

ssiumnitrate.potassiumnitriteandoxygen.Inthisexperiment.potassium
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nitritewasalsoobservedinthecondensedphasein

thepotassiumnitratedecompositionat6仙℃.

KN03-KNO2+0.502 (4)

Because也eproductgases血也ecourseof也ed∝om･

positionwerenotanalyzed,theexactdecomposition

equationcouldnotbedetermined.However.the

obseⅣedweightlosswasingoodagreementwi地 山e

calculatedlossbasedonthepostulationofthereac-

tionresiduebeingpotassiumoxide(K20).Athigh･

ertemperature.ther甲Ctionresiduepotassiumoxide

spilledoutaftercreepingupthewallofthesample

containerandcorrodedthesampleholder.Therefore.

itisnecessarytopreventdamagetotheapparatus

causedbycorrosionduringthethermalanalysisof

potassiumnitrateoritsmixture.

Themixtureofmagnesiumwithpotassiumnitrate

underatmosphericconditiongraduallyunderwentan

exothermicreactionatabout450℃andsubsequently

underwentavigomusreactionwithbrightlightpro-

duction(Fig.1-3).Becauseofsev'erityofthereac-

tion.theresiduewasscatteredafterthereaction.Fig-

ure2showstheresultsofthermalanalysisof也evan

iousmixturesofmagnesiumwithpotassiumnitrate

underatmosphericandpressurizedconditions.The

reactiontemperaturesofthemixtureswerealmost

allthesameamongthevariouscomposidons.indicat･

ingthatthereactionwasindependentofthecompo-

sition.Underpressurizedcondition.themixture

showedthesamethermalbehaviorasthatunder

atmosphericCOndition,indicatingthatpressuredid

notaHectmuch.

Observadonofthereactionprocessbyanoptical

microscopeshowedthatmagnesium underwent

swellingbeforethereaction.producinghollowsinit.

andthatanintensereactionwithbrightlightoccurred

justafterthemoltenpotassiumnitratespilIedintothe

hollows.X-raypowderdiBactionanalysesofthereac･

TcmpTraLure(℃)Fig.2 Therma)analysisofth
evariousmixturesofMgwithKNO3underatmos

phericandpres･suriZedconditionstionr

esiduewerecarriedoutbrmagnesiuminairandthe

mixtureinargonat600℃.potassiummag･nesiumoxide(3K20

･MgO)andpotassiumnitritewereconflrmedasthe

reactionresidue.butmagne-siumnitratewasnotd

etectedinthecourseofthereactionThelinearb

urningrateofmagnesium-potassiumnitratepyrola

ntswasmeasuredundervariouspres-sures.Theresul

tsareshowninTable2(andFigs.7.8).Underat

mosphericpressure.themagnesium-potassiumnitr

atepyroIantshadalinearbumingrateof4.38-14.

36mm/min.andamaximumvalueof14.36mm/minwasob

tainedforthestoichiometriccompohsition.Thebu

rningrateofmagnesium-potassiumnitratepymla

ntswashighcomparedtotheothertwopyrolants(themaximumvalue

wassixtimesthatoftheothertwo).Ordinarily.themaximumval

ueofTable2LinearburningrateofMg･KNO3mixturesunderatmospher
icandpressurizedconditions

wt% 0.1MPa 1.1MPa 3.1MPa 4.lMPa

n31



theburningratef♭rpyrolantsisobtainedwithafuel･

richcomposition3),Thisisascribedtothehigher

thermalconductivityorthermaldiffusivityofthe

metal･richcomposition.Theburningrateofmagne･

sium-potassiumnitratepyrolantsincreasedwith

increasingambientpressureupto4.1MPa.Inpro-

peuantcombusdon.thelinearbumingrateunderpres-

surizedconditions∫isrepresentedbythefわllowing

Vieilleequation:

r-bPn (3)

wherePisthepressure,∩isthepressureexponent

andbisaconstant.Thepressureexponentnwas

0.49.0.41and0.52formagnesium/potassiumnitrate=
31/69.38/62(stoichiometriccomposition)and43/57

byweight.respectively.

3.2Thereactionofmagnesiumwithammonium

perchlorate

Figure3showstheresultsofthermalanalysisof

ammoniumperchlorateanditsmixturewithmagne-

siumunderatmosphericpressureandpressurized

argon.Underatmosphericpressure.ammoniumper

chlorateunderwentlow･temperaturedecomposition

atabout315℃andthe･hightemperaturedecomposi･
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underatmosphericpressureandpressurizedargon

tionatabout440℃ 6). Underpressurizedcondition

.thelow-temperaturedecompositionwasrestrained.

andthereactionoccurredathighertemperaturewith

increasingpressure.Ontheotherhand,acontraryp

ressureeffectwasrecognizedonthehigh-tempera-turereaction.anditsreactiontemperaturebecame

lower.Becauseofthecontraryeffect,bothdeco

mpo-sitionoccurredatonceabove3.OMPa.Ther

eacdonofthemixtureofmagnesiumwithammoniumperch

lo-ratealsooccurredbystepsrangingbetween31

0-450℃ underatmosphericpressure.Underpres

sur-izedcondition.thereactionoccurredino

nestep,asinthecaseofammomiumperchloratedec

omposidon.However.thetemperatureatwhichtheint

enseexothemicreactioncommencedwasnearly血esame

asthatunderatmosphe

riccondition.Therefore.thereacdonofthemiⅩturew

aslessaffectedbythesur-roundingpressurecompared

tothereactionofpureammoniumperchlorate.

Figure4showstheresultsof冗-raypowderdi

ffrac-tionanalysisofthereactionresidueofthes

toichi0-metriccompositionwhichwassampledat43

0℃.Magnesiumoxideandmagnesiumperchloratewer

edetectedinthereactionresidue(Thex-rayan

alysiswascarriedoutat

roomtemperatureaftercoohgthesampletor榊mtemperatu

re:therefわre.magnesiumperchloratemayhaやebeco

mehydratedbecauseofitshighhygroscopicity).Table3(andFigs.7.8)showtheresultsofthelin-

earburningratemeasurementsofmagnesium -pot

as-siumnitratepyrolantsmeasuredund ervariouspres-
sures.
U nderatmosphericpressure.

themagnesium-ammoniumperch

loratepyrolantshadahearburn-QzJt倉stlatZLtJ73̂.qq
aq oMg(ClO.)a.6H20盲了l l oMgI +MgO了 も?l l l
10 20 30 40 50 60 70 80
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Tab一e3LinearburningrateofMg-NH4CIO4miXtureSunderatmospheric
andpressurizedcondidons

ingrateof1.67-2.
84mm/minandamaximumvalue

of2.
84mm/minwasobtainedforthestoichiometric

composid on.
Theburningrateofmagnesium-amm
o-

niumperchtoratepyroI antswassmallerthanth

atofthemagnesium-potassiumnitratepyrolant

s.Theburningrateofmagnesium･ammoniumperchlorate

pyrol肌tSunderp ressurizedconditionsaJsoincreased

withincreasingambientpressureupto4.
1MPa.
The

pressureexponentwasaround0.
57-0.
69
,somew
hat

largerthanthato

fthemagnesium-potassiumnitratepyrolant.3.



metriccompositionwhichwassampledatthetem-

peraturejust;此ertheendof也e丘rststepexothermic

reactioninFig.5-3(atabout200℃).Magnesium

nitrate.unreactedmagnesiumandammoniumnitrate

weredetected(magnesiumnitratemayhavebeen

hydratedbecauseofitshighhygroscopicity.asinthe

caseofmagnesiumperchlorate).At350℃.ammonium

nitratedisappearedbecauseofcompletionofdecom-

position.Inthereactionresidueat500℃.magnesium

oxideexistedalongwithunreactedmagnesium.

Therebre,theintermediatemagnesiumnitratedis-

appeared,causingthedecomposidonortheoxidation

ofmagnesiumatbetween300-500℃.Underpres-

surizedcondition,thereactionoccurredinonestep,

asinthecaseofthereactionofammoniumperch10-
rate.

Table4(andFigs.7.8)showtheresultsofthelin-

earbumingratemeasurementsofmagnesium-ammo-
niumnitratepyrolantsundervariouspressures.

Underatmosphericpressure,themagnesium-amm0-

miumnitratepyrolant5hadalinearburningrateof

1.87-2.93mm/min.and a maximum valueof

2.93mm/minwasobtainedforthestoichiometriccom-

positionTheburningrateofmagnesium-ammoni-

umnitratepyrolantsandtheammoniumperchlorate

pyrolantwassmallerthantheburningrateofmag-

nesium-potassiumnitratepyrolants.Theburning

rateofmagnesium-ammoniumnitratepyrolants

underpressurizedconditionsalsoincreasedwith

increasingambientpressureupto4.1MPaThepres-

sureexponentwas0.44-0.48whichwasalmostequal

tothatofthemagnesium-potassiumnitratepyrolaLnt.

3.4Comparisonofthethermalreactivityand

burningcharacteristicsofpyrolants

Themainexothermicreactionofthemagnesium-

ammoniumnitratepyrolantunderatmosphericpres-

sureoccurredat140℃ andwasrestrainedunder

pressurizedcondition Ontheotherhand.themain

exothermicreacdonofthemagnesium-ammonium

perchloratepyrolantoccurredatarelativelyhigher

temperatureof320℃comparedtothatofmagnesium

-ammoniumnitratepyrolantandwasless曲 ctedby

thesurroundingpressure.Themagnesium-potassi-

umnitratepyrola∬tunderwentanexothermicreac-

tionunderatmosphericconditionatthehighesttem-

peratureofabout450℃ amongthethreereactions

independentofthesurroundingpressure.Thus.the

thermalreactivityofthemagnesium-containing

pyrolantwasverydifferentwiththespeciesofthe

oxidizingagent.

Figures7,Sand9showthecomparisonofthehear

burningratesofthethreepylolantsundervarious

pressures.Thelinearburningratesofthemagne-

sium-potassiumnitrateunderatmosphericpressure

(andalsopressurizedcondidon)wasabout6timesas

fastasthatofthemagnesium･ammoniumperchlo-

rateorammoniumnitratepyrolanL Ontheother

hand,仙ermalanalysisrevealedthat也emagnesium-

ammoniumnitratepyrolantwasthemostreactiveand

thatthemagnesium-potassiumnitratehadthelowest
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resTable4LinearburningrateofMg-NH4NO3miXtureSunderatmosphe
ricandpressurizedcondid

onswt% 0.1MPa 1.1MPa 3.1MPa 4

.1MPa n13/87 1.87 3.36 8.6

6 9.32 0.44323/77 2.93 9,07

1326 15.38 0.44330/70 1.96 6.73 9.6



Fig.8Linearburningrateofmagnesium-Various
oxidiZingagentpyrolantsunder.different
preSSures
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Fig.9 Relationshipsbetweenlinearburningrat

e(under0.lMPa)andoxygenbalanceforvariou

spyrolantsreactivity.Therefore.thereisnoapparentrela

tionbetweenth

ethermalreactivityandthecombustionamongthe

three.WhatphysicalorchemiCaleffectcausedthisphe

nomenonwasnotclarifiedinthisexperiment.

Analysisofthethermalreactionprocessreveal

edthatthelowburningratepyrolant,magnesium-a

mmoniumperchlorateorammoniumnitratemixture,pro

ducedtheintermediatesofmagnesiumperchlorateor

nitrate.Theseintermediatesofmagnesiumnitrateandmagnesiumperchloratewerelessreactivecom-

paredtotheoriginalammoniumnitrateandammo

ni-umperchlorate.Thismaybeonereasonforthedif- ferenceincombustioncharacteristics.Howeve

r,becauseexactrole

oftheintermediatesincombustionhasnotbeenex

amined.theexactreasonremainsunclarはed.4.Conc

lusionslnthisreport.thethermalreactionandt

hecom-busdonofmagnesium-containingpyrolant.wh

icharemixturesofmagnesiumwithammoniumnitrate,

ammoniumperchlorateandpotassiumnitrate,were

studied.Withregard也thethermalreactivity,mag

･nesium-ammoniummitratepyrolantshowedthe

high-estreactivityandmagnesium-potassiumnit

ratepyrolantthelowest lmthecourseoftherea

ction.thepyrolantsofmagnesium-ammoniumnitrateo

rammoniumperchlorateproducedintermediates

ofmagnesiumnitrateorperchlorate.butnone

oftheintermediate

wasfわundwiththemagnesium-potas-siumnitrate

pyrolanLThecombustioncharacteristicsofthepyro

lantsweredi

fferentwiththespeciesofoxidi2:ingagent,ambientpressureandthecomposit

ion.Astheoxi-dizingagent.potassiumnitratehada

linearburningrateabouts

ixtimeslargerthanthatoftheothersunderanyambientpre

ssure.Thelinearburningrateofthepyrolantsincreasedwithincreasingambient

pressure.Themagnesium-ammoniumnitrateandpotassi

umnitratepyrolantshadapproximatelythesamepressureexponentof0.

4ト0.52andtheamm0-miumperchloratepyrolanthad



マグネシウムー酸化剤系パイロラントの反応性

中村英嗣●,秋吉美也子●,原 番数●

パイロラントとは金属と酸化剤から成る組成物で,推進薬と火工品の両方の機能を持つ燃

焼系と桑原らによって定義されている｡これらは,高エネルギーと高温のガスを同時に生成

する所に特徴がある｡本研究では,このパイロラントの熟反応および燃焼反応を,熱分析,

燃焼残留物の分析,燃焼状態の観察および燃焼試験などによって検討した｡パイロラントと

しては,マグネシウムー硝酸カリウム,過塩素酸アンモニウム,硝酸アンモニウム系を選ん

だ｡

マグネシウムを含むパイロラントの反応性は酸化剤の種類により異なった｡マグネシウ

ム-硝酸アンモニウムパイロラントは熟的には最も活性で,マグネシウムー硝酸カリウムパ

イロラントはこの三者では最も不活性であった｡しかし,マグネシウムー硝酸カリウムパイ

ロラントの燃焼速度はマグネシウム一過塩素酸アンモニウムや硝酸アンモニウム系の数倍で

あり,熟反応性と燃焼反応性との間には見かけ上の相関性がなかった｡
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