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Reactivityandburningrateofmanganese-barium

chromate-leadchromatedelayComposition

TbShihiroOkit8u●,TakeshiYabuki',andMichinoriTaki21ukn'

AsforaMn-BaCrOrPbCrOISystemdelay,thecombustioncharacteristicsandthelifetime

varydependingonthesurfaceconditionAndparticlesizeofMnused.

TheMndelaya8Wella8tungSterLdelayisimportantforthedefenseindustryfrom Flexibility

tocontroltheburningratewidely.TheMndelaydoesnotgeneratega8eOuSproductsduring

burnlngfundamentally,buttungstendelaydoes.Therefore,theMndelayi8usefulforthe

delaylnClosedburnlngSystemOrinasealedcontainer.

Generally.themetallicMni80Xidi2;edinairgradually,andtheoxidi2:ed8urhcehasMn

oxidesSuchaSMnOandMn20,.Theoxidized8urhceremarkablyreducesthereactivityofMn

remarkably.Soaheatingdeteriorationandanaccelerateda由ngtestforMnwerecarriedout

toexaminetheprogressOfoxidationonthesurfaceOfMnpowders.WehveconLirmedthatMn

increaSedinweightinthisdeteriorationte8t.

Finally.WeknewthattheMnusedinthedelaycompositionhastoSatisfythefollowing

conditionsfromthisnewfinding･'

(1)TheoxidizeroftheMn-BaCrO.･PbCrO.delaycompositionisPbCrO..whileBaCrO.actsaBa

burnlngratemodifier.

(2)BurningratebecomesSlowera8theparticlesizeofMnisincreased.Ontheotherhand,

burningrateincreasedastheonedecreased.However.theparticlei8toofine,thecombustion

reactioniSinterrupted,sincethethickne880fpreheatingareabecomesextremelynarrow.

(3)MnpowdersaftergrindingshouldbetreatedtopreventtheSurfacefromOXidation.

Moreover.wehadfoundoutthefollowingfacts.

(1)Thede)aycompositiondoesnotbecometoreactatlast,aSthe8urLhceorMninthecomposition

i8graduallyoxidiZiedwithAging.

(2)GrindingofMnmustbecamiedoutinaninertatmosphere.

(3)Thedelaycompositionmustbedesignedtoincreasetheheatorcombustionespeciallyforthe

delaycompositionwithlowburningrates.

(4)ThecoefrlCientofthevariationwhichisthepercentageofvaluedividedStandarddeviation

byaverageburningratemusthavethevaluelessthan5%forthedelaycompositionforlow

burningratetypes.

1.Introduction

MixturesormaJlganeSe(Mn)-bariumchromate
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(BaCrO.)Ileadchromate(PbCrO.),hereinafterare

calledasMn-BaCrO.･PbCrO.delaycomposition.or

Mndelaycomposition.whicharebeingwidelyused

asadelaycompositiorLforthedefenseindustrydue

totheflexibilitytocontroltheburningrate.Many

investigatorshavemadeeffortstoinvestigatethe

burningcharacteriStic8andtoelucidatethe

combustionmechanismOrthedelaycompositions.

Forexample,Nakamuraetal.reportedthe
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approachbasedtheeombuStiontheoryorthese

compo8itionsnandShibatadiscussedtheeffectof

somefactor80ntheburningcharacteristicsofthese

composition82川 1)

ThedelayCOmpOSitionSconsistofthemixture

ofoxidizerandmetallicpowdersasreducingagent.

Generally.theburningchAraCteriStic80fthedelay

compositionsareaffectedbymanyfactors:the

particlesi2:eOfingredients.especiallythesurface

conditionofreducingagent,mixtureratios,loading

densities,burnlngCOnditionS.Itisalsowellknown

thatthedegreeofthesefactorsonburningrate

characteristicswasaffectedbythemechaniBmSOf

thermalreactionandcombustion.Inorderto

clarifytherelationShipSbetweentheburningrate

AndtheheatOfcombustionforthemixtureratio,

thermalanalysisandotherinstrumentalanalySiS

fortherawmaterialsandthecompoSition8Were

carriedoutinthisStudy.Theburningrate

measurementSandI.hecombustioncalorimetric

me88urementSWerealsoCOnductedforthe

compositions.Experimentalresultsdescribedon

thetrianglecoordinatesarediscussedfromthe

viewpoints0ftheburningratetheoryandthe

combustionreactionthermodynamics.

2.Experiment81

2.1Hateriats

A manganesepowderobtainedfrom a

commercialgradehadpurityhigherthan98.5wt%

anditsaverageparticlesizewas14.2llm.The

bariumchromatewasareagentgrade,whichhad

purityhigherthan99.0wt%withanaverage

particlesi2:eOf2.4pm.Theleadchromatewasa

reagentgradehavingpurityhigherthan98.5wt%

andAnaverageparticlesi2:eOf1.65Llm.These

ingredientsusedinthedelaycornpoSitionSare

listedinTableI.

Theignitionpowdertoignitethe白edelay

compoBition8COnSiBt80fferroSiliconAndtrilead

tetroxide,inwhichtheferrosiliconwasa

commercialgrAdewithAnAverageparticlesi2:eOf

13.0llrn,andthetrileadtetroxidewasareagent

gradewithanaverageparticle8i乞eOf3.5pm.Both

theignitionpowderandthedelaycompositionwere

preparedbymanualmixinginwetcondition.The

ratioofferrosilicontotrileadtetroxidewas25/75%

byweight.TheMndelaycompoSition8Werevaried

widelytheburnlngCharacteristicsbythemiXture

ratio.Thepropertiesfortheignitionpowderand

80medelaycompositionsareShowninTable2.

2.26rindingofHnpowder

TheMnpowderwasfurthergroundinmitrogen

orinairbyball･mill,jet-millandothertechniques

dependingonthepurposeoftests.Forexample,

theMnwithanaverageparticlesizeof17.6pm

wasgroundtoasmallSi2iewithanaverageparticle

sizeof台.7pmfor3hoursin40rpm.Iftheaverage

sizeofMnparticleistooSmall,thedelay

Tab一e1Propertiesofingredientsusedintheexperiments

Ⅰngredient Particlesize Purity(%) Delive

rsMn 14.2pm 98.5 ASAHIMetalRefiningCo
.,Ltd.BaCrO.1 2.叫m 99.0 M TOChemic

alCo.,Ltd.PbCrO.I 1.65pm 98.5 YONEYAMA

ReagentC0.,Ltd.Table2Ignitionpowderandtheexamplesofde

laycompositionsTh)e Ⅰngredient&Ratio(%) C.礼(

∫/ど) DSC(℃) WC.(%)ⅠgnitionPowder FeSi/Pb

nO4=25/75 996 563 0｣05DelayMixture Mm/BaCrOノPb
CrOl=37/22/41 1189 627 0.06ll Mn/BaC

rO1/PbCrO4=38/40/22 866 612 0.05II Mn
/BaCrOLl/PbCrO4=34/44/22 946 622 0.05ll Mn/BaCrO1/PbCrO4=30/48/22 1009 611

0.05′′ Mm/BaCrOJPbCrO4=34/46/20 912

613 0.08′l Mn/BaCrO4/PbCrO1=34/48/18 921 6

35 0.06C.H.-･HeAtofCombustion,W C.- WaterCo



TabIe3CharaCteri8tic80fMnparticlesgroundbydifferentpulverization8y8tem

Machine …戸uiv占hi諒~瓦盲ir JetmillinN2 B811m

illinN2Si2le ll.32pm0.326m2/gBquarish 8.87pmo.312m2/gBquari8h 16.03pm0.287m 2/拷叩herical

wi thout8quari8hS.S.A.P

ArticlefeaturePhoto Illa.-I..

91.i鵠 I.圭 Idi.;J:I,i'-.iS.S.A.･･.SpecificSurfa

ceAnea (MnJBaCrO.IPbCrO.=34/44/22)compositio

nmaycausetheburningintem ption.Thisphen

omenonwillbeexplainedlater.ThematerialchracLeriBticBOf

groundMnarelistedinTable3.2

.3ApparatusandAnaJyticalMethodsTherma

lanaly818Wa且performedbyusingaSEIKO

TG/DTA320Simultaneou8An Alyzer,inwhichth

eSampleweightw88about10mgandtheheating

rateWas100C/mininairflowor300ml/min.The

particle8izewasdeterminedwithaHORIBACentri

fugalParticleSizeAnalyZierCAFA-300,aMICRO

TRACFRAL88erDiErractiveParticleSizeAn81yzer

andothers.TheSurfaceappearancesofground

MnparticlesWereObservedu8ingaKEYE

NCEHighPreciseDigitalMicroscopeVH7000.

TheSurfaceAreaOrMnparticlesWasme舶uredb

yu81ngaNIKXISOAutomaticSurfaceAreaAn alyヱe

rModel･4232.Moreover,theheatOfcombus

tionofeachdelayCOmpOSition8WasmeA8uredbyusingaYOSHIDAAuto

maticDigitalCalorimeterlO13･H.2.4Burnin

gRateandCombLJStionExperirnentsTheignitionpo

wderabout0.lgwasusedtDigniteeachdelay

mixtureintheburningexperiments.Theburningtim

eorthisignitionpowderwasabout60pS.Thed

elaycompoBitionSWerepressedatapreSSureOr157

MPainaStainlesscylindricaltube(0.D.7.9mm,

Ⅰ.D.4.9rnm,and23mminlength)andme88ure

dtheburningtimefor10mmlengthbetweentheonset

OrignitionbatteryandsolarcellSignalbyu8IngadigitalanalyzingrecorderM

odel3655mAdebyYOKOGAWA HOKUSHINEIectronicCo.ThedelaymixturewasPreSSedfour timestObec

ometheratiooflengthtodiameterAbout0.5

.Anaverageloadingdensityofthesamples
Wasabout66.5%ofthetheoreticalm

aximum value.Sampleamountineachcalorimetric

mea8urement8W88about2gandtheAmountofi

gnitionpowderw880.1g.whichwaslgnitedbyelectronicwiremadeofpuren

ickel.3.ReSultsand

Discussions3.10xidationoftheMnFig.1Bhow8

AnexampleofmA8Bincre88eOftheMnwithana

verageparticle白i乞eOf14.2llmbyheating

at130℃ intheMufncFurnaceFP･31madeby

YAMATOCo.Fromthi8figure,weknewthattheMnw

a卓oxidizedinairduringlong･termStorage.Both

thefactthatthedelayCOmpO8itionusingt

heheat･treatedMnexhibitedASlowburning,A

ndthattheheatorcombu8tion8180becameSmallareindicatingt

hat8urfACeOrtheMnwasoxidized.IrtheheatingtimeortheMnwerelessthan4
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hourstLt130℃,theweightchangewasnotlarge.

Theburningcharacteristicsofthedelaymixtttre

remainedalmostunchanged.lfitexceededAhours,

theburningcontinuityorthede]a.ywas

deteriortltedAndtheheatofcombustiondecreased.

However.theheatofcombust,ionisdecreasedat

highertemperatureseveniritiSdriedforlessthan

4hours.ThisisascribedtothattheMnhad

received80medeteriorationinthedryir帽PrOCeESSeS.

Therefore.itisnecessaryfortheMntocarrymlt

dryi叩 leSSthn4hour."t130℃.Thereafter.the

dryingproces白iscarriedoutat65℃ within4

hours.

3.2Burningcharacteristics

l､herepeatingnumberormeastlrementSW8810

foreachcompositioninthebttrningrate

meaSurementS.FromTable3,theMngroundhy

theballmiHwasSpherical,andtheonebythe

pu]verizerwassquarish･Although thejetmill

wasexpectedtohavethelargestpulverizing

performancefromtheviewpointofthesurfacefLrea,

theaveT.ageSir.eOftheMnparticleswasexceedingly

Small.

Fig.2showstherelation8hip8betweenthe

averageSizeoftheMnparticlesandtheburnlng

rateagain8日heloadingpressures.Althoughthe

innuenceoftheloadingpressureontheburmng

rateWasnotlarge,theinnuenceofaveragesizeor

theMnparticlesontheburningratewaslarge.

Also,theburningratebecamefasterA8theaverage

si之eOrtheMnparticledecreased.Astheaverage

Si21eOrMnparticlewastooSmall,thedelLIy
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nterruption.1tcanbethoughtthattherateorthesu

rfaceoxidationperunitmassisquickwhenthe

averageSi写eOfMnparticlebecomessmall.The

n,Mniseasilyoxidi21edinairanditsreactivitygradu

allydecreases.Fig.3alsoshowstherelationSh

ip8betweentheburningrateortheheatOfcombustionand
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cotrlpOSitionofdelays,inwhichMnorleadchromateiSkeptconstant.TheburningrateAnd

theheatofI:ombustionwillincreaseWit

htheincreasingamountofleadchromateunde

rconditionofaconstantcontentofMn34%

byweight.Ontheotherhand,theburningratei

ncreased.buttheheatofcombustiondecreasedwiththeincreasingamountofMnunderconditi

onofconstantContentOfleadchromate22%byweight.ltisbettertocontroltheburntngrateb

ytheamountofMnratherthanbytheamountor

leadchrom ate,W
henyoudesignth

edelay0
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BACrOI PbCrO4Figl5Relationshipbetweenb

urnlnFrateanditsCOmpOSitionMbBaCrO4

PbCrO●Fig.6ReltLtion8hipbetweenheatorcombustionan

ditsCOmpOSitioncompositionforthe印melowburning

rate,Fig.4ShowstherelntionShipbetweenthea

mbienttemperatureandtheburningmteataconsta

ntmixtureratioandloadingpressure.Thetemperaturedepend



ternarydelEtyCOmpOSitiollS･

Fig.6LIl帥indicatestheheatorcombustionfor

theeachcompositiononthesametriangle

coordinFItef事.
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ossuro(MPa)Fig.7Relationshipbetweenloading

pre88ureanddensityorburning

rate(Mn/BaCrO./PbCrO.=37/22/4

1)Fig.78how8therelationshipbetweentheburningrateOrthe)Oadingdensityandtheloadin

gpressureortheternarydelayCOmpO8ition

(MnJBaCrO./PbCrO.=37/22/4lbyweight).As

thelotLdingdensityincreased,theburningratede

creased.JtiSeasytOdertneoracceptthedeadp

ressureLobeabove210Mph.88theresultortheburnlnginterruptionTorthedelaycomposition.We

Supposedthatthecombustionreactioncollapsed

inthereactionarea,becausetheporosityinapre88eddelaycompositiondecreELSeS,andthehe

atnuxgeneratedFromthechemicalreactionarea

becomeshardtopenetrateintothenon･reactingarea.Final一y.thepre･heLltingareawillbelost

,andthechemicalreactionwillcel18e8t

last.WhentheMnisgroundbeforemixi

ng,theburni叩 rateincrease8Withdecreasingthe

averageSizeorMnparticle.Adelaycompositi

onusinggroIIndMnpowders,Whichwereprepared just

beforemtxlng,usuallydeterioratesrasterthan

adelaycompositionusingun-groundMn

powders.MnpowdercouldcauseahighreaCtivity

immedintclyaftergrindillg,becausetheburningra

tei8highercomparedtothatforun･grOundone,evenirtheaverageSizeofMnparticlei8equlVfllent.

Thati8.theingredientsinthecompositioncLIneasilyoxidizethereactiveMn,becausetheoxidat

ionorMniSincreasinglyacceleratedduetotheimprovementoritsreactivityandinc

reaseinthespecirlC8LlrraCeareabygrinding.

Severa18LlrraCeprocessingbyusinghy

dra之inehydrate.chronicacidsolutionandotherI.reatment.8WeretriedinordertorestrictI,he

innuenceofMndeteriorat

ionontheburningratedurir哨long･LermStorage.

Fig.88how8SeveralmicroscoplCpicturesOrthe

surr8CeOrSurraCe･treatedMnparticleB.Fig.9

ShowstherelationshipbetweentheburnlngrateandcoeEricientorvariationforthedelaycomposition

constitutedMnJBACrO./PbCrO.ratioor34IJIJI/22

byusingthese8urface･treatedMnpartic

les.WeunderstoodthatthesurfacetreatmentbypotassiumdichromAteSOlution,andthecoatingo

rthe8urraCeOrMnp8rticlewith8tearicacidarethemosteffectivetreatmentfor8tOr8

geStabilityorthistypeordelaycompositions.

Sincethe付ictionalheatongrindingmayoxidi乙e

theSurrfICeOrMnparticle,thegrindingorMnShouldbecarriedoutin

aninertAtmO8phereSucha8nitrogenandargon.

TntheMIldelayCOmpOSitionofthelowburningrate.theburni叩 Stabilitygraduallydeteriorat

eFt,andat188日heburninginterruptionmaytakepl

flCeSincetheheatlosstothecircumferencei8ll

Lrgeduringcombustion.lnorderLopreventthiBphenomenon.thedelaycompositionfor)Owburn

ingmteshouldbedesignedtobecometheheatorド1'g･8Microscopic
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compositionusingSurface･treate

dMn(Mn/BaCrO,/PbCrO.=34/44/22)combus

tion88much88PO粥ib]e.Astheresult,the

burningstabHtyofthecompositionwasimpr

ovedandthev爪riationinburningratesbecameSmall

er.ThisprocedureledtothereductionofthecoefrlcientorvariaLionI,obeless

than5%fortheMndelaycompositions.There

lationshipbetweentheburnlngrateandthemixt

ureratio,andtherelationshipbetweentheheat

ofcombusLionandthemixtureratioareshownin

thetrianglecoordinatesinFig.5andFig.6fort

heMndelaycompositions,respectively.Wecan

estimatethereactionarea,theburningratean

dtheheatofcombustionfortheMndelaycomposition

fromtheserlgureS.Wecanalso0btFLininformati

ononthehighburningrateareaorthelowburning

rateareLl.Thesefiguressuggestthatthemixt

ureratioforthedelaycompositionwiththelowburningraLehad

high valuesoftheheatofcombustion.3.3Additioneffectofboronor

othersontheburningcharacteristicsVerysma

llamountormetallicboronorignitionpowd

erswiththedelaycompositionwhichisconstitut

edMn/BtICrOl/PbCrO.ratioof37/22/41was

mixedirLOrdertomaintaintheburningcontinuity

ortoimprovetheignitability.Fig･10Showsth

erelationshipbetweentheburningrateandthecoeLT

icientorvAriationofthedelay.lnanycomposi

tions,theburn)ngratebecamehighandthecoemci

entorvariationbecamelarge,dependingont

heamountoradditionboronorignitionpDWders･AdditionorboroncatlSedanincreasein OL]
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dtin&◆J =25/75;1一Oridnd 一l一 ●
●◆FeSi′PbO一●8umingFhte ICoefFicier

ltOfVhrhtbnFig.10Errectofadditi
vesontheburningrAteAndcoef

rlCientorvariation(MrL/BaCrO./PbCrO.=31/4J

I/22)theheatofcombustionontheburnlngrate,be

causeithasarelativelylowspecificheatcapacity

andaltlrgethermaldimlSivity.Theincreaseint

heheatorcombustionofthedelaytookplace

byincludingtheseadditiveswithahighrea

ctivityinthecomposition.Thus,thesemethods

htIVe80memeritsSuchastheimprovementofreac

tivityandburningcontinuity,buthaveagreatdemer

ittoincretISeintheb

urningrateandthecoefrlCientofvariれtion.

4.SummaryThemainreactionoftheMndelayc

ompositionistheoxidationorMnbytheleadchromate

,andthebEIriumchromatei8notre)aもed

totheoxidationorMninlowrefICtiontempera

turerange.Theburningrateofthedelaycompo8i

tionSi8arrectedbythesurfacepropertiesofthe

Mn,themixtureratioandtheloadingpre8Bure,but

notbytheSurroundingtemperatures.Itissuggest

edthattheloadingPressuremayaLTbctthelen

gthorpre･heEItingareaincombustion.Therefore,

irtheloadingpressureishigh,thelengthorpre･

heaLingareawillbecomethinresultingindecreaseOrthe

burningrate.Astheresultburningwinbei

nterrttpted.Wealsoinvestigatedmanyrelation

shipsbothbetweenthemixtureratioandtheb

urningrate.andbetweenthemixtureratioa

ndtheheatolcombustionforMndelaycompositions.T

heseresultsAreplottedonthetriangleco

ordinateB･'rhe良eVemlconclusionswereobtained

abouttheburningrateandtheheatofcombusti

onTortheter118rydelayCOmpOSitionoftheMnsys

tem･Jnordertor



bydeteriorationofMnwiththelong･termstorage

andgrinding,the8urfACetreatmentOfMnparticles

bypotassiumdichromate80lutionandsurface

coatingbytheStearicacidarethemosteLTbctive

forimprovementinthe8tOrageStabilityoftheMn

delaycomposition.ResearchontheSurface

treatmentorMni8Stillundergolng.

Boronandignitionpowdersimprovedthe

burningcontinuityAndignitabilityifaddedtothese

delaycompositions,butthecoefrlCientofvariation

becamelarge.Thus,thi8COnCludedusthatthis

methodi8noteLTTective.
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