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Studyonestimationofagingbehaviorofexplo8ive8

HidetSuguNAEAMURA●,MiyaknAm OSH●,andYaButakeH瓜

Theaging0fexplosivesbe租tJBeOflowtemperaturereactionsduringlong･term8tOrageCau8e8a

chngeinthepracticalperformanceoranincidentalexplo8ion.Inthiepaper,tyPicalagingmech-

mi8m80fexploSive8arediSCu88ed.Selectedmodel8ample80falowtemperaturereactionwerea

dehycompo8itionofredlead/ferroきilicone/antiznonytri8山丘de,nitrocelluloBeinacidmixtures

andacompositesolidpropenaJltmnBiBtingofammoniumdtrate,aluminumandaGAPbinder.

As anexperinentalmethod,a∝eleratedagingte8tBCarriedoutatAtemperature8hghtlyhigher

thanroomtemperaturewereadopted.TheresdtBObtainedarea8followB.

Thedelaycompo8itionofredlead/ferro8ilicone/antimOnytriBuliidecau8edadec柁aBeinthe

burningrateduetoaging,whichinvolvedthelowtemperaturereactionofredleadwithantiJnOny

triBd丘de.Ontheotherhnd,theburninglateOfaoDmpOSite80hdpropeuantcon8i8tingofiLmmO･
miumnitrate,aluminuJnandaGAPbinderinczTea8edafteragingduetotheformationofawater

801ubleintemediate.h t,nitrocellulo馳inacidmixturesundezwentautoeatabrticdeqadAtion

afteralonginductionperiod,whichwa台ascribedtotheformationofareactiveintermediate.

Fromthemechami8m8andthetemperaturedependenceofAging,ageneralideaw山bepresented

topredicttheagingbehaviorofexploBiv朗atnOrmal temperature8.

1.1ntroductjon

Exploさive8areOneOfthemostreactivechemicals.

Inpracticaluse,theserapidlyproducelarge

amountBOfenerw,whichi8utihzedhyengineersto

dovadouBkinds0fwork.Becau8eOfthisreactive

nattm ofexplo8ivee,theagingofexploSiveSduring

long-term8tOrageCau8e8aChangeinthepractical

performanceoranincidentalexplo8ion.So,many

datafortheAPngOfexplosiveShvebeenreported

fromtheviewpointof8afetyinmantdacttqing,8tOr-

APAnduse,Orqperationalrehabihty0-7).wehve
dJ308tudiedtheagingproblemwithregardtopro･

pehnt8,eXplo8iveSandpyrotechnicmixtwe8.

InthiBpaper,threetype80fexploSiveswereSe-

lectedA8model8ample80fagingofexplosivesin

ordertopresentageneralideaofe8timationofag-

ingbehaviorofexplo8ives.First,theagingbehav-
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iorofacompo8ite801idpropeuantcon8i8tingofam-

momium nitrate,aluminumandag的 dylazidepob,-

mer(GAP)binderwasStudieda8amodelofpropel･

lantsaging.The8eCOndtypei8thedelaytimepro-

longationofaredlead(Pb804)/ferro8ihcone(FeSi)/

antimonytri8ulfide(Sb2ち)delaycompo8itiona洗er

long-termStoragea8amodelofdelay00mpo8ition

aging.Last,mitrocellul08e(NC)inacidmixttlre8,

whichwererepeatedlyreportedtocau8efiringor

explosioninmanufacturingand8tOr喝e,Were8e-

1ecteda8model88mple80faging.

Beeau母etheagingStudyunderambienttempera-

tllrenormallyrequlre8alongperiodtoobhinevi-

denceofaging,acceleratedagingte8tSaleeqeCtive

foreasilye8timatiJlgChange8inexplo8ive8prOper･

tie8duringlong･terznStorageataJnbienttempera-

tu托.Inthispaper.acceleratedagingexperiments

werecarriedoutatatemperature81ightlyhigher

tlm rq)mtemperature,andtheagingbehaviorof

expl08ive8andtheirmechmi8mBWereelucidated

topredictthepracticalAgingbehavioratambient

temperatur台.
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2.Eq)erhenta1

2.1 Materials

Delaypowderi8preparedbyball-millmixingof

redlead(reagentgrade,meanparticlediameter;2.9

JLm,purity;98.6wt.%),ferro8ilicone(indu8trial

grade,contentOf8ilicone;95wt.%,3.3FLm)andan-
timonytrisul丘de(indu8trialgrade.contentofanti･

mony;62.7wt.%,4.OILm).ItSformulationi8Pb.10J

FeSiISb2Sa=57/6/37byweight.
NCi88ninduetriAlgradeSuppliedbyA88hi

Chemicallndu8tryCo.,Ltd.,anditsnitrogencon･
tenti8ll.6%.

Thepropeuant00mpO8itioncontains59%ammO-

niummitrate,13%aluminumand28%GAPbinder

Oyweight).re叩eCtively.
2.2 ん1abSis

ThemalanAIyBiBWaBperfomeduBimgaRIGAXU

DTAITGBimultAneOuBandyZerandhighpre88ure

DTA.inwhichtheSampleweightwas5mgandthe

heatingmtew8820℃/minunderanargonpBnow.

ExothermiCityinthei80thermaldecDmpOSidonof

NCwasexaminedu8ingahndmadeDTAappam･

tuB(abbreviated88microcaloriTnetry)whichcan

detectthetemperatureriBeOf0.01-1℃underan

arpngasatmO8pheren .

2.3 Combustionexperiment

Propellant8trandBforthelinearburningrate

me88urementWereformedina6mmX6mmX60

mm8hpeandtheSideofeAChBtrandw88inhibited

by8ih00neresin.Timeneededforthe40mmbum･
lngOfthe8tmndpiecewasme88uredbymeansOfa

chimney･typeStrandburnerunderpre88u血 dmi-

trogen6MPa.

Thedelaycompo8ition8WereburntinanAlumi･

nuncylindricaltutn.andthetimefor10mmbum･

ingwaBrecordedusingADigitalStragescopefrom
thelwa8Akinlu8inkiCo.,IJTD.withoptical丘ber

8igndB.ThemixtureBWereloadedninetimes,and

thebulkdensityWAB65%ofthetheoreticalmaxi･

mumdensity.

2.4 AccebratodaかgtestS

Acceleratedagingte8tSWereCarriedoutattem･

peratur朗rangingfrom60-98℃forthePb30J
FeSiJSb2S3dehypowderand60-80℃fr)rthe801id
propenAnt.TheiJ30thermaldecompositionofNCin
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Fk1BurAm grate(R)ofBOhdpropenantAfterStOr-
ageat60-80℃

mixedacid(HeSOJHNO3/water=6u22/18)W ZLBear

riedoutattemperattm rangingfrom50-75℃.

3.Resuk$

3.1 TheenhancerTlentinbLJmingrateofacq osite

solidpropellantconsistingofarTmOniumn-rtrate,

a暮uminumandaGAPbinderafteraかg

FigtJre1iBtheresultoftheA∝℃1eratedagingtests

foracompoさiteBOlidpropelhntconBiBtingofam･

momiumnitrate,alunintJ皿andAGAPbinder.Tb8

propeuantba8alinearbmi ngrateof3.63mm/BeC

under5MPa.A鮎ragingat60-80℃,theh ear

btmi ngrateinC柁88edwithetOragetime.BtJrning
rateaJBOincrea8edwiththeAgingtemperature,but
haeamaximumValueofabout3.95mmJ8eCat80

℃.LetthefractionalchngeillburningrateRtt)

forBtOrAgetimetbe8howTlinequation(1).

x(i)=(r(i)-3.63)/(3.95-3.63) (I)

Theburningratev8.agingperiodctm 88howeda

monotonouBdcm BewithAeingperiod.merefore,

the丘r8tOrderrateequation(2)wa台appliedtorep-

reBenttherelationbetweenthehctionalchange

inburningratex(i)andtheStoragetime.TheJn

l/(I-x)vB.timeplot8gaveaBtmightlineforevery

temperature,though80meplotsⅥlrywidely.

JnI/(1-x)=kt (2)

An Anrhemiu8plotofratecon与tantAgaveanaCti-
vationenergyof87kJ/not.Moreover.theptllonged
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2 DTAo fwate r･BOlu blecompone nt

ilin

solidpropeuantSheatedat

80℃btlrningmtex(t,T)canbeestimatedusing

thisvalueofactivationenerぢyandfirBtOrderra

teequa･tion.Inordertoexaminethe

reactionreBidueaAerag･ing,water･BOlublecom

ponentsWereeXtraCtedwithdi8tinedwaterbyGltratio

nzLndevaporated.Alm鴨tanofthewater･801uble0

0mponent8WasAmmOniumnitrate.Fig.28how8thether

mdanalyBi80ftheevaporatedwater-BOlublecom

ponentsfrom叩edprqpelkntSat80℃.Thewater･8
01ublecomponent8withoutagingBhowedonlyanendothermicpea

kcausedbyevaporationordecompositionofam

mO･niumnitrate,buttheagedone8howedan8ma

llexo･themi citybeforetheendothemicreactio

n.Baaedonelementalanaly8i8,theAmountOfcar

bonin･C柁aSedandthtofnitrogendee柁 iL8ed.Ho

wever.awaterl801ubleintermediateformeddurin

gagingcouldnotbeJlpeCiLied.3.2 ThedolBy

tineproJonptlonofaPb30./FeSi/ShS3deh

ycomp sitionafteradngThelinearburmingrateOfaPbaO4/FeSi/Sb2Sade･ 2

2(UaSJLLALJ) 02aTpJ6uiUJng :.uoJl
l0I)′OどOp-mQTO●800C△ △ 丘

980C0 2 4 6 8Aglng

perlod(days)Fi且3Burningrate(R)ofPb304/FeSi

JSb203delaycompo8itiona鮎r8tOrage60-98

℃laycompositionaReragingdecreaBedwithincre
a8lingStoragetemperatureand8tDrageperiod(Fig.

3).However,itsdelaytimeprolongationwasCOnCe

n･tmtedduringtheinitial8tageOf8tOmge.E8PeC

ially,thebumi ngratechngedto2.00mmJBeCfrom

ini･ti血l2.40mm血ecafterl血y8tOrageat98℃

andundezwen



FiB4ApplieabilityofJa

nder'8equationtothechngeinburningmteofanagedPb30-rFeSi/Sb20

3delaycompo8ition(Fractionx=R.nL;a

∬(∫)≡(∫(～)-I.91)/(2.40-1.91) (3)Therel

ationbetweenthefractionAIch岬 inburn･ingrate

x(i)andtheBtOmgetimewasrepre8entedweub

ydander.arateequation(4)咋ig.4)9'.Thismtee

quationw88derivedfromapo8tulationor88urhc

ereaCtionfouowedbyadi血8ion-hmitedre･action

prtxeedingin叩hericalparticles.1-(1-x))/3=htI

J3 (4)3.3 Theiscthermaldecornposhbnofnitroc

elluloseinmixedacidsNCcau8edexothermicd

ecompo8itioninmixedacid8attemperaturesran由n

gfrom50-75℃.Fig.58how8theresultofiBOtherma

ldccomp08itionofNC(36mg)inmixedacid8(864mg.H

2SO-IHNOaIwater=60/22I18byweight)obtainedb
ymicm alo･rimetry.NCdecompo8itionintnixedacidshadAn

inductionperiod.an
dthi8inductiondeqeABedwith

iJICma8mgreactiontemperature.
Moreover,t
hein･
ductionperi oddecreaBedwit hth

eincre88ingNC/mixedacidratio.Anincreaseinthecontentofmi

･triCacidinthemixedacidthenhdadecreasi

ngeLrectontheinductionperiod.PlotsOfthel

ogarithmoftheinductionperiodiv8.thei

nverseOfreactiontemperatureShowedgoodhneArit

yaC00rdingtothefouowingAm hemiu8･typeequation(5). .OYallVL.OPUa Reactiontime(mln)Fig.5

ExothermicityobtaiJledbymicrocalorinetryfor
theisothermaldeconpoBitionofNCinmixedac

id8Illt=EJRT+hZA (5)TheobtainedEGWas76

kJ/molwithregardtothereSult80rFig.5.0n

cethedeoompo8itionwasimitiated.therateincreaBe

dwiththereactiontimeandreachedamaximumin

themiddleofexothermicity.¶血exo-thermicreactionrateincrea8edwiththeimer飽きing

NC/mixedacidrati

oandthecontentofnitricacidinthemixedacidalsohadthe88meeffectonthe

reactionrate.ThefractionaldecompoBition(x)

Attimeiwa台determinedbyAgraphicalintegration,i

nwhichtheAreaOreXOthemi cpeakuptotimeiwasd

ividedbytotalareaofexothermicpeak,ActJrVeO
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Othernald∝ompoBitionofNCinmixedacid8

thedecompositionintheAtmO叩hereproceededobeyingtheatltO切talyticrateequationlO).ourexI

pe血 ent8inmkedacidalso8howedtheSamerateequation,butwithalonginductionperioda

ndaSma皿eractivationenerw.4.DiscLJSSion

Beeau8etheaging8tudyatambienttemperattmnorm

allyrequiresalongperiod,acceleratedagingte8

t8areeqeCtiveforeasilye8timatingthechangeintheexplo8ivepropertiesduringlong-term8tOr- a

geatAmbienttemperature.USuany,fromtheac-cele

ratedagingexperiment8Whichwerecarriedoutat8eVemltemperature88lightlytdgherthanroom

temperature,the'temperaturedependenceofthech

angeinchemicalandphy8icalquantitiesi8de-terminedtopredictthep

racticalagingbehavioratambienttemperature.A8

Statedabve,explo8iveBbecauseOfagingcauseac

hangeinthepracticalperformanceSucha8theburm

ingrate,8en8itivity,exploBiveBStrengthandme

chamiCal8trengthet.al.In80meCa8e8,eXpl0-8

ive8becomeunstableduringlong･term8tOrage,8h

owinganchangeinchemicalorphyBicalproper･I,ie8a

ndcombu8t,ioncharacteri8ticB.hordertoes･timat

etheagingbehaviorquantitatively,itiBneC-e88a

rytOknowthathowthe8eprqPertie8anddlar･acter

ieticBCh8ngewithtime(rateequation)andtem･peratureOdneticparameter;

aCtivationenergyandpreexponentialfactor).

Duetodlemicalreaction,manytypesofagingbe

haviorexistinwhichthechemicalandphy8icalquA

ntitie80ftheexplo8ive8Changewithtime.Ifth

ereactionofagingoccur8everywhereinequalprobab

ility,itwillproceedobeyingtheBr令tOrdezTl0nth

eotherhand,alargeagingratewinberecog-ni2Xtd

Attheinitial8tAge,WhenthekineticcourseiBdom

inatedbya801id･80hd8u血cereactiorLIfare･act.ionintermediateSerVe8AVeryimpor

tantrole,theremaybeanau加atalyticcourse.Fi柑

tOrderrateequationi88typicalequationandiS

usedtorepre8entChemiCalphenomenaa88fi118ta

pproximation.Inagingofexplo8iveS,however,th

ereweremanytypes0faging.PropenaJltAginginthis

paperWasd朗CribedbyafirBtOrderrateequa-tion

.Therefore,oncetherateequationdetennined,th

ebumi ngrateChngecausedbyagingcanbee8･timatedbycalculationu8iJlgthe丘rBtOrderrate

equationandthetemperaturedependence.How･

ever.delaypowderAgingoccurredaccordingto

Jander'8equation.Therefore,thebmi ngratew山beun

dere8timated,ifthee8timationi8Carriedoutbya丘rBtOrder888um ptionandtheobtainedtem-

peraturedependence.Ontheotherbnd,NCdeg-rada

tioninmixedacidsWillbeovezwtimatedusingaLi

rBtOrderequationandtheobtainedACtivationene

rgy.FzDmthe8ere8ultB,iti8neee88arytOknowhowtheproperties



changewithtime(rateequation)andtemperature

牡ineticparameter)inordertoestimatetheaging

behviorquantitatively.

5.Conclusion

TherearemAZWtypes0fagingbehavior.inwhich

thechemicalAndphysicalquantitie8Chngewith

tine.BecausetheagingbehiLVioriBCau8edby80me

chemi Calreaction8,itiBaaeCtedbythetemperattJre

Andit8reactionmechmim8.IfwepredicttheAE･

ingbehvior.howthephy8icalquAntityinque8tion

chnpBwithtimeiBVeryimportanta8Weu88it8

tempemttl柁dependenee.
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火薬類の経時変化の予測に関する研究

中村英嗣●.秋吉美也子●,原 泰毅●

火薬類は長期間貯蔵すると.通常の温度でもその経時変化により,純度の低下,性能の射 ヒ,感度の変

化および物性の変化を引き起こす｡本研究では.これらの火薬類のうちで特徴的な経時変化を示す例につ

いて検討した｡選ばれた反応系は.鉛丹-ケイ素鉄一三硫化アンチモン系延時薬.酸溶液中のニトロセル

ロースおよび硝酸アンモニウム-アルミニウムーGAPバインダから成る固体推進薬系である｡実験方法と

して.実際の貯蔵温度より若干高い温度での加速老化就教法を採用した｡

鉛丹-ケイ素鉄一三硫化アンチモン系延時薬は.成分中の鉛丹による三硫化アンチモンの酸化のため

に,低温での経時変化により延時秒時の延びを引き起こした｡これに対して,硝酸アンモニウムーアルミ

ニウム-GAPバインダから成る固体推進薬は長期間の貯蔵では燃焼速度は増加した｡これは水溶性の活性

な中間体の生成による｡酸溶液中でのニトロセルロースは温度に依存する訴導期を経て発熱分解した｡一

旦,分解が開始したら分解は日蝕的に進行した｡

以上の結果から.火薬類の長期間貯蔵による性能の変化の推定には.変化の温度依存性(活性化エネル

ギー)と同様に,変化の機構(速度式など)の知見を得ることの重要性が指摘された｡

(●九州工業大学 ･工学部･応用化学教室 〒804-8550北九州市戸畑区仙水町1-1)
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