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  Abstract:ChemicalreactioninCuO-Alpre-fabricatedblocksiscontrolledatdifferenttemperatures.Ther-
malanalysiscurvesweredeterminedandX-raydiffractionwasusedtocarryoutphaseanalysisofsamplesafter
theirreactions,wherebythereactiontemperatureforproducingheatexplosionandreactionproductsatdiffer-
enttemperatureswereobtained.Theresultsindicatethatasthemediumtemperaturerises,threedifferentre-
gionsofreactionintheCuO-Alsystemcanbeclassified.Whenthetemperatureislessthan1200K,thereisno
chemicalreaction;whenthetemperatureisintherange1200~1437K,apartialchemicalreactiontakesplace
whoseproductsareCu2O,CuAlO2andAl2O3;whenthetemperatureisover1473K,chemicalreactionoccurs
intheCuO-AlsystemandthereactionproductsareCuandAl2O3.Itisinthislatterregionthatthermalexplo-
sionisoccursreadily.
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1 Introduction
  Al2O3/Cucompositeisakindofwidely-usedforegroundmaterialswithhighstrengthandhigh
electric-conductivity.Atthesametime,owingtotheenhancementoftheAl2O3particles,thismaterials
ischaracterizedbysuchbetterabilitiestoresistwearandarcerosion[1].Atpresent,Al2O3/Cucom-
positehasbeenusedinmicrowavetubesasthestructuralmaterialsandisexpectedtobeusedinmany
applicabilityincludingelectrodeheadsofweldingequipment,shiftingswitches,contactheadswithsil-
ver,horizontalcontinuouscastcrystallizersandIClead-inwireframeworks.Nowadaysthemethodsa-
doptedtomanufactureAl2O3/Cucompositearemainlypowdermetallurgicandinternaloxidization.
TheauthorshaveadoptedthedirectinternaloxidizationmethodinliquidCutoproduceAl2O3parti-
clesinCumatrixviashapecoregrowth,wheretheshapecoreischaracterizedbythermodynamicssta-
bility,bettercombinationofboundaryfacesofcomposites.

WhenCuOandAlareaddedtoliquidCuundercertainconditions,CuOandAlcanreactwitheach
othersharplytoemitahugeamountofheatinstantlyandtomakethesystemtemperaturesoar.Asa
result,thesurroundinggasexpandssosharplythatthermalexplosionoccurs[2,3].Thermalexplosions
maycausetheliquidtosplash,leadingtofailureoftheinternaloxidationtechnologyandmayeven
causedamagetotheequipment.ThishasbecomeakeylinkinmanufacturingAl2O3/Cucomposite.In
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ordertomaketheinternaloxidationreactionsmoothandtoavoidorlessentheoccurrenceofthermal
explosions,theprocessmustbecarefullycontrolled.Theexperimentalstudiesontheoccurrencetem-
peratureofthethermalexplosionreactionaswellasthereactionproductshavebeendoneinthepa-
per,wherebythetheoreticalbasesareprovidedfortechnologyofthemanufactureofAl2O3/Cucom-
posites.

2 ExperimentalMethod
  Rawmaterialsusedfortheexperimentare:CuOpowder,withanaverageparticlesizeof71μm
andapurity≥99.0%;Alpowder,withanaverageparticlesizeof71μmandapurity≥99.5%;andCu
powder,withanaverageparticlesizeof71μmandapurity≥99.8%.

CuO,AlandCupowderswerepreparedinconformitywiththebalanceequation:3CuO+2Al=
3Cu+Al2O3.Thepowdersweremixeduniformlyandthenpressedintoprefabricatedblocksof14mm
dia.×25mmatapressureof260~290MPainauniversalmaterialstestingmachine.Afterdryingand
degastreatmentfor2hat573K,thematerialswereheatedinairattemperaturesof1073K,1183K,

1203K,1223Kand1473Krespectively,andheldateachtemperaturefor30~50min.
ThethermalanalysiscurvesoftemperaturevaryingwithtimewererecordedusingaXWT-464

balancerecordingmetercouplingwithatemperaturedeterminingelectricdipole.Thesampletempera-
turewascomparedwiththemediumtemperature.Ifchemicalreactionsoccur,thesampletemperature
willbeobviouslyhigherthanthemediumtemperature.X-raydiffractiondeviceofD/max-3Cwasused
foranalyzingthereactionproducts.

3 ExperimentalResultsandAnalysis
3.1 DeterminationofThermalAnalysisCurves

Fig.1 Thermalanalysiscurvesobtainedattemperatures
of1073K,1183K,1203Kand1223K

forsamplesinternaloxidation

  Fig.1showsthermalanalysiscurvesin
thecaseofheatpreservationatmediumtem-
peraturesof1073K,1183K,1203K,and
1223K.ItcanbeseenthatcurvesAandBare
flatandstraightwithoutconvexpeak.The
sampletemperatureisfinallyinagreement
withthetemperatureofheatpreservation,in-
dicatingthatwithinthetemperaturerangeof
1073K~1183 K,chemicalreactioninthe
CuO-Alsystemdoesnotoccur.IncurveC,

whenthesampletemperaturereaches1200K
(nearthetemperatureofheatpreservation),

andthesampleisheatedfor15min,thesam-
pletemperaturerisessharply,reaching1356K.
Thesmallplatformcorrespondstothemelting
pointofCu.Laterthesampletemperaturecontinuallyrisesandreachesthehighestpointof1467K.It
takes5minforthesampletemperaturetorisefrom1200Kto1467K.Thenthesampletemperature
dropsgraduallyto1203K,closingandkeepinginconsistencywiththetemperatureofheatpreserva-
tion.Theappearanceofconvexpeakindicatesthatunderthe1203Kforheatpreservation,theCuO-Al
systemhastheheattogiveoff,whosethermalresourcescanonlybechemicalreactionitself.Whenthe
heatingtemperatureis1223K,thethermalanalysiscurveDisbasicallysimilartocurveC,butthe
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highesttemperaturereached(1600K)isabovethehighesttemperatureofCcurve,whichthetimefor
thesampletorisefromitsheatpreservationtemperaturetothehighesttemperatureisonly4min,less
thanthetimeofcurveC.Intheexperimentalprocess,aslightreactionsoundcanbeheard,indicating
thatwiththerisingofheatpreservationtemperatureofmedia,thereactionrateisacceleratedsoasto
giveoffconcentratedheatandthereactionisgoingonsharply.Ithasalsofoundthatwhensamplesare
putintotheoveninairat1473Kforheatpreservation,thechemicalreactiontakesplacesooninCuO-
Alsystem,givesoffabulkofheatwithinashorttimeandmakessampletemperatureriseandmelt
rapidlysothatmostofliquidspraysovertheoventopandtheexplosioncanbeheard.Accordingly,the
appearanceofathermalexplosionwillleadtofailuretotestthethermalanalysiscurves.
3.2 X-rayDiffractionAnalysis

◇ CuO,● Al,○ Cu2O,△ CuAlO2,

▲ Al2O3,◆ Cu

Fig.2 XRDpatternsobtainedattemperatures
of1073K,1223Kand1473K

  Fig.2showstheX-raydiffractionanalysis
resultsforthesamplesobtainedbytheinternal
oxidizationtreatmentattheheatpreservationtem-
peraturesof1073K,1223Kand1473K.Itcanbe
seenthatundertheheatpreservationtemperature
of1073K,thecomponentphasesareCuO,Aland
Cu2O,indicatingthattherewasnochemicalreac-
tionintheCuO-Alsystem.Theappearanceof
Cu2OisduetothefactthatCupowdersareoxi-
dizedintoCu2Oinairattheheatpreservationtem-
perature.Undertheheatpreservationtemperature
of1223 K,thecomponentphasesare Cu2O,

CuAlO2andAl2O3,indicatingthatthereischemi-
calreactionoccurredintheCuO-Alsystem,but
thechemicalreactiondidnotgotocompletion.Un-
dertheheatpreservationtemperatureof1473K,

thereactionoccursrapidlywithathermalexplo-
sion.Afterthereaction,thesamplecomponent
phasesareCuandAl2O3sothatthechemicalreac-
tioniscomplete.

Tosummarize,thechemicalfunctionsofthe
CuO-Alsystemcanbedividedintothreedifferenttemperaturezones:astablezone,anincompletere-
actionzoneandacompletereactionzone.

Thetemperaturerangeofthestablezoneisroughlylessthan1200K.Thereisnochemicalreac-
tionofCuO-Alsystemintheairmediaof1073~1183K.ThereislittlepossibilityofusingAlliquid
toreduceCuOdirectly;thisismainlydueto:

(1)Inthetemperaturerangeof1073~1173K,acompactedoxidationmembranecanbeformed
byAlliquidintheair[4],whichcanblockthedirectcontactbetweenAlliquidandCuO.Thepoorwet-
tabilityofliquidAlandCuOisolatesthemfromeachother.Thusthereisnowayforthechemicalre-
actiontoproceed.

(2)ThereexistsadecompositionreactionforCuOinthetemperaturerangeof1073~1183K[5]

4CuO=2Cu2O+O2 (1)

ΔGo(1)=272400-198.5T  (J·mol-1)

Whetherchemicalreactionoccursdependsonthevariationofreactionfreeenergywithtemperature.
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Thestandardfreeenergyvariationofthechemicalequation(1)at1073KisΔGo=59.4kJ·mol-1

andat1183KisΔGo=37.6kJ·mol-1.IntermsofDodge’smethod,whenΔGo>40kJ·mol-1,

chemicalreactionwillnotoccurspontaneously.WhenΔGo<-40kJ·mol-1,chemicalreactionwill
occurspontaneously.Thus,inthetemperaturerangeof1073~1183K,CuOcannotbedecomposed
spontaneouslysothatitisinarelativelystablestate.ThisisinagreementwiththeAandBthermala-
nalysiscurvesinFig.1aswellastheresultsoftheX-raydiffractionanalysisinFig.2(a).

Thetemperaturerangeoftheincompletereactionzoneisapproximately1200~1437K.Itis
knownfromtheexperimentalresultsthatwhenthesystemtemperatureisbetween1203Kand
1223K,chemicalreactioncanoccurintheCuO-Alsystem,whosechemicalreactionequationasfol-
lows[6,7]

12CuO+4Al=5Cu2O+2CuAlO2+Al2O3 (2)

ThechemicalreactionEq.(2)consistsofthefollowingsteps
4CuO=2Cu2O+O2
2Al+(3/2)O2=Al2O3 (3)

ΔGo(3)=-1616100+278.1T  (J·mol-1)

Cu2O+Al2O3=2CuAlO2 (4)

ΔGo(4)=22940+8.62T    (J·mol-1)

  IntheentireprocessofchemicalreactionindicatedEq.(2),whetherchemicalreactionindicated
Eq.(3)canbecarriedoutisgreatimportance,anditcanaffecttheprogressdegreeofchemicalreac-
tionindicatedEq.(2).WhetherchemicalreactionEq.(3)canbecarriedoutdependsuponthefreeen-
ergyvariationwithtemperatureandtheformationofanoxidationmembraneontheAlsurface.Since
ΔGo(3)(1203K)=-1281.5kJ·mol-1,thereactioncanoccurspontaneouslywithahighdriving
force.Theliteratures[8,9]pointoutthatwhenthetemperaturesurpasses1173K,thesolubilityofthe
surfaceoxidationmembraneinliquidAlincreasesandtheoxidationmembranewillbedamaged,and
evendissolved.Accordingly,at1203K,liquidAlmayfullycontactCuO,givingrisetothereaction
Eq.(3).DuetothehighrateofthereactionEq.(3),thedecompositionrateofthechemicalreaction
givenbyEq.(1)isaccelerated.AsaresultofthechemicalreactionsEq.(1)and(3),itiseasyforthe
chemicalreactionEq.(4)tooccur.

Fig.3 TernaryCu-O-Alphasediagramat1273K

Researchresults[6,10]indicatethatintheCu-
O-Alsystem,thereexisttwokindsofstableterna-
ryoxides:CuAl2O4(spinel)andCuAlO2(hexahe-
dron).When the temperature is lower than
1173K,reactionbetweenCu2Oand Al2O3 pro-
ducesCuAl2O4.Thus,whenthetemperatureis
higherthan1173Kbutlowerthan1473K,CuA-
lO2canbeproduced.Fig.3istheiso-thermalcross-
sectionintheCu-Al-Oternaryphasediagramat
1273K.Itcanbeseenthatat1273 K,Cu2O,

Al2O3andCuAlO2co-exist,whichisinagreement
withtheXRDresultsshowninFig.2.

Thetemperaturerangeofthecompletereac-
tionzoneisroughlyhigherthan1473K.Whenthe
temperatureinthesystemreaches1473K,theoxi-
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dation-reductionreactioncanbecarryedoutnormallyinCuO-Alsystem,whosechemicalreaction
equationisasfollows

3CuO+2Al=Cu+Al2O3 (5)

ΔGo(5)=-1230300+71.06T    (J·mol-1)
Thedegreeofprogressofthereactioncanbeassessedusingthedimensionofthereactionbalancecon-
stantK.Whenreactionreachingthebalance,thelargertheKis,thelargerthepercentageofreaction
productswillbe,andthemorethoroughthereactionwillbecarriedout.ThebalanceconstantKcanbe
obtainedfromthefollowingequation

K=exp[-ΔGo/(RT)] (6)

Where,Risthemolargasconstant,J·mol-1·K-1.
WhenT=1473K,K=8.27×1039canbeobtained,thevalueofthebalanceconstantisrather

large,wherebyindicatingthatchemicalreactionindicatedEq.(5)canbethoroughlycarriedout.

4 Conclusions
  (1)Whenthemediumtemperatureislowerthanabout1200K,thereisnochemicalreactionin
theCuO-Alsystem;whichbelongstothestablezone.

(2)Whenthemediumtemperatureisaboutbetween1200Kand1473K,thereaction:12CuO+
4Al=5Cu2O+Al2O3+2CuAlO2takesplaceintheCuO-Alsystem.Thereactioncangiveoffthepart
ofheat,butthereisnothermalexplosion;thisistheincompletechemicalreactionzone.

(3)Whenthemediumtemperatureishigherthanabout1473K,thechemicalreactionequationin
theCuO-Alsystemis:3CuO+2Al=3Cu+Al2O3.Thereactiongivesoutabulkofconcentratedheat
withthermalexplosion,thisisthecompletechemicalreactionzone.
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制备Al2O3/Cu复合材料中
CuO-Al体系的化学反应

王武孝1,2,介万奇1,袁 森2

(1.西北工业大学材料科学与工程学院,陕西西安 710072;

2.西安理工大学材料科学与工程学院,陕西西安 710048)

  摘要:对CuO-Al粉末预制块经不同温度下反应,测试其温度随时间的变化曲线,利用X
射线衍射仪对其反应后的试样进行物相分析,得出产生热爆的反应温度及不同温度下的反应

产物。结果表明,CuO-Al体系反应随介质温度升高,可分为3个不同阶段,温度小于1200K,
不发生化学反应;温度为1200~1473K时CuO-Al体系发生部分化学反应,其产物为Cu2O、

CuAlO2及Al2O3;温度高于1473K,CuO-Al体系发生化学反应,其产物为Cu和Al2O3,此阶

段易出现热爆现象。

  关键词:CuO-Al体系;化学反应;热爆;热分析曲线
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