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Abstract:Poly-acrylonitrile (PAN)/phenolic-basedcarbon/carbon(C/C)
compositesmanufacturedbythewetlayupmethodarepotentialmaterialsfor
theapplicationofhigh-performancestructures.Inordertounderstandthe
influenceofcarbonizationsteponstructuraland mechanicalpropertiesof
PAN/phenolic-basedcarbon/carbon composites,theinterlaminarfracture
toughness(modeII)istested.Thecorrelationofformationmechanismsof
crackwithstructuralcharacteristicsisimportantforpreparationofC/C-SiC
composites.Thestructuralcharacteristicsofthecompositesarecharacterized
byArchimedes'smethod,scanningelectronmicroscopy(SEM)andthree-point
bendtests.Experimentalresultsshowthattheinterlaminarfracturetoughness
ofcarbon/carbonspecimensis59.7% ofthatofthecarbonfiberreinforced
phenolicresin-basedplastics(CFRP)specimens.
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0 Introduction

Poly-acrylonitrile (PAN)/phenolic-based
carbon/carbon (C/C)composites have been
consideredasthemostpromising materialfor
space/aviationindustriesandgeneralstructural
applications due to dimensional stability,
invariabilityofmaterialproperty,highstrength
andrigidity,aswellascorrosionresistance[1-4].
Theversatilepropertiesofphenolic-basedcarbon
justifytheirapplicationsasmatricesindifferent
kindsofcomposites[1,3].Some ofthe most

importantadvantagesarethemodestprice,the
widespectrumofobtainablepropertiesandthe
highcarbonyields.Thecarbonyieldsallowthe
conversionofcarbonfiberreinforcedphenolic
resin-basedplastics(CFRP)tohightemperature
composites,suchasC/C,C/C-SiCandC/C-Cu
composites[5-7]. The performances of PAN/
phenolic-based carbon/carbon composites are
knowntodependonthetypesofcarbonfibers,
matrixprecursors,natureofbondingbetween
the fiber and the matrix,and processing
conditions[8-14]. Schulte-Fischedick,et al[15]



clarifiedthestressstateduringthepyrolysisat
temperatureabove500℃.Duetotheshrinkage
ofthematrixandthehinderingofstiffcarbon
fibers,thematrixexperiencedatensilestressand
thetensilestressappliedtothematrixincreased
withtherisingofpyrolysistemperature.Whenthe
tensile stress locally exceeded the tensile
strengthofthematrix,thefirstcracksappeared
attheweakestsites,suchasthefiber/matrix
interface,poresorcracks[16-19].

In order to understand the mechanical
properties of PAN/phenolic-based carbon/
carboncomposites,severalstudieshavebeen
carriedout[16,18-22].Butontheotherhand,very
limitedinformationavailableisonthestudyof
interlaminarfracturetoughness (modeII)of
thesecomposites.Therefore,thispaperstudies
theeffectofcarbonizationonstructuraland
mechanicalproperties of PAN/phenolic-based

carbon/carbon composites. The interlaminar
fracture toughness was determined by
experiments. The numerical analyses were
conducted by using interlaminar fracture
toughnessdataobtainedfromtheexperiments.
Thesenumericalanalyses werethenusedto
interpretthevariationsinmechanicalproperties.

1 Experimentation

1.1 Materials
The reinforcements for carbon/carbon

composites,3KPAN-basedhighstrengthfibers
(suppliedbyTorayIndustriesInc.,Japan)were
chosen.Forthe matrix materials,phenolic
resinsadoptedinthisstudy wereFBresins
(supplied by Bengbu High-Temperature
Resistant Resin Factory, China). The
characteristicsoftheas-received materialsare
listedinTab.1.

Tab.1 CharacteristicsofcarbonfiberandFBresin

Materials Appearance Composition Density/(g·cm-3) Tensilestrength/MPa Tensilemodulus/GPa Diameter/μm

Carbonfiber Black w(C)≥93% 1.76 3530 230 7

FBresin Yellow w(C)≥69% 1.28 ≥71 ≥3.6 3-20

1.2 PreparationofCFRPandC/Ccomposites
CFRP composites manufactured by wet

layupmethodisshowninFig.1.Acomposite
wasmadebyusing20layersofthecarbonfiber
fabrics(0°/90°)ofthickness4.0to4.5mm.
Thecarbonfiberfabricswereplacedintoanopen
metallicmouldswithaninnerdimensionof100
mm×70mm×60mm,andwetoutwiththe
phenolicresinusingaconsolidationroller.The
fibervolumefraction wassettoabout50%
(nominal)inthe CFRP composites.Before
producingmouldingcompounds,theinnerwalls
ofmetallicmouldwerecoated withasilicon-
releasingagentanddriedatroomtemperature
for30min.Theproducedmouldingcompounds
werecuredat150 ℃ for10h.Aftercooling
downtoroomtemperature,theCFRPspecimens
wereremovedfromthemetallicmoulds,andthe
specimens werethen machined.The CFRP
compositeswerealsopost-curedat240 ℃ in
ambientatmospherefor8h,andthenpyrolyzed
to convertinto C/C composites. Pyrolysis
(carbonizationstep)oftheCFRPcomposites

wasperformedatthetemperatureof1000℃for
1hattherateof10 ℃/mininanitrogen
atmosphere. Schematic diagram of the
fabricationmethodandtheimageforCFRPand
C/CcompositesareshowninFig.2.

Fig.1 Schematicdiagramofwetlayupmethod

1.3 Measurement
Theanalyticalbalancewithanaccuracyof

0.1mgwasusedtomeasurethemassvariation
ofthespecimensbeforeandafterpyrolysis.The
determinationsofdensity(ρs)andporosity(Vv)
ofthespecimensusing Archimedesprinciple
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Fig.2 Schematicdiagramofthefabricationmethod,

andtheimagesforCFRPandC/Ccomposites

werecarried outin accordance with ASTM
D792.Thedensityandporosityaregivenby
Eqs.(1)and(2),respectively:

ρs=mρ0/(m1-m2) (1)

Vv =100-ρs
wmatrix

ρmatrix
+wfiber

ρfiber
æ

è
ç

ö

ø
÷ (2)

wherewmatrixisthemassfractionofmatrix,wfiber

isthemassfractionoffiber,ρmatrixisthedensity
ofmatrix,ρfiberisthedensityoffiber,ρ0isthe
densityofwater,misthespecimenmassinthe
air,m1isthespecimen mass measuredafter
beingimmersedinthewaterfor24handthen
wiped,andm2isthespecimenmassindistilled
water.
Interlaminarfracturetoughnesses ofthe

specimensfromCFRPandC/Cspecimenswere
analyzedusingthethree-pointbendtest[20-22].
Thesespecimenswerecutofthesize60mm×10
mm×(4.0-4.5)mm.Straightnotchesfrom
eachspecimensof0.15mmwidthwereprepared
usinganIsometmachine.Inthispaper,the
ratioofnotchdepth (a)tolength (S0)of
specimens1∶4,spanlength40 mm anda
crosshead speed 0.5 mm/min were kept.
Bendingloadwasappliedperpendiculartothe
specimens.Thespecimengeometrywasusedto
determinethe modeIIdelaminationfracture
toughness[20].

2 Resultsanddiscussion

2.1 Morphologicalproperties
The density and porosity measurements

(Tab.2)show whetheraspecimenisfully
dense,andcan beexpectedtostand upin
infiltrationprocess[17,23-24].Duringthepyrolysis
(carbonizationstep),theevolutionofgaseous
products resulted in chemical densification,

formation of pores and cracks and the
rearrangementofstructures.Theporosityofthe
composites largely increased, while in the
carbonization process the density of the
compositesgraduallydecreased.

Tab.2 Thevoidvolumefractionandtheactual
densityvaluesofcomposites

Specimen m/g m1/g m2/g ρs/(g·cm-3) Vv/%

CFRP 166.8 208.6 95 1.47 3.95

C/C 162.8 210.6 85 1.29 17.70

Fig.3 showsthelargecracksandthe
developmentofanglecrackswhichrunatan
anglewiththelongitudinalfiberbundle.Inthis
study,observationinSEMimage,densityand
porosity measurementsindicatethatthe C/C
compositeshavemorecracks,lowerdensityand
higherporositythanCFRPcomposites.

Fig.3 SEMmicrographofC/Ccompositesderived
fromthePAN/phenolicresinscomposites
withcarbonizationupto1000℃

2.2 Interlaminarfracturetoughness(ModeII)
Load-displacement curves were obtained

duringthetestsandthefrontlocationofcrack
wasmarkedontheCFRPandC/Ccomposites
specimensduringcrackpropagation.Inorderto
eliminatetheeffectofarelativelybluntartificial
crack,theinitialcrackpropagationstep was
ignored and the crack length was adjusted
correspondinglytothelocationofnascentcrack
tip.ThecriticalenergyreleaserateinModeII,
GIIc,ofthespecimenscanbeapproximatedwith
thefollowingEqs.(3),(4)and(5):

GIIc=9a2P2C/2b(2L3+3a3) (3)
C= (3a3+L3)/2bh3El (4)

ElI=PL3/48δ (5)
wherePisthecriticalloadforcrackinitiation,C
isthecompliance,aisthecracklength(between
thesupportpointandtheedgeofthecrack),L
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isthesupportspan,δisthedisplacement,Iis
themomentofinertiaofarea,bandharethe
width of the specimen and half thickness
respectively,andElisthelongitudinalmodulus.

From Fig.4(a),interlaminarfracture
toughnessshowsthetrendofincreaseasthe
deflectionvelocityofloadpointincreases,and
significantly higher interlaminar fracture
toughnessofCFRPspecimencomparedtoC/C
specimen.Thepeakvaluesgivethemaximum
load, which is required for the crack to
propagatethroughthespecimens.Itisindicated
thatthefibervolumefractioninthecomposite
controlsitstoughness.However,somevariation
wasexpectedduetothevoidcontentlevel.
FromtheFig.4(b),cracksurfacesslidewith
friction,andthusdissipatepartoftheexternal
workintheformofmodeII.Load-displacement
traceswereusedinthecalculationofthefinal
GIIc,thevaluesofCFRPandC/Care421.3and
251.5kJ/m2separately.

Fig.4 Loadvs.displacementcurvesforCFRPand
C/Cspecimens,and modeIIloadsfora
C/Cspecimenduringfracturetesting

3 Conclusions

The PAN/phenolic-based carbon/carbon
composites were prepared by pyrolyzingthe
carbon fiber reinforced phenolic resin-based
plastics.ThedensityoftheC/Ccompositesis
1.29 g/cm3 andthe porosityis17.70%.
Changesinstructuralcharacteristicshappenas
phenolic resin/carbon fiber composites are
convertedtoacarbon/carbonfibercomposites
aftercarbonizationat1000 ℃ in N2.Bulk
density decreasesandthe porosityincreases
progressivelyafterpyrolysisat1000 ℃.The

developingofthecracksmainlydependedonthe
reactionvelocityandpyrolysismechanismofthe
resinat1000℃.Itisfoundthatinterlaminar
fracturetoughnessofthe C/C compositesis
59.7% ofthatoftheCFRPcomposites.The
majoroutcomeoftheaboveinvestigationshas
establishedthefactthatthe porouscarbon
preformspotentialstructuralmaterialcandidate
fornew processingtechnologies witha wide
rangeoftechnologicalapplications,especiallyas
C/C-SiCandC/C-Cucomposites.
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炭化对聚丙烯腈/酚醛基炭/炭复合材料结构和力学性能影响
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摘要:由湿法叠涂制得的聚丙烯腈(PAN)/酚醛基碳/碳(C/C)复合材料在高性能结构材料

领域具有应用潜力.为了了解炭化步骤对聚丙烯腈/酚醛基碳/碳复合材料结构和力学性能的

影响,进行了层间断裂韧性(模式II)测试.由于结构特征与裂纹形成机理的相互关系对C/C-
SiC复合材料的制备很重要,采用阿基米德方法、扫描电子显微镜(SEM)和三点弯曲试验对

复合材料的结构进行表征.实验结果显示,碳/碳(C/C)试件的层间断裂韧性为碳纤维增强酚

醛塑料(CFRP)试件的59.7%.

关键词:聚丙烯腈/酚醛基炭/炭复合材料;炭化;三点弯曲试验;断裂韧性
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