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Abstract:Thealuminummatrixsyntacticfoamwasfabricatedbypressureinfiltrationtechnique,andthefillingmaterialis
syntacticfoammaterialwithflyashcenosphereasthemaincomponentandpolyurethanefoamasthebinder.SplitHopkinson
pressurebar(SHPB)dynamiccompressionandquasi-statictestswerecarriedouttoexaminethecompressiveresponseof
syntacticfoaminthisstudy.Thenthedynamicconstitutivemodelwasestablished.Resultsshowthatthecompressivestress-
straincurveofsyntacticaluminumfoamissimilartothatofothermetallicfoammaterials:bothkindsofaluminummatrix
syntacticfoamshavestrainrateeffect,andthesyntacticfoamhashighercompressivestrengthandenergyabsorptionthanthe
samedensityaluminumfoams.However,duetothedifferentsizesofcenospheres,thedynamiccompressionresultsoftwo
kindsofsyntacticfoamsaredifferent,andtheenergyabsorptioneffectofsyntacticfoamwithsmallsizeunderdynamicimpact
isthebest.Intherangeofstrainrateanddensitystudiedexperimentally,thecurvesofconstitutivemodelfitwellwiththe
curvesofexperimentaldata.
Keywords:flyashcenosphere;polyurethane;compositefoamaluminum;strainrateeffect;mechanicalproperty;constitutive
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0 Introduction
 Sincealuminum foam haslow density,high
porosityandlargespecificsurfaceareaduetoits
uniqueporousstructure,itofferspotentialforenergy
absorption,soundabsorption,denoise,etc.Hence,
the aluminum foam has been widely used in
aerospace,nationaldefense,automotiveprotection
andotherfields.Atpresent,therehasbeenalotof
research on aluminum foam materials, mainly
includingtheinfluenceofrelativedensity,poresize
andotherfactorsonthemechanicalpropertiesof
aluminumfoam[1-3].Withthedevelopmentofmaterial
research,anovelcompositematerialwasfabricated
bymixingpolymerintoaluminum,whichwascalled
interpenetratingphasescomposite(IPC),andthe
viscoelasticityofpolymerisusedtoimprovethe
mechanicalpropertiesoffoam materials[4-5].Liet
al.[6]investigated the compressive behaviour of
aluminiumcomposite,andtheresultsshowthatthe
quasi-staticstress-strain(σ-ε)curvesofthealuminum
compositearesimilartothoseofaluminumfoams.
Linetal.[7]pointedoutthatthelengthandheightof

plateauregionofaluminumfoamwithsiliconerubber
isincreasedandtheenergyabsorptionabilityis
improved.Thisfinding hasindicatedthatfoam
compositeshaveastableabsorptioncapacityina
much larger strain range than their foam
counterparts.Subsequently,studieshaveshownthat
aluminumfoamfilled withpolymericreducesthe
compressibility of foam composites, and the
compressionplateauregionisnotobvious,hence,it
willreachitsdensificationstagemuchmorequickly
underahighappliedstressleveleffectofenergy
absorption. To enhance the compressibility of
compositefoam,Jhaveretal.pointedoutthatanew
typeof materialcanbe madebyaddinghollow
particlesintothepolymerandthenfillingitintofoam
metal, which is called multi-interleaving phase
compositematerial[8-11].Themechanicaltesting &
simulation(MTS)compressionexperimenthasfound
thattheplateaustressis42%higherthanthatofthe
resinfoamofthesamecomposition,andtheenergy
absorptionis50% higher.Periasamyetal.[12-13]
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studiedtheeffectofmicrospherevolumefractionon
aluminumfoamcomposite,andtheenergyabsorbed
by microspheres decreases with theincrease of
microsphereratio.Zouetal.[14]examinedhighstrain
rateenergyabsorptiononsyntacticfoam.Goeletal.
[15]studiedthestrainrateeffectofaluminummatrix
syntacticfoam.Allthesestudiesshowthatthe
additionofcenosphereintothefillingmaterialscan
effectivelyimprovethecompressibilityandimpact
responseofthematerialsoastoimprovetheenergy
absorptionefficiency.Ithasbecomeanimportant
meanstoimprovetheenergyabsorptionefficiencyof
foammaterialstousethefoamfilledwithpolymeric
containinghollowparticles.
 The majorattraction of multi-interpenetrating
phasescomposite(MIPC)isthateachconstituentcan
contributeits most desirable attributes by its
contiguousmorphology.Therefore,itendowsMIPC
withimprovedcombinationsofmechanicalandother
properties.However,thestructureofthisnew
syntacticfoamismorecomplex,inordertouse
syntacticfoamsintheadvancedapplicationssuchas
highspeedcollisionandimpact,blastresistance,
aeronautical,andspacestructures,itiscrucialto
understandtheirbehaviorunderhighrateofloading.
 Intheresearchofconstitutivemodel,aluminum
foam materialhasbeenrelatively mature.Most
researchershavemodifiedandimprovedtheempirical
constitutive model proposed by Sherwood and
Frost[16].Huetal.[17-18]modifiedthetemperature
termandobtainedtheempiricalconstitutiveequation
ofaluminumfoam;Jeongetal.[19]establishedthe
constitutive modelofpolyurethanefoam;Liuet
al.[20]modifiedthedensitytermandestablishedthe
constitutive model of polyurethane foam. For
aluminum foam composite, Zhang et al.[21]

establishedtheconstitutive modelofdensityand
strainrateofpolyurethanefilledaluminumfoam.
Based on the empiricalconstitutive model,the
constitutivemodelofdensityandstrainratesensitive
termsisestablished.
 Atpresent,thehollowparticlematerialsusedto
improve buffer protection are mainly glass
microspheres,whileitcostsmore.Flyashisthe
maincomponentofindustrialby-productcoalash
afterpulverizedcoalcombustioninpowerplants,
whichisconsideredasapollutant.However,dueto
itsgoodmechanicalpropertiessuchaslowdensity,
highspecificstiffnessandhighspecificstrength,it
has been gradually developed and applied in

constructionandotherfields.Therefore,flyash
particlesareselectedasthemainfillerinthisstudy.
thefillingmaterialisasyntacticfoammaterialwith
flyashcenosphereasthe maincomponentand
polyurethanefoamasthebinder.
 Basedonthis,wemainlystudythemechanical
properties of aluminum foam under axial
compression, analyze its energy absorption
characteristicsaswellasthestrainrateeffectof
aluminumfoamunderdifferentstrainratesbySHPB
experiment,Theconstitutive modelofaluminum
foamisfittedwithexperimentalresults.

1 Materialandsamplepreparation
 Thematrix materialusedintheexperimentis
aluminumfoamwith6mmporediameterspherical
holes,andthewirecuttingtechnologyisusedtocut
thealuminumfoamsheet,asshowninFig.1.

Fig.1 Aluminumfoamedsample

Fig.2 Flyashcenosphereswithlargecenospheres(a)andlittle
cenospheres(b)

 Theselectedaluminum foam cellsareevenly
distributed.Aseriesofstudieshavebeenconducted
on the mechanical properties and behaviors of
aluminumfoamintheearlystage.Itisfoundthatthe
mechanicalpropertiesofaluminumfoamaregoodand
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theenergyabsorptioneffectissignificantwhenaxial
compressionisperformed.The matrixaluminum
foamsizeisØ25mm×20mmandthedensityis
0.95g/cm3.Flyash(Fig.2)cenosphereasthemain
filler,accordingtothediameterofflyash,theyare
dividedintolarge(LG)particles (800 μ m -
1000μm)andlittleparticles(LT)(400μ m-
600μm).Polyurethane waspreparedby mixing
whiteandblackmaterialsinthesameproportion,
ThedeviceprincipleisshowninFig.3,theprocessis
asfollows,andthepreparedsampleisshownin
Fig.4(a).

Fig.3 Schematicdiagramofsamplepreparation

 a)Putaluminumfoamsamplesinthehomemade
mold,theninsertaplugwithexhaustholeatbelow
endofmold.
 b)Fillflyashintosamplefromtheotherendof
moldandvibratemolduntilflyashjustcoversthe
upperendofthesample.
 c)Selectappropriateblackand whitematerial
undersamplevolume,fillinmoldafterusingblender
mixingevenlyrapidly,pressurepistonintoendof
mold.
 d)Fixthemoldwithfixture,andmakeitfoaming,
thenfoam willbeagoodsampleforgrinding,
porosityin40%-50%ofthesample.
 Quasi-staticcompressiontestswereperformedat
ambient temperature using Universal Testing
Machineatastrainrateof0.001/s.Foreachset
three samples were tested,the density range
1.0g/cm3-1.33g/cm3.Theload-displacementdata
wererecordedduringthetestingandconvertedto
stress-straincurvesusingstandardmethodology.For
eachsetthreesamplesweretested,thefinaldata
weregottenbytheaverage.

2 Test results of quasi-static
compressionexperiment

 Thestress-straincurvesofcompositealuminum

foamatdifferentdensitieswereobtainedthrough
staticcompressiontest.Thecompressedcomposite
aluminumfoamisshowninFig.4.

Fig.4 Comparisonbeforeandaftercompressionofcomposite
aluminumfoam

 In Fig.5(a),thestress-straincurvesoflittle
cenospherecompositealuminumfoam (ALF-LT)at
differentdensities are compared,and a matrix
aluminumfoam(ALF)curvewithsimilardensityis
added.Itcanbefoundthatthecompressivestress-
straincurveofsyntacticaluminumfoamisthesimilar
asthatofother metallicfoam materials,which
includesthreetypicalprocesses:elasticstage,stress
plateaustageanddensificationstage.Thisisdueto
thematerialbeforefillingisporous,andthematerial
afterfillingisstillporousastheexistence of
cenosphere,thereforetheformofstress-straincurve
aftercompressionremainsunchanged.Inorderto
quantitativelyanalyzetheenergyabsorptioneffectof
foammaterials,weusetheenergyabsorptionperunit
volumeformulaproposedbyMiltz[22]tocalculatethe
energyabsorbed byaluminum foam underaxial
compressionindifferentstrains.Thedensification
strainisdefinedaccordingtothestrainatthetangent
intersectionofthecurveoftheplatformsegmentand
the curve of the compaction segment[23]. The
densificationstrainoflittlecenospherecomposite
aluminumfoamincreasesfrom0.478to0.449,and
the energy increases from 7.329 mJ/m3 to
13.393mJ/m3 when the densification strain is
reached.Totakethecorrespondingstressatthe
strainof0.05asapproximateyieldstrength[24],the
yieldstrengthincreasesby76%afterfillingunderthe
samedensity,andtheflowstressincreasesby50%
under20%strain.Comparingtheenergyabsorption
diagram(Fig.5(b)),itcanbefoundthatthereexists
asignificantincrease.Foraluminumfoammaterial,
differentformsofdestructioninholewallappearin
theplasticplatformstage,leadingtocollapseand
closureofcellporesandabsorbingalargeamountof
energy.Thefilledcompositefoamedaluminumstill
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hasalargenumberofpores,whichretainsthe
advantagesoftheporousmaterial.Inplatformstage,
the differentforms of damage to the foamed
aluminumcellporewallappear,whichcausesthe
hollowmicrospheresinthefillertobreakandclose,
andabsorbpartoftheenergysimultaneously,thus
thefoamaluminumcellcollapsesfinally.Thefilled
composite foam material greatly improves the
compressivestrengthandenergyabsorptionofthe
aluminum foam, strengthens the mechanical
propertiesofthefoamedaluminum,andimprovesthe
utilizationvalueofthefoamedaluminumasabuffer
energyabsorbingmaterialasawhole,therefore,it
hasgreatapplicationprospects.

(a)

(b)
Fig.5 Stress-straincurve(a)andenergyabsorptioncurve(b)of
aluminumfoamsfilledwithlittleflyashandunfilledaluminum
foams

 Inordertoanalyzetheeffectofdensityonthe
mechanical properties of composite foamed
aluminum,multiplesetsofquasi-staticcompression
experimentswerecarriedoutoncompositefoamed
aluminumofacertaindensityrangewiththesame
particlesize,andtheaveragevalueofeachgroupwas
takentoreducetheexperimentalerror.Throughthe
quasi-staticcompressionresultsofsmallparticle
compositealuminum foam (ALF-LT)andlarge

particlecompositealuminumfoam (ALF-LG)as
showninFigs.6and7,itcanbeseenthattheyield
strengthincreasesby60% withtheincreaseof
density.Atdensificationstrain,theabsorbedenergy
isincreased by 50%, which shows favorable
mechanicalproperties.Incompositealuminumfoam,
notonlythematrixaluminumfoamcellholecollapse
toabsorbenergy,butalsofilledmaterialhollowcore
ballwillcrack,whichgreatlyimprovestheenergy
absorptioneffectofcompoundaluminumfoam.The
greaterthedensityofcompoundaluminumfoam,the
morefillingquantityofflyashpolyurethane,sothe
strengthandenergyabsorptioneffectarebetter.

(a)

(b)
Fig.6 Stress-straincurve(a)andenergyabsorptioncurve(b)of
aluminumfoamsfilledwithlargeflyashandunfilledaluminum
foams

(a)

273 JournalofMeasurementScienceandInstrumentation Vol.12No.3,Sept.2021



(b)
Fig.7 Stress-straincurvesofdifferentmicrosphereswiththe
samedensity

 Inordertostudytheeffectofthesizeofthe
floating bead on the energy absorption ofthe
compositefoamaluminuminthegivenparticlesize
range,thestaticpressureresultsofmultiplegroups
ofsimilarlysizedparticlesarecompared.Onlysome
dataarelistedinthispaper.ThecurvesinFig.7are
almostcoincident,andwithinthisparticlesizerange,
the particle size has little effect on static
compression.

3 Testresultsofdynamiccompression
experimentbySHPB

 Thehighstrainratetestswereconductedusingthe
splitHopkinsonpressurebar(SHPB),asshownin
Fig.8.

1-Airgun;2-Striker;3,4-Lightelectrictachometer;5-Strain
gages;6-Incidentbar;7-Sample;8-Transmitterbar;9-Absorbing
bar;10-Damper;11-Highdynamicstrainindicator

Fig.8 SchematicdiagramofSHPB

 AstandardSHPBconsistsofastriker,anincident
bar(input)andatransmitterbar(output),withthe
specimen sandwiched between the incident and
transmitterbars.Thediameterofthebaris50mm,
thestrikerbar,incidentbarandthetransmitterbar
are1.0m,2.5mand2.5mlength,respectively.
Consideringthatthetransmittedwavesignaloffoam
materialisweak,thetransmittedwaveismeasured
bythesemiconductorstrain-gauges.Thestrikerbar
issuddenlyreleasedwithhighpressureairinorderto

generatethenecessarycompressivepulse,which
propagatesdowntheinputbartowardsthespecimen.
andacquiresthestress-straincurvebyhighdynamic
strainindicator.
 Inordertoadjusttheloadingwavestyle,the
rubberdiskwiththicknessabout2mm-4mmand
diameter10mmisselectedaswaveformshaperand
pastedoncenterofincidentbar’sfrontendby
vaseline.Theadjusted wavestyleisonlonger
originalrectanglewave,insteadoftrapezium wave
withlongerrisingedge,inwhichloadingwavecan
reachbalance.Thethicknessofsampleis20mm,
andtwoendskeepevenandsmoothasfaras
possible.Theselectedcompositealuminum foam
densityoflargeparticlesandlittleparticlesis1.20±
0.03g/cm3,thewaveformscollectedareprocessed
bythetwo-wavemethod,andthestress-straincurves
ofcompositealuminumfoam underseveralstrain
ratesareobtained.Theplateaustressσplofthe
materialiscalculatedbyequation[25].Forcomposite
foam,theε0isgenerally5%,andtheεdisthe
densificationstrain.
 Accordingtothestress-straincurve,whenthe
strainrateissmall,thesamplehasnotbecamedense
duetothelowvelocityoftheimpactbar,thusthe
stress-straincurveonlyobtainstheelasticstageand
partoftheplateausection.Whenthestrainrate
increases,theimpactvelocityincreases.

(a)

(b)
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(c)
Fig.9 Stress-strain curvesoflittlecenospherecomposite
aluminumfoam(a),largecenospherecompositealuminumfoam
(b)andaluminumfoam(c)underdifferentstrainrates

 In Fig.9(a),thecurveoflittlecenosphere
compositealuminumfoamunderdynamicimpactis
significantlyhigherthanthequasi-staticcompression
curve,andtheyieldstrengthandplatformstressare
higherthanthequasi-staticoneunderthesame
density(Fig.9),whichshowsobviousstrainrate
effect.Thedynamiccompressionresultsoflarge
cenospherealso have obvious strain rate effect
(Fig.9(b)). However, the results of little
cenospherecompositealuminumfoamunderimpact
aredifferentfromthoseoflargecenosphere.The
strainratesensitivityparameter∑iscomputedby
using the following Eq.(1), where σ is the
compressivestrength,σ* isthequasi-staticflow
stressat5%strain,̇εisthestrainrate,wherein,
subscripts‘d’and‘q’definedynamicandquasi-
static conditions,respectively. The results are
reportedinTable1.

∑ =σd-σq
σ*

1
ln(ε*d/ε*q)  . (1)

Table1 Strainratesensitivityparameterofcompositealuminum
foam

ε̇(s-1) ALF/∑ ALF-LT/∑ ALF-LG/∑

500 0.00893 0.01700 0.00998
1000 0.01733 0.01816 0.02128
1500 0.02837 0.01675 0.02669

 Thestrainratesensitivityparameteroflittle-
cenospherecompositealuminumfoamisabout0.17,
andthereisobviousstrainrateeffectintherangeof
0.001s-1-500s-1strainrate,whilethereisno
obviousstrainrateeffectintherangeof500s-1-
1500s-1.Thealuminumfoamparameteroflarge-
cenosphereincreaseswiththeincreaseofstrainrate,
whichisclosetothatofthealuminumfoammatrix.
Thelargecenospherecompositealuminumfoamhas
obviousstrainrateeffectintherangeofstrainrate

studied.Yieldstrengthandplatformstressincrease
withtheincreaseofrelativedensity.Atthesame
densityandstrainrate(500s-1-1500s-1),the
yield strength of little-cenosphere composite
aluminum foam is higher than that oflarge-
cenospherecompositealuminumfoam,asshownin
Fig.10.Comparedwiththecompressionresultsin
quasi-staticcondition,atthecompactionstrainunder
thestrainrate1500s-1,theenergyabsorptionof
smallparticlescompositealuminumfoamincreasesby
44%,whilethatoflargeparticlesonlyincreasesby
20%.Fromtheresultswiththesamedensityunder
thestrainrateof1500s-1(seeFig.11)comparing
thematrixaluminumfoamatdensificationstrain,it
canbeseenthatthelittlecenosphereofcomposite
aluminumfoamabsorbenergyincreasesby70%,and
thelarge cenosphere composite aluminum foam
absorbenergyincreasesby45%.Therefore,forthe
little-cenospherecompositealuminumfoamwithinthe
scopeoftheresearchofthestrainrate,energy
absorptioneffectisbetter.

(a)

(b)
Fig.10 Yieldstrength(a)andplateaustress(b)oftwokindsof
compositealuminumfoamunderdynamicimpact

 Thestrainrateeffectofcompositealuminumfoam
isnotonlydeterminedbythestrainrateeffectof
aluminumbase,butalsorelatedtothestrainrate
effectofthefilledcompositefoam material.The
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aluminumfoamsubstratematerialusedinexperiment
existstrainrateeffect,theresearchbyGeol[26]shows
thatthiscompositefoamfilledwithflyashina
certainrangeofstrainratehasobviousstrainrate
effect.Twokindsofparticlesizecompositealuminum
foamsshowdifferentstrainrateeffectsunderthe
highspeedimpact,whichmeansthatmicrosphere
sizeinfluencesimpactresultofcompositealuminum
foam underthedynamicimpact.Two kindsof
compoundaluminumfoamhavethestrainrateeffect,
andastrongerabsorbingenergyunderhighspeed
impact.

Fig.11 Energyabsorbedperunitvolumeofcompositealuminum
foamandaluminumfoam

4 Dynamic constitutive model of
compositealuminumfoam

4.1 Selectionofconstitutivemodel
 Johnson-cookconstitutivemodelhasbeenwidely
usedtodescribethemechanicalpropertiesofmetal
materials. For foam materials, Sherwood and
Frost[16]concludedtheempiricalconstitutiveequation
as

σ=H(T)G(ρ)M(ε,̇ε)f(ε), (2)

whereH,GandMarethefunctionsoftemperature
T,initialdensityρandstrainrateε,respectively;
f(ε)iscalledtheshapefunction,SherwoodandFrost
expressintheformofpowerseries

f(ε)=∑
n

i=1
Aiεi. (3)

 Eq.(4)isthetemperatureterm,whereTisthe
ambienttemperatureoftheexperimentalsample,Tris
theexperimentalroomtemperature,Tmisthemelting
pointofthematerial,namely

H(T)=1-T-Tr
Tm-Tr.

(4)

 Inaddition,G(p)isthedensityterm,whereinρ0
usually selects the minimum density in the
experimentalsample.

G(ρ)=D ρ
ρ0

-1  +1. (5)

 InRef.[21],theempiricalconstitutivemodelof
polyurethanealuminumfoamisobtainedbyusingthis
empiricalformula.In our work,the empirical
constitutive model is used to determine the
constitutiveequationofcompositealuminumfoam.
The shape function uses the sixth-order
polynomial[21],and the strain rate enhancement
term[17]is

M(ε,̇ε)=1+Clnε
ε̇0
, (6)

wherėε0isthestrainrate,andCisthestrainrate
sensitivityparameter,whichcanbeobtainedby
fittingtheexperimentaldata.Ingeneral,̇ε0isthe
quasi-staticstrainrate,̇ε0=0.001s-1.
 The temperature and density in the above
constitutivemodelareallsingleterms,herewedo
not consider the temperature term,that is,
H(T)=1.Thenthedynamicconstitutivemodelis
establishedas

σ= D ρ
ρ0

-1  +1  1+Clnε̇
ε̇0  ∑

n

i=1
Aiεi.(7)

4.2 Calculatingparameters
 Firstly,littlecenospherecompositealuminumfoam
isfittedwithp0=1.10g/cm3,̇ε0=0.001s-1.The
sixth-degreepolynomialfittingfortheshapefunction
f(ε)isperformed,R2=0.9989,andtheparameters
oftheshapefunctionareshowninTable2.
Table2 Shapefunctionparametersoflittlecenospherecomposite
aluminumfoam(MPa)

A1 A2 A3 A4 A5 A6

512.1.6 -5244 26200 65700 81810 39030

 Whenthestrainrateis0.001s-1,thedensityterm
isfitted,hereM(ε,̇ε)=1,andthefittedresultisD=
4.947.DifferentstrainratesensitivitycoefficientsC
canbefittedaccordingtodifferentstrainrates,Cis
calculatedbyEq.(8),andthecorrelationcoefficient
R2is0.9847.

C=3.704×10-11̇ε3-1.37×10-7̇ε2+
0.0001567̇ε-0.02867. (8)

 Forthelargecenospherecompositealuminum
foam,thevaluesofeachparameterareobtainedby
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thesame methodas mentionedabove,andthe
parametersoftheshapefunction areshownin
Table3,withR2=0.9997.
Table 3 Shapefunction parameters oflarge cenosphere
compositealuminumfoam(MPa)

A1 A2 A3 A4 A5 A6

328.6 -3.55 14010 -32000 36400 -15630

 Whenρ0is1.10g/cm3,thevalueofDis5.25,C
iscalculatedbyEq.(9),andR2is0.9847.

C=-6.429×10-8̇ε2+0.0001904̇ε-0.1053.
(9)

(a)

(b)

(c)
Fig.12 Fittingcurvesofconstitutivemodeloflittlecenosphere
compositealuminumfoamatdifferentstrainratescomparedwith
experimentalcurves

 Finally,theparametersinEqs.(8)and(9)ofthe
two kinds of composite aluminum foam are
substitutedinto the constitutive Eq.(7). After
puttingintheparameter,thestress-straincurves
underdifferentstrainratesarefittedthroughthe
constitutiveequation.Thefittingresultsareshown
inFigs.12and13.Itcanbeseenthatthelittle
cenospherecompositealuminumfoam hasagood
coincidence degree, and the large cenosphere
compositealuminumfoamhasagoodelasticsection
fittingunderthestrainrateof1500s-1,butthe
plateaustressisslightlylowerthantheexperimental
results.

(a)

(b)

(c)
Fig.13 Fittingcurvesofconstitutivemodeloflargecenosphere
compositealuminumfoamatdifferentstrainratescomparedwith
experimentalcurves
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5 Conclusions
 Throughthequasi-staticanddynamicmechanical
propertiesanalysesofcompositealuminumfoam,the
followingconclusionsaredrawn:
 1)Anewtypeofcompositealuminumfoamwith
bettermechanicalpropertiesandenergyabsorption
wasobtained by filling the sphericalopen-hole
aluminumfoam withapolymermaterialcontaining
hollow microspheres. Under quasi-static
compression,theeffectofenergy absorptionis
increasedby85% whenthedensificationstrainis
reached,whichis ofgreatsignificanceforthe
developmentofenergyabsorbingmaterials.
 2) The mechanical properties of fly ash/
polyurethanecompositealuminumfoamareaffected
bythedensity.Thedensityincreasesfrom1.0g/cm3

to1.30g/cm3,yieldingstrengthincreasesby60%,
andenergyabsorptionincreasesby50% withthe
increaseofdensity.
 3)Syntacticfoam can notonlyimprovethe
mechanicalpropertiesofaluminumfoam,butalso
affectitsdynamiccompressionresults,mainlyrelated
tothesizeofflyashfloatingbeads.Flyash/
polyurethanecompositealuminumfoamshavestrain
rateeffects,andthedynamicyieldstrengthunder
shockandplateaustressishigherthanquasi-static
one.Compositealuminumfoaminsmallparticleshas
strainrateandstrainrateeffectwithinacertain
range,andforlargerparticlescompositealuminum
foam,withtheincreaseofstrainrateandstrainof
0.2,absorbedenergyincreasesby50%.
 4)Thedynamicconstitutivemodelofcomposite
aluminumfoamisobtainedwithoutconsideringthe
temperatureterm.
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粉煤灰漂珠/聚氨酯复合泡沫铝材料
压缩性能与本构关系研究

徐 鹏1,王永欢2

(1.中北大学 理学院,山西 太原030051;

2.北京理工大学 宇航学院,北京100081)

摘 要: 采用压力渗透法制备出了铝基复合泡沫材料,填充材料是以粉煤灰漂珠为主要组分、硬质聚氨酯

泡沫为粘结剂的复合泡沫材料。通过准静态实验和分离式霍普金森压杆(SplitHopkinsonpressurebar,

SHPB)动态压缩的方法研究了复合泡沫铝的压缩力学响应,然后建立了动态本构关系。研究表明,复合泡沫

铝的压缩应力-应变曲线与其它泡沫材料的应力-应变曲线类似,文中的两种铝基复合泡沫具有应变率效应,
复合泡沫铝较密度相近未填充前的泡沫铝基具有更高的压缩强度与能量吸收能力。但由于漂珠尺寸的不同,
导致两种复合泡沫铝的动态压缩结果不尽相同,且小颗粒复合泡沫铝在动态冲击下吸能效果最好。在本研

究实验的应变率和密度范围内,本文建立的本构模型曲线与实验曲线吻合较好。
关键词: 粉煤灰漂珠;聚氨酯;复合泡沫铝;应变率效应;力学性能;本构模型
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