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Abstract:Thiscommunicationreportsaresearcheffortonthedensityrelatedtomechanicalbehaviorofwheatflourfoamtooptimiza-

tion.Thedifferentextrusionprocessingconditioncanresultindifferentdensitiesofthefoams.Mechanicalpropertiesmeasuredinclud-

edstaticcompressionanddynamiccushioningcurvesforthewheatstarchfoams.Therelativecompressivestrengthexhibitedapower

lawdependenceonrelativedensity, whichisfollowingtheequation:σc/σs≈ 0.308 ρ＊ /ρs
1.5.Thedynamiccushioningpropertiesof

thefoamalsochangedwiththedensityofthefoams.
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Therequiredstructural, cushioningandprotection
propertiesofthestarch-basedexpandedcellularsystems
willdependonpropertiesofthebasicmaterialsaswell
asonthedetaileddesignoftheircellularstructure.
Generalinformationonthemechanicsofcellularsys-
tems

[ 1]
andspecificstudiesonthepropertiesofcellular

plastics
[ 2-5]

andfoodfoams
[ 6-7]

areavailablebut, they
havenotbeenusedforthespecificpurposeofdesigning
andintroducingdesirableimpactcharacteristicsin
starch-basedcellularmaterials.

Recentyearsanumberoftechnologieshavebeen
developedtoproducestarch-basedbiodegradable
structuralpackagingfoamsasalternativestopolymer
foamsinordertominimizetheimpacttotheenviron-
ment.Theobjectivesofthisstudyweretoinvestigate
theeffectofdensityofthefoamsonitsmechanical
properties.Physicalcharacteristicsofbulkdensityand
mechanicalpropertiesofenergyabsorbingcapacity, re-
boundresilienceenergyanddynamiccushioningchar-
acteristicsweremeasuredonwheatflourfoamsamples.

1　Experimental

1.1　Materials
Softwheatflourcontainedwith9.0% proteinand

13.5% moisturewaspurchasedfromasuperstore.The
ratioofamylosetoamylopectininwheatflourisabout
25% amylose:75% amylopectin.Polyvinylalcohols
(PVA) usedasadditivewasAlcotex＆Stein72.5.

1.2　Experimentandtesting
AnAPVMPF50 twin-screwextruderwasused

toproducewheatflourfoamswithdifferentdensity.The
rotationspeedsforbothscrewsweresetatintheranges
of250 to400 r/min.Thetemperatureprofileduring
extrusionwas30, 30, 50, 70, 120, 150 ℃ fromthe
barrelsectionjustafterthefeedthroattothedie.The
extrusionconditionforthewheatflourfoamsisshownin
Table1.

Thedensityofwheatflourfoamswasdetermined
usingtheglassbeaddisplacementmethod

[ 8]
.AnIn-

stron4203 machinefittedwithacompressionplate
maintainedparalleltothebaseplatewasusedtoobtain
thecompressioncharacteristicsofthefoammaterials.A
modifiedRosandInstrumentedImpactTesterwasused
fordynamiccushioningcurvemeasurementtestingon
theextrudedwheatflourfoamsandEPS.

2　Results＆ discussion

ThefoamS1appearstohavenoplateaubehavior,
thisisalmostcertainlyduetoitshighdensity.The
wheatflourfoamsS2, S3 andS4 underinvestigation
show“plateau” behaviorinthestress-straincurvesbut
inthecaseofS2 thestressincreasesmoresteeplyin
theplateauregionthanthatinthecaseofS3 andS4,
becausetheformerisdenserthanthelatter.
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Tab.1　Extrusionprocessingconditions

forthewheatflourfoamsS1-S4

Specimen

Code

Additive

PVA

FeedRate

(g/min)

Moisture
contentduring

processing(% )

Screw

Speed

(r· min-1 )

S1 3 600 22 250

S2 3 600 18 350

S3 3 800 18 350

S4 3 800 16 450

Fig.1　Therelativeplasticcollapsestressσc/σsofthe

wheatflourfoamsasafunctionoftherelativedensityρc/ρs
ofthewheatflourfoams

Compressivestrengthisameasureofthefoamsa-
bilitytodeformunderload.Modifiedbeamtheoryfor
cellularfoamwasappliedtofindtheequationsforpre-
dictingthe relationship ofthestatic compressive
strengthandthedensityofthewheatflourfoams.For
thewheatflourfoamsS1– S4theresultingequationis
givenby

σc
σs
≈ 0.308 ρ

＊

ρs
( 1)

Whereσcandσsiscompressivestrengthofthewheat
flourfoamandthesolidwheatflourmaterial, respec-
tively;ρ

＊
andρsisdensityofhewheatflourfoamand

thesolidstarchmaterial, respectively.Typically, a
power-lawrelationshipbetweencompressivestrength
σcandfoamdensityρ

＊
, theequation( 1 ) , canfitthe

testdatawellandisshowninFig1.Denserfoamstend

Fig.2　Therelationshipofenergyabsorptioncapacity/
resilienceofthewheatflourfoamanditsdensity

tohavesmallercellsizeandhenceresistdeformation
betterthanlowerdensityfoamswithlargercellsize.

Staticcompressionstress-strainhysteresisloops
maybeusedtocalculatetheenergyabsorptioncharac-
teristicsofwheatflourfoams.Ifweassumetheenergy
absorbedinthefoamduringacompression-decompres-
sioncycleiscalledasGa, andthereboundenergydur-
ingthedecompressionpartcycleiscalledasGr.Then
theenergyabsorbingcapacity(Ga/Gr)

[ 1]
andrebound

resilience, R= ( 1/ ( 1+Ga/Gr) )
[ 1]

, oftheextru-
dedwheatflourfoamsaswellasEPSfoamareshownin
Fig3.Theenergyabsorptioncapacityofthewheatflour
foamincreaseswithadecreaseinitsdensityanditsre-
siliencedecreasewithanincreaseinitsdensity, see
Fig2.

Dynamiccushioningcurvesoftheextrudedwheat
flourfoams, whichtestedat50% RHand23℃, are
showninFig3.ItcanbefoundthatfoamS1appearsto
possessthegreatestvalueoftheminimumacceleration
ratioJandthebroadestrangeoftheminimumaccelera-
tionratioJ, foamS4 appearstohavethelowestvalue
oftheminimumaccelerationratioJandthenarrowest
rangeoftheminimumJ.Obviously, thelowertheden-
sityofthewheatflourfoamthelowerthevalueofthe
minimumaccelerationrationJandthenarrowerthe
rangeoftheminimumaccelerationratioJ.Forcushio-
ningcurvesthevalueoftheminimumJmeanstheef-
fectivecushioningcapabilitiesoffoams, sothelower
thebetter.AndtherangeofminimumJindicatesan
effectiveworkrangeforpackagingmaterials, sothe
broaderthebetter.ComparedwithEPSfoam wheat
flourfoamS3hasthesamevalueoftheminimumJ(≈
2) , butanarrowerrangeoftheminimumJ.Thisindi-
catesthattherewouldbeoptimumcombinationofden-
sityandcellularmorphologyforthewheatflourfoamto
possessgooddynamiccushioningcharacteristicsasEPS
foam.

Fig.3　Dynamiccushioningcurvesoftheextruded

wheatflourfoamsS1, S2, S3andS4,
comparedwithEPSfoam
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3　Conclusions

Thedensityappearstobeanimportantparameter
formechanicalpropertiesoftheextrudedwheatflour
foamsandtheresultsdemonstratedthattheextruded
wheatflourfoamsbehaveasplasticandbrittlecellular
materialsdependingonitsdensity;thecompressive
strengthandtheminimumaccelerationratioJofdy-
namiccushioningcurvesofthefoamsincreaseswithits
density, respectively.Denserfoamstendtohavesmall
cellsizeandhenceresistdeformationbetterthanlower
densityfoamswithbiggercellsize.
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挤出制备的小麦淀粉泡沫的密度对力学性能的影响

王　苓
(山东理工大学 材料科学与工程学院, 山东 淄博 255049)

摘　要:报道了有关结构设计及优化小麦粉泡沫的力学性能与密度的对应关系的研究。揭示了用不同加工条件可以制备
不同密度的小麦淀粉泡沫, 并对不同密度的泡沫材料进行了静压力学测试和动态缓冲曲线测试。相对压缩强度与相对密度

呈幂函数关系, 可用式子 σc/σs≈ 0.308 ρc/ρs
1.5表示。动态缓冲性能也随泡沫密度的变化而变化。

关键词:小麦淀粉;泡沫;挤出;结构包装;动态缓冲曲线
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