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snjetionEmolded shortE(erEreinfored thermoplstis re widely used in toE dy9s industryF xeverthelessD their mehnil ehvior is di0ult to modelD espeilly euse of strong nisotropy indued y omplex (er distriutions of orienttionF woreoverD the intrinsi vriility of plnt (ers9 properties leds to n even more omplex ehvior thn with minerl (ers nd therefore inE rese the unertinty for ehvior predition of these mterilsF he im of this review is to provide si nd more spei( knowledge out deling with the unertinty relted to injetion molded shortEplntE(erEreinfored thermoplsE tis ehviorD fousing on vriility indued y oth injetionEmolded proess nd nturl vriility of plnt (ers propertiesF o hieve this golD it is importnt to understnd the ehvior of p efore onsidering the unerE tinty indued y the use of nturl (ersF husD in the (rst pleD the uthors hve hosen to limit the soures of unertinty relted to (ers y studying the se of shortEglssE(ersEreinfored thermoplstiF henD fter disussing the soures of unertinty relted to the use of nturl (ersD the methods for the qunti(tionD the propgtion nd the mngement of unertinties re nlyzedF

Introduction

he injetion molding proess is reversile proess whih llows mnuE fturing thermoplsti prts with more or less omplex geometryF gompred Corresponding author. URL: julien.proy@uphf.fr (J. Proy) to other mnufturing proessesD injetion molding hs some dvntges suh s low unit prieD thnks in prtiulr to the low ost of thermoplstis nd short yle timesD good surfe spet etF his lowEprie proess n e used to mssEprodue smll prts @eFgF wter ottle topA nd igger prts @eFgF r dshordAF sn mny sesD this mnufturing proess is used for the injetion of minerlE(ersEreinfored thermoplstis @eFgF glss (ersD ron (ersFFFAF wore reentlyD environmentl onerns olige industrils to swith to more eoE friendly mnufturing proesses IF elsoD sine the mid of IWUHs PD reserhers re interested in the mehnil properties of nturl (ers iming t replE ing minerl (ers y nturl (ers in injetionEmolded prtsF roweverD moving from ontrolled geometries nd properties @minerl (ersA to vrile ones @ntE url (ersA implies less wellEontrolled mehnil ehvior iFeF the vriility mkes the mehnil ehvior more omplex to preditF hereforeD the im of this review is to do stte of the rt of the ehvior of shortE@glss G plntA (erEreinfored thermoplstisF o do soD it is imE portnt for uthors to rie)y introdue the notion of hortEpierEeinfored hermoplstis@pAF hereforeD in setion PD si knowledge regrding the injetion molded proess @suEsetion PFIAD the mirostruture of shortE(erE reinfored thermoplstis @suEsetion PFPA nd the spei(ities of plnt (ers @suEsetion PFQA re developedF sn order to model shortEnturlE(ersEreinfored thermoplstis9 ehviorD it is primordil to understnd the omplex ehvior of pF husD in setion QD the thermoEmehnil ehvior of thermoplstis reinfored with short glss (ers is studiedF sn this setionD the fous is mde on glss (ers due to their ontrolled geometry nd mehnil propertiesF his llowsD in the (rst pleD to neglet vriilities indued y (ersF husD the im of suEsetion QFI is to present the omplex ehvior of thermoplstis polymersF henD (ers9 orienttion nd ehvior inside thermoplstis re disE ussed in suEsetion QFP nd (nlly the impt of oth mtrix nd (ers on shortE(erEreinfored thermoplstis9 ehvior is presented in suEsetion QFQF henD setion R is relted to the inlusion of soures of vriility for the preE dition of the mehnil ehvior of reinfored mterilsF he unertinty qunti(tion is depited in suEsetion RFID the unertinty modelling in suE setion RFP nd the unertinty propgtion nd mngement in suEsetion RFQF etion S ims to disuss the most pproprite tools to hndle the unertinty enountered with p ording to setion RF 2. Investigation of composites' microstructure 2.1. Basic concept of injection molding he injetion molding mhine is omposed of (xed lmping prt nd moile injetion prt @pigF IAF he injetion proess is now wellEknown proess nd is desried in Q X IA he mteril grnules @pelletsA re dosed ording to the volume of the mold vity to e (lled nd pled in hopper ove the injetion mhineF sn P the se of (erEreinfored mterilsD the grnules re omposed of polymeri mtrix nd (ersF he grnules re heted up to polymer melt temperture nd homogenized ll long their progress over the rotting srewF he moldD whih is losed efore the injetionD is lso heted up to given tempertureY PA yne the mteril rehes the end of the srewD the injetion n strtF he mteril is injeted into the mold through gte y the trnsverse moveE ment of the srewF huring the (llingD the fored )ow implies omplex orgniE ztion for prtiles in the mterilY QA hen the mold is (lledD the polymer ontinues to e injeted to inrese the pressure inside the mold in order to reh thresholdF e high pressure is then mintined on oth fes of the moldX this is the pking stgeF he im of this stge is to void wrpgeD y homogenizing polymer shrinkge in the prtD nd other defetsY RA he (nl stge onsists of ooling the prt nd ejeting itF Figure 1: Injection machine he next prgrph highlights the mirostruturl orgniztion of p indued y prtiulr phenomen during the injetion molding proessF 2.2. Microstructure of short-ber-reinforced thermoplastics after injection molding efter injetion moldingD p show very omplex mirostrutureD in prtiE ulr euse of the high disrepny of (er orienttion rising from the fored visous )owF his disrepny is governed y mteril properties @eFgF (er frtion nd geometryAD proess prmeters @injetion speedD injetion temperE tureA nd prt shpeF etD mehnil properties of the injeted prt highly depend on the orgnizE tion of the mirostrutureF st is therefore essentil to understnd the link eE tween prmeters of injetion proess nd the mirostrutureD for given mteril nd prt shpeD to e le to optimize the proess in order to reh trgeted mehnil propertiesF etullyD injetion molding proess prmeters highly impt the orgniztion of (ers in omposite mirostruture euse (ers re reoriented following veloity vetor indued y the injeted )owF wo types Q of )ow hve signi(nt impt on the orienttion of the (ers RF hen the mteril is injeted within divergent or onvergent geometry into the prtD strething )ow hppens nd the (ers tend to e perpendiulr to the )owF henD s the mteril is going through the prtD sher )ow hppensF his )ow llows (ers to reorient themselves prllelly to the injetion )ow direE tionF he e'et of the sher )ow dereses with the distne etween the (ers nd the wllsF st mens tht (ers t the enter of the prt @ore lyerA re less 'eted y the sher )ow nd sty therefore minly oriented trnsversly to the injetion )ow diretionF sn ddition to those two )owsD fountin e'et must lso e onsideredF his e'et ws (rst notied with merury in glss tue S nd is hrterized y sher )ow indued y the movement of the )ow front etween solid wlls TD UF he visous )ow is then projeted from the enter of nl to the edges with signi(nt impt on the orienttion of the (ers VD WF pinlly the old temperture of the moldD ompred to tht of the )owD together with fountin e'et re responsile for the retion of thin lyer ner the mold wlls where (ers re rndomly orientedF hese mehnisms led to prtiulrity of pX the skinEshellEore struture @pigF PAD whih trdues strong heterogeneity of (er orienttion through prt thiknessF e lot of reserhers hve desried this struture IHD IID IPD IQD IRD ISD ITF he min di'erene is the numer of lyers tht re onsideredF por uenig et lF IQ there re nine lyers pled symmetrillyD while for fy nd uker IRD IS the numer of lyers is sevenF etD usullyD for injetion of thin prts etween prllel wllsD the most enountered desription is (veE @or threeEA lyers strutureD lso lled skinEshell @sherAEore struE ture IIF sn the se of threeElyers strutureD the skin lyer is not onsidered euse of its negligile size reltively to prt thiknessF Figure 2: Skin shell core structure es mentioned eforeD the fountin e'et hs huge impt on (er orienE ttionF sn the skinEshellEore strutureD the previous e'et is visile in the skin lyerD the projetion of melted lend ginst the old wlls prevents (er to e reEoriented y the sher e'etF henD due to reltively low temperture t mold wllsD the (ers re quikly frozen within the polymer nd dopt more or R less rndom orienttionF he shell @or sherA lyer is omposed of (ers minly oriented prllel to the )ow veloity vetorD due to the sher e'etF pinllyD nerly null sher e'et in the middle of the prt thikness nd the previous strething )ow will mke the (ers oriented perpendiulr to the veloity veE torD this is the ore lyer @see setion QFPAF his kind of mirostruture heterogeneityD diretly stemming from the inE jetion molding proessD re ommon to ll pD whtever the nture of the (ersF etD when deling with plnt (ersD other kinds of heterogeneity diretly ome from the intrinsi vriility of plnt (ers propertiesF o understnd thtD it is importnt to see plnt (ers s omplex struturesD to e nlysed t severl slesD s desried in the next setionF 2.3. Plant bers' composition gompred to minerl (ersD nturl (ers hve reltively low ostD low denE sityD lsoD they re issued from renewle soures nd re iodegrdleF yn the other hndD while minerl (ers generlly hve simple nd repetle propE ertiesD nturl (ers n e onsidered s omposite mterils with vrile hrteristis euse of their omplexe struture @pigF QAF his struture is urrently divided into di'erent sles with vrile morphologil prmetersF ih sle is lso divided into di'erent elements @or lyersAF et the stem sle @mrosopi sleAD the lyers re the rk nd (ers9 undleF he thikness of the rk nd the numer of (ers9 undle re vrile nd potentilly di'erent from one stem to notherF henD (ers9 undles re onsidered t the mesoE sopi sle nd they re omposed of vrile numer of prllel elementry (ers still glued together whih indues vrile (er undles9 setion long the undleF elsoD the ft tht (ers re glued together introdues (ers deohesion nd led to n erly rekge of the (er undleF he elementry (ers re onsidered t the mirosopi sle nd they re single long plnt ellF eginD this sle is divided into di'erent ell wll lyersF prom one elementry (er to notherD the thikness nd the dimeter of eh ell wlls re di'erentD leding to even more vrile (ers9 spei(ities suh s (er setionF pinllyD the ell wlls re mde up with nnosopi lmellesF hose lmelles minly onsist of ellulose (rils emedded in hemiellulose nd petinF pirils re responsile for the reltively good mehnil strength of plnt (ers IUF hereforeD their numer nd their orienttion ngle re oth importnt nnosopi prmetersF 3. Thermo-mechanical behavior of short-glass-ber-reinforced thermoplastics 3.1. Behavior of thermoplastic polymers he mrosopi ehvior of thermoplstis results from the ehvior of the morphous phse ndD if is presentD of the rystlline phseF es onsequeneD the rystllinity rtio governs the ehvior of thermoplstiF he ehvior of S Figure 3: Microstructure of a ax ber from [18] thermoplsti polymers highly depends on temperture IWF eove melt temE pertureD thermoplstis ehve s visous liquidsF pon oolingD di'erent trnE sitions re hrterized y spei( temperturesF he rystlline phse thus ppers elow rystlliztion tempertureD when hins egins to orgnize themE selvesF heling with the morphous phseD the glss trnsition tempertureD gD delimits the ruery domin @t high tempertureA nd the glssy domin @eE low gAF he ruery domin is hrterized y low oung9s modulus @iA nd high elsti strin wheres in the glssy domin the morphous phse is rigid nd more rittleF yther importnt spets of thermoplstis9 ehvior re the strinErte dependeny nd the temperture dependeny within ruery or glssy dominF hng et lF PHD PI hve studied the (rst spet for di'erent thermoplstis mterilsF por instneD the uthors hve studied the rte deE pendeny of polyethylene @iA y onduting severl tensile tests t onstnt strin rte PIF et high strin rteD the i hs higher oung9s modulus thn t low stin rte ndD more generllyD stress level inreses with strin rteF por the seond spetD ern et lF IW hve shown the temperture dependeny of polymideF ith pigF RD it n e seen tht higher temperture redue the tensile strength of polymide drstilly @from SQw for EPS°g to IVw for SH°gAF sn the erly strin stgesD thermoplstis show visoelsti @iA ehviorD iFeF elsti ehvior is time nd strinErte sensitiveF henD during tensile testD the oung9s modulus of i thermoplsti inreses with the strin rteF sf the plsti threshold is not rehedD the tested speimen retrieves its initil form fter more or less long timeF st indites tht reversile strin does not vnish instntneouslyD ontrry to se of elsti ehviorD ut fter given durtionD spei( of eh thermoplstiF he i ehvior n e represented using rheologil models onstituted of spring @elstiA nd dmper @visousA T sn this modelD k i represent the moduli nd η i the visosities of eh wxwell elementF ih visous dmper hs its own hrteristi time for strin dissiE ptionF hereforeD the numer of wxwell elements will in)uene the kinetis of reovery of visoelsti strinF eury of i model n e ssessed in prE tiulr for reep nd relxtion testsD with timeEdependent responseF huring reep tests the mteril is exposed to onstnt stress nd the strin response is mesured over timeF he pigF T shows shemtilly the di'erenes when using wxwell model @red lineA or qenerlized wxwell model with (nite numer of wxwell elements @lk lineAF es expetedD unique wxwell element nnot give n urte predition of visoelsti strinGreovery nd therefore of reep ehviorF he ehvior of thermoplsti mterils is lso pressure sensitive PQD PRD PSF U Figure 6: Schematic representation of a creep test and the response of a thermoplastic material; the red dashed-line is the response with Maxwell model and the black line is the response with Generalized Maxwell model sndeedD those mterils show di'erent responses in tensionD ompression or sherF es onsequeneD the isotropi von wises riterion is irrelevnt to deE srie the yield surfe of thermoplstis sine it does not onsider the e'et of hydrostti pressureF et the ontrryD the ghv yield surfe PTD PU tkes the in)uene of hydrostti pressure into ount y involving the rtio etween the initil yield stress in ompression nd in tension in its expressionF feyond the visoelsti dominD thermoplstis plsti )ow is lso rteE dependentD iFeF ehvior is visoplstiF sn dditionD severl studies PVD PWD QHD QI hve shown the nonEisohori evolution of the plsti )owF por inE stneD with videoEontrolled testsD q9sell et lF hve oserved the volumetri strin for polyethylene terephthlte PW nd qunti(ed the volumetri strin for polypropylene PVF pinllyD thermoplstis generlly show strongly nonE liner hrdening ehviorF 3.2. Short bers behavior and measurement of their orientation inside the composite por reinfored polymers severl types of reinforement exist @prtilesD long (ersD short (ersF F F AF sn the se of short (ers reinforementD the (ers n e minerl (ers @eFgF glss (ersD ron (ersA or nturl (ers @)xD hempD misnthusD F F F AF winerl (ers re hrterized y ylindril representtion with rtio length over dimeter @eFgF spet rtioD vGhA muh greter thn oneF sn genE erlD their length is lower thn one mm in injetion molded shortE(erEreinfored omposites nd their ehvior is ssumed liner elsti nd isotropi or someE times orthotropiF gompred to the thermoplsti mtrixD they hve higher oung9s modulus @IIRI±57 q QP ginst UHEWS q QQAF lnt (ers show more omplex mehnil ehviorF sndeedD euse of the V omplex orgniztion of plnt (ersD their ehvior is no longer liner elstiD s minerl (ersD ut visoelsti QRD QSD QTF woreoverD the omplex geometry of plnt (ers is to e onsideredF por instneD the rossEsetion re is generlly not irulr nd vries long (er lengthF por more detils out plnt (ers hrteristisD see setion QFIF here re severl wys to mesure the orienttion of the (ers sed on Ph or Qh nlysesF he Ph oservtions n e done vi snning eletron miE rosopy @iwA or optil mirosopyF peil preutions must e tken with these methodsD espeilly when prepring the speimensF es for metlli mteE rilsD it is essentil to polish the speimen nd use hemil ttks to enhne the ontrst etween (ers nd mtrixF fy polishing speimensD there is risk of degrding the initil rossEsetion through the gruingEup of (ersF he min prolem with this method is the Ph spetF sndeedD if (ers were oriented perpendiulrly to the plnD their representtion with Ph nlyses would e irleF etD (ers tiltD with respet to oserved plnD is tully vrileF husD their ut in Ph view is no longer irle ut n ellipse @pigF UAF por exmpleD ierhrdt et lF QUD hve determined elliptil prmeters for di'erent (ers nd highlighted the existing signi(nt error indued y this methodF hey hve ompred the previous method with results from onfol tehniqueF st hs een seen tht the error mesured depends on (er orienttion nd n reh up to IH degrees of di'erene with respet to the rel vlueF Figure 7: Fiber cross-section identied [37] hen possileD Qh nlysis is therefore preferleF sn growing numE er of sesD the Qh hosen method is miroEtomogrphy QVF his method is nonEdestrutive methodD using xEry sn over rotting speimenD whih llows slieEyEslie reonstrution of the mirostruture volume QWF es nonEdestrutive methodD it is possile to sn speimen efore testing itD imE ing t orrelting mirostruture orgniztion nd mehnil propertiesF st is lso possile to perform in situ miroEtomogrphy tensile test RH nd therefore follow the evolution of mirostruture for di'erent loding levels until filureF W 3.3. Impact of both matrix and bers behavior and of their interface on SFRT behavior wehnil ehvior of shortE(er reinfored thermoplstis depends on the ehvior of the two phses @thermoplsti mtrix nd emedded (ersA ut lso on the intertion etween oth phsesD iFeF dhesion nd ehvior of (erGmtrix interfeF he omplex mehnil ehvior of thermoplsti mE trix ws rie)y desried in previous setion PFIF xturllyD ll its spei(ities re lso enountered in reinfored thermoplstisF por exmpleD wouhmid et lF RI hve study the strinErte sensitivity of glss (ers reinfored eTFTF he uthors hve shown the sme trend s the mtrix without reinforementD iFeF n inrese of omposite stress level with strin rte @see setion PFIAF he se of high strin rte hs een studied y uim et lF RPF ropkinson pressure rs were used for the testing of glss (er reinfored polypropyleneF he temE perture dependeny hs lso een studied IWD RQF hnks to iftekhri nd ptemi RQ nd xiri et lF RRD one n see the sme trend for the glss (er reinfored thermoplsti omposite thn for the net thermoplstiF sndeedD for oth sesD the mterils eome softer with the inrese of temperture nd more rittle when the temperture deresesF elsoD the impt of the vriility of (ers on the reinfored mteril mehnil properties hs een studied y xottEguvier et lF RS for the se of shortE)xE(er polypropyleneF es seen in previous setionD (ers hve their own ehvior tht nturlly impts the ehvior of the reinfored mterilF edding (ers llows to trnsE fer the lod initilly orn y the mtrix to the (ers y sher trnsferF nE derstnding the intertion etween (ers nd mtrix isD thereforeD ruil for modeling the mehnil ehvior of pF e lot of modelsD for instne sherE lg model initilly developed y fowyer nd fder RTD onsider the interfil sher strength to quntify the dhesion nd lod trnsmission t (erGmtrix interfe nd so on to ompute the verge stress in (erF he interfil sher strength @spA oviously depends on the nture of oth (ers nd mtrixF por instneD n nd go RU hve nlyzed the di'erE enes in mirostruture etween glss (er reinfored polypropylene @qpGA nd ron (er reinfored polypropylene @gpGAF sn this studyD the sp vlues hve een lulted nd linked to (er9s ritil lengthF st ppers tht sp inreses while ritil length deresesF his result grees with the study of pu nd vuke RVD the omposite strength inreses with (er9s lengthF he vlues of the sp n e muh more di'erent if the (ers re nturl (er @τ ≈ IRFV w for qpG RW nd from four to eight w for )xG omposite SHA or if the mtrix is di'erent @τ ≈ SFWTS w for gpG RUD τ ≈ RQFV w for gp polymide TFT SIAF sn the se of nturl (ersD the hydrophoiity of the thermoplsti mtrix nd the hydrophiliity of (ers led to poor interfil dhesionF sn order to improve the qulity of the interfeD hemil or physil tretments n e IH usedF iniso et lF SP hve studied the impt of plsm tretment on the inE terfe etween )x (er nd polyethylene mtrixF hey demonstrted tht the dhesion ws improved with plsm tretmentD thus improving the mehnil properties of the omposite SP @eFgF inrese of tensile strengthAF yther tretE ments hve een studiedD for exmple the use of oupling gents like grphene oxide nd silne SQF elsoD it is possile to use wlei enhydride @weA grfting to enhne the interfe etween nturl (ers nd polypropylene mtrix SRF his tretment is di'erent from other hemil tretments euse it 'ets oth (er surfe nd mtrixF wishr et lF SS hve shown the inrese of mehnil properties @oung9s modulusD )exurl modulusF F F A of shortEplntE (er @nn (erD hemp (er nd sisl (erA reinfored treted with we @out +13% for tensile strength vlueAF elsoD it ppers tht we tretment redues the hydrophiliity of nturl (ersF hrough this setionD the omplex ehvior of p hs een seenF sndeedD to the spei(ities of thermoplstis re dded the spei(ities of the (ersD nd strong vriility in se of nturl (ersD nd the intertion etween the mE trix nd (ersF sn ddition to these omplex ehviorD it is importnt to remind the signi(nt impt of the injetion proess on the mirostruture of p nd y extension on p9s ehviorF hereforeD the se of thermoplstis reinfored with plnt (ers implies etter understnding nd etter modE elling of the impt of the injetion molded proess on p ehviorF elsoD the geometril prtiulrities of plnt (ers seen in setion PFQ must e onsidered during the simultionsF sn order to hieve this golD the (rst stge is to (nd the soures of vriilityF 4. Sources of variability for composite mechanical behavior sn sieneD studying unertinty of system mens studying the vrition of system9s outputs @eFgF stressD strinD frequeniesD F F F A indued y the lk of knowledge of the system input prmetersD suh s (ers hrteristisD oung9s modulusD etF sn order to ontrol these outputsD it is therefore relevnt to know how to del with unertintyF pirstD unertinty is divided into two lssesX irreduile nd reduile unertintiesF he di'erene etween them is due to the unpreditle nture of the unertintyF sndeedD for irreduile unertintiesD even with lrge numer of dtD some events remin unpreE ditleD on the ontrryD reduile @or epistemiA unertinties my e redued when deling with lrge numer of dtF henD three soures of unertinty hve een highlighted in the litertureX mesurement unertintyD model unE ertinty nd physil vriility STF wesurement unertinties re indued y the dt mesurement stgeF por exmpleD it hs een seen with ierhrdt et lF QU tht using Ph imges for quntifying (er orienttion leds to sigE ni(nt errorF his error n e redued y using Qh mesurement insted of Ph mesurement @see setion PFPAF elsoD prtiulr ttention must e pid to the mens of mesurement for soures of unertinty euse it my in)uene signi(ntly the results of the unertinty qunti(tionF sndeedD ve woigne II et lF SU hve oserved di'erent results for the mesurement of (er9s diE mensionl properties @eFgF lengthD rossEsetionA while using two mesurement methodsF he (rst method is purely mnulD they hve mesured the length nd spet rtio @length G dimeterA of (ers thnks to numeril liperF he seond method is mde y using softwre developed y wirovision snE strument where the geometril hrteristis of the (ers re derived from the detetion of the edges of the (ersF ith the method y hnd they meE sured QHH (ers wheres the softwre mnged to mesure PFSHH (ers @pigF VAF he distriutions indued y these two methods re di'erentD in the se of y hnd mesurementsD smll (ers @< TH µmA re negleted euse of eye seletionF yn the ontrryD the softwre is le to detet ll (ers @even the smllestA nd give more urte distriutionF henD the model unertinty is diretly linked with the ury of the methodF his unertinty n e redued y (nding the est method to represent the studied seF por exmpleD in their studyD gui et lF SV hve ompred three di'erent models nd used the mximum likelihood estimtion to identify the one in whih the model unerE tinty is the lowestF pinllyD physil vriility refer to unertinty indued y physil vriles @eFgF mteril propertiesF F F AD environmentl onditions @eFgF tempertureD humidityF F F AD opertionl vritions @eFgF loding onditionsF F F A or mnufturing proess @eFgF injetionEmolded proessF F F AF Figure 8: Comparison between "by hand" measurement and measurement made with a software for (a) bers' length and (b) bers' aspect ratio [57] he generl proedure to del with every soure of unertinty requires (rst stge of unertinty qunti(tion nd unertinty modeliztionD these points re disussed in the next setionF IP 4.1. Uncertainty Quantication for composite materials from micro-scale to macro-scale gomposite mterils re multiEsle mteril thusD the unertinty my rise t ny sleD to the miroEsle @mteril propertiesAD s well s the mesoEsle @(er orienttionA nd mroEsle @geometryD omposite propertiesAF Micro-scale quantication for composite materials sn pD the mtrix is usully the omponent with the highest volume proportion @55wt.% to 70wt.%AF roweverD the unertinty of its mehnil property does not hve signi(nt impt on omposite unertinty due to muh lower stress levelsF yn the ontrryD with lower volume proportion nd depending on loding diretionD (ers hve more signi(nt impt on omE posite unertintyF yntheti (ers @eFgF glss (ersA hve onstnt mehnil properties thnks to ontrolled mnufturing proessF yn the ontrryD plnt (ers present muh more vrile hrteristis leding to igger unertinty for omposite9s ehviorF his unertinty is indued y severl spets suh s the growing onditions of the stemD the morphology of the (er or even hemil omposition of (ersF huult SW highlighted the importne of the ultivtion onditions during the growing of the plnt y ompring mehnil properties of )x ultivted in PHHS nd in PHHVF por the (rst oneD limti nlyses hve shown optiml temperture nd su0ient wter intkeF por the seond oneD the sme nlyses hve found wet period during hrvestingF he test highlighted etter mehnil properties for the )x ultivted in PHHS @eFgF i≈SS ± PS q for PHHS nd i≈RH ± IS q for PHHVAF woreoverD the lotion of the extrtion of (ers inside the stem impts the mehnil properties of plnt (ersF sndeedD severl studies hve mesured the vriility of (ers9 dimeter over its length THD TID TPF ghrlet TP hs shown tht extrting (ers from the middle of the stem led to di'erent (er propertiesF por exmpleD the men dimeter for )x (ers extrted from the middle of the stem is IPDR ± QDP µm ginst ITDS ± SDI µm for (ers extrted from the ottom of the stemF he di'erene is due to etter mount of ellulose nd peti ement in the middle of the plntF fley TQ hs studied the importne of (er dimeter on the oung9s modulus of )x (ers @pigF WAF he results link derese of the oung9s modulus when (er dimeter inresesF he sme trend hs een highlighted for (er length y enderson et lF TRD the strength inreses while (er length deresesF por uthorsD this phenomenon is linked to (er defets ontentF sndeedD the longer the (ers reD the higher the ourrene of defets isF elsoD the link etween mehnil properties of the (ers nd their ompoE sition hs een pointed out y mny studies IVD SUD TQD TSD TTF sndeedD it hs een noted tht (er strength inreses s ellulose ontent inresesF purtherE moreD uk et lF TTD mnged to link the oung9s modulus of misnthus (ers with its hemil omposition in terms of lignin nd elluloseF por the morphology of (ersD the numer of elementry (ers within (er undle is lso vrileF sndeedD wttrnd et lF TU hve studied the numer of IQ elementry (ers inluded in )x tehnil (ersF hey found tht the minimum numer of elementry (ers ws two nd the mximum ws (fteenF he dimenE sions of elementry (ers re lso to onsiderF feuse of their omplex struE ture nd geometryD it is di0ult to de(ne proper vlues for (er rossEsetion @or dimeterAF homson et lF TH hve ompred vlues of rossEsetion dimeter diretly mesured on (er undles versus vlues of rossEsetion dimeter lE ulted y ssuming irulr shpe for the rossEsetion of )x (er undlesF eording to the uthorsD the rossEsetion vlues otined with this method re the doule of vlues otined when mesuring the rossEsetion diretly on (er undlesF hereforeD the method ssuming irulr (er undle rossEsetion is not n e0ient method euse it leds to wrong vlues of (ers9 oung9s modulus due to previous errorF Meso-scale quantication during injection molded process he mesoEsle of omposite mterils refers to (er orienttionF he orienE ttion of (ers is set during the injetion molded proess @see setion IFPA nd my e in)uened y severl proess prmetersF he gtes diretly impt the injetion of (ers into the moldD nd thus their orienttions TVD TWF he formtion of the ore lyerD with (ers oriented trnsversely to the snjetion plow hiretion @sphAD is mde y diverging )ow indued y gting rrngementsF roweverD (lmEgtes or sprueEgtes llow (ers in the ore lyer to e oriented prllelly to the sph UHF he injetion speed hs diret e'et on the thikness of the ore lyerD nd thus on (ers9 distriution of orienttion through the thikness UIF etullyD qupt nd ng IH hve shown tht deresing the injetion speed inreses the thikness of the skin lyersD then leding to trnsltion of the sher lyers to the oreD thus (nlly reduing the thikness of the ore lyerF yn the ontrryD inresing the injetion speed inreses the thikness of the ore lyerF he studE ies of hokri nd fhtngr UPD UQ show the impt of the pking stge on (er9s orienttionF sndeedD they hve shown tht n insu0ient pking stge IR durtion leds to n inrese of the ore lyerF xeverthelessD few studies hve evluted the impt of the pking stge during the injetion molded proessF he mold temperture regultes the skin lyerF e high grdient etween temE perture of mold wlls nd melted )ow will quikly freeze the mteril ner the wllsF oD (ers do not hve the time to reEorient themselves nd dopt rndom orienttionF st n e noted tht the thikness of those skin lyers inreses with the grdient of tempertureF roweverD with low temperture grdientD the mteril ner mold wlls is slowly ooled nd (ers n e reEoriented y the fountin e'et UID URF elsoD the melt temperture impts the sher rte nd thus the (er orienttion y mens of the rheology of the mterilF e redution of this temperture indues n inrese of the visosity of the mteril nd fster solidi(tion of the melt ner the mold wllsD thus inresing the sher rteF hereforeD (ers hve time to reEorient themselves nd the thikness of the sher lyer inresesD iFeF more (ers re oriented prllel to the sph USF woreoverD the rheology of the mteril 'ets the veloity pro(le during (lling UTD UUF husD the (ers follow the sme pttern nd re reEorientedD iFeF the struturl orgniztion of the (nl produt rise from the veloity pro(le during (lling phseF Figure 10: Tensile test of glass ber reinforced polypropylene [78] ueeping in mind tht (er lol orienttions hve gret impt on p mehnil propertiesD it is therefore ruil to e le to quntify the vriilE ity of (ers orienttion to ontrol the mehnil properties of pF sndeedD the wide rnge of (ers orienttion is responsile for n nisotropi ehvior of the ompositeF en urte predition of omposite ehvior therefore requires knowledge of (ers9 orienttionF xottEguvier et lF UVD UW hve studied the dispersion of (er orienttion inside tensile speimen issued from sme utting ngleD s illustrted y pigF IHF sn this (gureD one n see tht the dispersion of tensile results @pigF IH A is diretly linked with the orienttion mesured inside the snned volume @pigF IH AF Macro-scale quantication for composite materials IS he studies of inent et lF TV nd of qillespie et lF VH highlight the dependeny of the sher rte to the thikness of the pieesF eording to inE ent et lF TVD in the se of thin pieesD (ers9 orienttion is nerly uniform euse of high sher rteF his high vlue llows (ers to reEorient themselves prllelly to the sphF yn the ontrryD when the thikness of piees inresesD the (ers nnot e reEoriented prllelly to the sph euse of low sher rteF he pigF II shows (er9s orienttion throughout severl thiknesses of injetion molded plques @PHHmm x RH mmAF es it n e seenD y inresing the thikE ness of the piees ore lyer emerges nd eomes lrger with the inresing thikness @iFeF more (ers oriented perpendiulrly to the sphAF Figure 11: Evolution of the ber orientation through thickness. The bold triangles represent parts with thickness of 1.1 mm, the empty triangles for 1.7mm, the circles for 3mm and the squares for 5mm [68] pier ontent in the omposite lso hs n in)uene on the orienttion of the (ers VI nd on the mehnil properties of the omposite mteril RVD VID VPD VQF por fernsoni nd gosmi VQD the higher the (er ontentD the higher the numer of (er oriented prllel to the sph isF sn ddition to previous prmetersD it is worth noting tht omposite ehviors seen in setion PFQ @suh s temperture dependenyD strin rte dependenyF F F A must lso e onsidered for the unertinty qunti(tion in order to inlude omposite eE hvior dispersion VRF le I summrize the unertinty found for omposite mterils seen in setion RFIF onverting sttered experimentl dt into nonEdeterministi quntitiesF o hieve this imD severl theories nd methods re usedF roilisti theoE riesD intervl theories nd fuzzy sets theories re trditionlly the most used in mehnil engineeringF por omposite prolemtisD uthors hve minly inE vestigted the proilisti wy y de(ning proility density funtion from experimentl dtF wo proilisti methods n e found in the litertureD nmely prmetri nd nonEprmetriF sn the se of prmetri proilisti pprohesD the im is to quntify the unertinty of the vrile prmeters suh s mteril propertiesD for exmple (ers9 oung9s modulusF o do soD rnE dom vriles re ssoited to eh unertin prmetersF por exmpleD rohe et lF VS used this wy for long (er reinfored thermoplsti nd showed the vrition of the mteril response indued y the unertinty of (er oriE enttion nd lol (er ontentF sn the se of nonEprmetri proilisti pprohesD the mtries governing the prolem re onsidered unertin to deE IU (ne the unertinty of the whole systemF sn their studyD iovn et lF VT hve used oth prmetri nd nonEprmetri pprohes for dynmi study with thinEwlled ems de(ned with grphiteEepoxy omposite @eRGQSHIETAF por the prmetri proilisti pprohD the uthors hve onsidered the prmeE ters relted to the elsti properties s vrile wheres unertin sti'ness nd dmping mtries of the model re de(ned for the nonEprmetri pprohF yne onlusion of their study is the presene of res tht re more sensitive to the vrition of prmeters @prmetri pprohA ndGor to the vrition of the model @nonEprmetri pprohAF ressmn et lF VU developed toolE ox in order to extrt proility density funtion for (ers9 properties @eFgF qussin distriution for (er rdiusAF elsoD woigne et lF SU tried to (nd the most suitle proility density funtion etween eiull distriution nd logEnorml distriution for )x nd sisl (er lengthF foth distriutions were evluted with Evlue nlysisF he im of this evlution is to hrterize the likeness etween experimentl dt nd the hosen distriutionF eording to the uthorsD eiull distriution shows est (tted results in tht seF sn the se of sprse dtD the de(nition of proility distriution is quesE tionleF sndeedD in numerous rtilesD uthors hve ritrrily hosen uniform lws to model the input unertintyF sn this ontextD nonEproilisti pE prohesD for exmple fuzzy or intervl theories VVD VW re onsideredF sn this seD the vriility is de(ned y n intervl or set of intervlsF por the fuzzy set theoryD the referene method is the deh9s ixtension riniple @iAF he im is to uild the memership funtions of output dt s funtion to those of input dtF puzzy set theory is n extension of ordinry set theoryD in whih eh ojet either elongs to set or does notF puzzy set theory introdues the notion of degree of memershipD using memership funtion @tringulrD trpezoidlF F F A to desrieD for eh element in the dominD the level of memE ership in the fuzzy setF his funtion n tke di'erent formsD depending on the user9s pereption of the input9s impreision @pigF IPAF hey et lF VV used the fuzzy theory for the representtion of ply orienttion ngleD grphiteEepoxy elsti modulus nd sher modulusF xskr et lF WH hve worked on fuzzy representtive volume element in order to dd the sptil vrition of prmeE ters suh s ply orienttionF fusk et lF WI hve developed hyrid fuzzy method whih omines the trditionl fuzzy moments with rndom (eldsF his new method ims to predit the unertinty of (er omposites @more rodly in multisle modelsA more urtely thn trditionl fuzzy logiF prom these studiesD it n e seen tht the generl representtionD or t lest the most usedD for the fuzzy memership funtion is tringulr funtionF his funtion usuE lly ssoites the men vlue with the pex of the tringle nd the extremities of it with the stndrd devition of the mesured dt @see pigF IPAF hereE foreD it is legitimte to sk if this representtion is the most relevntF sndeedD s the mesured dt re prt of the smplesD their vlue from the memerE ship funtion ould e equl to oneD insted of deresing vlue from one to zeroF henD the unertinty dded y the mesuring stgeD the model usedD etD should e tken into ount y dding unmesured vluesF his inlusion IV is mde with the memership funtionD y deresing the vlues of this funE tion with userEde(ned slopeF e trpezoidl funtion is reted y doing this method WPF he fuzzy logi used y odoke et lF WQD ims to ommodte the oung9s modulus mesured with di'erent test rig @tensile testD ending test nd ousti impulseAF huring the test rigsD the mteril used ws )xEepoxy nturl (er ompositeF ome uthors hve studied the results given y di'erent types of unertintyE sed methodsF elzwri nd o WR hve studied model unertinty for stress distriution through thikness of lmintes omposites y using proilisti pprohD intervl nlysis nd universl grey theory in order to ompre the resultsF sn universl grey system theory the rithmeti opertions re di'erent from intervl theoryF he im of this method is to void the dependeny prolem enountered y the intervl theory whih leds to more urte results WSF st n e seen tht in this seD the on(dene intervl given y the proilisti pproh is more urte thn the one given y intervl nlysis nd universl grey theoryF his ury is provided y etter preision of the proility distriutions used in the proilisti pprohF le P summrize the di'erent methods to model the unertinty for omE posite mterils seen in setion RFP efter modeling the unertintiesD the next stge is to propgte the unE ertinty of the input@sA to the output@sAF his lst stge is depited in the following setionF 4.3. Uncertainty propagation and uncertainty management vike in other dominsD the im of unertinty propgtion step in mehnisD is to trnsfer the unertinty ssoited to input vriles @mterilD geometryD F F F A towrds the output ones @displementD strinD stressD filureD frequenyD F F F AF whih diretly trdues the studied se nd so the mthemtil prolem to e solvedF his 4trnsfert funtion4 n e nlytilD numeri or suession of liner or nonliner stgesD integrting for exmple (nite element omputtion modelsF por the unertinty propgtionD wonteEgrlo imultion @wgA is the referE ene proilisti methodF he smpling wg is widely used with (nite element method WTD WUD WV F he priniple is to evlute the trnsfer funtion for lrge numer of smples of the studied model while pplying piw simultionF he used vlues for input vriles re rndomly extrted through ssoited gumultive hensity puntions @ghpAF por exmpleD vee et lF WW nd hou et lF IHH hve respetively estimted mehnil properties of glss (er reE infored omposite nd simulted tensile filure proess of ron reinfored PH ompositeF xextD teong et lF IHI used wg to investigte tensile filure proess of (er reinfored plsti lminted pltesF roweverD to hieve onE vergene for the men or the vrine of outputs nd gurntee good level of lultionD the numer of smples must neessrily e very importnt nd so the method eomes timeEonsumingF o overome the omputing time prolemD lterntive pprohes hve een proposed in the litertureF yn one sideD udret IHPD IHQ distinguishes two proilisti modelsD intrusive nd nonEintrusive methodsF he (rst one requires modi(tion of the omputing ode nd the de(nition of new mthemtil prolem to identify the unknowns of the proposed lgorithmsF yn the ontrryD the seond one mkes referene to wy where the initil ode is not modi(ed nd is used to generte trining setF sn the litertureD mny uthors used nonEintrusive methodsF sndeedD for grrere et lF IHR nonEintrusive methods re the nswer of lrge numer of pplitionD suh s industril prolemsD in whih the omputing ode nnot e modi(edF wo methods stnd outD the edued yrder wodels @ywA nd the surrogte modelsD either diretly integrted in the lterntive method @for exmple in the se of olynomil ghos ixpnsionD giD with polynomil seriesAD or oupled with the referene method @for exmple kriging with wgAF he ide of the yw is to redue the initil dtse @eFgF porper orthogonl deompositionAF henD the im of surrogte models is to reple the initil prolem y n e0ient pproximtion of output solutions @eFgF giD krigingAF hese lst yersD gi methods hve een widely used nd espeilly the generlized giF he priniple of this method is to projet stohsti solutions of the initil model onto polynomils orthogonl se IHSF eording to the eskey shemeD the type of polynomil series is de(ned y the type of the vrile @for exmpleD for qussin vrilesD rermite polynomils re used IHTAF sn their studyD hp et lF IHU proposed nonE intrusive gi methodD whih relies on n utomti di'erentition to filitte the lultion of sensitivities of the stohsti response nd the expnsion terms with regrd to the unertin input prmetersF his proposed method ws exploited to investigte multiEsle ukling in the se of ron (er reinfored ompositesF he most e0ient lterntive methods re (rstly sed on the deomposiE tion of the input memership funtions into intervls ording to αEut levelF eondlyD eh intervl prolem is trnsformed into minEmx optimiztion prolem nd surrogte IHVD or yw IHWD is integrted t eh itertionF his strtegy hs een suessfully used y wss et lF for di'erent mehnE il prolems @stti IIHD modl IHVD WPD frequeny responses IHVD stility nlysis IHWAF hey et lF VV used new fuzzy propgtion method sed on the work of ghowdurry et lF IIID for dynmi hrteriztion of lminted omposite @(rst three nturl frequeniesAF sn order to etter understnd the ehvior of model output@sA throughout vrition of input prmeter@sAD sensitivity nlyses re lssilly usedF hese nlyses quntify the weight of eh input prmeters y using results from nertinty unti(tion @A nd nertinty ropgtion @A stgesF PI qlol sensitivity nlysis llows to simulte simultneous vrition for eh prmeter during the nlysisF yn the ontrryD during lol sensitivity nlysis the vrition of prmeters is mde one y one nd does not inlude interE tions etween prmetersF sn order to (nd the key prmeters @iFeF prmeters hving the gretest imptAD it is essentil to ompre simultneously multiple input prmeters nd therefore to use glol sensitivity nlysisF hel wsto et lF IIP hve onduted numeril nlysis study in order to (nd prmE eters with the iggest impt for )x nd hemp (ers mehnil propertiesF et the eginning of the studyD twentyEsix di'erent prmeters were seleted @suh s (er dimeterD visoelsti prmetersD elsti moduli of (ers9 onE stituentsF F F A nd thenD with two sensitivity nlysesD they mnged to redue to seven key prmetersF por the (rst sensitivity nlysisD they used worris sreening methodF his method evlutes the impt of one input prmeters t time on the outputF his method is usully used for models with numerous input prmetersF he im is to redue the dimension of the prolem with (rst seletion mde y lulting sensitivity index @iFeF elementry e'etAF henD the seond sensitivity nlysis used is the pourier emplitude ensitivity est @peAF he ltter is vrineEsed methodD it mens tht the vrine of input prmeter@sA is used to determine the sensitivity indiesF hereforeD ttention must e pid to the estimtion of inputs9 vrineF qhuh et lF IIQ omined gi with ool indies to hieve sensitivity nlysis with the injetion of (er omposite mterilsF hey hve studied the impt of UR prmeters on the injetion to identify the prmeters tht re the most ritil during the injetion proessF his study leds to etter understnding of the injetion proess nd mkes possile the optimiztion of injetion proessF ool indies re exye sed methods @exlysis yf eriE neAF he im is to deompose the totl vrine of the output@sA into indies tht re)et the impt of eh inputs on the output@sA nd lso the intertion etween inputsF ymirey et lF IIR hve mde sensitivity nlysis in order to nlyze the e'et of multiEsle unertinty on reliility of the ompositeF hey used ool indies for the sensitivity nlyses nd linked omposite mehnil properties @oung9s modulusD sher moduli nd oisson9s rtioA to mteril nd geometril @oth (er nd mtrixA unertintiesF st hs een shown tht the oung9s modulus E 11 is mostly 'eted y (er9s sti'nessF his result grees with the ssumption mde in setion PFPX (ers e0ieny is mximized if they re loded in their xis diretionF enother wy to mnge the unertinty is to use the oust hesign yptimizE tion @hyAF he im of this method is to (nd the est ompromise etween hrteristis of the systemF he hy method hve een used y entonio et lF IIS with ngleEply omposite mde of iEglssGepoxyF sn their studyD they wnted to optimize the ouple performnes of the system nd its roustnessF sn ddition to the hy methodD they used reto urves to determine the est oupleF elsoD ulntri et lF IIT used the hy in order to optimize the strengthD the ost nd the weight of ronGqp reinfored hyrid omposite during )exurl lodingF sn their studyD they hve used this method y onsidE ering the unertinty indued y inputs prmeters suh s thiknessD (ers9 3: Summary of the dierent way to propagate and to manage the uncertainty enumerated in sub-section 4.3 orienttionF hrough this setionD di'erent soures of unertinty nd di'erent wy of reporting this unertinty hve een seenF elsoD the propgtion of the unerE tinty from di'erent elements @suh s (ersD proess prmetersFFFA to p ehvior hs een reviewedF hereforeD one n see tht integrting nturl (ers in p simultion is not n esy tskF sndeedD to the mirostruture vriilities indued y the injetion molded proess re dded the geometril vriilities of nturl (ersF le Q summrize the di'erent methods used to propgte nd to mnge the unertinty for omposite mterils s seen in setion RFQ

Modelling uncertainty of composite materials

Conclusion

he use of plnt (ers in p hs grown over the lst yers euse of environmentl onerns nd puli opinionF husD eing interested in the study for modeling the ehvior of thermoplstis reinfored with short vegetle (ers seems oth legitimte nd neessryF sn order to model p ehviorD it is (rst importnt to lerly understnd the ehvior of the mtrix nd (ers seprtedF sndeedD the mtrix implies visoelsti ehviorD temperture dependeny nd strin rte dependenyF PQ yn the other hndD dding (ers implies n nisotropi ehvior for the p nd etter ontrol of the injetion proess @due to (ers9 orienttionAF his review hs highlighted the signi(nt roles of the unertinty qunti(E tionD the unertinty modellingD the unertinty propgtion nd (nlly the unertinty mngementF hrough the setion RD di'erent tools hve een seen for the determintion of the unertinty of (erEreinfored thermoplstis nd for integrting di'erent soures of unertinty into their modeliztionF st hs een seen tht few ppers onern the use of p mterilsF husD ording to the uthorsD the unertinty qunti(tion of p mterils should e done y using Qh mesurement methods euse of its nonEdestrutive spetF por the propgtion of unertintyD nonEintrusive methods suh s surrogte models @giA re the most relevnt hoieF pinllyD the mngement stge is ontextE dependent nd it is di0ult to provide universl methodF xeverthelessD two methods stnd outD the sensitivity nlysis nd the roust optimiztionF ool indies @setion RFQA llow one to (nd the prmeters with the highest impt on mteril propertiesF henD the seond methodD the roust optimiztionD is proly more interesting in n industril ontextF sndeedD this method n e used to rethink n injeted prt in order to optimize its ostD its weightD etF his review hs shown tht further reserhes re required for p mE terilF igni(nt reserh is urrently eing rried out y the uthors iming oth the determintion of unertinty indued y the (ers nd y the injeE tion proess nd the integrtion of unertinty during numeril simultions for thermoplstis reinfored with glss (ers nd nturl (ersF P F teyprgshD F rinivsnD F thiymurthyD wehnil properties of nturl (erGprtiulte reinfored epoxy omposites ! e review of the litertureD wterils odyX roeedings PP @PHPHA IPPQ!IPPUF Q tFEpF egssntD F evensD tFEF ergentD fF ergnesD wF inentD v mise en forme des mtières plstiques @IWVTA SHHF R eF wegllyD Étude et modélistion de l9orienttion de (res dns des thermoplstiques renforés @PHHSA PIVF PR S qF estD yn the resistne to the motion of thred of merury in glss tueD roeedings of the oyl oiety of vondonF eries eD gontining pers of wthemtil nd hysil ghrter VT @IWIIA PH!PSF T eF fehrD F uollertD tF ynkenD hF mírezD F ysswldD i'et of fountin )ow on (er orienttion nd distriution in (er (lled polymers during mold (lling @PHIRA SF U wF fltussenD wF rulsenD qF etersD xumeril simultion of the fountin )ow instility in injetion moldingD tournl of xonExewtonin pluid wehnis ITS @PHIHA TQI!TRHF V rF wvridisD eF xF rrymkD tF lhopoulosD he i'et of pountin plow on woleulr yrienttion in snjetion woldingD tournl of heology QP @IWVVA TQW!TTQF 
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Table 1 :

 1 efter identifying the soures of unertinty nd their reltive mount for omposite mterilsD the next stge is to model themF his step onsists in Summary of the dierent sources of uncertainty enumerated in sub-section 4.1

	IT

Table 2 :

 2 he link etween the inputs nd outputs is mde y trnsfer funtionD Summary of the dierent way to model the uncertainty enumerated in sub-section 4.2

	IW
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