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Abstract

In the presentsecondpart of the studyit is shavn
that polymer micro brils are ableto promotetran-
scrystallisationof the surrounding polymer ma-
trix in agreementwith the results of an X-ray
study reportedin the rst part. Polymer blends
(micro brillar-reinforcel composites, MFC) con-

(PET) in a matrix phaseconsistingof polyproyy-
lene (PP) were studied by meansof transmission
electronmicroscoy (TEM), scanningelectronmi-
croscop (SEM) and environmentalscanningelec-
tron microscop (ESEM)aftermeltingandcrystalli-
sationof only the matrix phasepolymerin aninjec-
tion mouldingprocess.Collective preferredorienta-
tion of layerswasobseredin the PPmatrixin tran-

taining micro brils of poly(ethyleneterephthalate) scrystallinezonesgrown epitaxially from the PET
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micro brils. With respectto thesemicro brils the
lamellar stacksare orientedin perpendiculadirec-
tion. Therangeof collectie layerorientationalong
thelongitudinaldirectionof a micro bril wasfound
to beverylong. ESEMexhibits layerswhich appear



to bestacled,two-dimensionaspherulitesith adi-
ameterof several microns. TEM micrographsshav
a transcrystallinezonearoundthe PET micro brils
containingstacled crystallinePPlayers. The lateral
extensionof thesezoness restrictedto aregion nar
rower (100- 200nm)thanthatobseredin respectie
MFC bre materials(cf. Part1) in which the ma-
trix phasegpolymerwasmoltenandcrystallisedmore
slovly andunderquiescentonditions. The differ-
ing resultsof ESEM and TEM concerningthe ex-
tensionof thetranscrystallineonecanbe explained
on the basisof a complex model by Bassett{dom-
inant crystallitescloseto the nucleatingmicro bril
andsubsidiarycrystallitesfartherout). Theaddition
of a compatibiliserto the PET/PPblendcompletely
inhibits the formation of transcrystallindlayersin
samplesvith MFC structure. Keywords: Transcrys-
tallisation, Lamellae,Blends,PET/PP Electronmi-
croscopy

1 Intr oduction

Wheneer a polymeric materialor a blend of sev-
eral polymersis rst partially molten and then re-
crystallised,the newly forming crystalsmay grow
epitaxially from the consered entities. This so-
calledtranscrystallisatioprocesshasa considerable
effect on the bondingbetweenhe aforemoltenma-
trix phaseandthe consered entities,andtherefore
on materialsproperties[1]. In the rst partof this
study [2] the transcrystallisatiorphenomenorwas
discussedn detail. It wasshawvn thatit is animpor
tantcharacteristideatureof all polymercomposites,
particularlythosereinforcedwith suchkind of bres
thatshav a considerablaucleatingpower concern-
ing the matrix crystallisation.In our studiesthere-
quired bres arepreparedn a processstartingfrom
co-etrusionof two polymerswith differentmelting
temperaturghat nally resultsin micro brillar re-

inforced compositeg§ MFC). The MFC representa
new type of polymerpolymercompositewherethe
isotropicmatrixis reinforcedwith micro brils of an-
otherpolymer[3—71].

Fibres blendedinto a polymer matrix may nucle-
ate matrix material crystallisationand thus induce
peculiar crystalline morphologiesin the surround-
ing zone,which are differentfrom the morphology
in the bulk [1]. Sucha zoneis called “transcrys-
talline layer”. An early electronmicroscopicstudy
on polypropylene (PP) [8] evidencedcolumns of
crystallineand amorphoudayersarounda “central
linearthread”with long periodsof 12— 14 nm. This
“shish-kebab” structure(in which two components
of a polymerpolymer blend are discriminatednot
by theirchemicalktructurebut by extremelydifferent
moleculamweight)is, in fact,nothingbut atranscrys-
talline morphology In a later paper[9] the same
groupstudiedthe propagatiorof crystallisatiorfrom
“linear insteadof point-nuclei” emeging from high
moleculamnweightpolyethylengPE) bres immersed
in linear low-densitypolyethylene.Concerningthe
diametenf thetranscrystallingonearoundthe cen-
tral bre they proposedthat “accumulationof re-
jectedspeciesaheadof the growth envelope”should
lead to the breakdavn of correlatedcrystal gronth
thatis typicalfor thetranscrystallingone.Thebasic
principle of this ideawasalreadyput forwardin an
earlypaperof BassetandPatel[10] which stateghat
during grownth front propagationat rst “dominant
lamellae”areformed,which arefollowed by imper
fect crystallitesin “subsidiarylamellae”. An in-situ
X-ray studyof polymercrystallisationthat supports
suchanideaof two crystallisationmechanismgan
befoundelsavherein this specialissue[11], andan-
other paper[12] from this specialissueis devoted
to in situ X-ray studiesof shish-lebabcrystallisa-
tion in PE-blendssimilar to the onesusedby Bas-
sett[9]. The goal of all theseefforts is the tailor-



ing of the propertiesof thermoplastianaterialsafter
understandingheir complicatedissuesof structure
andprocessingDetailedinsightconcerninghesdn-

terrelationshipgs progressiely achiered by means
of newly developedadwancedequipmente.g. Envi-

ronmentakcanningelectronmicroscoy (ESEM)or

synchrotrorradiation).

Transcrystallisatiotakesplacein the matrix compo-
nentwheneer heterogeneousucleatioroccurswith
sufciently high densityalongthe bre surface. In
this way, the resulting crystal growth is restricted
to the lateral direction, away from the micro bril-
lar core. Transcrystallisations a function both of
the nucleatingactvity of the bre surface, and of
the crystallisationkinetics of the matrix resin. The
phenomenoiis well known for the caseof polymer
compositeshat are either reinforcedby carbon -
bre or surface-treatedjlass bre [13] and hasalso
beenobseredin compositesn which thereinforce-
mentis basedn polymeric bres like cellulosg[14],
Kevlar [15] andothers[16].

sationtakesplacewith awell-expressedgreferential
orientationof crystallites(under an averageangle
of 49 ) with respectto the initial orientationdirec-
tion ( bre axis, FA). Thusthis phenomenomay be
calleda “transcrystallisatin with reorientation”,as
it hasalreadybeenwell documentedor the system
PET/polyamidel2 (PA12) [17].

For the last-mentioneddravn PET/FA12 blend it
mustbe stressedhatthe WAXS patternshave been
taken continuouslyduring the cooling down, and
the crystallisationhas thus beenfollowed in real-
time. From the seriesof scatteringpatternsit has
beenconcluded17] thatfor this materialthe crys-
tallisationwith reorientationtakes placeonly at the
very rst stagesf crystallisationj.e. duringthe pe-
riod in which the predominantfraction of already
crystallisedPA12 materialis found closeto the un-
molten PET micro brils, whereasthe later stages
of crystallisationare proceedingn the bulk andare
producing randomly oriented crystals, the Debye-
Scherreringsof which areincreasinglymaskingthe
arc-shapede ections from the minor volume frac-

For such polymerpolymer compositescomplete jon gccupiechy thetranscrystallinenaterial.

melting of all blend componentsand subsequent

crystallisation should lead to an isotropic mate-

rial in which the crystallites of both components

are orientedat random. This behaiour hasbeen
demonstratedin part 1 [2] by meansof wide-
angleX-ray scattering WAXS) for thedravn blend
poly(ethyleneterephthalate]PET) / PP (40/60 by
wt.). It was found that after melting the blend at

This situation was later con rmed on the system
PET/lov densitypolyethylengLDPE). By meansof
transmissiorelectronmicroscoy (TEM) on stained
thin sectionghetranscrystallinenorphologywasre-
solved on alamellarlevel [18]. The TEM obsenra-
tionsdemonstratethatcloseto the PETmicro brils

the PE lamellaeare not only parallelto eachother

280 C completely the subsequenhon-isothermal but also oriented perpendicularto the micro brils

crystallisationduringthe coolingdowvn to roomtem-
peraturgRT) takesplacein anisotropicmanneyi.e.

surfacein contrastto the bulk, wherethe lamellae
areorientedatrandom[18,19].

theinitially veryhigh uniaxialorientationof boththe Theseobserationswererecentlysupportedy those
PET andthe PPis totally lost. Quitedifferentis the of Li etal.[20] whoreportedsimilarresultsfor sam-
situationwhenan intermediatemelting temperature plesof PET / isotacticpolypropylene (iPP) charac-
(200 C) is chosenandthusonly the lower melting terisedalsoby a MFC-structurealthoughobtainedn

componen{PP) of the blendis molten. According a slightly differentway (slit dye extrusionwith hot
to the WAXS data,thenits non-isothermatrystalli- drawing [21]).

3



Coming backto the resultson PET/PPreportedin

Part 1 [2] it shouldbe stressedhatthe WAXS pat-
terns have beentaken in a "post morteni mode,
i.e. afterthe completionof the crystallisationpro-
cess. For this reason,starting from the reported
results[2], it is hardly possibleto derive reliable
conclusiongegardingthe stageof thecrystallisation
processvhenthis well-documentedeorientationof

crystallitestakes place. Someusefulinformationin

this respectcanbe obtainedfrom TEM analysison

stainedthin sectionswherethe arrangementf the
PP lamellaecanbe identi ed asa function of their
distancefrom the PET micro brils. In fact,thistask
is thegoalof this secondpartof our systematistudy
on the transcrystallisatio phenomenornn oriented
polymerblendsandsystemslistinguishedy aMFC

structure.

2 Experimental

2.1 Materials

Micro brillar reinforcedcompositedfor this inves-
tigation were preparedfrom PET, iPP anda com-
patibiliser The compatibiliserusedwas ethylene
glycidyl methacrylatg E-GMA) (type Lotader AX

8840, a commercialproductof Atochem, France).
Reg/cled material from PET bottles (type FR 65,
with a melting temperature( ) rangeof 236 -

252 C, suppliedby RethmannPlano GmbH, Ger

mary) wasusedasthe reinforcingcomponent.The
matrix-componeniPPwasprovided by Basell,Ger

mary (type Novolen with melt ow index 5). The
blendsPET/iPPwere preparedn a 40/60wt ratio.
Compatibilisercontentwas varied between0 and
9 wt.-%.

MFC manufcturingcomprisedmelt blendingof the
two immiscible blend componentsat high temper
atureand extrusionin a co-rotatingtwin-scrav ex-

truder followed by a brillation processachieved
by cold draving. The highly dravn laments were
choppedand, nally, corvertedto “dog bone” test
specimengia injection moulding (KloecknerFero-
matik FM20) underindustrially relevant conditions.
During this stagethe maximumprocessingempera-
turewas200 C.

2.2 Characterisation techniques
2.2.1 Scanningelectron microscopy(SEM)

SEM obsenrationswere performedon a JEOL JSM

5400SEMwith anacceleratingoltageof 20kV. As-

drawvn samplesverefracturedin liquid nitrogenfor

obsenration of their surface. Part of thesesamples
wastreatedwith boiling xylene, a selectve solvent

for PR in orderto remove this component.All the

samplesvere coatedwith a thin gold layer prior the

SEManalysis.

2.2.2 Environmental scanning electron mi-
croscopy(ESEM)

A FEG XL30 Philips ESEM wasusedfor morpho-
logical obsenration of the injection mouldedsam-
ples.Flatsurfaceswerepreparedy cuttingthesam-
plesat -100 C alongthe injection moulding direc-
tion. A wetmodeat 0.2 Torr waterpressureandac-
celeratingvoltageof 15 kV waschosenfor the ob-
senation. The signalwasrecordedusinga detector
for backscatteredlectrons.

2.2.3 Transmissionelectron microscopy(TEM)

For the TEM obserationsa JEM 2010 JEOL mi-
croscopeat 200 kV acceleratingvoltage was used.
Ultrathin sectionsof 80 nm thicknesswere cut by
meansof an ultramicrotome‘Leica Ultracut UCT”
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Figure 1: SEM micrographsof: a) - cryofractureof
PET/PPblend(40/60by wt.) after melt blendingandex-

trusion,b) - PETmicro brils obtainedvia selectve disso-
lution of PPfrom thesamePET/PPblend

after staining the bulk samplein RuO vapour
overnight.

3 Resultsand discussion

3.1 MFC without compatibiliser

Figure 1 shavs SEM micrographsre ecting the
blendmorphologyaftereachof the rst two essential
stagesof MFC manufcturing— the melt-blending
in anextruderandthe subsequentold-draving step
imprinting orientationof thetwo blendcomponents.

The picture on Figure 1a is obtainedfrom the cry-
ofractureof theas-extrudedPET/PPblend. Thetypi-
calmorphologyfor awell homogenisetlendof two
immiscible polymersis obsered, characterisedy
sphericaparticleswith diametersf severalmicrons
(averagearounds m).

Figure 1b shavs PET micro brils obtainedvia se-
lective dissolutionof PP (by boiling xylene)from a
dravn PET/PPblend. One obseres excellent mi-
cro brils with diametersbetweenl and3 m and
a lengthof several hundredsof microns(almostno
bril endsare obsered). Suchmicro brillar mor
phologyis well documentedor variousdravn poly-
mer blends[3—7,18-24] andinjection[22] or com-
pression23,24] mouldedsamplesvith MFC struc-
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Figure 2: ESEM micrograph of injection moulde

PET/PPblend(40/60by wt.) samplewith MFC structure.

The obsened surfaceis obtainedvia cryo-cuttingalong
theinjectionmouldingdirection(vertical)

ture. In this new classof polymerpolymercompos-
ites[3—7,18-24] they notonly playtherole of there-
inforcement,but alsoexpresstheir ability to induce
transcrystallisatio of the respectie matrix polymer
(PA12[17], LDPE[18,19],iPP[20]).

Figure 2 is an ESEM micrographwhich shaws the
morphologyof the MFC after the nal processing
step(injection moulding)at a similar magni cation
asFigurel. The PET micro brils appearbright in
thesurrounding?Pmatrix. As comparedo Figurel
however, their shapes alteredasa resultof this last
processingstep. Although the majority of the PET
micro brils arealignedin the directionof the melt
o w during injection moulding (vertical), some of
the micro brils arenot. Thusafter cutting parallel
to this directionandtakinga micrographthey either
appealasbright shortlinesor evenasdotsonly.

It is known that exposureof semicrystallinepoly-
mersto electronbeam provokes radiation-induced
changesn the structure[25], e.g. massloss, chain
breakor cross-linkingin theamorphougphase As a
result, contrastenhancemenis frequentlyobsered



in spherulitesas a function of radiationdose,thus
increasinghe visibility of thelamellarmorphology
The factthatthe ESEM doesnot requirethe cover
ageof the samplewith a thin metallayer offersthe
opportunityto in situ obsenre the varying contrasiof
the semicrystallinePP morphologyas a function of
radiationdose.

As shawn in Figure 3, after a shortirradiation in
the electronbeam,well-de ned columnshbuilt from
stacled “two-dimensionalspherulites” (which are
supposedo contain high amountsof lamellae of
crystallinePP)with anaveragediameternf 1—-4 m
canbedistinguishedaroundthe PET brils. Thefor-
mationof suchstructuresanbeattributedto collec-
tive orientedgrowth of PPcrystallitesaway from the
PET brils into thethermoplastianatrix, thusform-
ing somekind of transcrystallineone. For PPsuch
morphologyhasearly beenevidencedby Monks et
al. [8]. The growing crystallinePP layers,built up
alongthePET brils, impingeupononeanotherand
cannotdevelopto larger dimensions.This situation
is well-knowvn and repeatedlydocumentedoy po-
larising light microscop particularlyfor bre rein-
forcedPP[1,13,14,16,26].

A muchhighermagni cationis possiblejf ultra-thin

stainedsectionsare studiedin a TEM instrument.

The TEM micrographin Figure 4 exhibits the or-
ganisatiorof the crystallineentitieson amuch ner
level. Herethe crystallinelamellaeof the PP ma-
trix areresohed. The bright regionsin the micro-
graphrepresentross-sectionsf PET micro brils.
In thePPmatrix closeto theseregionsthecrystalline
lamellaeare extendingmore or lessin radial direc-
tion away from the PET surface,whereadfar from
themicro brils (in thebulk) thelayerorientationap-
peargo benolongercorrelatedo thesurfacenormal
of the micro brils and resembleghe typical mor
phologyof —iPP bulk material. The fact that the
transcrystallindayersobviously arenot coveringthe

4 um

Figure3: ESEMmicrographof the samesampleaccord-
ing to Figure 2 after irradiation. Someof the column
forming layersaremarkedby arrons

PET micro brils completelyon all sidesmay result
from the irregular shapeof the brils andfrom the
cutting,whichis noteverywherestrictly perpendicu-
lar to the bril axis.

Figure 5 represents detail of the transcrystalline
structureas obsered in the TEM at a higher mag-
ni cation. Onecanclearlyseethattheindividual PP
crystallinelamellaeclosesto thePETmicro bril are
both orientedstrongly parallelto eachotherand at
the sametime perpendiculato the micro bril sur
face.In casesvhentwo micro brils lie closeto each
other the PPlamellaeareagainarrangecparallelto
eachotherandperpendiculato the both surfacesas
obseredin mary casegnot shovn in Figureb). In
all the caseghe averagethicknessof the individual
lamellaeis about8 - 10 nmandthewidth (thickness)
of thetranscrystallindayeris 100- 200 nm.

Not only sampledrom the nal MFC materialwere
investigatedby SEM and TEM, but also samples
takenafterdifferentearlierstagesf the MFC prepa-
ration process. Even immediately after the rst
stage(blendmelt-extrusion)transcrystallindPP lay-



500 nm,

Figure4: TEM micrographof a stainedultra thin sec-
tion (perpendiculato the orientationdirection) of injec-
tion mouldedPET/PP(40/60by wt.) blendsamplewith a
MFC structure

ers were found at the surface of someof the PET
spheres. The latter look very similar to thosepre-
sentedon the TEM micrographof Figures4 and
5. Ohlviously, the conditionsprevailing during cool-
ing down to RT afterthe melt blendingleadto for-
mation of transcrystallinelayers aroundthe PET
spheres. During cold drawing, i.e. the next step
of MFC preparation,thesetranscrystallineforma-
tions on the PET-PP phaseboundaryare destrged.
As alreadydiscussedranscrystallisatioagaintakes
place,whenthe blendis cooling dovn from thein-
termediateemperaturafterinjection moulding(cf.
Figures4 andb).

3.2 MFC with compatibiliser

Figure6 shavsthe TEM micrograptof aPET/PP/E-
GMA composite40/54/6containing6 wt.-% of the
compatibiliserE-GMA. A reductionof the average
diameterof the PET brils to1 mis obsered[27]

200 nm

Figure5: Detail of the lamellarstructurein the PP ma-
trix. TEM micrographon ultrathinsection

and, what is more striking, in comparisonto Fig-
ure 4, no transcrystallinezoneswith lamellaepref-
erentially extendingaway from the micro brils are
found. Evenin a magni ed image(Fig. 7) the thin
layer of oriented“dominant” lamellae[10] that are

500 nm,

Figure 6: Injection mouldedPET/PP/E-GMA(40/54/6
by wt.) materialcontainingcompatibiliser TEM micro-
graphof a stainedultra thin section(perpendiculato the
orientationdirection)of blendsamplewith MFC structure



200 nm

Figure 7: Injection mouldedPET/PP/E-GMA(40/54/6
by wt.) materialcontainingcompatibiliser Detail of the
typical lamellar structurecloseto the PET micro brils.
TEM micrographon ultrathinsection

clearlyvisible in the materialwithout compatibiliser
(compareto Fig. 5) is not presenton the micro b-

ril surface if compatibiliseris present. A small—
angle X—ray scattering(SAXS) study [28] during
drawing (betweenO and 10 % relatve deforma-
tion) of PET/PPdravn blends containing various
amountsf compatibilisedemonstratethe effect of

compatibiliseron the MFC nanostructure.An ex-

tendedequatorialstreak(void scattering)is typical
for the PET/PPblendswithout compatibiliser The
PET/PP/E-GMAblendsshav equatorialscattering
as well, but the re ection is much shortef much
higher andby morethananorderof magnituddess
intense. Thusthe few holesgeneratedn the blend
during cold drawing areneedle-shapefibr the mate-
rial withoutcompatibiliserwhereaghey areshortey
wider andlesspronouncedor the materialcontain-
ing compatibiliser This resultsupportshe expected
role of the compatibilisernamelythatit is enriched

The suggestednterpretationof these SAXS and
electronmicroscopiadata[27] assumeshatthe PET
micro brils (particularly after the isotropisationof
the secondblend componentthe PPin the present
caserecoatedby athin layerof theaddedcompati-
biliser. Thelatterpreventsthedirectcontactbetween
PETandPPandthussuppressethe epitaxialaswell
asthe nucleatingeffect of the PET micro brils on
the PPcrystallisationj.e. transcrystallindayerscan
not be formedandthe crystallisationof PP evenin
the very closeproximity to the micro brils surface
is performedn thesameway asin the PPmatrix far
from themicro bril surfaces.

3.3 Transcrystalline structure and materi-
als processing

In Part 1 of this study the material, at the beagin-
ning of the last MFC processingstep,is a bre in
which the PET micro brils areexcellently oriented.
Thenthe quiescenfP matrix is molten,andduring
the following andrelatively slow cooling stagethe
transcrystallineanostructurés formed. Our WAXS
resultsshav that, obviously, undertheseconditions
the epitaxial nucleationof the PP is very ef cient,
andasaresultthetranscrystallind®Pcrystallitesare
ableto interfusea considerabléractionof thematrix
volume beforethe ordinarybulk crystallisationsets
in.

The measuredeorientationeffect of the PP matrix
crystallitesin the MFC bre materialevenrequires
a secondprerequisite. Not only must the epitaxi-
ally nucleatedtrystallitesbeableto interfusethema-
trix volume, but alsomustthe PET micro brils be
well-oriented,so that the orientationof the crystal-
lites with respecto their local micro brils will lead

in theinterphasdetweerthetwo blendcomponents to an obserable global orientationin the PP phase.

whereit changeghe delaminationbehaiour of the
componentsluringcold draving.

In general suchkind of macroscopiorientationsof
crystallamellaeor micro brils causepeculiarmate-



rials propertiesase.g. in the well-establishedhard
elasticmaterialg[29, 30]. For a systematicstudy of
orientationdistributionsin transcrystallindFC ma-
terialsasafunctionof the processingarametersp-
propriatemethodshave beendevelopedby Ruland
[31-33].

Concerninghe materialsinvestigatecherein Part 2
of the study the PP matrix is molten as well, but
thereafteithe materialis injection moulded.Caused
from the melt o w somepreferentialorientationof
the embeddedPET micro brils is establishedand
duringthequenchingn themouldtheobseredtran-
scrystallinenanostructurés formed. Its constricted
transcrystallinezonescan be explained, if it is as-
sumedhattheadwantageof epitaxialnucleatiorwith
respecto nucleationin thebulk is decreasedsare-
sult of the considerableindercoolingof the PPmelt
whichis rapidly establishedh themouldingprocess.
In thiswaytheratherthin (aroundlOOnm)transcrys-
talline layersfound by the TEM analysison stained
thin sectionscanbe explained.

4 Conclusions

The obtainedresultsshav that polymer micro b-

orientedgrowth front propagatioraway fromtheline

nucleusmayreachoutinto the matrix for severalmi-

crons,evenif (asshavn in the TEM micrographs)
the orientedandstacled “dominant”[10] crystalline
lamellaeare only found in a zonethatis not wider

than a few hundrednanometres.Moreover, in the
WAXS patterngranscrystallisatio is indirectly de-
tectedbasedon preferredorientationof the growing

matrix crystals. A rst study[11] indicatesthatthe
distorted“subsidiary” [10] crystalsare orientedat
random. Underthis assumptionVAXS datashould
becomparedo thedatafrom TEM ratherthanto the
ESEMresults.

Comparingthe MFC bres of Part 1 with the MFC
injection-mouldedpartsinvestigatedhere, different
characteristicof the transcrystallinenanostructure
and its orientationwith respectto the main axis of
the specimenare found. The obsered differences
exhibit thattheimportanceof the processontrolfor
thespeci city of thetranscrystallinetructureshould
notbeunderestimated.
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