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ABSTRACT: Deformation-induced modification of the dispersion state of silica nanoparticles in poly(ethylene
terephthalate) (PET) has been characterized by means of transmission electron microscopy (TEM) and wide-
angle X-ray diffraction (WAXD). We focused on the biaxial deformation applied at a temperature just above the
glass transition temperature (110), during the free stretch-blowing process of amorphous PET modified with
submicron silica. The first nanocomposite studied contains 2.5 wt % of fractal aggregated pyrogenic silica. The
particles are well dispersed after the polymerization of PET, but they agglomerate and orient strongly parallel to
the elongation direction after biaxial deformation. They form long streams of partiegifh long) regularly

spaced by a distance of 5@00 nm. Interestingly, the silica organization is consistent with the hierarchical structure
commonly proposed for the strain-induced crystallization of PET. The particles are rejected from the highly
oriented domains induced by the strain, and their spatial organization reveals the superstructure. The second
nanocomposite contains 5% of spherical silica with a diameter of 20 nm. Its behavior is drastically different. The
silica also forms streams of particles«{2 um long); however, the streams are oriented perpendicular to the
elongation direction, and that is hardly compatible with the presence of a microfibrillar structure. We assume
that this unexpected orientation is produced by the extended growth of mesophases and crystallites perpendicular
to the orientation and that stacked lamellae are formed rather than microfibrils.

1. Introduction on several end-use properties like permeability, transparency,
rigidity that clearly depends on the crystalline volume fraction,
the orientation and size of the crystals, and the degree of
elongation of the macromolecules. For nanocomposites, an
'essential issue is to determine whether the presence of the
particles alters the development of the crystalline structure; and
how dispersed rigid nanopatrticles can be affected by the strong
deformation experienced by the polymer.

Whereas considerable effort has been made to characterize
and interpret the strain-induced crystallization of neat PET, very
few studies were devoted to filled PET'> and even less to
PET filled with submicron particle¥ The aim of this study
was thus to characterize the dispersion of two types of submicron
silicas in PET nanocomposites synthesized and subsequently
processed by injection-molding followed by free stretch-
blowing. Since we were particularly interested in the biaxial

by contrast with the difficulties encountered to break nanopar- hi h holoai b dh b d
ticle agglomerates in polyolefins, good dispersions are generaIIyStretC. Ing step, the morphologies observed have been compare
’ and discussed in light of the existing structural models proposed

achieved in PET. Besides, the above-cited studies presentto describe strain-induced crystallization of PET
extensive characterization of the state of dispersion obtained. ’
However, if the quality of the dispersion is a key for property 5 Experimental Section

improvement, a controlled dispersion must be obtained not only ) ) N

on the initial nanocomposite after its preparation but also on . 2-1- Synt.he5|s of the Nanocomposite$wo types of silica have
the final object. PET is exploited in fibers, films, and bottles beenkusec:]. a pyrogenic fractal aggre%ated |5|I|_?a (HDKT30 grom
produced by uniaxial or biaxial stretching. This technique Wacker Chemie) and a precipitated spherical silica (DP5820 from

T . . - Nyacol Nano Technologies, Inc.). The first was a solid that was
implies that unoriented amorphous PET is heated above its glas%:iispersed in ethylene glycol (EG) before introduction in the reactor

transition temperaturerg) and stretched so that crystallization (15 vt 9 silica in EG); its specific area was 306/g The second

is induced by the orientation. Such processing have major effectswas a colloidal suspension of 30 wt % of silica spherical particles
with an average diameter of 20 nm, in ethylene glycol. The presence
of negative charges at the surface of the silica particles(S&)

Poly(ethylene terephthalate) (PET) is one of the most
important engineering polymers, and its leader position can be
explained by its excellent mechanical and gas barrier properties
low color, and high transparency. Considering that it is
commercialized at the price of a commodity polymer, it is a
serious challenge to enhance PET properties. One possibility
consists in modifying the polymer with various kinds of
submicron-sized inorganic fillers. As an example, modified
nanoclays added in PET either in a twin-screw extruder or
directly during the synthesis of the polymer allow to reduce
the permeability to carbon dioxide and to increase thermome-
chanical propertiek.® Other particles like silica (Sig), titanium
dioxide (TiQy), calcium carbonate (CaGp barium sulfate
(BaSQ), talc, and carbon nanotubes have been testeécand
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— (280°C) @ o0 (280°C) maximum of the peak. The melting enthalpy for a whole crystallized
—\ PET AHm-crystal iS taken equal to 117.6 J 8§17 The degree of
t crystallinity, X, is evaluated by the following equation withg,

@ 5 the mass fraction of silica:
SSE4205 -G Strecth-blowing

t {100 °C)
1 AH,, — AH,
% REO, X = AR X 100 &

L <_ _':N m—crystal
Water bath (15 °C) -
Morphology.The samples were cut with a 48iamond knife at

1) PET synthesis 2) Crystallization + 3) Injection 4) Free room temperature on an ultramicrotome Ultracut Reichert S. The
pfrfmr?zt::;n molding  stretch-blowing speed was set to 1.5 mntlsand the thickness to 50 nm. The
) ) ) sections were then deposited on a 400 mesh copper grid. As far as
Figure 1. Elaboration steps of a PET bottle: (1) PET synthesis, (2) he pottles are concerned, the samples were first embedded in an
solid-state polymerization (SSP), (3) injection molding, (4) free stretch- epoxy resin (Epofix). Moréover, thin sections were taken in the
blowing. middle of the bottle and cut either perpendicular or parallel to the

the terms “fractal silica” and “spherical silica” refer to the different  Pottle axis (Figure 2). The transmission electron microscopy (TEM)
types of fillers. qbservatlons are cgrrled out on a JEOL ZOO.CX mlcroscopee(L.aB

Terephthalic acid (PTA), isophthalic acid (AIP), ethylene glycol filament, accelerating voltage 200 kV). The images were acquired
(EG), and antimony trioxide (SBs) were supplied by Tergal in the bright field mode.. Knowing that t.he orientation and oyerall
Industries (Gauchy, France). The polymerization in a 7.5 L batch Morphology may be different depending on the location in the
reactor included two steps: the esterification reaction between Samples, we made microscopic observations all across the preform
terephthalic acid (PTA) and ethylene glycol (EG) in the presence and bottle walls. The images selected and presented further represent
or not of the silica particles, followed by a transreaction of the What we observed all across the sample
ester catalyzed by antimony (&). The reactor is stirred with a Wide-Angle X-ray Diffraction (WAXD)Vide-angle X-ray scat-
helical impeller rotating at 45 rpm. The PET/silica was finally tering (WAXS) was carried out on the D2AM beamline of the
extruded out of the reactor and quenched in cold water to obtain European Synchrotron Radiation Facility (ESRF). The wavelength
amorphous pellets. After heating at 130 for 3 h tocrystallize of the X-rays was 0.54 A, and the specimeramera length was
the PET/silica, the solid-state polycondensation (SSP) was done atS€t to 240 mm. The two-dimensional (2D) WAXS patterns were
205°C under a N stream for 16 h to increase the molecular weight "ecorded with a CCD camera (Princeton Instruments).
of the chains. PET crystallizes according to a monoclinic unit, whose param-

2.2. Injection-Molding of the Preforms. After the SSP, the ~ €ters are equal ta = 4.56 A,b = 594 A,c = 10.75 A, a =
pellets were dried under vacuum at 130 for 16 h to avoid ~ 98.5, =118, andy = 112°.**In order to obtain a 3-dimensional
hydrolytic degradation during injection-molding. They were injected VIEW of the orientation of the crystfal unit of RET, .the 2-dimensional
in a mold cooled at 11C to form amorphous preforms. The preform  WAXS patterns along three different directions have to be
thickness was equal to 3 mm. The screw speed of the plastification considered. According to the axes defined on Figure 2, 2D WAXS
unit was set at 200 rpm, generating a shear rate higher than 100Patterns were acquired with the X-ray beam being perpendicular
sl either to the @ r) or to the @ Z) or to the (Z) plane of the bottle.

2.3. Stretch-Blowing of the Preforms The amorphous preforms ~ Moreover, one of the ways to quantify the orientation of the crystal
were submitted to a stretch-blowing process without mold called Unit is to draw a diagram called the Wilchinsky diagram. The
free stretch-blowing process. The preform was heated at@)0 detailed procedure is described elsewhere by Bafnaét al.
aboveT, (80 °C) but below the cold crystallization temperature . .

(Te. = 130°C), so that spherolitic crystallization is avoided. The 3- Results and Discussion

free stretch-blowing process is divided into two steps: a uniaxial  The properties of the nanocomposites are presented in Table
elongation of the preform in the longitudinal direction imposed by -1 The reduced viscosities measured for PET, PET/2.5% fractal
the stretcher, at a speed of 750 mm/s followed by a biaxial gjjica and PET/5% spherical silica are respectively 0.78, 0.73,

elongation in both the longitudinal and transverse directions imposed and 0.69 dL g, which correspond to a number-average

by a pressure of nitrogen gas set at 7 bar for 0.2 s. During this .
stage, the pressure initiates the formation of a bubble that propagate: olecular weight of 18 300, 16 700, and 15 600 g/#idThe

from the top of the uniaxially stretched preform toward the bottom; Polydispersity index generally obtained is between 1.95 and
this generates a biaxial elongation of the PET along the longitudinal 2.05.

and transverse directions. The obtained container is cooled using The global process was then considered, and the nanoparticles
compressed air. During the stretch-blowing process, the thicknessdispersion has been characterized at each step: after the
of the preform decreases from 3 to 0.3 mm in 0.2 s. The global synthesis, after the injection-molding, and finally after the biaxial
draw ratios werel. = 3.3 in the longitudinal direction antlh = elongation.

3.5 in transverse direction. A diagram summarizing the whole 3 1 Dispersion of Silica in PET after Synthesis and Solid-
process is given in Figure 1, and the stretching directions and axis giate polycondensationThe observation of the TEM images
are described in Figure 2. recorded on the amorphous pellets obtained after the synthesis

2.4. Nanocomposite CharacterizationReduced Viscosity (V). . . R
The polymer molecular weights are estimated by measuring the reveals a homogeneous dispersion of almost perfectly individu-

reduced viscosity (V) at 25C for a 0.5 wt % solution of polymer allzed sphencgl silica na_nopart|cules in PET (Figure 3 a). The
in a phenolé-dichlorobenzene 50/50 wt % mixture. interparticle distance (distances between the centers of two
Thermal PropertiesThe thermal properties of the PET nano- nheighboring particles) is estimated to be 41 nm. The experi-
composite and neat PET are examined with a DSC7 Perkin-EImermental mean distance corresponds well with the 39 nm
thermal analyzer. Enthalpy and temperature are calibrated with calculated with the following equation, wherés the radius of
indium under a nitrogen atmosphere. All samples are submitted to the particle andp the volume fraction of silica.
the following cycle: first heating 35290 °C (+10 °C/min),
isotherm at 29C°C (5 min), cooling 296-35 °C (—10 °C/min), 3
second heating 35290°C (+10°C/min). The melting temperature, d= (47T “/é) r
Tn (first heating), and cold crystallization temperatufe, (first 3¢

ETE—— 5, [ niection ﬁ@) heating), crystallization from the melt, are measured at the
>

)
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Figure 2. (1) Bottle geometry and coordinate systern. longitudinal direction;9: transverse or ortho-radial directior; radial direction. (2)
Elongation directions during the stretch-blowing process. (3) Observation directibasdrZ planes).

Table 1. Reduced Viscosity and Thermal Properties of the PET and PET/Sili¢a

reduced degree of
sample viscosity (dL/g) Tec (°C) AHcc 3 g Tm(°C) AHm (3 gY crystallinity (wt %)

amorphous PET after synthesis 0.78 131 43 247 50.3 6.0
PET/5% spherical Si9

amorphous after synthesis 0.69 130 45 246 51 5

crystalline after SSP 0.84 245 71 60

preform 126 41 247 48 5

uniaxially stretched perform 121 39 245 48 8

bottle 98 6 245 62 48
PET/2.5% fractal Si@

amorphous, after synthesis 0.73 132 44 248 50 5

bottle 98 7 248 65 50

aTe, AHce cold crystallization temperature and enthalfiy, AHy,: melting temperature and enthalpy.

Figure 3. TEM micrographs of the amorphous PET nanocomposites:
(a) PET/5% spherical silica after synthesis, (b) PET/ 2.5% fractal silica
after synthesis, (c) PET/5% spherical silica after injection-molding, and
(d) PET/2.5% fractal silica after injection molding. Inserts are zoomed
regions of the images<4 to x8). The silica particles appear in black.

In other words, the excellent initial dispersion of silica in
ethylene glycol is preserved during the PET synthesis.
The spherical silica consists of simple individualized spherical

silica particles, in contrast to the structure of the fractal silica
which is more complex. For the latter, the term “particle”

glycol was slightly turbid, indicating the presence of entities
that diffuse light.

The following crystallization and SSP treatments result in a
high degree of crystallinity of the PET, 60% determined by
calorimetry (Table 1). As expected, the crystalline PET/silica
nanocomposite has the same morphology as the amorphous one
since the thermal treatment was done at the solid state. Note
that the term “morphology” refers to the quality of the silica
dispersion and not to the crystalline microstructure.

3.2. Dispersion of Silica after Injection-Molding. After the
synthesis and SSP, the PET/silica is injection-molded in order
to obtain the preform. We briefly remind the features of this
process in order to help the understanding. The pellets are
plasticized inside the barrel of the injection machine. When the
polymer has totally melted, it is injected in the cold mold to
quench the part and to avoid crystallization. The low degree of
crystallinity of the PET was confirmed by DSC and found to
be 5%.

For both the spherical and fractal silicas, the TEM pictures
show a significant agglomeration of the particles (Figure 3c,d).
In the spherical silica agglomerates (see zoom in Figure 3c),
each silica particle is spaced from the others by a distance
ranging from 0 to~10 nm. The morphology is isotropic as was
confirmed by the TEM observations in the perpendicular
direction (not shown here). The size of the agglomerates ranges
from 100 to 500 nm. To interpret this morphology change, it is

designates an aggregate of primary particles with a diameter ofuseful to point out some of the mechanisms involved in particles
9 nm. The aggregate cannot be broken by any classicalagglomeration in a flow field. Forming agglomerates requires
dispersion technique. In this work, the term “aggregate” refers the approach of particles that is often quantified by the

to this specific structure while the term “agglomerate” refers to

probability of occurrence of a collision. This probability is

a group of aggregates. A view of an aggregate is shown in proportional to the shear rate (laminar flow) and to the volume
Figure 3b. The fractal silica is also well dispersed, but some fraction of particle$! Second, to form an agglomerate, the
agglomerates are present (Figure 3b). This indicates that theparticles must come in contact; this requires that they are given

shear rate induced by the rotation of the impeller was not
sufficient to break the agglomerates present in the initial silica

sufficient energy (thermal, mechanical) to drain the molten
polymer layer in between the particles and also to overcome

dispersion prepared by ourselves. This dispersion in ethylenethe energy barrier that prevents the contact, the van der Waals
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attractive forces becoming predominant at short distdhtfe.
the energy brought by the shear is higher than the barrier energy
the silica particles agglomerate.

To conclude on the morphologies obtained after the synthesis,
the observation of the TEM images on the amorphous pellets
shows a quasi-perfect separation of silica particles from each
other, which means that the low speed of the helical stirrer does
not produce sufficient stresses to drain the interparticle polymer
layer and overcome the barrier energy required to force silica
particles to agglomerate. For fractal silica, the shear is too low
to break the initial agglomerates present in the initial dispersion
introduced into the reactor. In contrast, the high shear rate
experienced during injection-molding generates a force able to
push the particles in contact; the important aspect here is that
the injection-molding step causes a significant alteration of the
excellent initial silica dispersion.

3.3. Dispersion of Silica after Uniaxial Stretching of the
Preform. During the first uniaxial stretching the length of the
preform increases while the diameter remains almost unchanged
We define the draw ratid,; as the ratio of the uniaxial stretched

length over the initial length of the preform. For our operatin ) .
con%itionsﬂ =15 Accogrldin to nu?nerous studies onFl)JniaxiagIJ Figure 4. WAXS 2D patterns of the PET/2.5% fractal Si0ottle,
L= = 9 with three different configurations, the X-ray beam being perpendicular

stretching of amorphous PET, a minimum stretching (that to (a) the §2) plane, (b) therg) plane, and (c) thedf) plane of the
depends on strain rate, temperature, molecular weight) is bottle.

necessary to cause some orientation of the PET and further
induce crystallizatio3-28 When the stretching ratio is too low
(<2), the material remains amorphous with highly oriented
zones containing chains in their trans configuration and less
oriented zones; this structure crystallizes at low rate. Our thermal
measurements confirm that feature since a degree of crystallinity
of only 8% is found for the uniaxially stretched preform, which
corresponds to an increase of 3% compared to the degree of
crystallinity of the unstretched preform (Table 1).

The preform wall was examined in two directions: longitu-
dinal and transverse. The TEM observations are not presented
here because they show that the dispersions of the silica in both
longitudinal and transverse directions, for unstretched and Figure 5. Wilchinsky diagram showing the orientation of the a vector

)

uniaxially stretched preforms, are similar, with the presence of
isotropic agglomerates of particles. Therefore, we conclude that
the uniaxial stretching step has no significant influence on the
dispersion.

3.4. Dispersion of Silica after the Biaxial Stretching After
the preform is elongated, the air pressure causes the inflation
of a “bubble” at the top of the preform. The propagation of the
bubble generates a biaxial deformation of the PET with draw
ratiosA,2 = 2.3 in the longitudinal directionZ) andir = 3.5
in the transverse directio). The bottle geometry is defined
in Figure 2, we assigZ to the axial,f to the orthoradial (or
transverse), and to the radial or out-of-plane directions. The
global draw ratios ard; = 42411 = 3.3 in the longitudinal
direction andAr = 3.5 in transverse direction. According to
the value of the draw ratios, a major chain orientation is expected
along thef axis and to a less extent along tAexis.

In the same way as the preform, the microscopic observations
on the bottle wall are made, in two directions called longitudinal
(view of therZ plane) and transverse directions (view of the
plane) (Figure 2).

3.4.1. Orientation of the Crystal Units of PET. The
monoclinic crystal unit of PET leads to several diffraction peaks.

of the PET monoclinic unit in the pristine PET bottle (triangle), in the
PET/5% spherical Sigbottle (circle), and in the PET/2.5% fractal SiO
bottle (square).

obtained with the pristine PET and the PET/2.5% fractal,SiO
bottles (not displayed).

When looking at a bottle with thedZ) plane perpendicular
to the X-ray beam (Figure 4a), rings are observed. The most
intense ring, observed for a scattering vediaf about 1.2, is
due to the diffraction of the (001) and (010) planes of the PET
monoclinic unit. Unfortunately, this ring is due to the diffraction
of several planes, and it is not possible to go further. The two
other configurations (Figure 4b,c) lead to the presence of very
intense spots aj = 1.71, which are due to the diffraction of
the (100) plane. It is possible to quantify the orientation of the
(100) plane from these 2D patterns, through the Wilchinsky
diagram?!® Basically, the Wilchinsky diagram is a ternary
diagram of orientation. If a plane is not oriented in the sample,
the corresponding point will be located on the diagram at the
intersection of the three bisectors. On the contrary, if a plane is
perfectly oriented, for example with its normal vector parallel
to the Z direction, the corresponding point will be located at
the Z summit of the Wilchinsky triangle.

Figure 5 represents the Wilchinsky diagram for the orientation

Three different configurations were studied, depending on the of the (100) plane of the PET monoclinic unit. The point of the
respective orientation of the bottle specimen and the X-ray beam.pristine PET bottle is relatively close to tesummit of the
The corresponding WAXS 2D patterns of the PET/5% spherical triangle, which means that the vector normal to the (100) plane
SiO; bottle are displayed in Figure 4. Similar 2D patterns were (the a vector of the monoclinic unit) is well aligned in the
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direction. Moreover, this point is located on the bisector, which PET as the matrix, the biaxial elongation of a PET/paty(
means that thé andZ directions play similar roles. Thisisin  xylylene adipamide) blend deforms the polyamide spherical
agreement with the presence of rings in Figure 4a. It is domains into high aspect ratio platelé&tsiere, the agglomerates
concluded that the andc vectors of the PET monoclinic unit  of fractal silica formed after the injection molding of the preform
are orthotropically oriented in théZ) plane of the bottle. This  behave like a dispersed polymer phase and are elongated in the
implies that thea vector is mainly oriented along thedirection 6 andZ directions.
of the bottle, its nonperfect orientation being due to the fact More interestingly, we note that the silica streams are
that the angles in the PET crystal unit are not equal tb 90 regularly spaced, at an average distance ranging from 50 to
Moreover, no difference can be found in the orientation of 150 nm, and that absolutely no silica is found in the regions
the (100) plane in the pristine PET, PET/5% fractal 5ié@nd between the streams. This observation leads us to the question
PET/2.5% spherical Sigbottles. It can thus be concluded that of the relations between the state of dispersion of the silica
the presence of Sikoes not affect the orientation of the PET  particles and the microstructure of PET. The structural develop-
crystal unit in the bottle. ment by uniaxial deformation abovg of quenched amorphous
3.4.2. Dispersion of Fractal Silica after Biaxial Stretching. PET has been studied because it is involved in several industrial
First we should emphasize again that we designate the dispersiorshaping operations and is known to influence strongly the end-
state of the silica by the term “morphology”, whereas the term use properties (modulus, transparency, permeability). Recent
“structure” or “microstructure” refers to the PET crystalline reviews give an overview of the flow-induced crystallization
organization. process?3t is now well-established that flow (shear, stretch-
The morphology of the PET/fractal silica is seen in the two ing, or drawing) considerably affects the structural evolution
directions of observation as lines or streams of silica particles, of the polymer and its kinetics. In PET, uniaxial solicitation
0.3-1 um long and oriented along the two directions of promotes the stretching and orientation of the molecular chains,
deformation (Figure 6). The literature devoted to the organiza- and nematic and smectic phases can appear, especially below
tion of inorganic nanofillers during deformation is not abundant, Ty Above Ty, these mesophases can also exist provided that
and at this point we must turn toward studies about polymer the draw rate is high enough and the temperature not too high
blends. The morphology may be understood if we consider how (<125 °C).24-37 Depending on the draw rate, temperature, and
heterogeneities like nodules of an immiscible polymer deform the existence of an annealing step, subsequent crystallization
in a polymer matrix submitted to elongation. As an example, a can develop accompanied or not by a tilting of thaxis of
fibrillar dispersed polymer phase is obtained by the elongation the triclinic unit cell®® In polypropylene, the mesophase can
of a polymer blend at the die exit of an extrud&??Also, with act as nucleating sites for crystallization. In PET, the mesophase

i ‘ TG
& _II 3

(d)

Figure 6. TEM micrographs of PET/2.5% fractal silica after stretch-blowing (a, b) longitudinal observafignighe). The dotted arrow indicates
the longitudinal elongation direction. (c, d) Transverse observatiémplane). The black arrow indicates transverse elongation direction.
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is supposed to behave like a template or precursor whoseamorphous phase. Thus, it is crucial to determine whether the
ordering facilitates the crystallization, and the strain-induced shape and size of the oriented zones are consistent with the
crystallization occurs mainly in the mesophase region. The present silica organization. As an example, in the case of
crystallization process is accelerated so much by the existinguniaxial solicitation, different studies converge to assert that
molecular orientation that no crystallization directly from the the induced structure consists in microfibrils aligned parallel
amorphous region is observed. Also at high strain rates, theto the stretching direction and surrounded by more or less
crystallization process does not begin until the end of the oriented amorphous phase. The microfibrils contain tilted
stretching, and it is so fast 1100 ms) that it may take place lamellae and stretched chai#?s$-41 Kawakami and co workers
even during deep quenching of the sanf3f€:3¢As an example, investigate the phase transition during uniaxial deformation (at
BlundelP” and Mahendrasinga®hmeasure 0% crystallinity of 80, 90, and 100°C) by simultaneous 2D small-angle X-ray
PET at the end of draw at a draw rate of 12:8 s temperature  scattering (SAXS) and wide-angle X-ray diffraction (WAXD)

of 90°C, and a draw ratio of 3.5. At 9GC, he finds that above  using synchrotron radiatiof?:*° They propose a description of

a draw rate of 1 s the onset of crystallization coincides with  phase transition and structure development pathways that will
the end of the deformation process; that is, crystallization starts not be detailed here. Only the final structure model is outlined.
as soon as the deformation stops. Although the above featuresThey identify fibrils with a diameter ranging from 20 to 60 nm
are now accepted and demonstrated, there exist very fewand a length of several hundred nanometers. If the morphology
indications on the structure of stretched PET on a larger scale.presented in Figure 6c¢,d is considered in light of these data, we
In other words, in most of the published works the thickness note that the distance between the particle streams and their
and the spacing of smectic layers (and subsequent lamellae)ength are consistent with the sizes of fibrils proposed by
are measured, but it is difficult to get actual data in terms of Kawakami. However, it is necessary to be cautious and to
dimensions of the superstructures and accordingly obtain aremember that these works are carried out at rates of deformation
global picture of how these entities are organized. This is lower than those encountered here. As an example, our operating
probably due to the high complexity of the experiments and conditions impose deformation at 750 mm/min while the
interpretations, especially when the formation of superstructuresdeformation rate imposed by Kawakami was 5 mm/min. In the
is followed in-situ by coupled techniques as achieved by authors experiments of Kawakami, crystals are formed at the end of
in recent works. We emphasize the importance of a quantifica- the process and are revealed by the X-ray diffraction pattern.
tion of the dimensions since we believe that in our nanocom- At 110 °C and a draw rate close to 10's Mahendrasingam
posite the fractal silica particles are rejected from the highly also observes that the crystallization starts during the deforma-
oriented mesophase and crystallites toward the less orientedtion stage and is achieved at the end of the prote€m the

(b)

(d)

Figure 7. TEM micrographs of PET/5% spherical silica after stretch blowing (a, b) longitudinal observediptage). The dotted arrow indicates
the longitudinal elongation direction. (c, d) Transverse observatiémplane). The black arrow indicates transverse elongation direction.
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other hand, several authors believe that only nematic and/or(PBT) crystallized under shear at 19&€ and proposed a
smectic phases are formed and that crystals appear only upormicroshish modet® Yishioka et al. observed for the first time
a relaxation mechanism when the deformation is interrufstéd. by TEM the formation of long stacked lamellar structure during
Our process of free-blowing is run at 30%sstrain rate and the uniaxial orientation of thin films of PBT and PEN but not
ends by a fast cooling step imposed by an external air-blowing, in PET#647 The great advantage of a direct visualization is that
but probably it is not fast enough to quench the mesophase sincet is possible to measure the dimension of the structures. In PBT,
crystals are formed. the authors report that stacked-lamellar structuresuhlong

To summarize, we believe that the fractal silica particles are (Or more) are formed along the shearing direction. They also
rejected from the oriented and crystallized zones of the PET. dive the length of the lamellae that is estimated at-1P00
They organize in the shape of flat agglomerates (platelets) "M Although these data concern UHMWPE, PBT, and PEN,
elongated in théZ plane that corresponds to the directions of it is interesting to have the orders of magnitude in mind to note
deformation. An interesting aspect is that the silica morphology that the size and shape of these structures are compatible with
reveals the shape and size of the oriented superstructures of€ morphology of the silica that we observe.
PET. We cannot call them microfibrils since the orientation is  3.5. DiscussionOnce again, the basic starting point is that
biaxial instead of uniaxial, but their thickness {5060 nm) and both types of silica are rejected from crystals and highly oriented
length (1 um) correspond well to the data estimated by PET phase. On the one hand, the organization of the fractal
Kawakami despite the application of a much higher strain rate. silica reveals a structure similar to microfibrils, except that we

3.4.3. Dispersion of Spherical Silica after Biaxial Stretch- ~ have a biaxial geometry of the structure. The microfibrils and
ing. In the longitudinal view (Z plane) a weak orientation of ~ the flat agglomerates of silica particles are oriented inéthe
the silica agglomerates is observed parallel to the axial stretchPlane, corresponding to the directions of elongation. By contrast,
direction (Figure 7a,b). The situation is totally different when for spherical silica we hardly see how microfibrils can coexist
looking at the transverse sectiord (plane) of the bottle wall ~ With silica agglomerates strongly oriented perpendicular to the
presented in Figure 7c,d. Surprisingly, the orientation of the Main elongation direction. It seems reasonable to say that the
silica agglomerates is perpendicular to the main stretching Shish-kebab or stacked lamellae structure is more likely to match
direction (transverse). The agglomerates of particles are stronglyth® silica arrangement, both in terms of orientation and
elongated in the shape of ellipses, with a length aroupgnl ~ dimensions of the agglomerates. We hypothesize that the
and a thickness ranging between 50 and 150 nm. The ellipses?dglomerates present before blowing are deformed by the
are supposed to be the result of the deformation of the initial 9rowth Of structures similar to kebabs or stacked lamellae
silica agglomerates found in the amorphous preform; however, Perpendicular to the stretching axis. In that way ellipsoidal silica
they have been deformed following a°9@ngle compared to ~ adglomerates are generated. We propose a schematic view of
the transverse elongation axis. This feature was quite unex-the structure that we imagine in Figure 8 as well as a comparison
pected, and the experiment was repeated to confirm it. The P€tween the morphologies seen with spherical and fractal silica
stretching process by itself cannot explain the deformation of @t the same scale and with the same orientation of the stretching
silica agglomerates perpendicular to the stretching direction. direction. TEM performed on stained samples could have been
Also, in the framework of the structural models of strain-induced a@n €fficient technique to confirm the morphologies and
crystallization discussed previously, it is difficult to imagine Structure?® Unfortunately, we could not obtain enough
how a fibrillar superstructure (oriented parallel to the elongation) contrast between the PET crystalline and amorphous phases,
can fit the morphology presented in Figure 7c,d. Actually, the Which might suggest that the strain-induced crystallites are
only structures that may develop perpendicular to the elongation Nighly defective compared to crystallites obtained by thermal
direction are the smectic layers and the lamellae. If we first Crystallization.
consider the case of the smectic layers, it is not said in the The above interpretations involve that the PET superstructure
literature whether they are able to grow extensively in a direction is different depending on the type of nandfiller. In other words,
perpendicular to the stretching direction or if their size is small. PET chains submitted to deformation do not behave in the same
This is of importance since it appears that the elongated silica way depending on whether fractal or spherical silica is present.
particles agglomerates are about 50000 nm long. On the  The superstructure generally observed for stretched PET being
other hand, the structures known to develop in an extended waymicrofibrillar, an important question is to determine why
(0.5-1 um) perpendicular to the elongation direction are spherical silica alters the classical development of the crystalline
lamellae as observed in shish-keb&bS&hish-kebabs consist  superstructure, favoring the growth of extended superstructures
of a central fiber (shish) from the surface of which crystals at 90 angle compared to thé and Z elongation directions.
develop (kebab). Shish-kebabs are generally recognized in highThis is a difficult point and the only published study in this
molecular weight polymers (e.g., polyethylene, polypropylene) field to our knowledge is the work of Taniguchi, who proved
and rarely in aromatic polyesters since their molecular weight that 0.35 wt % TiQ with a diameter of 0.Jum retards strain
is much lower. Shish-kebabs were nicely visualized in ultrahigh hardening, producing films with lower crystallinity and orienta-
molecular weight polyethylene (UHMWPE) by selectively tion levels® The particles act as “antinucleating” agents during
extracting the amorphous phase and observing the structuresieformation. In the domain of thermal-induced crystallization,
by field emission scanning electron microscdpylhe shish- Waddon and Nitta report that spherical silica decreases the
kebabs are long {210 um); the average diameter of the shish spherulite growth rate of respectively polyoxyethylene and
is 10 nm to a few tens of nanometers, and the distance betweemolypropylene during quiescent crystallizati$t° They propose
neighboring kebabs is 30L00 nm. The adjacent kebabs are that the mobility of the crystallizing units is reduced by the
sometimes connected so that their plane can develop to severaspatial confinement between particles. In PP, the spherulite
hundreds of nanometers. The existence of shish-kebab in PETgrowth rate is reduced by a factor2 by the presence of 5 wt
is not mentioned, but recently, Li and de Jeu visualized by AFM % 25um diameter silica with the interparticle distance ranging
long lamellae (several hundred nanometers) oriented perpen-from 100 to 50 nm. The situations described in the three studies
dicular to the flow direction in a poly(butylene terephthalate) cited here are not exactly similar to ours, but they allow to sketch
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—Amorphous ¢
domains

Microfibrils with crystalline and highly Extended crystalline and
oriented chains (50 to 100 nm thick) highly oriented domains

) d)

Figure 8. Comparison of the morphology of PET/2.5% fractal silica and PET/5% spherical silica after biaxial stretching (a and b, respectively) and
schematic representation of the morphology (c and d). View of éhglane. The scale is the same for the two pictures, and the direction of the
stretching is the same for all views.

out propositions of interpretation. Indeed, the spatial confinement e Finally, the biaxial elongation imposed during the free-
is even more drastic inside the agglomerates of particles depictecblowing process strongly modifies the dispersion state of the
in Figure 3c (see zoomed view). The distance between adjacentsilica. The isotropic agglomerates of particles are elongated
silica spheres is less than 10 nm, and it is very likely that PET parallel or perpendicular to the deformation directions depending
chains present inside the agglomerates do not have the possibilityon the type of nanofiller, respectively fractal or spherical.
to orient to the same extent as those situated outside. If weWhereas the organization of the fractal silica is consistent with
suppose that PET does not crystallize inside the agglomeratesthe microfibrillar structure often initiated by strain-induced
it can explain that these zones remain sufficiently mobile to be crystallization of PET, the spherical silica organization is not.

deformed by the growth of the crystalline morphology. We propose that in the presence of spherical silica particles long
. stacks of lamellae (and mesophase) are formed separated by
4. Conclusion wide amorphous less oriented domains where the particles tend

Before concluding, one should bear in mind that the to be situated. The question of the crystallization model of PET
understanding of the evolution of the dispersion of nanofillers is much debated, and we are aware that the stacked lamellae
in relation to the microstructure of the PET is of great model is not the most currently admitted in drawn PET;
importance for end-use properties. As a practical example, thehowever, it is able to explain that the particles agglomerates
presence of agglomerates of particles leads to diffusion of light are elongated at a 9@ngle compared to the stretching direction.
and loss of transparency of the material. It may also greatly Indeed, a direct observation may help to provide a view of the
influence the permeability properties since it is well-known that crystalline superstructure and confirm this hypothesis. Although
tortuosity of the gas pass is an important parameter to considerthe reason for the change of crystalline superstructure in the

in this field. presence of spherical silica needs to be clarified, the reduction
In this context, the results presented here can be summarizedf the crystallization rate (or even the suppression of crystal-
as follows: lization) of the macromolecules trapped inside the agglomerates

« The dispersion state of two types of submicron silica IS put forward to explain the easy deformation of the agglomer-
(spherical and fractal) was found to be excellent after the in- ates by the growing crystallites.
situ synthesis of the PET nanocomposites. Especially, the
spherical particles are well individualized, and no agglomerates ~ Acknowledgment. This work was financially supported by
are observed. Some agglomeration is found with the fractal Tergal Industries and the ANVAR Picardie. The stretch-blowing
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