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ABSTRACT: This work investigates the solid state uniaxial stretching of neat polyethylene therephthalate, PET, and its montmorillon-

ite, MMT, nanocomposites (0.3 wt % of MMT particles with different initial agglomerate sizes) showing intercalated and tactoid

morphologies, followed by in situ WAXS and SAXS experiments under an X-ray synchrotron source. The distinct nanocomposite

morphologies were assessed by WAXS and transmission electron microscopy. The in situ WAXS experiments during stretching eval-

uated the evolution of phase’s mass fractions and the average level of molecular orientation upon uniaxial deformation, and the in

situ SAXS experiments assessed the evolution of craze-like structures and void sizes. Multiscale structure evolution models are pro-

posed and compared for neat PET and its nanocomposites. Main global mechanisms are identical although with distinct evolutions of

phase mass fractions. Also craze-like/voids structures evolve with distinct sizes. Intercalated MMT morphology induces an earlier for-

mation of periodical mesophase, a retarded widening of craze-like structures and the smallest void sizes.VC 2012 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Within the last decade it has been clearly recognized that inor-

ganic nanoscale reinforcements have become an attractive mean

of improving the properties and stability of polymers with very

low incorporation of nanoparticles (typically <5 wt %). This

led to a new class of composites, the polymer nanocomposites,

PNCs.1 Because of the high surface-to-volume ratio of the

nanofillers, innumerous interactions are developed with the

polymer macromolecular chains, that can operate as structure

and morphology directors and may also introduce new energy

dissipation mechanisms.2

Poly(ethylene therephthalate), PET, nanocomposites reinforced

with layered silicates, particularly montmorillonite, MMT,

became an important alternative for neat PET for packaging

applications with improved mechanical, barrier, and thermal

properties. The nanocomposite properties depend on the

delamination of MMT nanoparticles into the polymer matrix.

These can be (i) tactoid—unseparated MMTs layers, (ii) interca-

lated—regularly alternating MMT’s and polymer layers with a

repeating distance of a few nanometers, and (iii) exfoliated—

irregularly delaminated and well-dispersed lamellas of MMT.3

These distinct structures play a key role in the enhancement of

the PNC properties. Normally, exfoliated PNCs have superior

mechanical properties than intercalated nanocomposites.4–8 To

delaminate and disperse MMT in the PET matrix it is necessary

to introduce organic modifiers (organo modified MMT, oMMT).

This process changes the MMT’s substrate from hydrophilic to

hydrophobic for better insertion of hydrophobic PET molecular

chains into the gallery between the layers of MMT. In this case,

improved delamination and dispersion of MMT in the PET ma-

trix is achieved.

The incorporation of MMT nanofillers in the PET polymer ma-

trix have been made via various methods, namely: (i) in situ po-

lymerization,9–19 (ii) solvent assisted blending,9–11 and direct melt

blending.12–23 Melt blending techniques are recognized as an

attractive pathway to produce PNC in a commercial scale, due

to: (i) the fast dispersion of nanofillers in the melt, (ii) the avail-

ability of melt compounding capacities, and (iii) the environmen-

tally friendly preparation.1 A variety of blending apparatus were

used for compounding of PET with MMT nanoparticles, specifi-

cally: (i) corotating twin-screw extruder,12,14,15,21,22,24,25 (ii) coro-

tating twin-screw micro extruder,26,27 (iii) contrarotating ex-

truder,16 (iv) extrusion and subsequent injection moulding,17,18,23

and direct injection molding.17,23 However, the main limitations

VC 2012 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38368 1

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


of melt blending methods are the delamination of MMT’s layers

into the polymer matrix and the thermal decomposition of the

organic surfactants.21 Successful melt dispersion requires the pres-

ence of strong interactions between the inorganic nanofillers and

the macromolecules, an appropriate stress field and an enough

residence time. In the literature many works report about

PET/MMT nanocomposites with enhanced tensile mechanical

properties, produced via melt blending, namely: (i) higher

modulus,12,15–18,25 (ii) higher strength,12,14,18 and (iii) higher

deformability.14

Until now, research efforts have been devoted to the characteri-

zation of the deformation mechanism of PNCs with MMT dur-

ing uniaxial stretching, as a function of the degree of delamina-

tion of MMT. Kim et al.28,29 identified that the main

deformation mechanism is through microvoid formation inside

tactoids or intercalated MMT particles. The originated void size

is directly related to the MMTs morphology, thus intercalated

state resulting in smaller voids than the tactoid one.28 Three

possible modes of deformation were identified depending on

MMT’s particles position toward the stretching direction: (i)

perpendicular (splitting) were deformation initiates at the mid-

dle region of the stacked MMT’s particles (tactoid) or platelets

splitting takes place in the middle of intercalated MMT particle,

(ii) at a certain angle (opening)—opening of bundles of the

stacked particles (tactoids) or bundles of the intercalated MMT

layers occurs during the deformation process, and (iii) parallel

(slipping)—slipping bundles of the stacked MMT’s particles in

case of tactoid morphology and sliding of pallets of MMT par-

ticles for intercalated one. Recent works based on in situ SAXS

investigation of PET nanocomposites with carbon nano-

tubes30,31 and carbon black31 evidenced as well matrix craze-like

formation with voiding during uniaxial stretching in the solid

state. However, the incorporation of the inorganic nanoparticles

retarded the growth and failure of the crazes during

deformation.30,31

To improve and control the ultimate mechanical properties for

a wide range of applications and, in particular to optimize the

stiffness/toughness balance, a better understanding of the inter-

relationship between the MMT morphologies and structure evo-

lution during the mechanical deformation processes is required.

In this context, this work aims at understanding the effect of

MMT nanofillers incorporation within a PET matrix on the

structure evolution and deformation mechanism taking place

during uniaxial stretching in the solid state.

EXPERIMENTAL

Materials

In this work the following materials were used: Poly(ethylene

terephthalate), PET, with intrinsic viscosity of 0.74 6 0.02 dL

g�1 (bottle grade), provided by Tergal Fibers S.A., France.

Nanoparticles: organo-modified (with stearylbenzyldimethyl-

ammonium chloride) MMT, oMMT, with different powder

agglomerates size, namely: (i) Nanofil
VR

32, called MMT32

and (ii) Nanofil
VR

2, called MMT2. These materials were supplied

by Süd-Chemie AG, Germany. Their specifications are given in

Table I.

Sample Preparation

Samples used in this work where produced via direct melt

blending of PET with 0.3 wt % of MMT, using an asymmetric

batch minimixer according to the experimental procedure

described in our previous work [44] After blending, compres-

sion molded samples were prepared and cooled down very rap-

idly on a water container at 5�C to obtain amorphous PET pla-

ques. These plaques were then cut with a curved axisymmetric

shape and used for the in situ WAXD and SAXD simultaneous

to the uniaxial tensile testes (sample dimensions—length 35

mm, minimum cross-section 14 � 0.3 mm2 and curvature ra-

dius of 10.4 mm. The grip distance was of 14 mm).

Nanocomposites Characterization

Off-line Wide Angle X-ray Scattering, WAXS. WAXS was per-

formed on a AXS NanoStar Bruker equipment working with Cu

Ka radiation (k ¼ 0.154 nm). The sample-to-detector distance

was 99 mm and 2D WAXS patterns were acquired with a 2D

HI-STAR Area Detector with accumulation time of 600 s. The

WAXS patterns were analyzed in the range of 2h ¼ 1.6�–10�, to
study the delamination of the MMTs.

Transmission Electron Microscopy, TEM. Particles agglomer-

ates sizes where obtained using TEM micrographs taken from

ultramicrotome cuts of �60 nm of thickness, made through the

thickness of the compression molded samples. For that a JEOL

JEM 1010, at a voltage of 100 kV was used. Three micrographs

per nanocomposite were used for particles agglomerates meas-

urements from randomly transversal cuts. MMT’s particles

incorporated into PET nanocomposites were assumed to be el-

liptical. The average agglomerate (cluster of intercalated par-

ticles or tactoids) diameter, Dav, was calculated by:

Dav ¼
Pn

i¼1 ½ðd1 þ d2Þi=2�
n

(1)

where d1 and d2 are the main diameters of each agglomerate

and n is the number agglomerates considered (at least five TEM

particle measurements were considered).

Simultaneous Deformation and In Situ Synchrotron

Characterization

Uniaxial continuous stretching in the solid state (at 23�C) and

in situ WAXS and SAXS characterization were performed simul-

taneously. WAXS and SAXS were carried out under synchrotron

radiation (Ge (111) and k ¼ 0.15 nm) at HASYLAB, DESY,

Table I. Nanoparticles Specifications (According to Supplier Data)

Nanoparticles
Daggl.

(mm)
d(001)
(nm)

UTBD
(g L�1) Surfactant

MMT32 30–80 1.8 350 long chain
hydrocarbon/
benzyl group

MMT2 8–12 1.8 150 long chain
hydrocarbon/
benzyl group

Daggl.—powder agglomerates main average diameter, d(001)—interlayer
distance of basal plane (001), UTBD—untamped bulk density.
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Hamburg (A2 beamline). The mechanical testing was performed

on a homemade uniaxial tensile stretching device enabling to

move both grips in opposed directions, so that X-ray beam is

maintained at the center of the sample during the stretching

procedure. Stretching apparatus output, the force and displace-

ment curve was converted into homogeneous stress–strain

curves (rN versus ln k). It was assumed that the curved axisym-

metric tensile specimen deforms through a rectangular neck.

The stretching ratio, k, was defined as:

k ¼ l

l0
(2)

where l is actual tensile specimen length and l0 the grip distance

in mm. Also the homogeneous stress was calculated as follows

(assuming a homogeneous deformation):

rN ¼ F

A0

k (3)

where F is the force and A0 the initial minimum tensile speci-

men cross-section area.

The specimens were mounted perpendicular to the incident X-

ray beam and stretched in the vertical direction. Background

scattering was subtracted and all plots were normalized with

respect to the incident X-ray intensity, accumulation time, and

specimen thickness (assuming a homogeneous deformation32).

Equipmental setups were as follows:

(i) WAXS: sample-to-detector distance of 145 mm and 2D

WAXS patterns were acquired with accumulation time of

Figure 1. Homogeneous stress–strain curve and selected 2D WAXS patterns for solid state uniaxial stretching of neat PET (note: a mismatch in the

WAXD patterns is observed on the neck region due to neck formation out of the incident X-ray point).

Figure 2. In situ video images of neat PET sample: (a) start of deformation, (b) neck initiation, (c) neck formation, (d) neck propagation, and (e) ten-

sile bar rupture (the black spot represents approximate X-ray beam incident point).
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20 s. Samples stretched at a constant crosshead velocity

of 2 mmmin�1 (strain rate of 0.002 s�1). Such accumula-

tion time was set as a lowest as possible for considered

strain rate.33–35 WAXS was calibrated by means of a crys-

talline PET sample.

(ii) SAXS: sample-to-detector distance of 3025 mm and 2D

SAXS patterns were acquired with accumulation time of

30 s. Samples stretched at a constant crosshead velocity

of 5 mmmin�1 (strain rate of 0.006 s�1).

Phase’s Mass Fractions. The two linear intensity profiles, taken

along the equatorial and meridional directions from the 2D

WAXD patterns, were used to estimate mass fractions of amor-

phous, mesophase and periodical mesophase. A peak-fitting

program was used to deconvolute the distinct phase’s peaks that

were fitted by a Gaussian function. The morphology of the

studied samples were assumed to consist of two phases23,36: (i)

amorphous—isotropic phase and (ii) mesophase—anisotropic

phase with degree of packing and order between the crystalline

and the amorphous phase. The amount of amorphous phase

was assumed to be proportional to the area of the peak taken

from the meridional profile. The subtraction of the amorphous

fraction from the total area of the peak taken in the equatorial

profile was proportional to the amount of the mesophase. The

mass fractions of the individual phases were taken as the ratio

of the area for each phase to the total area of the equatorial

profile. As the strain increases, the WAXS patterns can exhibit a

pair of meridional mesomorphic reflection ð103Þ at about 2H ¼
25.8�,37,38 indicating conformational regularity, and called peri-

odical mesophase, PM.39 At this stage of deformation samples

morphologies were considered to be composed of three phases:

(i) amorphous (ii) mesophase, and (iii) periodical mesophase—

mesophase with conformational periodicity perpendicular to the

stretching direction. The area of fitted ð103Þ peak profile was

used to determine the mass fraction of the PM. The sum of the

area convoluted under the equatorial intensity profile and the

meridional ð103Þ peak was assumed to be the total area. The

mass fractions of the individual phases were taken as the ratio

of the area for each phase to the total area.

Average Polymer Orientation. The WAXS patterns were inte-

grated along an azimuthal angle of m ¼ 0 � p/2 (m ¼ 0 at

equator), over a section with width of 2H ¼ 13–28�, to calcu-

late the average polymer orientation, fav. This sector encloses all

possible crystal reflections of crystallographic planes, isotropic

amorphous phase, and mesophases of PET.40 The Hermans’ ori-

entation function was used to evaluated the average polymer

orientation, fav, calculated as41:

fav ¼
3 cos2 uh i � 1

2
(4)

where the hcos2/i is defined as:

hcos2 /i ¼
R p=2
0

Ið/Þcos2 / sin / d/
R p=2
0

Ið/Þsin / d/
(5)

where / is the azimuthal angle, I is the diffracted intensity and

<cos2/> is the average orientation function.

RESULTS AND DISCUSSION

Structural Evolution of Neat PET under Solid State

Deformation

Figure 1 presents the homogeneous stress–strain curves obtained

during solid state uniaxial deformation of neat PET. Selected

2D WAXS patterns are depicted along the curve (arrows indi-

cate the strain where patterns were acquired). Video images

were also collected during the stretching period (Figure 2). The

stress–strain curve shows a ductile behavior of PET with a pro-

nounced necking at low strains. WAXS patterns are showing an

amorphous pattern until strain up to ln k ¼ 0.3, even after

yielding (at strain of ln k ¼ 0.06). In situ video investigation

depicted in Figure 2 shows that neck forms out of the sample

center where the WAXS investigation is carried out [see Figure

2(a–c)]. As a consequence, a lack of structural evolution in the

2D WAXS patterns is observed up to this strain level. Neverthe-

less, the material under the X-ray beam is subjected to a load

and it can be assumed as being strained before necking. During

Figure 3. Linear intensity profiles extracted from 2D WAXS patterns of

neat PET: (a) equatorial and (b) meridional.
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the following interval of strain between 0.3< ln k < 0.5, WAXS

patterns shows two diffused spots at the equator, suggesting the

preferential orientation of the chains into the stretching direc-

tion.42-47 A meridional reflection ð103Þ can be distinguished

showing the appearance of periodical mesophase.37,38 These

changes can be associated to the neck propagation through the

central region of the sample as seen in Figure 2(d). At strain

greater than ln k ¼ 0.6 till strain of break, the stress level

decreases gradually and the 2D WAXS patterns feature an amor-

phous hallo again. This result is suggesting local polymer chain

relaxation, occurring due to macroscopic cracks appearing out

of the observed zone of the tensile bar [Figure 2(e)]. Their

growths lead to the specimen breakage.

The equatorial and meridional intensity profiles extracted from

2D WAXS patterns are shown in Figure 3(a, b), respectively. Ini-

tial equatorial and meridional I � 2h profiles show an amor-

phous peak at about 2h ¼ 20�. Up to strains of ln k ¼ 0.3,

while in the equatorial profile, the same radial position is

observed, the meridional diffraction shifts to a minor angle at

around 2h ¼ 19� and progresses with the appearance of the pe-

riodical mesophase ð103Þ peak at about 2h ¼ 26�.45,48 This

plane reveals a periodical mesophase with longitudinal order,

respectively a precursor formation.42 Simultaneously, the equa-

torial amorphous peak narrows without a significant position

change. At strain of around ln k ¼ 0.6, the meridional ð103Þ
peak disappears and recovers to primary profile shape due to

breakage of the sample, as explained before.

Phase’s mass fraction and average polymer orientation evolution

as function of strain are plotted in Figure 4. Judging by the av-

erage polymer orientation–strain curve, three main stages can

be considered. Along the Stage I, the average polymer orienta-

tion remains constant as the strain increases and originally in-

significant mesophase fraction undergoes a slight increment (of

8.5%). In Stage II, a rapid rise of average polymer orientation

(about four times) into the stretching direction is observed, at

relatively low change in strain, which causes the sharp increase

of mesophase (ca. 68%) and formation of a small amount of

periodical mesophase. Between strains of 0.4 < lnk < 0.6 Stage

III takes place. Here a plateau is reached with a maximum orienta-

tion level of about 0.6 together with the highest mesophase

(ca.80%) and periodical mesophase (1.5%) contents. Further

stretching causes the breakage of the sample, and a sudden drop

of orientation to levels almost equivalent to the Stage I is observed.

Polymer chains relaxation occurs and periodical mesophase is con-

verted into mesophase and mesophase into amorphous one.

Grounded on the above results, the structure evolution of neat

PET under solid state deformation might be summarized as

follows:

(1) Stage I, starts when the stretching initiates and is related to

the neck initiation and formation somewhere out of the

monitored central part of the tensile bar that caused no

changes of average polymer orientation together with some

mesophase formation. In this stage, the 2D WAXS patterns

is characterized by an amorphous hallo correspondent to an

equatorial I � 2h profiles with amorphous peak at 2h ¼ 20�

while the meridional one shifts to an angle of 2h ¼ 19�.

Figure 4. Neat PET phase fraction and average polymer orientation, fav,

evolution during solid state deformation. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Table II. Characterization of the Morphologies of PET/MMT

Nanocomposites

Nanocomposite Dav (nm) d (nm) Morphology

PET/MMT32 80 6 55 2.7 Intercalated

PET/MMT2 365 6 300 1.9 Tactoid

Dav—average agglomerate diameter as calculated by eq. (1), d—inter-
plate distance.

Figure 5. TEM micrographs of: (a) PET/MMT32 and (b) PET/MMT2

nanocomposites.49
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(2) Further stretching leads to the beginning of Stage II that

is associated to the neck propagation through the

observed region of the sample (by WAXD). A sharp arise

of average polymer orientation is observed together with

the appearance of the meridional reflection ð103Þ, at

around 2h ¼ 26�, and two spots at the equator in the 2D

WAXS patterns, which translates into narrowing at same

position of equatorial peak. At the same time, a tremen-

dous amount of amorphous phase transforms into meso-

phase and subsequently a small of highly oriented meso-

phase is converted into a periodical mesophase.

(3) Stage III is representative of stable deformation through

necking. As a result, the polymer chains achieve the pla-

teau of maximum molecular orientation level. This is

related to intensification of the two spots on the equator

and of the ð103Þ meridional reflection in the 2D WAXS

patterns, as well as with no peaks position change in the

linear intensity profile. Typical for this stage is high meso-

phase content and the development of periodical meso-

phase. In this case, at strain of ln k ¼ 0.6, breakage of the

tensile bar initiates via macroscopic cracks formation that

results in loosing and relaxation of the molecular orienta-

tion level evidenced by an amorphous hallo in the 2D

WAXS pattern. Such structural changes results into phase’s

relaxation, i.e., disordering of periodical mesophase into

mesophase and mesophase into amorphous one.

Structural Evolution of PET/MMT under Solid State

Deformation

Nanocomposites Morphology. Delamination of MMTs into the

polymer matrix was observed by WAXS at low-angle range and

TEM experiments. WAXS measurements did not detect any

MMT basal peak (001) reflection, which could be attributed to

the very low concentration of inorganic nanofillers. The dimen-

sions of MMTs particles measured by TEM are listed in Table

II. TEM results revealed comparatively homogenous dispersion

of both types of MMTs. Intercalated morphology was observed

in PET/MMT32 and tactoids morphology for PET/MMT2 as

depicted in Figure 5 and reported elsewhere.49

Structure Evolution by WAXS

Homogeneous stress–strain curves and selected 2D WAXS patterns

of PET/MMT nanocomposites with different morphologies, PET/

MMT32—intercalated and PET/MMT2—tactoid, are depicted in

Figure 6. The difference in the reinforcing nature of the interca-

lated and tactoid MMT’s morphologies are evident, mainly, in

terms of the attained stress levels, r � ln k curve shape, and de-

formation capabilities. Intercalated PET/MMT32 morphology

improved the deformability and promotes higher stress levels as

compare to the PET/MMT2 sample, suggesting unlike energy dis-

sipation and deformation mechanisms, as already suggested.28,29

When comparing to neat PET (Figure 1) only PET/MMT32

shows a considerable enhancement of the deformation capability.

Figure 6. Homogeneous stress–strain curve and selected 2D WAXS patterns during solid state deformation of PET/MMT32 and PET/MMT2 nanocom-

posites. (note: a mismatch in the WAXD patterns is observed on the neck region due to neck formation out of the incident X-ray point).
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Regardless of their morphology, both nanocomposites exhibit

identical neck evolution to neat PET. Hence both nanocomposites

feature amorphous 2D WAXS patterns, during the first part of rN

� ln k curve, similar to those of pure PET. This corresponds to a

lack of structural evolution as detected by WAXS, originated by

delay of the neck propagation thought incident X-ray point on

Figure 7. Linear intensity profiles extracted from 2D WAXS patterns of: PET/MMT32 nanocomposite (a) equatorial and (b) meridional and PET/

MMT2 nanocomposite: (c) equatorial and (d) meridional.

Figure 8. Phase fraction and average polymer orientation, fav, evolution of: (a) PET/MMT32 and (b) PET/MMT2 nanocomposites. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38368 7

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


the tensile bar. In 2D WAXS patterns of nanocomposites, when

neck propagates through observed region, the periodical meso-

phase reflection ð103Þ at meridian and two spots on the equator

appears at dissimilar strain level, i.e., lnk ¼ 0.3 in case of PET/

MMT32 and at lnk ¼ 0.4 for PET/MMT2.

Figure 7 shows the equatorial and meridional intensity profiles

extracted from the 2D WAXS patterns of both PET/MMT nano-

composites. In the equatorial intensity profiles before stretching

are observed the amorphous peaks at about 2h ¼ 20�, which
intensify with stretching till different strain levels, namely for

PET/MMT32 up to ln k ¼ 0.3 and PET/MMT2 to ln k ¼ 0.4,

respectively. From these strain further, they intensify with

stretching and shift to angle �2h ¼ 21�, [Figure 7(a, c)]. On

the other hand, the amorphous peaks in the meridional I � 2h
profiles, during a low strain interval, i.e., 0 < ln k < 0.3 for

PET/MMT32 and 0 < ln k < 0.4 for PET/MMT2, intensify and

shift from 2h ¼ 20� to 2h ¼ 19�. Thereafter, at about 2h ¼ 26�

the periodical mesophase peak reflection ð103Þ appears. As in

the neat PET, a periodical mesophase is formed. This peak in-

tensity increases with stretching [Figure 7(b, d)] indicating a

better perfection of the precursor structure.

Nanocomposites phases and average polymer orientation evolu-

tions with deformation are depicted in Figure 8(a) for PET/

MMT32 and in Figure 8(b) for PET/MMT2 samples. Based on

the similar shapes of the average polymer orientation vs. ln k
curve, of both nanocomposites, it might be defined three main

stages as designated in Figure 8: (i) during Stage I, there is no

variation of polymer orientation while moderate amount of

amorphous phase organizes into mesophase. (ii) In Stage II,

there is a sharp increment of average orientation assisted by a

rapid mesophase increase at the expenses of amorphous phase

consumption and a little portion of mesophase orders into peri-

odical mesophase. (iii) Finally, in Stage III, the samples reach a

plateau of maximum orientation level and also a maximum pe-

riodical mesophase content that remain almost without altera-

tions along this stage. The mesophase fraction slightly increases

during stretching.

Initially, as-molded PET/MMT2 nanocomposite sample has

almost the double amount of mesophase than the PET/MMT32

one (with 18%). Intercalated PET/MMT32 sample shown

anticipate formation of periodical mesophase, at strain of lnk ¼
0.3, than the tactoid PET/MMT2 one (lnk ¼ 0.4). Along Stage

III, the nanocomposites are characterized by similar maximum

average orientation level (of around fav ¼ 0.6) and slightly dif-

ferent of periodical mesophase fraction, i.e., about 4% for PET/

MMT32 and about 3% for PET/MMT2.

With respect to the PET sample, the nanocomposites, apart from

their distinct morphology, attained during the Stage III a similar

maximum orientation level and a higher amount of mesophase

and consequently of periodical mesophase. On the other hand,

intercalated morphology of PET/MMT32 nanocomposite caused

an earlier formation of periodical mesophase than neat PET.

The general structure evolution of the PET/MMT nanocompo-

sites, assessed by the WAXS investigations can be summarized

as follows:

1. Stages I, embraces the low strain levels of mechanical

response, before neck forms causing no alterations neither

of polymer orientation and nor of amorphous hallo in the

2D WAXS pattern, but a slight intensification in both I �
2h profiles and shift to 2h ¼ 19�, associated to the trans-

formation of some amorphous phase into mesophase.

2. Start of Stage II is marked by sharp increase of average

polymer orientation, cause by necking, being translated

into the appearance of two equatorial spots and a meridi-

onal ð103Þ reflection in the 2D WAXS patterns. Such rapid

increase of polymer chains orientation leads to fast forma-

tion of a high fraction of mesophase at expansion of the

amorphous phase and the nucleation of a periodical meso-

phase as a result of the high mesophase orientation.

Figure 9. Selected 2D SAXS patterns and corresponding strain, lnk, obtained during the in situ SAXS characterization.
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3. The stable deformation through necking corresponds to

the Stage III, where the polymer orientation levels off at a

maximum level of around 0.6. WAXS equatorial spots in-

tensify and shift peak to 2h ¼ 21�, whereas ð103Þ reflec-

tion shows amplification at about 2h ¼ 26�. The periodi-

cal mesophase content remains almost intact and the

mesophase fraction slightly increase till sample rupture.

Structure Evolution by SAXS

Figure 9 shows selected 2D SAXS patterns of neat PET and its

MMT nanocomposites obtained along the plastic deformation

region of the rN � lnk curve. Based on the characteristic fea-

tures occurring in 2D SAXS patterns during stretching it can be

denoted distinct differences in the structure evolution of nano-

composites, due to dissimilar deformation mechanisms taking

place. These are dependent on the specimen morphology.

All samples show in the first patterns a streak parallel to the

stretching direction, at lnk ¼ 0.2, which is originated by crazes

within polymer matrix at craze/polymer interfaces.50 Crazes are

typical for amorphous polymer during solid state deformation,

as reported for neat PET51–53 and for its nanocomposites.30,31

With further stretching, at strain of lnk ¼ 0.46, the 2D SAXS

patterns show different shapes: the streak perpendicular to the

loading direction, in the case of neat PET is caused by the

fibril/void elongation in the stretching direction.50,54 The cross-

shaped pattern observed for both MMT nanocomposites, repre-

sents in the meridional streak the reflection crazes formed at

the craze/polymer interfaces50,54 and in the equatorial the fibril/

void structure of crazes and some voids formed inside the

MMT particles and tactoids, respectively.28,29

These dissimilar pattern shapes at identical strain level can be

related to retarded growth of the crazes in the polymer bulk,

as compared to the neat PET, due to MMT’s incorporation, as

already reported elsewhere.30,31 Further stretching, greater

than lnk ¼ 0.7, leads to the transformation of 2D SAXS pat-

terns of all investigated samples into equatorial streaks associ-

ated to elongation of voids parallel to the stretching direc-

tion.54 Those might be caused by the elongated voids inside

the crazes within polymer matrix and by voids between the

MMTs particles.55

On the other hand, by the equatorial streaks height it may be

estimated the void’s height and from its length their diame-

ter.50,54 Qualitative analyses of the dimensions of the equatorial

streaks, at strains greater than ln k ¼ 0.7 till samples breakage,

suggest that voids in the neat PET sample have a slightly bigger

height and diameter to those in the PET/MMT2 nanocompo-

sites. The PET/MMT32 nanocomposite seems to develop the

voids with the smallest height and diameter of all studied sam-

ples. Among the PET/MMT nanocomposites tactoid morphol-

ogy of PET/MMT2 nanocomposite induces a bigger size voids

than the intercalated PET/MMT32 one, in accordance with pre-

vious observations.28,29

MULTISCALE STRUCTURAL EVOLUTION MODELS

Strain-induced structure transitions and deformation mecha-

nism upon uniaxial stretching in solid state of PET and its

MMT nanocomposites can be interpreted by the multiscale

models depicted in Figure 10.

Figure 10. Schematic diagram illustrating the multiscale structure evolution during in solid state uniaxial stretching of neat PET (note: a mismatch in

the WAXD patterns is observed on the neck region due to neck formation out of the incident X-ray point). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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The multiscale structure evolution of neat PET can be explained

as follows (Figure 9):

1. Stage I: It is descriptive for the structure evolution at initial

strain levels before necking occurs (recall that neck formed

along the tensile bar out of observed region). A small

amount of initial isotropic amorphous phase transforms

into mesophase, at constant average polymer orientation.

2. Stage II: is the shortest stage correspondent to the neck

formation under X-ray beam: crazes are formed and widen

perpendicular to the stretching direction. The polymer

chains achieve the maximum orientation level causing a

rapid transformation of oriented amorphous phase into

mesophase and promoting the appearance of periodical

mesophase originated by the orientation of the mesophase.

Figure 11. Schematic diagram illustrating the multiscale structure evolution during solid state uniaxial stretching of (a) intercalated and (b) tactoid in

PET/MMT nanocomposites (note: a mismatch in the WAXD patterns is observed on the neck region due to neck formation out of the incident X-ray

point). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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3. Stage III: is related to the tensile bar lengthening through

necking. The maximum average polymer orientation level

is achieved and remains constant throughout, correspond-

ing to the polymer chains extensibility limits resulting into

maximum content of highly oriented mesophase and peri-

odical mesophase. Simultaneously voids and crazes extend

into the stretching direction. At ultimate strain levels rup-

ture of the sample occurs. Fail of fibrils within crazes orig-

inates microvoids enlargement till sample collapses. In this

case, microvoids evolve into macrocracks [57] causing a

local relaxation of polymer orientation, and periodical

mesophase is transformed into mesophase and mesophase

into amorphous phase.

Generally, the evolution of both nanocomposite morphologies,

i.e., tactoid and intercalated, have quite similar pathways. The

main difference is the bigger size of voids caused by the defor-

mation of the MMTs tactoids.28 The description of multiscale

model of strain-induced structure evolution of intercalated and

tactoid PET/MMT nanocomposites during the stretching in

solid state are shown respectively in Figure 11(a, b). The main

stages can be described as follows:

1. Stage I: it is characterized by a negligible or very small

evolution of the average polymer orientation, with a slight

development of mesophase from isotropic amorphous

one. This stage is valid from the start of stretching until

neck reaches the observed part of the sample.

2. Stage II: As the neck progresses over the observed region,

a fast increase of the average polymer orientation in the

stretching direction is observed that leads to the develop-

ment of high amount of mesophase from the amorphous

phase and to the formation of a periodical mesophase.

Simultaneously, polymer crazes appear and the MMT’s

intercalated particles/tactoids break, creating voids inside

the intercalated MMT/tactoids.28,29 Further deformation

takes place also within the intercalated MMT’s particles/

tactoids. Several mechanisms can occur, either opening

when intercalate particles/tactoids are perpendicular to

the stretching direction; opening of particles/bundles

occurring when the intercalate particles/tactoids are ori-

ented at certain angle to the stretching direction; or plate-

lets slipping/bundles when intercalated particles/tactoids

are parallel to the stretching direction.28,29 However, the

crazes-like structures widening within the polymer matrix

is hampered by MMTs.30

3.. Stage III: it is characterized by a plateau of the average

polymer orientation and maintenance of the mesophase

and periodical mesophase. Macroscopically it corre-

sponds to the deformation through stable necking.

Voids within crazes and those originated by the MMTs

intercalated particles/tactoids advance into microvoids

due to platelets/bundles displacement that lead to elon-

gation in the stretching direction. Finally it results in

sample breakage. With further deformation, a slow

transformation of oriented amorphous into mesophase

occurs. The tensile bar rupture is a result of merge of

microvoids.

CONCLUSIONS

The evolution of strain-induced phase transition and average

polymer orientation with strain increment was investigated for

neat PET and its nanocomposites with MMT with distinct initial

morphologies: tactoids and intercalated MMT particles. Both

MMT morphologies show distinct structure evolution during

stretching. Distinct structural models were proposed for each

type of initial MMT nanocomposite morphology and neat PET,

interpreting the obtained experimental results. PET and its

nanocomposites multiscale structure evolution have three main

common stages:

i. Stage I (before necking): a small amount of amorphous

phase evolves into mesophase at constant molecular ori-

entation level;

ii. Stage II (at necking): a rapidly increase of polymer mo-

lecular orientation originates a sharp increment of meso-

phase at the expenses of the amorphous phase and the

formation of a periodical mesophase from the mesophase.

Also craze-like structures are formed and widen in the

polymer bulk and, in case of nanocomposites, voids also

appear inside the MMTs particles; and

iii. Stage III (neck propagation): at leveling off of the average

molecular orientation, the highest periodical mesophase

content is achieved, as well as a slight increment of meso-

phase upon further deformation. Along this stage, crazes

within polymer matrix and voids from the MMTs layers

separation evolve into microvoids.

Intercalated PET/MMT32 exposed considerable enhancement of

attained stress level and deformation capability of polymer ma-

trix in comparison to the neat PET, while the tactoid structure

of PET/MMT2 causes only slight improvements. All investigated

samples, regardless of their morphologies, reached similar maxi-

mum orientation level. Incorporating MMT nanofillers in PET

matrix promoted a higher fraction of mesophase and, at ele-

vated strains, of periodical mesophase as compared to neat PET.

MMT intercalation in the case of PET/MMT32 causes an earlier

formation and enhanced amount of periodical mesophase than

the tactoid PET/MMT2 and neat PET. Crazes appear within the

PET matrix in all samples, at earlier stages of plastic deforma-

tion. Both nanocomposites morphologies retarded crazes widen

within the polymer bulk. Intercalated morphology PET/MMT32

leads to formation of voids with the smallest height and diame-

ter in between the considered specimens. Tactoid PET/MMT2

sample results into voids with dimensions alike to the pure

PET.
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