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Universit�e de Technologie de Compiègne, Laboratoire Roberval, UMR-CNRS 6253, France

The effect of confinement onto the mechanical properties
of the amorphous phase of Polyethylene terephthalate
(PET) and poly(lactic acid) (PLA) was investigated. These
polymers have the advantage of being in bulk amorphous
or in semicrystalline state allowing mechanical and physi-
cal investigation of the amorphous phase on bulk and
confined configuration. Based on small angle X-ray scat-
tering (SAXS), differential scanning calorimetry (DSC), and
dynamic mechanical analysis (DMA) experiments, the
micro-structural arrangement of the amorphous and crys-
talline phase, the rigid amorphous fraction, and the visco-
elastic mechanical properties of the different semicrystal-
line samples were investigated. DSC results help quantify-
ing the rigid amorphous fraction dependence on the
crystallinity. DMA measurements lead to quantify the
viscoelastic properties of the free and confined amor-
phous phases for PET and PLA polymers. Indeed, based
on the DMA tests, where the maximum of tan(d) peak is
usually related to the glass transition temperature, shifts
upon crystallization, the mechanical properties of the
restricted and mobile amorphous phase were determined.
This result was correlated along with the amorphous
phase thickness distribution determined by SAXS results.
This observation was bolstered based on literature results
about geometrical confinement configurations and their
effect on the glass transition temperature of polymeric
materials. POLYM. ENG. SCI., 00:000–000, 2014. VC 2014 Society
of Plastics Engineers

INTRODUCTION

Mechanical behavior laws of polymers are usually built

based on combined macroscopic measurement and phenomeno-

logical observations [1–4]. These two considerations lead to the

development of behavior laws not robust enough to predict their

mechanical properties in relation with the processing conditions

and their microstructural morphologies. This fact is even more

pronounced for semicrystalline polymers. Indeed these materials

could be considered heterogeneous with the crystalline phase as

nano-charges [5]. Thus micromechanical models were used to

help predict the overall elastic [6–9], viscoelastic [10, 11], and

plastic [5, 12–18] mechanical properties of such materials. It is

well established that the presence of the crystalline lamellae

enhance the mechanical properties [7, 8, 19]. However, the

interaction between the crystals and the amorphous phase and

its effect on the overall mechanical properties of the polymers is

still mechanically unquantified. Amorphous phase was consid-

ered, mechanically, unaffected, and thus have the same mechan-

ical properties of the bulk amorphous polymer [6, 7]. So

whenever discrepancies between experimental and predicted

properties were encountered, the confinement of the amorphous

phase due to the presence of the crystalline phase has been

singled out [10, 11]. Even though the signature of this effect

was physically investigated [20–23], no direct mechanical quan-

tification of this effect was done as far as the authors know. For

closer configuration: silica-filled rubber, the shift of the glass

transition near the particles was evidenced [24] leading to con-

sider the mechanical properties of the matrix in the vicinity of

the particles did also change. For semicrystalline polymers,

mechanical properties estimation of the effect of the confine-

ment on the amorphous phase, based on micromechanical mod-

eling, was done but not directly measured [10, 25].

In this article, a combination of physical and mechanical

characterization techniques will be used to investigate and quan-

tify the effect of the presence of crystalline phase on the physi-

cal and mechanical properties of the amorphous phase. The

signature of isothermal crystallization onto the mechanical prop-

erties of the amorphous phase of two polymers will be investi-

gated. Polyethylene terephthalate (PET) and poly(lactic acid)

(PLA) will be studied as both can be processed in amorphous

and semicrystalline state. Hence, the mechanical and physical

investigation of the bulk and confined amorphous phase could

be investigated. Combining differential scanning calorimetry

(DSC), dynamic mechanical analysis (DMA) and small angle X-

ray scattering (SAXS), the effect of the crystallization on the

mechanical properties of the amorphous phase were identified,

quantified, and linked to the microstructural layout of the amor-

phous and crystalline phases.

MATERIALS AND EXPERIMENTS

Pure amorphous polyethylene terephthalate (PET) (ARNITE

D401 from DSM) and poly(lactic acid) (PLA) (PLI003 from

NaturePlast) were used for this study. Totally, 2 mm thick plates

were injection-molded so amorphous plates were obtained. The

Plates were, then annealed at 110�C for PET and 90�C for PLA

to have semicrystalline samples. Plates were tested as soon as

they are prepared to avoid any aging effect on the results. The

crystallinity of each polymer (PET or PLA) was determined by

density measurements and DSC runs for PET and only DSC runs

for PLA due to small differences in amorphous and crystalline

densities (qc 5 1.29 g/cm3; qa 5 1.24 g/cm3) [26]. The densities

of pure amorphous and pure crystalline PET (qc 5 1.445 g/cm3;

qa 5 1.335 g/cm3) [27] are required in the calculation by density

measurement. The DSC runs were carried out on a Q100 from

TA Instruments. The melting enthalpy of pure crystalline PET

(DHmc 5 117.6 J/g) [28] and PLA 100% crystalline (DHmc 5

93.7 J/g) [29] were used in the determination of the crystallinity

using the DSC technique. Different crystallinities were prepared

for both PET and PLA polymers (see Tables (1–3)).
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de Technologie de Compiègne; contract grant number: M117L.

DOI 10.1002/pen.23896

Published online in Wiley Online Library (wileyonlinelibrary.com).

VC 2014 Society of Plastics Engineers

POLYMER ENGINEERING AND SCIENCE—2014



Amorphous and crystallized plates were then cut into 6 mm

3 25 mm strips for dynamic mechanical analysis (DMA) using

a hydraulic press. DMA tests were done using a METRAVIB

DMA 1150 machine. Temperature (from ambient to 90�C for

PLA and 150�C for PET) and frequency (from 0.1 to 80 Hz for

both materials) sweep were carried out to investigate the visco-

elastic behavior of the considered materials. The complex, stor-

age and loss moduli were measured as a function of frequency

and temperature. The DCp at the glass transition is determined

from DSC curves to help carrying out amorphous phase fraction

Xa. SAXS measurements (carried out at SOLEIL synchrotron

facilities (SWING line)) help determining the amorphous layer

thickness for PET and PLA which will be correlated with DSC

and DMA results.

RESULTS AND DISCUSSION

The chemical structure of the polymer is shown in Fig. 1.

The results of mechanical tests (DMA) on amorphous and semi-

crystalline samples (PET and PLA), along with thermal analysis

(DSC) were carried out. The combinations of the physical and

mechanical characterization lead to shed more light on the con-

finement effect.

DSC Results

DSC analyses were carried out on PET and PLA. Beyond

glass transition temperature determination, the fraction of amor-

phous, and crystalline phase was determined. Indeed based on

the heat capacity of the amorphous phase and the melting

enthalpy of the crystalline phase of the studied polymers one

could determine the amorphous and the crystalline fractions.

The fraction of amorphous phase Xa is estimated as:

Xa5
DCp

ðDCpÞa
(1)

where DCp is heat capacity change at the glass transition tem-

perature of the mobile amorphous phase of the semicrystalline

polymer and (DCp)a is the heat capacity of fully amorphous

polymer [30]. The values of (DCp)a of PET and PLA used for

this work were experimentally determined. (DCp)a was 0.396 J/

g�C and 0.564 J/g�C for PET and PLA, respectively. Assuming

the presence of only two phases, [23, 31] one could suppose the

following equation as valid:

Xa1Xc51 (2)

However, the two-phases model may not always account and

in some cases

Xa1Xc < 1; (3)

which could be interpreted as the presence of a third phase usu-

ally called in previous papers the rigid amorphous fraction

(RAF) [21–23, 32] or confined amorphous phase defined as:

XRAF512Xa2Xc (4)

thus the use of three-phases model seems more appropriate.

TABLE 1. Rigid amorphous phase fractions and crystallinity for (a) PET

and (b) PLA.

Xc (%) Xa (%) RAF (%)

(a)
6.6 (1) 89.54 (9.9) 3.86

10 (1.21) 83 (8.8) 7

15 (1) 64 (10) 21

20 (1.22) 44 (2) 36

25 (1.45) 32 (0.39) 43

30 (1.37) 16 (0.6) 54

35 (1.74) 6 (0.79) 59

(b)

5 (1.01) 93 (0.84) 2

10 (1.85) 84 (2.64) 6

15 (0.67) 83 (0.57) 2

20 (0.95) 79 (2.46) 1

25 (0.67) 70 (2.2) 5

30 (0.5) 67 (5.85) 3

33 (1.05) 57 (1.71) 10

36 (1.94) 40 (13.76) 24

FIG. 1. Chemical Structure for (a) PET and (b) PLA.

TABLE 3. Transition temperatures determination based on DMA data for

PLA samples.

Xc (%) Tg1

0 63

5 (1.01) 62

10 (1.85) 62

15 (0.67) 61

20 (0.95) 60

25 (0.67) 61

30 (0.5) 65

33 (1.05) 66

36 (1.94) 67

TABLE 2. Transition temperatures determination based on DMA data for

PET samples.

Xc (%) Tg1 Tg2 Average Tg

0 83 — 83

10 (1.21) 83 — 83

15 (1) 83 92 87.5

20 (1.22) 85.5 99 92.5

25 (1.45) 86.5 102 94.5

30 (1.37) 87 102 97

35 (1.74) 94 108 104

*PET with Xc 5 6.6% was not tested in DMA; average shift was calcu-

lated based ON Fox Law. (—) Represents the standard deviation.
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Table 1 summarizes the crystallinity and the rigid amorphous

fraction determined experimentally for both PET and PLA sam-

ples. Data of Table 1 are presented in Fig. 2. The variation of

the mobile amorphous fraction Xa vs. the crystallinity Xc is plot-

ted along with Xa1Xc51. For PLA, up to 30% crystallinity, the

data evolution follows well the Xa1Xc51 model leading to

believe the lack of a third phase in the case of PLA. However,

for Xc 5 36%, the fraction of the free amorphous phase deviates

from the Xa1Xc51 trend which could be interpreted as the sig-

nature of the presence of third phase: a rigid amorphous phase

or confined phase. For PET, except for low crystallinity fraction

Xc � 10% the presence of a third amorphous phase was evi-

denced. Indeed, the crystallization process is suspected to

enhance the confinement of the amorphous phase in the case of

PET [20].

The difference between PET and PLA behavior could be

related to the chemical composition. More flexibility of macro-

molecules chains of PLA compared with those of benzenic ring

PET could explain the difference in the RAF fractions [20].

These benzenic rings cause bulky spatial distribution and that

makes difficulties in mobility of macromolecules chains. There-

fore, the chains of PLA can stretch easier between the crystalline

lamellas while in the case of PET, the molecular chain, due its

rigid backbone, will undergo a highly oriented configuration lead-

ing toore restricted mobility and high mechanical properties [33].

For a different configuration, nano-composites, the presence

of nano-charges induced a glass transition gradient in the poly-

meric matrix [34] which could bolster the effect of the crystal-

line phase on the mobility restriction observed in the amorphous

phase of crystallized PET (Xc > 10%) and PLA (Xc > 30%).

DMA Results

Mechanically, the amorphous confinement due to the crystal-

lization was mostly singled out when bad fit model prediction/

experimental results was noticed [11, 35, 36]. This phenomenon

still mechanically unquantified except for some restricted exper-

imental conditions [35]. Based on DMA results, the signature of

the confined amorphous phase could be explored and eventually

quantified. Temperature and frequency sweep experiments were

done on amorphous and semicrystalline PET and PLA. Transi-

tion from restricted to mobile configuration could be related to

the maximum of the tand vs. temperature plot [35]. Since the

crystalline lamellae were usually considered purely elastic [6–8,

35], the viscosity will be attributed only to the amorphous

phase. Therefore, increasing the crystallinity would contribute to

lower the maximum tanðdÞ plot. tanðdÞ. However, a peak shift

in the tan(d) vs. temperature graph will be attributed to a mobil-

ity restriction in the amorphous domains [37]. In semicrystalline

polymers speculation about two different amorphous phases

(free and constrained) were discussed in previous papers [20–

23, 25, 32]. Crystalline lamellae start growing in the pure amor-

phous matrix. The presence of the crystalline phase gives rise to

a mobility-restricted amorphous regions [38]. This phenomenon

FIG. 2. PET and PLA mobile amorphous phase determination based on DSC data. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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could be interpreted as an increase in the relaxation time of the

molecular chains motion [20, 39].

For PET, while the crystalline fraction increases, the tanðdÞ
maximum starts just decreasing for low crystallinity and

presents a shifts configuration for medium and high crystalline

fractions. For high crystalline fraction a coupled effect: doubled

and shifted peaks were noticed (Fig. 3a). For PLA the opposite

phenomenon, even though it still less pronounced, was noticed

for low and medium crystallinities. Indeed for those crystalline

fractions, maximum tanðdÞ slightly shifts to lower tempera-

tures. Only for high crystallinity, maximum tanðdÞ peak shifts

to higher temperature as for the case of PET (Fig. 3b).

At each frequency, the reference glass transition temperature

is determined by the maximum of tan(d) on the curve of tan(d)

vs. temperature of the amorphous PET. Upon crystallization, the

intensity of the peak is lowered and the peak is shifted to the

right. Taking on account the DSC data (Fig. 2) the shifted peaks

will be considered as a convolution of two peak for two differ-

ent amorphous phase. The first peak will be attributed to the

mobile amorphous phase while the second will be related to the

rigid amorphous phase. Using the Origin software, the peak of

semicrystalline sample is deconvoluted into two Gaussian peaks,

after base line deduction (baseline considered as a 4th order

polynomial function) (Fig. 4a). T1
g is the glass transition temper-

ature of the mobile amorphous phase and T2
g is the rigid amor-

phous phase glass transition. For low crystalline fraction, T1
g is

equal to Tref
g , for higher crystalline fraction T1

g could also shift

to higher temperature. T2
g represents the glass transition tempera-

ture of the rigid amorphous fraction which shifts to higher

temperature while the crystalline fraction increases. The deter-

mination of T1
g , T2

g helps estimating the complex modulus of

each amorphous phase as explained in the schematic representa-

tion (Fig. 4b). Indeed, if we consider a temperature sweep test

at 1 Hz, for PET, the Tg of the pure amorphous sample is con-

sidered to be the reference glass transition temperature

ðTref
g 5 83�CÞ. Upon crystallization, the mobile amorphous glass

transition temperature (the first peak of the tanðdÞ plot vs. T )

was shifted from the Tref
g . The shift, DT1, for test (temperature

sweep) done at 1 Hz, will be T1
g2Tref

g . The same will be

assumed for the rigid amorphous phase with T2
g as transition

temperature

The shift could be determined for any frequency. Hence, the

rigid or the mobile amorphous phase of the semicrystalline sam-

ples should have, at a temperature T, a modulus (complex, stor-

age, or loss) of an equivalent pure amorphous sample tested at

the same temperature but with a transition temperature shifted

by the corresponding DT2 or DT1, respectively. Explicitly for

semicrystalline PET, the rigid or the mobile amorphous phase

would be equivalent of a pure amorphous PET tested at Tref
g 2D

T2 and Tref
g 2DT1 respectively. Tests were done at different fre-

quencies, so the transition temperatures depending on the crys-

tallinities at the studied frequencies were determined. Results

were summarized in Table 2 for PET and Table 3 for PLA

samples.

FIG. 3. tan(d) vs. T� for amorphous and semicrystalline (a) PET and (b)

PLA. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIG. 4. Schematic representation of (a) tan(d) deconvolution and transition

temperature determination; (b) amorphous complex modulus determination

based on the transition temperature shift. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Mechanically, the presence of two amorphous phases with

different transition temperature could be interpreted as two

chemically identical phases but physically different. Mobility

restriction will be translated in terms of different mechanical

behaviors. The methodology of mechanical quantification of the

confined amorphous phase was presented in previous paper

[35]. At 1 Hz, for PET, the Tg of the pure amorphous sample is

considered to be the reference glass transition temperature

ðTref
g 583�CÞ. Upon crystallization, the mobile amorphous glass

transition temperature (the first peak of the tanðdÞ plot) was

shifted from the Tref
g . The shift, DT, for test (temperature sweep)

done at 1 Hz, was determined and summarized in Table 4. The

shift could be determined for any frequency. Hence, the mobile

amorphous phase of the semicrystalline samples should have, at a

temperature T, a modulus (complex, storage, or loss) of an equiv-

alent pure amorphous sample tested at the same temperature but

with a transition temperature shifted by the corresponding DT.

Explicitly for semi-crystalline PET, the mobile amorphous phase

would be equivalent of a pure amorphous PET tested at

Tref
g 2DT. Hence at 90�C for example, the mobile amorphous

phase of semicrystalline samples will behave as an equivalent

pure amorphous PET at:

908C for Xc510%

908C for Xc515%

888C for Xc520%

878C for Xc525%

868C for Xc530%

798C for Xc535%

The same method will be applied to mechanically quantify the

confinement effect of the rigid amorphous phase. Taking as refer-

ence the pure amorphous phase with glass transition temperature

Tref
g 583�C, and based on the shifts noticed on the second tanðdÞ,

the rigid amorphous phase of the semi-crystalline samples would

have an equivalent transition temperature shifted by DT from Tref
g

(Table 4). Hence, the rigid amorphous phase of the semi-

crystalline samples should have a modulus of an equivalent pure

amorphous sample at a temperature equal to Tref
g 2DT. At 90�C,

FIG. 5. Mechanical properties (complex modulus E*) quantification for

PET’s (a) mobile, (b) rigid amorphous phase for different crystallized sam-

ples, and (c) amorphous properties based on average glass transition determi-

nation (using Fox Law). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE 4. Transition shift temperature for PET.

Xc (%)

DT (transition shift temperature �C)

Free amorphous

Confined

amorphous Average shift

10 (1.21) 0 0 0

15 (1) 0 8.5 4

20 (1.22) 2 16 9

25 (1.45) 3 18.6 11

30 (1.37) 4 19 14

35 (1.74) 11 24.5 21

FIG. 6. Mechanical properties (complex modulus E*) quantification for

PLA’s amorphous phase for different crystallized samples. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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for example the rigid amorphous phase of semicrystalline samples

will behave as an equivalent pure amorphous PET at:

908C for Xc510%

818C for Xc515%

748C for Xc520%

748C for Xc525%

718C for Xc530%

658C for Xc535%

Figure 5a and b illustrates the evolution of the complex mod-

ulus values at 90�C of the mobile and rigid amorphous phases

of PET. Based on the determined weight fractions of mobile

and rigid amorphous phase (Table 1) and using Fox law [40],

the average glass transition along with the corresponding shift

temperature could be determined (see Tables 2 and 4). Complex

modulus of the intermediate amorphous phase (Fig. 5c) was

determined.

For PLA the maximum of the tanðdÞ plot presents a shift

with no double peaks configuration. Upon crystallization, taking

as reference the pure amorphous phase with glass transition tem-

perature Tref
g 563�C, and based on the shifts noticed on the

tanðdÞ, the amorphous phase of the semi-crystalline samples

would have an equivalent transition temperature shifted by DT
from Tref

g as summarized in Table 5. Hence, the amorphous

phase of the semicrystalline samples should have a modulus of

an equivalent pure amorphous sample at a temperature equal to

Tref
g 2DT. At 70�C, for example the rigid amorphous phase of

semicrystalline samples will behave as an equivalent pure amor-

phous PLA at:

718C for Xc55%

718C for Xc510%

728C for Xc515%

728C for Xc520%

728C for Xc525%

708C for Xc530%

678C for Xc533%

658C for Xc536%

Figure 6 illustrates the evolution of the complex modulus vs.

frequency at 70�C of the amorphous phase.

SAXS Results and Proposed Morphological Model

SAXS data were collected at SOLEIL synchrotron facilities

for different crystallized samples (PET and PLA). Medium and

high crystalline samples for both PET and PLA were investi-

gated. The long period Lk for each semicrystalline sample was

determined based on the maximum value of Iq2 vs. q plot

(LP52pqðImaxÞÞ. The amorphous layer thickness was deduced

from the long period (La512XcLPÞ [41]. In the following the

amorphous average thickness will be considered to correlate

DSC data with DMA results.

DMA data shows different signatures of crystallization on

the viscoelastic behavior of the studied polymers (PET and

PLA). For PET a double peaks configuration in tanðdÞ plot

along with shift of the first and second peak upon crystallinity

increase was observed. The presence of two peaks could be cor-

related as discussed previously to the coexistence of two amor-

phous phases having two distinct physical configurations that

took place during the crystallization process. Indeed, previous

existing study had thoroughly investigated the crystallization

process for PET [42, 43] leading to consider heterogeneous

crystalline space filling at the spherulitic length scale [43] with

two identified microstructure: spherulites in which crystalline

lamellae are packed-in heterogeneously. According to this hier-

archical presentation, different amorphous phases (free and con-

strained) were discussed in previous papers [20, 25, 32]. Upon

annealing above Tg, crystalline lamellae start growing in the

pure amorphous matrix. At the first step (low crystalline

FIG. 7. Glass transition temperature shift (DT) for different amorphous

layer thickness (a) first and second glass transition temperature for PET and

(b) PLA samples. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

TABLE 5. Transition shift temperature for PLA.

Xc (%)

DT (transition shift

temperature �C)

5 (1.01) 1

10 (1.85) 21

15 (0.67) 2

20 (0.95) 22.2

25 (0.67) 22

30 (0.5) 20.5

33 (1.05) 3.2

36 (1.94) 4.6
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fraction) the presence of the homogeneously oriented crystalline

phase did not affect the mobility of the amorphous chains. With

crystalline fraction increase, crystalline lamellae undergo a

packing and thickening process leading to constraining the

amorphous region [43] thus the crystalline lamellae contributes

to the restriction of the mobility of the amorphous regions [38].

This restriction results in an increase in the relaxation time of

the segmented molecular chains [20, 39] and a decrease in the

inter-chain distance due to change in the short-range ordering of

the amorphous chain segments [44].

As the determined long period represents a statistical average

and could not reflect the packing morphology encountered in

PET materials, no direct correlation could be built between the

double peaks in the tanðdÞ plots and the amorphous layer thick-

ness. Nevertheless, as presented in Fig. 7, a qualitative question-

ing of the transition temperatures shifts in regard to the

amorphous layer thickness and comparisons with similar geo-

metrical configurations (nano-confinement) could be interesting.

Indeed, for similar configuration, in a model polymer nano-

composites [45], the effect of layer thickness was studied and it

had been proved, for some polymers, that thickness under cer-

tain range (�100 nm) could contribute to affect the glass transi-

tion temperature. In our case, amorphous thickness determined

by SAXS measurements collected for PET (Fig. 7a), are much

lower than what has been considered as critical thickness for the

model polymer nano-composites [45], but in the same order of

the size of cooperativity n [46] (0.6 nm from local modes to 10

nm relative to the entanglement spacing) closely linked to mini-

mum molecular domain size attributed to the glass transition

temperature phenomenon.

For PLA, unlike PET, upon crystallization, tanðdÞ intensity

decreases and shifts for lower temperatures, for low and medium

crystallinity. However, for high crystallinity (Xc 5 36%) an

homogenous (no double peaks configuration) shift to high tem-

perature was noticed. Amorphous thickness reduction, in the

case of PLA had a nonmonotonic trend (Fig. 7b). Starting with

transition temperature reduction for thick amorphous layer

(La � 14 nmÞ and for La � 11 nm, as for PET the transition

temperature increases.

Morphologically, PLA, unlike PET, presents a homogeneous

crystallization-induced morphology. Crystallization of PLA could

be assumed leading to homogeneous microstructure based on tan

FIG. 8. Microstructural schematic representation for (a) PET and (b) PLA samples. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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ðdÞ vs. temperature plot, in which the signature of the amorphous

transition from restricted to mobile is represented by a unique

shifted peak. Physically the crystallization leads to lower the

transition temperature for low and medium crystalline fractions

which could be at a first glance surprising. Previous work

showed similar and even more pronounced Tg decrease for simi-

lar geometrical confined configuration (poly(styrene) thin films

samples [47, 48]).

From this study, it appears that the crystallization leads to

amorphous layer thickness reduction. However the PLA’s amor-

phous mobility would be affected unless the amorphous layer

thickness is in the same order of the cooperativity size n (0.6

nm from local modes to 10 nm [46] relative to the entanglement

spacing which still lower than what we found for our polymeric

systems (14 nm for PLA).

On the basis of the previous interpretation for PET and PLA

results, a morphological lay-out of the crystalline and the amor-

phous phase is presented in Fig. 8a and b. Heterogeneous amor-

phous layer thickness for PET could be suspected to be the

dominant parameter that governs the viscoelastic properties of

semicrystalline polymers. However for PLA the amorphous

layer, for low and medium crystallinity, still thick enough to

affect the molecular mobility. Only for high crystallinity, the

molecular mobility seems affected.

CONCLUSIONS

The confinement of amorphous region of PET and PLA

occurred upon annealing is confirmed at first by DSC. The

amorphous region of PET is shown to be confined noticeably

while annealing time increases. Two amorphous phases are dis-

tinguished: mobile amorphous phase and rigid amorphous phase.

However, the amorphous phase of PLA showed more complex

behavior. The transition temperature decreases for low and

medium crystallinity and increases for high crystallinity fraction.

Investigation using DMA helps mechanical quantification of the

confinement effect on the mechanical properties of the different

amorphous phases for the two studied polymers. Correlation

with SAXS data and comparison with similar previous works

(similar geometrical confinement configuration [24, 45, 47])

help shedding some light on this complex misunderstood

phenomena.
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33. J. Lefèvre, K. Feldman, J. Giesbrecht, P. Smith, T.A. Tervoort,

and H.E.H. Meijer, J. Polym. Sci. Part B: Polym. Phys., 50(24),

1713 (2012).

8 POLYMER ENGINEERING AND SCIENCE—2014 DOI 10.1002/pen



34. H.M. Julien Berriot, F. Lequeux, D. Long, and P. Sotta, Macro-
molecules, 35, 9756 (2002).

35. F. B�edoui and M. Guigon, Polymer, 51(22), 5229 (2010).

36. C. Cruz, J. Diani, and G. R�egnier, Compos. Part A: Appl. Sci.
Manufact., 40(6-7), 695 (2009).

37. Y.T. Shieh and Y.S. Lin, J. Appl. Polym. Sci., 113(5), 3345 (2009).

38. K.H. Illers and H. Breuer, J. Colloid Sci., 18(1), 1 (1963).

39. M.D. Sefcik, J. Schaefer, E.O. Stejskal, and R.A. McKay, Mac-
romolecules, 13(5), 1132 (1980).

40. T.G. Fox, Bull. Am. Phys. Soc., 1, 123 (1956).

41. G. Groeninckx and H. Reynaers, J. Polym. Sci. Polym. Phys.
Ed., 18(6), 1325 (1980).

42. C. Santa Cruz, N. Stribeck, H.G. Zachmann, and F.J. Balta

Calleja, Macromolecules, 24(22), 5980 (1991).

43. B.B. Sauer and B.S. Hsiao, Polymer, 36(13), 2553 (1995).

44. N.S. Murthy, S.T. Correale, and H. Minor, Macromolecules,

24(5), 1185 (1991).

45. P. Rittigstein, R.D. Priestley, L.J. Broadbelt, and J.M.

Torkelson, Nat. Mater., 6(4), 278 (2007).

46. C. Schick and E. Donth, Physica Scripta, 43(4), 423 (1991).

47. S. Kim and J.M. Torkelson, Macromolecules, 44(11), 4546

(2011).

48. R. Inoue, T. Kanaya, T. Miyazaki, K. Nishida, I. Tsukushi, and

K. Shibata, Mater. Sci. Eng. A, 442(1–2), 367 (2006).

DOI 10.1002/pen POLYMER ENGINEERING AND SCIENCE—2014 9


	l
	l
	l

