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ABSTRACT: This work simulates the thermoforming process of two different L-isomer content PLA grades (95.6 and 98%), studying

the influence on the induced morphology and the variation in the thermal and tensile properties. The thermoforming process was

simulated with uniaxial tensile tests performed at different temperatures and strain rates, reporting the tensile behavior before, dur-

ing, and after the test. The resulting structural changes were analyzed by wide-angle X-ray scattering and Fourier transformed infrared

spectroscopy. Thermal characterization was carried out with differential scanning calorimetry and dynamomechanical thermal analy-

sis. The results showed that, regardless the L-isomer content, drawing at 70�C produced a stable mesomorphic phase that showed

greater tensile properties than the original films. This mesomorphic phase, indeed, could be reordered into a crystalline structure

under mild annealing conditions (5 min/75�C), if compared with those needed for similar amorphous PLA specimens (60 min/

120�C), thus providing a processing opportunity for obtaining thermally stable PLA products at temperatures above 100�C. VC 2012
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INTRODUCTION

Currently, because of the ease of production, low cost, high pro-

duction speed and volume, a great part of food packaging,

which includes disposable plastics cups and containers, are

shaped by thermoforming processes.1 The most commonly used

materials in the production of thermoformed plastic containers

such as polystyrene (PS), polypropylene (PP), and acrilonitrile-

butadiene-styrene have come, so far, from the petrochemical

industry. At the end of their service life, high contamination in

these containers precludes them from being recycled; in addi-

tion to their poor biodegradability, this leads to waste accumu-

lation. A possible solution to this problem is to substitute these

materials with biodegradable polymers.

Among biodegradable materials, polylactic acid (PLA) is one that

has attracted the greatest interest because it is derived from

renewable resources and can be processed easily.2,3 This material

is produced by active L and/or D lactic acid monomer condensa-

tion, which allows for obtaining a great number of stereo-copoly-

mers through changing the L/D ratio in each material (i.e.,

varying the optical purity). It is well known that the properties

of each PLA grade are strongly dependent on its optical purity,

ranging from completely crystalline to completely amorphous

materials.4 With a glass transition temperature (Tg) between 50

and 70�C and a melt temperature (Tm) between 150 and 160�C,
PLA slowly crystallizes from the melted polymer commonly

found after processing in an amorphous state.5 As a consequence,

PLA shows a high brittleness and a low maximal temperature of

use. Thus, improvements in these properties are required.6,7

It is known that polymer properties can be significantly

enhanced through orientation processes. During stretching,

polymer molecules are aligned, decreasing their configurational

entropy, thus facilitating their incorporation into the crystal-

line phase, thereby increasing crystallinity (strain-induced crys-

tallization).8,9 It has been found that strain-induced crystallin-

ity is a function of the thermoplastic system (polymer,

stereoregularity, and additives) as well as the temperature and

drawing rate and ratio. As a result, it is possible to obtain
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materials with a wide range of properties by modifying the

processing conditions.

As thermoforming is a thermally assisted deformation process

in which a plastic sheet is heated and shaped, the polymer may

acquire different degrees of orientation during the different

processing stages. Therefore, the strain-induced crystallization

phenomenon can occur, affecting to biodegradability10 or me-

chanical properties11–13 of PLA. Therefore, understanding the

behavior of the material during and after deformation is key to

the process. Also, it is well known that the drawing stage for a

polymer without a well-defined yield point area is more gradual

and leads to parts with smaller wall thickness variations,8,14

being the minimum temperature required to perform the ther-

moforming process the one at which such behavior occurs.

Therefore, it is important to obtain the shape of the stress–

strain curves as a way to determine the conditions under which

the material exhibits an ambiguous yield point. One of the pur-

poses in this work is to report the uniaxial tensile and prelimi-

nary thermoforming behavior of a selected number of extruded

sheets of two different L-isomer content PLA (96% and 98%).

Studies on the PLA process-induced morphology have been

mostly related to fiber orientation13,15 and, to a lesser extent, on

the orientation of films.10,12,16 In terms of fiber orientation, it

has been found that the crystallinity and the degree of molecu-

lar orientation increase with increased drawing speed.15 On the

other hand, Lee et al.10 studied the structure developed by uni-

axial stretching of PLA films, both amorphous and crystalline.

In amorphous PLA samples, they concluded that the degree of

orientation increases with decreasing stretching temperature.

Decreasing drawing temperature seems to hinder molecular

relaxation processes, leading to more uniform orientation. But

for precrystallized samples, it was found that the degree of ori-

entation increases with increased temperature because of greater

spherulite deformation. However, most of those studies are

mainly focused on the development of the structure induced by

the orientation rather than describing in detail its impact on

the final mechanical properties.

In a previous work, Yu et al.12 concluded that film orientation

promoted during the melt stage of the extrusion line had no

significant effects on the mechanical properties, whereas orienta-

tion induced in a second stage above glass transition tempera-

ture (Tg) resulted in an increase in stiffness and strength related

with an increase on the crystallinity ratio. Stoclet et al.16,17 pro-

posed the development of a metastable phase (mesomorphic

phase) to explain the mechanical and thermal behavior of those

PLA sheets.

In this work, the thermal and mechanical behavior of films pro-

duced from two commercial grades of PLA and subjected to dif-

ferent strain rates and temperature conditions has been studied.

We report the influence of the L-monomer content, strain rate,

and final deformation on the thermomechanical properties of

specimens obtained simulating a thermoforming process. The

purpose of this study is to evaluate the influence of the crystal-

linity developed during thermoforming-like conditions on the

thermal stability and tensile properties of the samples, as well as

to study how they are affected by the L/D monomer ratio pres-

ent in the PLA.

EXPERIMENTAL

Materials

Two commercial PLA grades from NatureworksVR with 95.8 and

98% L-lactic isomer content were used: PLA 2002D (from now on

PLA96) and PLA 4032D (from now on PLA98), respectively.18

Film Preparation

Materials were first dried in a PIOVAN (DSN-560HE, Italy)

dehumidifier, with a dew point of �40�C, at 80�C for 3 h.

Films were then prepared by cast extrusion in a single-screw ex-

truder Collin Teach-LineTM E16T (L/D ¼ 25; D ¼ 16 mm) with

a 100 mm flat die and 0.35 mm lips opening. The temperature

profile varied from 145 and 190�C in the barrel and 200�C at

the die. The extrudate was cooled on chill rolls (Collin Teach-

Line TM CR72T, Germany) at 50�C, yielding a uniform film

with a nominal thickness of 0.30 mm.

Mechanical Characterization

The mechanical behavior was determined by uniaxial testing,

performed at different temperatures and testing rates. Tests were

carried out using a Sun2500 (Galdabini, Italy) universal testing

machine, equipped with a thermal chamber Eurotherm 2408

(Eurotherm SpA, Italy), a 1 kN load cell and a video extensom-

eter (Mintron OS-65D, Taipei). ASTM type IVA dog-bone speci-

mens, parallel to the extrusion machine direction (MD), were

die punched from the films. Before testing, the specimens were

equilibrated by placing them in the thermal chamber at their

testing temperature (22, 50, and 70�C) for 10 min before tensile

loading. Tensile crosshead rates were 1, 10, and 100 mm/min

and drawing continued through the yield point up to the speci-

men failure or to maximum range of the testing machine mov-

ing clamp.

From the obtained stress–strain curves, the Young’s modulus (E),

yielding stress (ry), strain at yielding (ey), and strain at break (eb)
were assessed, averaging at least five valid specimens.

Thermal Characterization

The thermal properties were determined by differential scanning

calorimetry (DSC), in a Perkin Elmer Pyris 1 calorimeter, with

an Intracooler Perkin 20 cooling system. Samples of 10 mg was

heated in aluminum pans from 30 to 200�C at a heating rate of

10�C/min under a nitrogen atmosphere. The temperature and

the heating flow scales were calibrated with indium and tin,

using the standard procedure ASTM D7426. The glass transition

temperature (Tg), the cold crystallization temperature (Tcc), and

the melting temperature (Tm) were determined from the ther-

mograms. Enthalpies corresponding to molecular relaxation af-

ter Tg (DHrel), cold crystallization (DHcc), and melting (DHm)

were also assessed.

The crystalline weight fraction (Xc) of the samples was deter-

mined by taking into account the cold crystallization of poly(L-

lactic acid):

Xc ¼ DHm � DHcc

DHo
� 100 (1)

where DHo is the heat of fusion of a theoretically 100% crys-
talline PLA sample, i.e., 93 J/g.19
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Fourier Transformed Infrared Spectroscopy

Infrared spectra of the films were determined using a Nicolet

6700 FTIR spectrophotometer, using a Smart Orbit ATR acces-

sory with a diamond disc. The number of scans was 32, with a

wavelength resolution of 4 cm�1

Dynamomechanical Thermal Analysis

Dynamic mechanical properties of all samples were measured

with a Q800 DMA analyzer (TA Instruments-Waters LLC, United

Kingdom) in a tensile mode. Test samples of 35 � 6 mm2

(height � width) were used. The dynamic storage moduli (E0)
were determined at a constant frequency of 1 Hz and a heating

rate of 2�C/min as a function of temperature from 30 to 160�C.

Wide-Angle X-ray Scattering

Wide-angle X-ray scattering experiments (WAXS) were per-

formed using a Bruker AXS D4 Endeavour diffractometer. Scans

of transmitted intensity versus scattering angle (2y) were

recorded at room temperature in the range 5–30� (step size ¼
0.02 (2y), scanning rate ¼ 8 s/step) with identical setting of the

instrument by using filtered CuKa radiation (k ¼ 1.54 Å), an

operating voltage of 40 kV, and a filament current of 30 mA.

Thermoforming Simulation

The thermoforming process was simulated by uniaxial tensile

drawing using a universal testing machine equipped with a ther-

mal chamber. Rectangular specimens of 125 � 40 mm2 cut

along the MD direction were drawn at 70�C up to 200% strain

(initial gauge length was 65 mm). After drawing, the films were

fast cooled while they were still under stress. Such stretched

films will be referred to in this work as st-PLA96 and st-PLA98

to differentiate them from their corresponding original films.

RESULTS AND DISCUSSION

Influence of the L-Isomer Content on the

Thermomechanical Behavior

Figure 1 shows the DSC thermograms corresponding to the

first heating of the films. In both curves, an endothermic sign

can be observed at about 60�C, just after the middle point glass

transition temperature (Tg). This is a typical response of physi-

cally aged polymers and is caused by a slight rearrangement of

the polymer chains toward thermodynamic equilibrium that

leads to a decrease in the free volume and a decrease in

segmental mobility, with a small densification of the material.

Upon heating, when the chain mobility increases, the polymer

chains undergo a molecular relaxation phenomenon with heat

absorption (DHrel)
20,21 as shown in DSC thermograms, just

after Tg. This physical aging phenomenon is accompanied by

an increase on stiffness and brittleness on the tensile properties

of PLA.6

In the curve corresponding to PLA98 (with a D-isomer content

of 2%), an exothermal signal can also be seen, which corre-

sponds to cold crystallization. On the other hand, PLA96, with

a D-isomer content of only 4.25%, did not show cold crystalli-

zation. It is known that the PLA trend to cold crystallization

during heating depends on its stereoregularity (i.e., the optical

purity or L-isomer content)22; for a heating rate of 10�C/min,

only PLA98 shows a significant cold crystallization

phenomenon.

The endothermic signal observed at temperatures ranging from

150 to 170�C was attributed mainly to the melting of the PLA

crystals, some of them developed during cold crystallization.

The peak melting temperature is related to the lamellar thick-

ness of the crystals; the presence of optical impurities in PLA

produces curled and thin lamellae, which completely hamper

the crystallization ability of PLA.23 This endotherm shows high-

est intensity in the case of PLA98, indicating that a significant

amount of thick crystals. The estimated degree of crystallinity

(Xc) of the films, after correction for cold crystallization en-

thalpy, was 0.9 and 4.2 for PLA96 and PLA98, respectively.

These values indicate that the films were essentially amorphous,

with some crystals formed in the case of PLA98 due to its

greater stereoregularity.

Regarding the mechanical tensile behavior, Figure 2 shows the

stress–strain curves obtained for both films. In these curves, a

similar tensile behavior can be observed. Nevertheless, there are

some small variations in the tensile strength (ry) and stress at

break (rb), which can be attributed to the differences in Xc.

Yielding in both cases took place without necking formation or

showing crazes through the calibrated portion of the specimen.

Afterwards, stress was stabilized until brittle catastrophic failure

at strain values near 15%.

Uniaxial Drawing at Different Rates

and Temperatures

Even though during the initial free deformation stage of the

thermoforming process, the sheet is typically biaxial stretched

and undergoes unconstrained deformation; when the sheet con-

tacts the mold surface, the initiation of stretching may be pre-

dominantly subjected to uniaxial deformation. Because of the

complexity derived from the consideration of a biaxial deforma-

tion process, simpler uniaxial tensile deformation was first

investigated in this study, by varying the temperature and test-

ing rate. The results of the tensile properties and thermal behav-

ior assessed by the DSC experiments are summarized in Tables I

and II.

Figure 1. Thermograms corresponding to the first heating ramp of PLA96

and PLA98 films.
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Influence of Temperature on Tensile Behavior. Three different

temperatures were used in tensile test: room temperature and

10 degrees (approx.) below and above Tg (23, 50, and 70�C,
respectively) at a drawing rate of 10 mm/min. The assessed ten-

sile parameters from the stress–strain curves are reported in

Table I.

As expected, a sharp change in the tensile behavior below and

above Tg was found. The increase in temperature from 23 to

50�C produced a decrease in ry and E. Nevertheless, films

exhibited in both cases a sudden brittle failure, as can be

deduced from their low values of strain at break (eb). On the

other hand, at 70�C, completely ductile behavior with no rup-

ture at strains of 400% strain characterized the tensile behavior

of the films, with a drastic drop in ry and E. Therefore, a tem-

perature of 70�C, which allows for obtaining high strain values

with low stress levels, was the one chosen for simulating the

thermoforming process.

Effect of Strain Rate on Mechanical Behavior, Thermal

Properties, and Crystal Structure. The tensile properties of the

films at 70�C were determined by varying the crosshead testing

rate at 1, 10, and 100 mm/min, which produced initial deforma-

tion rates of 0.00031, 0.0032, and 0.033 s�1, respectively. In Figure

3, the representative stress–strain curves of PLA96 (a) and PLA98

(b) are plotted at those testing rates. In both cases, there was a

common gradual drawing process without showing a sharply

defined yielding area, located in the strain range between 50 and

100%, depending on the testing rate.

After yielding, the curves showed a strain-hardening phenom-

enon, which was related to strain orientation and crystallization.

Such behavior is desirable in industrial thermoforming proc-

esses because it helps to obtain high quality pieces with small

thickness variations (‘‘self-level’’).8 At crosshead rates of 10 mm/

min and higher, the start of the strain hardening phenomenon

was shifted toward lower draw ratio values. It is worthwhile to

highlight that PLA98 tested at 1 mm/min showed, unexpectedly,

Figure 2. Stress–strain curves of PLA96 and PLA98 films, tested at 22�C
and 10 mm/min.
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the same hardening rate as PLA98 tested at 100 mm/min. In fact,

at 1 mm/min, the test took 80 min to complete, which is the

equivalent of a thermal annealing process.24,25 It can be deduced

that at this temperature, crystallization is promoted by two differ-

ent mechanisms: strain orientation and thermal annealing.

Specimens of PLA98 and PLA96 tested at 70�C showed similar

yielding stress values at similar testing rates, as shown in Figure

4. PLA98 films, however, showed a higher elastic modulus than

their corresponding PLA96 samples. Also in this figure, a linear

trend of both tensile parameters (E and ry) with the logarithm

of the testing rate can be assessed, which is of special interest

for predicting the tensile behavior at intermediate rates.

After drawing the films at 70�C and different strain rates, the

differences in the crystalline structure were investigated. During

a typical thermoforming process, some areas may present differ-

ent degrees of strain and/or strain rate,26 depending on the

thickness and shape of the molded object. Therefore, it may be

expected that the thermal and mechanical properties will not be

uniform, but variable. For such a reason, the thermal properties

were assessed at different strain rates and draw ratios from the

central part of tested tensile specimens at 70�C. Figure 5(a,b)

show the first heating scans of the samples strained at 200% at

different crosshead rates for PLA96 and PLA98, respectively.

These thermograms confirmed the presence of structural varia-

tions as a function of the L/D ratio and the strain rate, espe-

cially with respect to the unstrained films. In Figure 5(a), all

stretched PLA96 specimens show an exothermic signal that may

be related to cold crystallization, not present in the original film

[Figure 1(a)].

As the testing rate increased, the peak-temperature of that

exothermic peak was shifted to lower values, down to 75�C at

100 mm/min. It can be remarked that in the case of PLA98,

for the films strained at 1 mm/min, the thermogram did not

show such peak, in agreement with the previous hypothesis

that the film would have annealed during the test.27 On the

other hand, PLA98 films, strained at 10 and 100 mm/min,

showed similar behavior as PLA96 films, also with an exother-

mic peak at 75�C.

All the data from the first heating scans of the unstrained films

and samples strained at 200% are summarized in Table II. Ther-

mal data from samples that were strained at 400% or thermally

annealed are also included in Table II and will be discussed in

further sections.

The results show that drawing, in all cases, had an influence on

the glass transition area and on the apparent content of crystal-

line phase present. Tg decreased as the drawing rate increased,

from 65 to 66�C (original films) to about 62�C in drawn

Figure 3. Stress–strain curves at 70�C and different strain rates: PLA96 (a) and PLA98 (b).

Figure 4. Young’s Modulus (E) and yield stress (ry) as a function of the

strain rate at 70�C: PLA96 (empty symbols) and PLA98 (filled symbols).
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samples at 100 mm/min. However, the relaxation enthalpy

(DHrel) decreased with increasing the testing rate, showing a

trend that can be related with the time that the samples were

inside the thermal chamber during the tensile test: the slowest

testing rates (where the samples stayed more time at 70�C) are

associated with lower DHrel values.

It can also be seen that the drawing ratio on the specimens

drawn at 100 mm/min (100% and 200%) did not produce sig-

nificant variations in thermal behavior, regardless of the L/D

monomer ratio, as shown in Table II. On the other hand, it can

be affirmed that drawing promoted an apparent significant

increase in Xc, regardless of the strain rate. This apparent

increase in Xc, according to the DSC data, was about 20% for

PLA96 and 30% for PLA98.

When the drawn films were analyzed by wide-angle X-ray dif-

fraction, however, the spectra corresponding to stretched films

(200%, 100 mm/min) did not show clear diffraction peaks, as

one could expect from such values of crystallinity. Those films

showed instead only a wide broad peak with very low diffrac-

tion intensity at 2y ¼ 16.3, as shown in Figure 6. In contrast, a

sample of a thermally annealed film (110�C for 6 h–PLA96-

ntA) is shown, which yielded a Xc value of 31.5% assessed by

DSC (Table II). The estimated crystallinity of the stretched films

by WAXS, reported in Table II, show contradictions with respect

to the Xc values assessed by DSC.

Such a disagreement could be explained if we consider that

most of the final crystalline structure seen in the stretched films

by DSC scans developed during the heating step, at

Figure 5. Thermograms showing the first heating ramp of the stretched zone in postmortem tensile specimens of PLA96 (a) and PLA98 (b). Tensile tests

were carried out at 70�C and different crosshead rates.

Table II. Thermal Properties Determined from First Heating Thermograms of Samples Before and After Being Subjected to Different Stretching Process

Material Thermal properties

Sample
Test rate
(mm/min) e (%) Tg (�C) DHrel (J/g) Tcc (�C) DHcc (J/g) Tm (�C) DHm (J/g) Xc (%)

PLA96 nt 0 65 6.0 – – 148 0.8 0.9
nt-A 0 62 0.8 – – 147 29.3 31.5

1 200 61 1.7 82 9.9 148 30.0 21.6
10 200 59 3.0 74 11.1 147 30.0 20.3

100 200 60 5.9 74 10.4 147 29.6 20.6
100-A* 200 59 – – – 147 27.8 29.0
100 400 62 5.2 74 12.9 148 31.6 20.0

PLA98 nt 0 66 6.2 128 28.8 165 32.8 4.2
nt-A 0 61 – – – 166 38.5 41.4

1 200 62 0.5 81 3.7 165 38.9 37.8
10 200 62 3.3 75 8.2 164 39.1 33.2

100 200 62 3.9 74 10.5 164 41.5 33.4
100-A* 200 64 – – – 164 37.3 40.1
100 400 65 4.6 75 10.3 165 39.9 31.8

nt, nontested (original film); A, annealed at 110�C during 6 h; A*, annealed at 75 �C during 5 min.
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temperatures barely above the Tg. Stretching of the films did

not induce complete crystallization, but a semiordered state,

with conformations close to those of crystals but without regu-

lar spacing. Such a state has been described by Stoclet et al. as a

mesomorphic phase,16,17 also found following uniaxial drawing

of blown PLA films. Once the polymer chains achieve enough

energy to move, the polymer chains in that mesomorphic phase

rearrange their conformation to a crystal structure, with a

smaller variation in energy than if the previous state was amor-

phous. Therefore, the exothermal peak considered by us as

‘‘cold crystallization’’ is instead the energy variation between this

metastable state and the crystalline one, i.e., melting of the mes-

omorphic phase and further recrystallization.

For the sake of verifying this hypothesis, 200% stretched films

at 100 mm/min were annealed at 75�C for 5 min (PLA96-

100A* and PLA98-100A*) and analyzed by DSC (see Table II)

and WAXS (Figure 6). Such a short annealing time and low

temperature, compared with the typical annealing conditions

for PLA recrystallization,24 was enough to promote a great

increase in crystallinity, as evidenced when the diffractograms

are compared in Figure 6. This behavior indicates that in the

stretched films, PLA chains present an ordered orientation, with

conformations close to those of crystals, but with no regular

spacing.

More evidence of this phenomenon can be found in the Fourier

transformed infrared spectroscopy (FTIR) spectra of the films.

It was observed that in the 970–835 cm�1 spectral range, there

were some absorption bands that are related with to the crystal

structure of PLA. The one at 923 cm�1 has been assigned to the

coupling of the stretching CAC bond within the polymer chain

with the rocking mode of the ACH3 group. This band was then

affected by the 103 helix conformation present in the a crystal

structure of PLA. The absorption in this band in combination

with the decrease in the band at 955 cm�1 has been related to

PLA crystallization.10,28,29 In Figure 7, several FTIR spectra are

shown, corresponding to PLA96 films and postmortem tensile

specimens.

It can be observed that the thermally annealed samples (PLA96-

ntA and PLA96-100A*), with Xc values assessed by DSC around

30%, show a clear absorbance peak at 923 cm�1. However, the

stretched films, even though they showed Xc values around 20%

in DSC, did not present their corresponding absorption peaks,

because their spectra were more similar to the nonstretched

films than to the highly crystalline ones.

Mechanical Behavior of Thermoformed

(drawn) Films

To investigate the effect of thermoforming on the final proper-

ties of the films, uniaxial drawing simulated this process. Con-

sidering the results of the previous sections, the simulation was

carried out at 70�C and 100 mm/min, with a draw extent of

200% and fast cooling. Tensile dumbbell specimens were

punched from these oriented films for tensile and dynamome-

chanical thermal analysis (DMTA) characterization.

Effect on the Tensile Properties. Figure 8 shows the represen-

tative stress–strain curves from the stretched films (st-PLA96

and st-PLA98), obtained at 10 mm/min and 22�C. The curves

corresponding to their respective original films are also included

in Figure 8, for comparative purposes. A drastic change could

be observed in the mechanical behavior of the stretched (ther-

moformed) films, where yielding occurred with localized neck

formation. Next, the necked section propagated a uniform

stress, which was higher than the yielding stress of the original

films. Finally, a strain hardening effect could be identified, find-

ing higher values of elongation at break than the original films.

The failure in the stretched films took place with some tearing.

Such behavior may be related to that of semicrystalline

Figure 6. WAXS intensity profiles corresponding to PLA96 films: stretched

(PLA96-100), stretched and annealed at 75�C (PLA96-100A*) and

annealed at 110�C (PLA96-ntA).

Figure 7. Section of the FTIR spectra corresponding to PLA96 films with

different drawing conditions: nt represents nontested (original) films, A

stands for thermally annealed films at 110�C for 6 h and A* indicates

thermally annealed films at 75�C for 5 min).
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polymers with processing-induced morphologies, where crystal

structures are oriented along the testing direction.8

The tensile properties determined for st-PLA96 and st-PLA98

are shown in Table I, with their corresponding original films.

Drawing not only produced a great increase in stiffness and

yielding strength but also increased the deformation at yielding

and deformation at break. It is well known that the tensile

properties of semicrystalline polymers are highly dependent on

the degree of crystallinity and the morphology/orientation of

the crystalline domains.8 Even though DSC tests showed an

apparent increase in the crystallinity ratio promoted by drawing,

which could account for an increase in E and ry, the values

assessed for stretched PLA films were higher than those

reported for PLA specimens with a similar crystallinity index

but obtained by thermal annealing (E¼4.1 GPa and ry¼75.4

MPa),5 in agreement with Stoclet et al. work.17

Comparing both PLA grades, the same trends in ry observed

for the original films persisted in the stretched ones. However,

differences in the elastic modulus and deformation at yielding

arose. PLA98 showed higher E values than their corresponding

PLA96 drawn films, but smaller values of ey. These differences

are quite significant, revealing that the choice of a particular

grade might not be trivial if the final application implies ther-

moforming with a high draw ratio.

Dynamomechanical Thermal Analysis. In a package, there can

be some thermomechanical stresses during the sealing and/or

hot filling stages, which may cause deformation and deteriora-

tion of the package. For this reason, packages are required to

withstand such stresses without losing their shape. At the pres-

ent, PS, poly(ethylene terephthalate), and isotactic polypropyl-

ene (i-PP), with typical elastic modules of 3.5, 3.1, and 1.5 GPa,

respectively, are the most used materials for thermoforming.

Hence, it can be reasonably assumed that a certain polymer that

in a broad range of temperatures guarantees at least the stiffness

of i-PP at room temperature (1.5 GPa) will be appropriate for

packaging applications in such a temperature range.

In this work, an arbitrary value of storage modulus E0 ¼ 2.2

GPa has been considered as a fair value for typical packaging

application purposes. By using this criterion, the thermome-

chanical resistance of different polymer films can be compared,

evaluating at which temperature the elastic modulus decreases

below that point. Such temperature in DMTA analysis has been

defined as (T2.2). The films with higher thermal resistance will

show higher T2.2 values.

Figure 9 shows the variation in the storage modulus (E0) with

temperature obtained by DMTA for both PLA grades before

and after simulating the thermoforming process. It can be

remarked that the E0 values of the samples obtained at 30�C by

DMTA are in agreement with the E values reported previously

from mechanical tests. The same trends regarding the influence

of the L-isomer content and orientation can be, hence, found

and explained with the same arguments based on orientation

and crystal structure. Figure 9 allows finding T2.2 for all films;

these values were 68�C and 69�C for PLA96 and PLA98 films

(unstretched) and 70�C and 75�C for st-PLA96 and st-PL98

films, respectively.

When the temperature is close to Tg (around 65�C), a change

in the dynamomechanical behavior can be viewed, characterized

by a sharp drop in E0. In the case of unstretched films, such a

drop reached a value of E0 of 1 MPa and as the temperature

continued to increase, then some of the stiffness was recovered,

up to 10–20 MPa, which remained stable at that value until the

melting temperature of PLA. Such behavior can be reasonably

explained by an increase in crystallinity produced by the cold

crystallization phenomenon analyzed by DSC and discussed

previously.

However, the E0 values for st-PLA96 and st-PLA98 films did not

fall so low as their corresponding unstretched films, showing a

rapid increase in E0 at 90�C. Again, this behavior can be related

with the information provided by DSC, WAXS, and FTIR. The

stretched films showed a conformation close to that of a crystal-

line structure and, once the polymer chains acquired some

Figure 8. Tensile stress–strain curves for original and stretched films per-

formed at 22�C and 10 mm/min.

Figure 9. Variation in storage modulus (E0) as a function of temperature

for PLA films (original and stretched).
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mobility, they rearranged rapidly, forming crystallites in a sort

of nucleation-enhanced-crystallization.30 It is wel known that

crystallites act as anchor points, limiting the movements of the

amorphous polymer sections.31 In this case, because the grade

with a higher L-isomer content (st-PLA98) developed higher

crystallinity at higher rates, it showed better thermomechanical

stability, with higher stiffness in the entire temperature range

compared to st-PLA96.

CONCLUSIONS

The mechanical tests performed at different temperatures and

crosshead rates with PLA films with different L-isomer contents

showed that thermoforming simulation can be approached by

tensile tests at 70�C and strain rates of 0.03–0.3 s�1. Within the

testing boundaries, it was shown that there is no influence of

the PLA L-isomer content on the tensile parameters during

drawing. Therefore, it can be assumed that replacing one grade

with the other during industrial processing would not represent

a dramatic change in the processing parameters.

Drawing at 70�C produces some structural rearrangements, with

the formation of a mesomorphic phase, which is not purely

crystalline, although it is stable at room temperature. The ten-

sile properties of this phase (modulus, tensile strength, strain at

yielding and break) increase with respect to the amorphous

film. This mesomorphic phase, indeed, rearranges into a crystal-

line structure very rapidly at 75�C. The highest and fastest val-

ues of crystallinity were achieved with the highest L-isomer con-

tent PLA grade (PLA98).

Finally, it can be predicted that to produce thermally stable PLA

products by thermoforming, it would be necessary to: (i) use a

high L-isomer content PLA grade, (ii) use a processing tempera-

ture of 70�C and assure deformation rates of 0.3–0.03 s�1, and

(iii) add an annealing step at 75�C to maintain the shape of the

product.
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