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Abstract The architectural modifications of a linear

poly(D,L-Lactide) acid (PD,L-LA) commercial grade were

induced by a one-step reactive extrusion–calendering process

using a styrene-glycidyl acrylate copolymer as reactive agent.

The melt degradation was counteracted by chain extension

and branching reactions, leading to a stabilization of the melt

properties and an increase in the molecular weight. For such

modified samples [poly(lactic acid) (PLA)-reactive extrusion

(REX)], the rate of physical aging at 30 �C was investigated

during 1 week in order to simulate industrial storage condi-

tions. Fracture behavior of ‘‘de-aged’’ and ‘‘controlled aged’’

(1 week) samples was investigated using the essential work of

fracture (EWF) methodology and the critical tip opening

displacement at the crack propagation onset, respectively.

These analyses were complemented by digital image corre-

lation analysis and inspection of the fractured surfaces by

scanning electronic microscopy. As a result of the architec-

tural modifications, the entanglement network density was

increased. Those accounted for a slight decrease in the

physical aging rate. Under uniaxial loading, aged reactive

extrusion (REX) samples exhibited multiple crazing, leading

to a slight increase in strain at break. Nevertheless, as a result

of a similar dynamic environment of the entangled polymer

coils, de-aged REX samples disclosed similar mechanical

properties as compared to their neat counterparts. Regarding

de-aged samples, the EWF analysis revealed no changes in the

work required for the onset of crack propagation. However,

the energy consumed up to the onset of crack propagation of

aged PLA-REX samples decreased due to an apparently

decreased network extensibility, promoting a premature

craze–crack transition.

Keywords Poly(lactic acid) � Reactive extrusion �
Physical aging � Enthalpy relaxation � Essential work of

fracture � Digital image correlation

Introduction

The constant increase in fossil fuel prices and the environ-

mental impact of petrochemical plastics have encouraged

researchers to find new solutions for the biodegradable plas-

tics industry. Recent advances in manufacturing technologies

allow for drastic decrease in production costs of poly(D,L-

Lactide) acid (PD,L-LA) from renewable feed stocks. Now-

adays, a better understanding of the properties led to an

improved compatibility with various thermoplastics which in

turn increased the commercial interest in PD,L-LA products

[1, 2].
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Due to the relatively fast cooling rates of industrial

processes as compared to the crystallization rates of current

commercial bioplastic grades, PD,L-LA items are gener-

ally found in their amorphous state [1]. As commercial

PD,L-LA parts are usually employed in ambient condi-

tions, they are used at a temperature below (but close) to

Tg. Therefore, these thermodynamically unstable glasses

tend toward an equilibrium state through slow segmental

rearrangements over time. This phenomenon is commonly

referred to as ‘‘physical aging’’ process and may have

important drawbacks on the service life of polymer pro-

ducts and large-scale commercial applications. Based on

temperature variable FTIR measurements, Pan et al. [3]

reported a molecular conformational rearrangement during

the aging process in which locally ordered domains are

formed. Several previous works report a decrease in

mechanical and fracture properties of aged material struc-

tures, promoting the ductile–brittle transition behavior [4,

5]. Although, aged PD,L-LA resins are characterized by

their brittle behavior and low failure strain at room tem-

perature, they are also classified as high-strength and high-

modulus polymers. However, this brittleness does not only

affect the end-use behavior but also the handling and

processing, leading to important drawbacks in large-scale

production [6, 7].

For a large number of amorphous polymeric systems, it

is well established that the relaxation and deformation

mechanisms are partially governed by the entanglement

network density (me) as well as by the intrinsic flexibility of

their respective backbone [8, 9]. The latter may be related

to the characteristic ratio C?, characterizing the random

coil nature of the polymer. Thus, high C? values corre-

spond to polymers that are loosely coiled (low flexibility of

the backbone), while low C? values correspond to tightly

coiled polymers (high flexibility of the backbone). Several

studies [8, 10] showed that the brittle behavior of amor-

phous poly(lactide) stereo-copolymers accounts for a low

me coupled with a high value of C?. Regarding high-den-

sity polyethylene [11, 12], a larger me may be a good

solution to enhance the fracture performances of PD,L-LA

resins. An increase in me may be obtained through the

insertion of long-chain branching which, according to

Tangpasuthadol et al. [13] may also control the rate of

enthalpy relaxation during the physical aging process. This

enhancement may thereby extend the handling timeframe

prior to a significant effect of the physical aging process.

Several authors [14, 15] reported that reactive extrusion

process is an attractive way in order to induce long-chain-

branching topology in the poly(lactic acid) matrix, to sta-

bilize the melt properties and to increase the molecular

weight of the initial polymer.

In our previous study [16], structural modified PD,L-LA

sheets were obtained through one-step reactive extrusion–

calendering process using a styrene-glycidyl acrylate

copolymer as reactive agent. According to the rheological

analysis performed on the resulting material [poly(lactic

acid) (PLA)-reactive extrusion (REX)], it has been estab-

lished that long-chain-branching topology was induced in

the initially linear PD,L-LA matrix. Consequently, the melt

strength as well as melt relaxation was increased through

the creation of a higher entangled network density.

The current study focuses on the influences of such

higher me on the rate of enthalpy relaxation during 1 week

in order to simulate industrial storage conditions. In addi-

tion, the dominant role of a change in the PD,L-LA

entanglement network density on the fracture behavior of

de-aged and physically aged samples has been investigated.

Experimental

Materials

A commercial PD,L-LA extrusion grade (Ingeo 4032D�),

supplied by NatureWorks (Arendonk, Belgium) was used

in this study. This grade contains about 2 % of D enan-

tiomer molar content and a melt flow index of 6.4 ± 0.3 g/

10 min (ASTM D1238-04c) [17]. A styrene-acrylic multi-

functional-epoxide oligomeric agent (SAmfE) was

employed as chain extender. It was kindly supplied by

BASF (Ludwigshafen, Germany) (Joncryl-ADR-4300F�)

in flake form with a Tg of 56 �C, a molecular weight of

5443 g.mol-1 and an epoxy equivalent weight of

433 g.mol-1 [16].

Sample preparation

Prior to extrusion, virgin PD,L-LA pellets were dried for

3 h at 80 �C in a PIOVAN hopper-dryer (DSN506HE,

Venice, Italy) with a dew point of -40 �C and kept under

the same conditions during the whole process. SAmfE was

powdered using mortar and pestle and then stored over-

night at room temperature under vacuum. Through one-

step reactive extrusion–calendering process, the PD,L-LA

grade was melt-blended with 0.5 wt% of SAmfE agent in a

co-rotating twin-screw extruder 25 mm (L/D = 36)

(KNETER 25X24D, COLLIN, Ebersberg, Germany) under

a nitrogen blanket. The temperature profile was established

from 150 �C in the feeding zone to 175 �C in the die with a

screw speed of 40 rpm. In addition, vacuum was applied in

the metering zone to remove volatiles created during the

reactive stage. Finally, long-chain-branching PD,L-LA

sheets with a nominal thickness of 1 mm and a nominal

width of 100 mm were calendered (Techline CR72T,

COLLIN, Ebersberg, Germany). The chill roll

(D = 72 mm) temperature was set to 50 �C with a rotation
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speed of 1.25 rpm. Figure 1 represents the different topo-

logical structures that were generated through reactive

extrusion besides the remaining linear one. More details on

sample preparation and characterization can be found

elsewhere [16].

A thermal treatment was then applied to the sheets in

order to release internal stresses and to avoid excessive

defects during sample cutting. They were heated to

60 ± 1 �C for 40 min in a convection oven (J.P. Selecta,

s.a., Barcelona, Spain) and subsequently quenched in an ice

water bath (2 ± 2 �C) for 15 min. After drying, the dif-

ferent samples were immediately extracted from the center

of the sheet, parallel to the main axis of the machine

direction (MD). On one hand, de-aged samples (referred to

as Da) were tested immediately after the end of the thermal

treatment. On the other hand, physical aged samples were

stored at room temperature for 1 week prior to testing in

order to simulate industrial storage conditions. All ana-

lyzed samples are specified in Table 1. Samples were

distinguished by their topological modifications and their

physical aging state.

Thermal characterization

A differential scanning calorimeter (DSC) (Pyris 1 coupled

to a 2P intracooler, Perkin Elmer, Waltham, MA, USA)

was used. Tests were conducted under dry nitrogen

atmosphere. Temperatures as well as heat of transition

were calibrated with lead and indium at 10 �C min-1.

5–6 mg of each sample was encapsulated in aluminum

pans. All samples were subjected to a first heating scan

from 10 to 200 �C at 10 �C min-1 in order to reveal the

typical thermal transitions.

To analyze the rate of enthalpy relaxation below Tg,

freshly de-aged samples were stabilized at 30 �C; then,

predetermined isothermal steps between 0 (only quenched)

and 1000 min were performed. Each isothermal step was

followed by a rapid quenching to -10 �C at 100 �C min-1

where the temperature was equilibrated during 1 min.

Samples were then reheated from -0 to 30 �C and from 30

to 80 �C at 50 �C min-1 and at 10 �C min-1, respectively.

Although the former heating ramp was used to bring

samples quickly at room temperature, the latter was pro-

grammed to record the DSC trace of the aged state.

As a result of the current aging temperature (30 �C), a

significant annealing time is required to reach a complete

material structural equilibrium. Therefore, freshly de-aged

samples were aged for 6 months at room temperature and

thereafter heated from 30 to 80 �C at 10 �C.min-1 in order

to reveal their aged state.

Each of the DSC measurements was repeated three

times using fresh samples in order to improve accuracy and

to minimize the errors brought by baseline fluctuations and

calibrations.

Fig. 1 Topological structures created in REX samples through reactive extrusion process [16]
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From the first heating scan, the degree of crystallinity

was determined using Eq. 1.

vcð%CrystallinityÞ ¼ 100� DHm � DHcc

DH0
m

ð1Þ

where DHm is the melting enthalpy and DHcc is the cold-

crystallization enthalpy. DHm
0 is the melting enthalpy for a

100 % crystalline PLA sample equal to 93.6 J g-1 [18].

For amorphous polymers, it has been demonstrated that

the enthalpy recovered (dH) during isothermal enthalpy

relaxation experiments depends on several variables [19].

In fact, the cooling rate from the melt, the aging temper-

ature, the aging time as well as the heating rate may affect

the configurational rearrangement of the polymer chains

over time. As described above, in the present work, all

these parameters were kept constant, except for the aging

time (ta). A direct measure of the overall relaxation kinetics

of the polymer chains may therefore be provided by these

experiments. dH was calculated as the difference in area

between the DSC trace of isothermal aged samples and the

quenched reference sample. The Cowie-Ferguson model

was employed to analyze dH as a function of ta (Eq. 2) [13,

20].

dHðtaÞ ¼ dH1 � 1� exp � ta

s0

� �b
 !" #

ð2Þ

where dH? is the equilibrium enthalpy relaxation for ta
approaching ? and s0 is the characteristic relaxation time.

b (0 \ b B 1) is a parameter that characterizes the distri-

bution of relaxation times between molecules. A broad

distribution of relaxation times is expected for a small

value of b.

According to Nutt et al. [19], the aging kinetics (bH) of a

bulk sample may be estimated from the slope of dH as a

function of the log (ta) (Eq. 3).

bH ¼ ddH=dðlog taÞ ð3Þ

Mechanical and fracture characterization

Tensile tests

The mechanical characterization was carried out using

uniaxial tensile tests according to the ASTM D638 stan-

dard. Specimens of type I were extracted from the center of

the sheet, parallel to the MD direction. The different tests

were performed at room temperature (23 ± 3 �C) using a

universal testing machine (SUN 2500, GALDABINI,

Cardano al Campo, Italy) equipped with a 5-kN load cell at

a constant crosshead speed of 10 mm min-1. Deformations

were measured with a video extensometer (OS-65D CCD,

Minstron, Taipei, Taiwan) coupled to a Windows-based

software (Messphysik, Fürstenfeld, Austria). The Young’s

modulus (E), the yield strength (ry), the strain at yield (ey)

and the strain at break (eb) were determined from the

engineering stress–strain curves. Values reported corre-

spond to the average of five valid tests.

Fracture behavior

De-aged samples

As a result of the post-yielding crack propagation features

observed in initial tests for these samples, the essential

work of fracture (EWF) methodology was used. This

concept postulates that when a crack propagates after the

generation of an extensive plastic damage zone, the work

required for the whole fracture process (Wf) may be par-

titioned into two additives work terms, considering the

zone of the process where it is involved.

Wf ¼ We þWp ð4Þ

We is defined as the essential work of fracture. It is the

work necessary for the generation of a new surface, and it

usually takes place in the inner fracture process zone.

Occurring in the outer process deformation zone (OPDZ)

Table 1 Nomenclature used for

all analyzed samples in the

current study

a The molecular weight average

(Mw) and the polydispersity

index (PDI) of each sample

were determined by size

exclusion chromatography

(SEC) experiments [16]

Extruded material Mw
a

(g mol-1)

PDIa Sample

nomenclature

Observations

Linear topology PD,L-

LA sheet

179 441 2.1 PLA Da Samples tested immediately after thermal

treatment

PLA Samples stored at room temperature for

1 week after thermal treatment and

subsequently tested

Long-chain-branching

topology PD,L-LA

sheet

297 307 2.5 PLA-REX

Da

Samples tested immediately after thermal

treatment

PLA-REX Samples stored at room temperature for

1 week after thermal treatment and

subsequently tested
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or plastic zone, Wp is defined as the nonessential work of

fracture and it corresponds to the work consumed by sev-

eral deformation mechanisms (e.g.: crazing, micro-voiding,

shear yielding) [4, 21, 22]. Although We is considered as a

surface-related energy whose value is proportional to the

fracture area (lt), Wp is a volume-related energy whose

value is proportional to the volume of the deformed zone

(bl2t). l and t are defined as the ligament length and the

specimen thickness, respectively. b corresponds to the

shape factor of the necked zone related to the volume of

deformed material surrounding the ligament length, which

value depends on the OPDZ geometry. Thus, rearranging

Eq. 4, the specific work of fracture (wf) can be expressed as

a function of the ligament length (Eq. 5) [22, 23].

Wf=lt ¼ wf ¼ we þ bwpl ð5Þ

where we represents the specific essential work of fracture,

and wp is the specific nonessential work of fracture. Thus,

we and the plastic term (bwp) are easily obtained from a

linear regression of a set of values represented in a graph

plotting wf versus l. b can be determined from the slope of

h versus l linear regression, as defined in Eq. 6.

h ¼ k � b� l ð6Þ

h represents the height of the necked zone and according

to Ferrer-Balas et al. [24], k is a constant equal to 1.5 due to

the parabolic-like form of the necked zone.

Following the recommendations of the European

Structural Integrity Society-Technical Committee 4 (ESIS-

TC4) [25], the deeply double-edge-notched tension

(DDENT) sample geometry was used in order to ensure a

low constraint level under fully plastic conditions.

Identical devices as described in the mechanical char-

acterization section were used to perform uniaxial fracture

tests and to measure deformation. Tests were performed

with a crosshead speed of 1 mm min-1 at room tempera-

ture (23 ± 3 �C). DDENT samples were mechanized from

the center of the sheet, parallel to the MD direction, using

the following dimensions: Length L = 105 mm, width

W = 65 mm, thickness t = 1 mm and distance between

grips ZG = 65 mm. Ten ligament lengths ranged between

6 and 24 mm were tested and repeated three times. Before

testing, initial cracks were sharpened with a fresh razor

blade. After testing, a binocular lens microscope (Carton,

Pathumthani, Thailand) was used to determine the accurate

ligament lengths (l) and the height (h) of the necked zone

surrounding the ligament length. In addition, a video

monitoring system (two digital cameras Xenoplan 1.4/23-

0.902, Schneider Kreuznach, Bad Kreuznach, Germany)

coupled to a optical strain measurement system (AR-

AMIS�, GOM GmbH, Braunschweig, Germany) was

employed for an advanced strain analysis using digital

image correlation (DIC).

Physical aged samples

The brittle behavior of aged samples led to a fast unstable

crack propagation under uniaxial loading. As a result of

this behavior, the fracture analysis was carried out deter-

mining the crack tip opening displacement (CTOD) di at

the onset of crack propagation. As pointed out by Anderson

[26], in case of pure plane-stress state condition, the energy

consumed to initiate the crack propagation (J0) may be

calculated from di and ry of its respective material (Eq. 7).

J0 ¼ ry � di ð7Þ

In order to avoid problems of crack propagation outside

of the ligament plane, single-edge-notched tension (SENT)

test geometry was used to perform these tests. They were

mechanized from the center of the sheet, parallel to the MD

direction, using the following dimensions: Length

L = 140 mm, width W = 50 mm, thickness t = 1 mm and

distance between grips ZG = 100 mm. According to a

previous dimensional analysis, these dimensions ensured

similar crack tip constraint ahead of the crack tip between

DDENT and SENT samples. In order to perform a pre-

liminary inspection of the possible change in the fracture

toughness of aged samples, a unique ligament length

(l) equal to 20 mm was tested. For each material, five

samples were evaluated. The initial crack was sharpened

with a fresh razor blade directly after the thermal treatment

applied. Prior to testing, a polarized light microscopy

(Nikon, Optiphot-Pol XTP-11, Japan) was used to verify

the pre-crack quality. No plastic pre-deformation at the

crack tip and an extremely sharp crack tip was observed.

Uniaxial tests were performed on a servo-hydraulic

testing system (Amsler HC25, Zwick Roell, Ulm, Ger-

many), equipped with a 2-kN load cell, in tensile config-

uration. Tests were conducted with a crosshead speed of

10 mm min-1 at room temperature (23 ± 3 �C). A similar

video monitoring system as described above was used for

advanced strain analysis using DIC analysis.

Prior to perform DIC analysis, samples were ‘‘speckle

coated’’ with white and black aerosol paints in order to

create an optically active random structure. During the

tests, displacements of this nonuniform surface pattern

were recorded by a series of digital images (1600 9 1200

pixels) at a frame rate of 10 Hz. After testing, the DIC

post-test analysis was performed using a commercial DIC

software, Aramis� (GOM GmbH, Germany). The dis-

placement field ahead of the crack tip was analyzed by

viewing a rectangular field of 15.2 mm 9 0.46 mm,

meshed by square facets (9 9 9 pixels) with a 3 pixels

overlapping area. A full-field three-dimensional measure-

ment of the specimen shape and strain field was thus cal-

culated by deriving these discrete displacements. Using the

strain field measurement, di may therefore be determined

J Mater Sci (2014) 49:4093–4107 4097

123



just before the crack propagation onset. The CTOD value

was measured between two fixed nodes ahead of the initial

crack tip.

Fractography characterization

The fractured surfaces of all aged samples (SENT geom-

etry) were inspected by Scanning Electron Microscopy

(SEM) (JEOL, JSM-7001F, Tokyo, Japan). Experiments

were performed under vacuum with an accelerating voltage

of 2 kV. Samples were previously coated with platinum

vapor.

Results and discussion

Thermal properties

The first DSC heating scan at 10 �C min-1 of all the

samples is shown in Fig. 2. Midpoint glass transition

temperature (Tg), cold-crystallization temperature (Tcc),

cold-crystallization enthalpy (DHcc), melting temperature

(Tm), melting enthalpy (DHm) and degree of crystallinity

(Xc) results are compiled in Table 2.

Under controlled aging periods, structural modifications

induced in the PD,L-LA matrix through REX-Calendering

process did not affect the midpoint Tg (c.f. Table 2).

However, as it was expected for aged samples, the endo-

thermic peak intensity related to the enthalpy relaxation

observed in the vicinity of Tg was larger compared with the

one of de-aged samples. This phenomenon has been

extensively studied, and the effects are well established.

For aged samples, it was a consequence of a large change

in the potential energy in the Tg region due to the alteration

of locally ordered domains to a more disordered confor-

mational state, upon heating [3].

According to Xc values, all samples can be considered to

be amorphous due to the low crystalline fraction developed

under reactive extrusion (REX) processing conditions. In

Fig. 2, it can be observed that the melting transitions of

PLA and Poly(lactic acid) de-aged (PLA Da) samples

exhibited a small exotherm (indicated by an arrow) prior to

the dominant melting transition. According to several

studies [27, 28], this exothermic peak may be attributed to

the a’-to-a transition of the possible a’-crystals developed

during the fast cooling from the melt to an isothermal step

at 50 �C (calendering stage). Then, the presence of two

overlapped endotherms was proposed to be due to the melt-

recrystallization mechanism. The low-temperature shoul-

der may be attributed to the melting of the original crystals,

while the high-temperature endotherm may be attributed to

the melting of crystals generated through the melt-recrys-

tallization mechanism upon heating [28].

In contrast, PLA-REX samples exhibited a well-defined

double-melting peak which may be attributed to the melt-

ing of two different crystalline populations with different

lamellar thicknesses and degrees of perfection [29]. The

long-chain branching inserted in the PLA matrix may act as

structural defects, giving rise to a less crystal perfection

(lower lamellar thickness). As it can be observed in Fig. 2,

the cold-crystallization peak of all REX samples was

shifted to higher temperatures. As a result of the higher

content of structural irregularities (long-chain branching)

Fig. 2 First DSC heating scan at 10 �C min-1 for aged and de-aged

samples

Table 2 Thermal properties

determined from the first DSC

heating scan

Sample nomenclature Tg (�C) Tcc (�C) DHcc (J g-1) Tm (�C) DHm (J g-1) Xc (%)

De-aged

PLA Da 60 ± 1 106 ± 2 31 ± 1 168 ± 1 33 ± 1 2 ± 1

PLA-REX Da 58 ± 1 112 ± 1 28 ± 1 165 ± 2 32 ± 2 4 ± 2

Physical aged

PLA 59 ± 1 107 ± 1 31 ± 1 168 ± 1 34 ± 1 3 ± 1

PLA-REX 60 ± 1 112 ± 2 28 ± 1 165 ± 2 32 ± 1 4 ± 2
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coupled with a significant increase in the molecular weight,

the polymer chain mobility may be reduced leading to a

possible decrease in the ability to crystallize [30].

Structural modification effects on enthalpy relaxation

Figure 3 depicts the different heating scans for PLA and

PLA-REX samples aged at 30 �C (Ta = Tg – 30 �C) for

various aging times (from 0 min to 1 week). In an initial

study, due to the repeated isothermal steps, both samples

were analyzed for a possible thermal degradation by

carefully studying the DSC trace in the glass transition

region (from 40 to 80 �C). As it can be seen in the inserts

of Fig. 3, all DSC heating scans are well superimposed in

the glassy and in the rubbery regions. This indicates that no

degradation or irreversible changes did occur and that both

samples attain a reproducible state each time they are

heated above Tg.

As it can be seen in Fig. 3, although no isothermal aging

step was performed on quenched samples, they present an

endothermic signal above Tg (overshoot). Therefore, it may

be concluded that an enthalpy relaxation process took place

in the amorphous phase upon heating to Tg. For isother-

mally aged samples, besides the constant overshoot above

Tg, an additional endothermic signal (indicated by an

arrow) was revealed below Tg. The intensity of this addi-

tional endotherm increased and shifted to higher tempera-

ture with increasing aging time. For samples aged up to

700 min, an overlapped shoulder in the Tg transition

appeared which merged with the constant overshoot above

Tg when the aging time was further increased. This was due

to an increase in the excess enthalpy of relaxation resulting

from a substantial decrease in the molecular mobility as the

polymer ages. This observation is in line with the theory

proposed by Struik [31] stating that when an amorphous

polymer phase is aged at a sub-Tg temperature (Ta -

Tg - 20 �C), de-aging process occurs below Tg. The

dashed line highlighted the characteristic Tg overshoot

displayed by all samples.

Based on the DSC thermograms of Fig. 3, dH was

determined for each sample and represented as a function

of ta (c.f. Fig. 4). The insert includes also the measurements

of samples which were aged for 6 months. The Cowie-

Fergusson parameters (c.f. Eq. 2) as well as bH (c.f. Eq. 3)

were calculated for each material and are compiled in

Table 3.

Fig. 3 DSC heating scans at

10 �C min-1 of samples aged at

Ta = Tg - 30 �C in the glass

transition region. Each

thermogram was recorded at the

indicated aging times (in

minutes). Inserts display an

overlay of the same curves to

justify the correct

superimposition of the

individual thermograms below

and above Tg

Fig. 4 dH as a function of ta for both samples aged at Ta = Tg -

30 �C. The Cowie–Ferguson model is fitted for each sample and the

insert shows the linear correlation between dH and log (ta)

J Mater Sci (2014) 49:4093–4107 4099

123



The numerical values of the experimental fits may be

considered as reliable due to the high correlation coeffi-

cient (R2 (dH vs. ta)) obtained for both samples (c.f.

Table 3). In addition, a linear relationship was established

for the enthalpy recovered as a function of log (ta). This

observation indicates a proper fitting of the experimental

data and is in good agreement with previous published data

[5, 13, 32].

As it can be seen in Fig. 4, dH increased rapidly for both

samples when the aging time was increased to

700–1000 min. However, as the aging time further

increased, the enthalpy-recovered content was lowered for

PLA-REX samples as compared to PLA samples. During

physical aging process, Pan et al. [5] suggested that the

decrease in the free volume (vf) in amorphous PLLA

involves a change in the molecular chain conformation

from totally disordered for unaged materials to locally

ordered for aged ones. As mentioned earlier, it has been

established that relaxations in the amorphous phase were

mainly controlled by the entangled network density. Since

REX samples presented a higher number of physical

crosslinking points, disentanglement and unknotting pro-

cess rates of the chains in the experimental timeframe may

be slowed down, decreasing thereby the rate of enthalpy

relaxation, bH. As shown in Table 3, this bH slowdown

broadened the distribution of relaxation time (lower b) and

increased s0.

Tensile properties

The typical tensile engineering stress–strain curves of all

samples are shown in Fig. 5. It can be appreciated that de-

aged PLA samples behaved in a ductile manner while aged

samples featured a brittle behavior. Considering aged

samples, it should be noted that both materials presented a

local maximum in the engineering stress which may be

associated with a yield point. However, the formation of

crazes prevented the propagation of a stable neck, giving

rise to a premature brittle fracture. Table 4 summarizes the

mechanical parameters of all samples.

After testing, a visual inspection of both aged samples

(c.f. Fig. 6) revealed that PLA samples exhibited several

long plane crazes surrounding only the fractured zone. This

scenario changed substantially when PLA-REX samples

were considered. A larger stress-whitened zone was

observed in the calibrated zone. A more detailed inspection

of the fractured region revealed a larger proportion of

shorter crazes, which became thinner and better defined.

The irregularities present in the molecular pattern coupled

with a higher entangling knots density might have stopped

the growth of long crazing planes and promoted the for-

mation of various shorter ones under loading [33, 34]. This

larger content of highly localized process plastic yielding

that surrounds crazes led to a slight increase in eb for REX

samples (c.f. Table 4). However, according to Table 4 and

taking into account the standard deviations, E, ry and ey did

not seem to be affected by the increase in the entanglement

network density.

As mentioned previously, de-aged samples showed the

typical behavior of ductile polymers with stable neck

propagation up to \100 % of their initial length owing to

the cold drawing process (c.f. Fig. 5 and Table 4). As a

result of the larger amount of free volume (vf) induced by

the de-aging thermal treatment, the chain mobility was

increased giving rise to a more pronounced anelastic region

and a decrease in ry [4, 35]. The rupture of locally ordered

domains and the larger vf led to a polymer chain confor-

mation more irregular and more free. These higher-disor-

dered chain arrangements may have therefore induced a

larger proportion of twisted chains possibly leading to a

similar average dynamic environment of the entangled

Fig. 5 Typical tensile engineering stress–strain curves at

10 mm min-1

Table 3 Cowie–Ferguson model parameters and enthalpy relation

kinetics for PLA and PLA-REX samples

Sample nomenclature PLA PLA-REX

dH ?(J g-1)a 3.1 ± 0.2 2.6 ± 0.2

s0 (103) (min) 18 ± 3 110 ± 20

b 0.26 ± 0.01 0.17 ± 0.01

R2 (dH vs. ta) 0.993 0.981

bH (J g-1 per decade) 0.56 ± 0.01 0.47 ± 0.01

R2 (dH vs. log(ta)) 0.999 0.995

a dH ? was determined by DSC tests of samples aged for 6 months at

room temperature
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polymer coils between both de-aged materials. Similar

polymer coils and segment mobility may have been pres-

ent, leading to analogous mechanical properties for both

materials.

Nevertheless, a slight visual difference may be appre-

ciated if the stretched region of both samples was consid-

ered. As shown in Fig. 7, the whitening of the stretched

region was less pronounced for PLA-REX samples as

compared to PLA samples. Similar to PET polymer, this

whitening is usually attributed to the strain-induced crys-

tallization effect. However, according to several authors

[36, 37], stretching of the PLA polymer does not induce a

stable crystal formation. A mesomorphic phase is gener-

ated whose conformation and dimensional parameters are

close to those of stable crystals but without regular spacing.

Then, further heating will bring enough energy to this

metastable crystal form to transform into a stable crystal

one with a lowered energetical conformation. According to

the degree of crystallinity (c.f. Table 4) obtained after

heating the stretched samples up to 200 �C, the ability to

generate a crystalline state seemed to be reduced when

PLA-REX samples were stretched. This decrease in the

ability to ‘‘crystallize’’ upon stretching may be due to the

increase in the sample molecular weight coupled with the

introduction of long-chain branching.

Fracture behavior

Essential work of fracture

According to the ESIS-TC4 protocol [25], three main

preconditions have to be fulfilled in order to analyze

properly the EWF results: (1) the ligament length (l) of the

DDENT specimens must be in a range that guarantees a

full ligament yielding before the crack propagation onset;

(2) a self-similarity of the load-deformation curves for each

ligament length in order to assure a similar fracture process

between all of them and (3) the process must take place in a

pure plane-stress state condition for the whole range of

l under study [4, 23].

For both de-aged materials, the self-similarity criterion

of the load-deformation curves was verified during tests, in

the range of l under study. Figure 8 displays the engi-

neering stress as a function of the normalized displacement

Fig. 6 Light macrophotographs

of aged PLA and PLA-REX

specimens after testing at

10 mm min-1. Micrographs

were taken from the

surrounding fractured part of

each sample

Table 4 Uniaxial tensile parameters at 10 mm min-1

Sample nomenclature E (GPa) ry (MPa) ey (%) eb (%) Xc (%)a

De-aged

PLA Da 3.2 ± 0.2 58.7 ± 0.5 2.29 ± 0.02 165 ± 10 16 ± 2

PLA-REX Da 3.3 ± 0.1 57.6 ± 0.8 2.26 ± 0.04 165 ± 5 12 ± 1

Physical aged

PLA 3.5 ± 0.1 74 ± 2 2.2 ± 0.1 2.2 ± 0.1 –

PLA-REX 3.3 ± 0.1 73 ± 1 2.18 ± 0.03 2.5 ± 0.1 –

a The tested specimens were cut from the necked zone of tensile samples stretched at 100 % of their initial length. Xc values were determined

from the first DSC heating scan at 10 �C min-1 and repeated three times for each material
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curves for de-aged PLA and PLA-REX samples. The strain

field determined by DIC analysis suggested that the onset

of yield appeared in point b. Yielding process was initiated

well before the maximum stress and from both sharpened

cracks due to the high stress concentration ahead of not-

ches. At point e, the ligament was fully yielded and the

crack propagation was initiated, which fulfilled the pre-

condition of total plastic collapse of the ligament prior to

crack initiation. As it can be seen in Fig. 9, the linear

relationship between the specific work of fracture (wf) and

l confirmed that the fracture process took place in uniform

stress state (pure plane stress in this case) and that Eq. 5

can be used for the analysis. Characteristic EWF parame-

ters’ results are compiled in Table 5.

According to Table 5 and taking into account the

experimental error involved, structural modifications

induced by reactive extrusion did not seem to affect the

work required for the onset of crack propagation; associ-

ated with the essential term (we). Similar we values were

determined by Gámez-Pérez et al. [4] for de-aged PLA

films with a nominal thickness of 0.3 mm. Under plane-

stress condition, this present observation is in line with

previous communications stating that for amorphous

polymers, we is a material constant, independent of the

specimen geometry and molecular weight [38, 39].

Although bwp remained constant between both materials

when the experimental error was taking into account, a

different post-yielding behavior may be appreciated by

Fig. 7 Visual aspect of the necked region of de-aged PLA and PLA-REX samples stretched at 100 % of their initial length

Fig. 8 Engineering stress

versus normalized displacement

(by an l of 18 mm) curves for

DDENT samples tested at

1 mm min-1. The strain field

surrounding the ligament length

was determined in some

characteristic points by DIC

analysis in the rectangular field

(white dashed line, insert)
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considering Fig. 8. Therefore, a detailed analysis of this

term was necessary to elucidate the effects of the increase

in me due to the long-chain-branching topology generated

through REX processing on the nonessential term. As it can

be seen in Table 5, the shape factor b was lowered when me

was increased, indicating a significant decrease in the

volume of deformed material surrounding the ligament

length. A significant rise in wp was thereafter obtained,

indicating an increase in the energy density dissipated in

the deformation process surrounding the plane of crack

propagation.

In order to give a physical meaning to the trends

obtained by the above parameters, the deformation process

has to be considered. According to Karger-Kocsis et al.

[40], shear banding via network stretching appeared to be

the dominant deformation mechanism in the whole process

zone (IPFZ and OPDZ) of amorphous thermoplastic

polyesters. For ductile amorphous polymers, this defor-

mation process (network stretching) agrees thereby with

the physical interpretation of the EWF parameters pre-

sented by Chen et al. [37]. Under loading, the network

stretches until a ‘‘locked’’ point, governed by the entangled

knots which act as chemical crosslinking points. Once this

‘‘locked’’ point is reached, the covalent bonds of the

entangled chains ahead of the crack tip are stretched to a

critical value and finally break, leading to crack propaga-

tion. Thus, the content and the degree of viscoelastic and

viscoplastic flow that may undergo the molecular network

prior to reach the ‘‘locked’’ point governs the size and

energy density surrounding the crack propagation plane.

Regarding the materials of the present study, this net-

work stretching mechanism was confirmed when a com-

plete recovery of the stretched region of the tested samples

was observed after being placed above Tg for 10 min. At

the testing temperature, both samples presented a signifi-

cant molecular relaxation time, suggesting that entangling

knots may have acted as ‘‘chemical’’ crosslinking points

[16]. Thus, under uniaxial loading, as long as disentan-

glements did not take place, the deformation mechanism

governing the network stretching was principally depen-

dent of the entangled network. Beyond the yield point, a

more entangled network may accommodate lower network

extension as compared to a less-entangled structure. This

was attributed to the fact that the molecular weight

between entanglements was reduced giving rise to a low-

ered backbone stretching level. Therefore, they were able

to distribute and relieve the stress in a smaller volume

element (lower b value). In addition, in a highly entangled

network, the mechanical work content necessary to gen-

erate the plastic flow was supposed to increase, leading to a

higher wp value. This was due to a decrease in the ability to

orientate the molecular chains under uniaxial loading [41,

42].

Despite these last differences, the global parameters (we

and bwp) did not seem to be influenced by the structural

modifications induced through one-step reactive calender-

ing process for de-aged materials.

Fracture toughness of aged samples

As previously mentioned, an inspection of the possible

changes in fracture toughness of all aged samples was

assessed by the determination of the CTOD (di). According

to DIC analysis, Fig. 10 shows the resulting strain field

ahead of the crack tip, at the onset of the crack propagation.

Numerical parameters are compiled in Table 6. As it can

be seen in Fig. 10, PLA samples exhibited a larger blunting

ahead of the crack tip as compared to PLA-REX ones,

leading to a wider di before the catastrophic crack propa-

gation (c.f. Table 6). As a result of this larger strain and

considering that both samples have a similar ry (c.f.

Table 4), PLA samples presented a higher energy con-

sumption up to the crack propagation onset as compared to

PLA-REX samples.

In order to obtain more information about the fracture

process, SEM analysis was performed on the fractured

surfaces of both aged samples. Figure 11 shows an

Fig. 9 wf as a function of l for DDENT samples

Table 5 Influence of the

structural modifications on the

EWF parameters

Sample nomenclature we (kJ m-2) bwp (MJ m-3) b (10-2) wp (MJ m-3) R2 (wf vs. l)

PLA Da 37 ± 2 5.3 ± 0.1 8.3 ± 0.6 63.9 ± 0.1 0.998

PLA-REX Da 34 ± 2 4.9 ± 0.2 6.1 ± 0.5 80.3 ± 0.2 0.996
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overview of the fractured ligament length together with

two detailed regions for aged PLA and PLA-REX samples.

As it can be seen in Fig. 11, both samples exhibited two

different regions with different fracture surface features.

Ahead of the crack tip, the first zone (referred to as surface

1) showed a smooth topography with only few cuts running

perpendicular to the propagation direction. As a result of

the smooth feature of this surface coupled with the absence

of plastic tearing, this region may characterize the con-

trolled propagation step of the crack propagation. Thus, the

crack propagation onset was preceded by a long craze

growth whose growth rate (Vcraze-growth) was faster than the

crack propagation rate (Vcrack).

The second zone (referred to as surface 2) showed evi-

dences of random nucleation, orientation and size of crazes

in which thin fibrils may be observed. This surface

topography is usually called ‘‘hackled’’ pattern and is

characteristic of a brittle behavior. Regarding polymeric

materials, this situation is expected when Vcrack exceeds

Vcraze-growth. In this region, craze nucleation and craze

growth processes were uncontrolled and erratic under

uniaxial loading which means that the unstable regime of

crack propagation was reached.

Although surface 1 recovered two-thirds of the PLA

ligament length samples with a slight reduction of its initial

thickness (delimited by the black dashed line), this length

was reduced to less than half of the fractured ligament

length for PLA-REX samples with no evidences of sub-

stantial thickness reduction. These observations indicated

that PLA-REX samples achieved less craze thickening

prior to the craze–crack transition as compared to PLA

samples. This may be due to the lower molecular mobility

under loading as a result of the higher entangling knots

density. Therefore, the mechanical work underwent by the

matrix at the onset of crack propagation was lowered,

giving rise to lowered J0 values. Regarding PLA samples,

this ‘‘delayed’’ craze–crack transition was highlighted in

Fig. 10 by the further increase in the engineering stress up

to a local maximum after the onset of crack propagation.

As shown in Fig. 11 for PLA-REX samples, surface 2

presented a larger surface together with a higher number of

craze random nucleation. This observation is in line with

the behavior previously observed in tensile tests where a

larger content of short and thin crazes was generated when

PLA-REX samples were loaded in mode I. Although no

significant differences were observed in the tensile test

parameters between both aged materials (c.f. Table 4), in

this section the CTOD analysis revealed a significant dif-

ference between both of them. Therefore, in the presence of

a stress intensifier (notch), an increase in the entangling

knot density may lead to a loss of stability in the crack

propagation process.

Under pure plane-stress state condition, Wu et al. [43]

stated that we obtained by the EWF methodology is

equivalent to J0. A possible comparison between the EWF

parameters determined in the above section and the J0

parameter was therefore possible in the current study due to

the fact that both (we and J0) are independent of the

geometry employed [39, 43, 44]. As a result of a decreased

ability to dissipate energy through molecular motion, aged

samples showed a decrease in the energy consumed by the

material in order to initiate the crack propagation (c.f.

Table 5 and 6). Therefore, in this latter state, as a result of a

less stretchable chain network due to a higher entangling

knots density, changes in the fracture toughness were more

pronounced.

Fig. 10 Engineering stress versus normalized displacement (by l of

20 mm) for aged PLA and PLA-REX samples. The strain field ahead

of the crack tip was determined by DIC analysis in the rectangular

field (white dashed line, insert)

Table 6 Influence of the entanglement network density on the CTOD

and J0 parameters

Sample nomenclature di (mm) J0 (kJ m-2)

PLA 0.31 ± 0.02 23 ± 2

PLA-REX 0.18 ± 0.05 13 ± 1
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Conclusions

Under the REX-calendering processing conditions

employed in the current study, DSC results suggested a

decrease in the crystallization ability for REX samples as a

result of a slight increase in the cold-crystallization tem-

perature. In addition, the molecular weight increase cou-

pled with the generation of long-chain branching may have

changed the melting mechanisms from the melt-recrystal-

lization to the multiple lamellae population mechanism for

REX samples. Under controlled aging periods at 30 �C, the

rate of enthalpy relaxation presented by the modified

samples was slowed down. A higher entanglement network

density is therefore a good way to reduce the ability of

reorganization toward a more ordered conformational state

of the amorphous PD,L-LA biopolymer over time.

Aged REX samples subjected to uniaxial loading pre-

sented a slight increase in the strain at break as a result of a

larger nucleation of highly localized process plastic

yielding zones in various different planes. This phenome-

non was promoted by the higher content of irregularities

present in their respective molecular pattern. In contrast, as

a result of a larger free volume, the average dynamic

environment of the entangled polymer coils in both

samples was likely similar, leading to similar mechanical

properties for both de-aged samples.

Topological changes in the de-aged samples did not

affect the specific work of fracture associated with the

work required for the onset of crack propagation (we).

However, the higher entanglement network density pre-

sented by REX samples led to a less stretchable network,

which might have reduced the viscoplastic flow ahead of

the crack tip, promoting a decrease in the volume of

deformed material surrounding the ligament length.

Although the same molecular restriction effects led to an

increase in the strain energy necessary to reach this plastic

collapse, the specific nonessential work of fracture (bwp)

associated with the resistance to crack propagation

remained constant between both samples.

The analysis of the fracture behavior of aged samples

revealed that the crack propagation process was the result

of the craze–crack transition phenomenon. As compared to

PLA-REX samples, this transition was delayed for PLA

samples allowing thereby a larger CTOD prior to the onset

of crack propagation which led to higher J0 values.

Regarding PLA-REX samples, the presence of a denser

entanglement network restricted the network extensibility

limiting thereby the craze thickening. Therefore, the craze–

Fig. 11 SEM micrographs of the total fractured ligament length and of two characteristic fractured surfaces for PLA and PLA-REX samples.

The white arrow indicates the crack propagation direction ahead of the crack tip
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crack transition took place earlier giving rise to a higher

crack propagation instability.
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