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Abstract

In this paper, we investigated the effect of D-lactide content, high-temperature drawing, and blending with poly(butylene 

adipate-co-terephthalate) (PBAT) on the physical aging kinetics of poly(lactic acid) (PLA), and its morphology, mechanical 

properties, and phase structure. As PLA is only tough for 1 or 2 h after processing, or after being heated above the glass 

transition temperature and back, it is crucial to know how we can avoid, or at least slow down, the kinetics of physical aging. 

Toughening elastomers, in this case, PBAT, can also influence this. PBAT also works as a nucleating agent and so it slows 

down physical aging; therefore, it toughens PLA not only through increasing its elongation at break and inhibiting crack 

propagation. We also investigated the influence of the phase structure of the blend on ductility, with a ball-burst test and a 

scanning electron microscopy (SEM).
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Introduction

Physical aging is a phenomenon that occurs in a wide range 

of polymers after processing when the material cools under 

its glass transition temperature. This affects the polymer’s 

mechanical, morphological, and other physical properties 

but not its chemical properties [1, 2]. Tensile strength and 

tensile modulus increase, but elongation at break and ductil-

ity decrease. The effect of physical aging can be reversed by 

heating the polymer above the glass transition temperature 

(Tg) and cooling it down again. Then, the process starts over 

again, so it is a thermally reversible process [2–4]. In many 

cases, researchers found a connection between the physi-

cal aging process and the decrease in free volume and its 

migration [5, 6]. Still, other studies suggest that molecular 

motions occur under Tg down to a specific temperature, 

called β-transition temperature, which is responsible for 

this aging phenomenon, as the macromolecules are trying 

to reach a thermodynamic equilibrium by the β motion of 

the segments. Some of these studies even question the influ-

ence of the change in free volume [7–10]. On the other hand, 

the process of physical aging happens in semicrystalline 

polymers too, but not only in their amorphous, but also in 

their crystalline regions [11–17]. The mechanical stretching 

of a polymer at a temperature higher than Tg increases its 

molecular orientation, which can also affect physical aging 

and make the initially rigid polymer ductile in the drawing 

direction. However, we still don’t fully understand whether 

it is because of the decreasing free volume or the increasing 

secondary bonds and crystallinity, slowing the motion of the 

molecules and slowing down relaxation [18–21].

The popular biopolymer poly(lactic acid) (PLA) is also a 

glassy polymer, which undergoes rapid, significant physical 

aging after processing, causing its brittleness, which hin-

ders its application in many fields [4, 10, 22–24]. Right after 

processing, PLA has over 150% elongation at break at room 

temperature, which decreases to 5–10% in a few hours. Stud-

ies have shown that PLA can also become ductile perma-

nently, by stretching it above its glass transition temperature, 

but under cold crystallization temperature, and then cooling 
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it [25–27]. As PLA can also be described as a copolymer, the 

ratio of D- and L-lactide could also affect the rate of physical 

aging. Nevertheless, there are also studies about toughening 

PLA by blending it with tough biopolymers, but only a few 

have investigated the possible effect of the second material 

on the physical aging of the first material [28–34]. In this 

study, we investigated if D-lactide content, high-temperature 

drawing, or the toughening agent influenced the physical 

aging of PLA, and how they affected its mechanical and 

thermal properties, and how PBAT affected its ductility. We 

examined this with ball-burst tests and tensile tests.

Experimental

Materials and processing

The extrusion grade PLAs type 2500HP, 4032D, 2003D 

and 4060D were purchased from Natureworks (Minnetonka, 

MN) with a D-lactide content of 0.5%, 1.4%, 4.3%, and 12%, 

respectively. (The D-lactide contents were provided by the 

manufacturer.) The PBAT (ecoFlex F Blend 1200) was pur-

chased from BASF (Ludwigshafen, Germany). Prior to pro-

cessing, we physically mixed PLA (4032D) and PBAT pel-

lets in the ratio of 90/10, 80/20, and 70/30 and then dried the 

mixtures in a hot air drier at 80 °C for 8 h to remove mois-

ture. Then, we compounded the blends with a twin-screw 

extruder (LabTech LTE 26–44) to make filaments and then 

pellets. The extruder was equipped with a 26-mm-diameter 

screw with an L/D ratio of 44. Zone temperatures were set 

to 190 °C, 190 °C, 185 °C, 185 °C, 185 °C, 180 °C, 180 °C, 

180 °C, 175 °C, 175 °C, 175 °C (from die to hopper). Screw 

rotation speed was 20  min–1. The 0.5-mm-thick sheets were 

made from all neat PLAs separately and the PLA/PBAT 

blends with a LabTech LCR 300 film sheet extruder (screw 

diameter 25 mm, L/D = 30) equipped with a slit die set to 

a slit distance of 0.8 mm. The temperature of the chill roll 

was set to 60 °C, and pulling speed was 0.9 m  min−1. For the 

PLA/PBAT blends, the extrusion temperatures were 190 °C, 

185 °C, 180 °C, 175 °C, 175 °C (from die to hopper) and 

screw rotation speed was 54  min−1, while the temperatures 

were 200 °C, 195 °C, 185 °C, 175 °C, 170 °C for 4060D 

and 210 °C, 210 °C, 200 °C, 190 °C, 180 °C for the rest. 

After extrusion, we cut dumbbell-shaped specimens from 

the sheets and drew the oriented samples with a Hencky rate 

of 0.12  s−1 to the different draw ratios in a 70 °C heat cham-

ber, after we waited 3 min for the samples to reach 70 °C.

Methods

Scanning electron microscopy was carried out with a JEOL 

JSM 6380LA (Jeol Ltd., Japan, Tokyo) after the samples 

were broken in liquid nitrogen cryogenically parallel to the 

extrusion and drawing direction and coated with a gold layer.

Thermal and crystallization properties were examined by 

differential scanning calorimetry (DSC) (TA Instruments 

Q2000), in modulated mode. The samples were 4–6 mg 

measured in 50 mL  min−1 nitrogen purge gas from 0 to 

200 °C or 40 to 70 °C, with a heating rate of 5 °C  min−1, 

modulated with ± 1 °C   min−1. We determined the glass 

transition temperature (Tg), cold crystallization tempera-

ture (Tcc), the melting temperature (Tm), and the enthalpy of 

relaxation at glass transition temperature (ΔHr), cold crys-

tallization (ΔHcc), and melting (ΔHm). We calculated the 

crystallinity from the DSC results using Eq. 1:

where X (%) is the calculated crystallinity, ΔHm (J  g−1) and 

ΔHcc (J  g−1) are the enthalpy of fusion and the enthalpy of 

cold crystallization, respectively, while ΔHf (J  g−1) is the 

enthalpy of fusion for 100% crystalline PLA (93.0 J  g−1) and 

α is the ratio of the other phase.

The tensile tests were performed with a Zwick Z005 

universal testing machine (Ulm, Germany) equipped with 

a 5-kN force-measuring cell. Test speed was 5 mm  min−1. 

For the undrawn samples (ISO 527-2 5A), grip-to-grip sepa-

ration distance was 50 mm. The size of the drawn samples, 

as well as the grip distances, differed with the draw ratios 

(DRs): DR1, 5: 33 mm; DR2: 44 mm; DR3: 66 mm; DR4: 

88 mm. The original pretest shape of drawn samples was 

non-standard, shorter and wider for better drawability in 

the short-stroke chamber and for easier measurement of the 

cross-sectional dimensions. The tensile tests were performed 

at room temperature and normal humidity.

Ball-burst tests were also carried out on the Zwick Z005 

universal testing machine with a 5-kN force-measuring cell 

with a ball-burst tester. Ball speed was 50 mm  min−1, the 

diameter of the ball was 19 mm, and the inner diameter of 

clamping was 25 mm. After the ball-burst tests, we calcu-

lated the ductility index (DI) with the following equation:

where DI is the ductility index, W
tot

 is the total absorbed 

energy, and W
F

max

 is the energy absorbed until the first crack 

appeared.

Results and discussion

The aging experiments started with the tensile tests of 

freshly produced PLA sheets covering all the D-lactide 

range (0.5%, 1.4%, 4.3% and 12%) in the extrusion grade. 

(1)X
c
=

ΔH
m
−ΔH

cc

ΔH
f
∙(1−�)

∙ 100(%)

DI =

W
tot

− W
F

max

W
tot
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The most significant change happened with the strain at 

break results from the tensile properties, from 170 to 250% 

to around 10%, while tensile strength only changed 10% in 

time. As physical aging is a time-dependent process, the 

results are presented in the diagram as a function of time 

elapsed after processing, and individually with average lines 

in Fig. 1.

The rigid PLA right after the process has a 170–250% 

elongation at break, depending on its D-lactide content. 

The higher the content, the higher elongation at break, but 

the first samples that had permanently reached the ~ 5–10% 

strain at break were the samples with the 12% D-lactide 

content, after one day. The second was the grade with 4.3% 

D-lactide content; then, the samples with 1.4% and 0.5% 

D-lactide. Tensile tests indicate that D-lactide content likely 

affects the speed of physical aging, so the contrast was 

higher with a higher D-lactide content (Fig. 2).

Tensile tests are a good way of testing how products 

will behave during use, but for a deeper understanding, the 

investigation of the morphology is crucial. DSC is a com-

mon method of examining physical aging. The relaxation 

enthalpy around the glass transition temperature (ΔHr) 

shows the aging process. The greater the enthalpy, the more 

advanced physical aging is. Therefore, by measuring the 

different types of PLA samples simultaneously (practically 

from 0), the difference between their enthalpy shows the 

speed of aging (Fig. 3).

The measurement results, 2 weeks after the samples were 

heated above their glass transition temperature and then 

cooled down (thus physical aging was canceled), showed 

a very similar order in terms of elongation at break to the 

tensile test results.

Crystallinity was also measured by DSC (Fig. 4), and as 

the enthalpy around Tg is mainly attributed to the amorphous 

phase, specific to the amorphous phase can also provide 

important data (Fig. 5), even if researchers often connect 

crystallinity with its slowing effect to physical aging through 

the physical crosslinking of the macromolecules, which can 

stop, or at least slow the relaxation of the connected mol-

ecules or segments. On the other hand, this should appear in 

the amorphous phase and segments too.

The specific relaxational enthalpies also show a pattern, 

which can be connected to the melt flow rate of the samples 

(Fig. 6), molecular mass and secondary bonding, which is 

related to D-lactide content.
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Fig. 1  Strain at break values for the PLA samples with different 

D-lactide contents as a function of time elapsed after extrusion
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It is well known nowadays that drawing PLA at a higher 

temperature than Tg uniaxially or biaxially significantly 

increases its toughness, and stretching has a crystal-nucle-

ating effect. This toughness is present in the freshly pro-

cessed PLA for 1–2 h before physical aging takes place. 

Now, if that is displayed on the diagram of elongation at 

break as a function of draw ratio, it is a monotonously 

decreasing line, without an initial jump (Fig. 7). There-

fore, drawing above the glass transition temperature affects 

physical aging, but does it really stop it, or does it just 

slow it? Our results indicate that it depends on the draw 

ratio. At a draw ratio of 1.5, there is no loss after 10 days 

in elongation at break, but after 260 days, it decreases 

significantly. On the other hand, if the draw ratio was 2 

or above, elongation at break did not change in a 260-day 

interval. It means that if the PLA is processed, for exam-

ple, by thermoforming, and the draw ratio reaches 2, its 

elongation at break increases by an order of magnitude (in 

the direction of drawing).

Poly(butylene adipate-co-terephthalate) (PBAT) is a 

biodegradable semicrystalline polyester elastomer, often 

blended with PLA as a toughening agent, but also works 

as a nucleating agent for PLA, which we showed with DSC 

(Fig. 8).
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Making relaxation enthalpy specific to the amorphous 

content is only one way of investigating the effect of crys-

tallinity, but the number of crystal nuclei may also play a 

crucial role in the physical aging process. On the other hand, 

it is possible that PBAT toughens the PLA not only because 

it is an elastomer, but also because it makes more nuclei and 

crystallinity and slows the aging process.

Elongation at break values from tensile tests show that 

undrawn PLA/PBAT blend samples also go through physical 

aging, but much more slowly (Fig. 9).

That does not mean that the PBAT only toughens PLA 

through slowing its physical aging and it does not change its 

fracture behavior through inhibiting crack propagation but in 

the tensile tests, the former affects necking more.

DSC tests in the two-week interval did not show any sig-

nificant differences between the neat PLA and the blends 

when the relaxation enthalpy was only made specific to PLA 

content, but over a longer time, there are significant differ-

ences between them and the speeds of aging differ. In the 

range of 10%–30% PBAT content, aging speed decreased 

with the same amount (Fig. 10).

An opposite phenomenon can be seen after we make the 

enthalpy specific to the amorphous content. Now in a short 

time (a few months), the enthalpy of the neat PLA is smaller 

than that of the blends, which means that physical aging is 

faster in the amorphous regions of the blends, especially in 

the PLA phase. However, elongation at break is still much 

higher, so this may be indirect evidence of how more nuclei 

can affect the aging process and that the investigation of only 

the relaxation enthalpy is not enough (Fig. 11).

Uniaxially drawn PBAT samples show the same tendency 

in elongation at break as the neat 4032D PLA did. At DR2 

or higher, elongation at break did not change significantly 

after three years (Fig. 12).

While elongation at break decreases when the material is 

drawn uniaxially, tensile strength increases. The changes are 
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insignificant in three years and do not follow any tendency 

(Fig. 13).

Tensile properties, especially strain at break, were 

mentioned above, with a side note that PBAT delays phys-

ical aging. Also, in time, toughness decreases if calcu-

lated from the tensile test. However, in other tests, which 

directly measure ductility and show the fracture forms, we 

can check how else PBAT can work on the toughness of 

the matrix polymer and what the connection is between 

the phase structures.

With our process parameter settings, the SEM images 

from the longitudinal (extrusion direction) cross-sections 

of the films can be seen in Fig. 14.

The images show that the extrusion samples have 

phase orientations. At 10% content, the PBAT is in drop-

lets shaped slightly like ellipsoids. At 20%, the phase 

structure looks like a network, but we did not investigate 

Fig. 14  SEM images of the PLA/PBAT blends containing 10%, 20%, and 30% PBAT

Fig. 15  Ball-burst-tested 

samples in the order of PBAT 

content, extrusion direction 

vertically
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whether there was a co-continuous phase. At 30%, the 

phase structure was a very oriented network of rods in the 

matrix. Still, in conclusion, as PBAT content increases, 

the phase boundary is increasingly in the direction of 

extrusion and increasingly longer.

After ball-burst tests, the images of the samples show 

that these oriented phase boundaries drove the fractures 

and the poor adhesion of the two phases because of the 

absence of compatibilizers, which was manifested in rigid 

failure in the extrusion direction (Fig. 15).

The force, specific to the thickness of the sheet, was 

also different for the different blends during the tests. The 

stiffness of the blends decreased with increasing amounts 

of PBAT. However, the highest specific force was measured 

with the sample with the lowest PBAT content (Fig. 16).

Ductility, shown by the ductility indexes (DI), was also 

the greatest, when PBAT content was 10%. This means 

that after the crack appeared, propagation was slow and 

balanced, but as the phase structure was more oriented 

with a greater PBAT content, ductility decreased, and 

after the crack appeared, propagation was getting faster 

and more and more unbalanced (Fig. 17).

Conclusions

This paper focuses on the physical aging kinetics of 

poly(lactic acid) (PLA), with special attention to the effect 

of D-lactide content, drawing above the glass transition 

temperature and poly(butylene adipate-co-terephthalate) 

(PBAT) content in PLA/PBAT blends. We have shown that 

D-lactide content, crystalline fraction, and MFR influence 

physical aging. When the PLA had crystallinity, physical 

aging was slower, and as the melt flow rate was smaller, the 

relaxational enthalpies were also smaller.

Drawing the PLA above the glass transition tempera-

ture (Tg) can make PLA tough in the direction of draw-

ing, which tensile tests have shown. This is more lasting 

toughening, thanks to the large number of crystal nuclei 

as a result of drawing, which hold together the segments 

of macromolecules, thus slowing physical aging. If this 

is not known, it might seem that both the ductility and 

strength of PLA can be enhanced by drawing uniaxially 

between the glass transition temperature (Tg) and the cold 

crystallization temperature (Tcc), but in reality, only its 

strength increases, its elongation at break does not, if we 

take into account that immediately after it is produced, 

the elongation at break of PLA can be up to 250% at 

room temperature and only decreases to around 10% due 

to aging, in a few hours.

PBAT also enhances crystallinity as a nucleating agent, 

and our investigation proved that this elastomer toughens 

PLA in two ways. On the one hand, it slows the kinetic of 

physical aging, and on the other hand, ductility was best 

when the PBAT was dispersed in droplets in the matrix, and 

the phase structure was not oriented, so crack propagation 

was slow, unoriented, and the crack absorbed more energy, 

as it lost its sharp edge when it reached a PBAT droplet.
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