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Abstract 

Blending commercial homopolymers represents a low cost and an easy scalable process to extend the use 

of the pristine homopolymers to an industrial level. Actually, the processing of blends by extrusion is the 

usual solution followed in the industry. However, commonly polymer blends are immiscible, provoking 

phase separation, which can be in the macro, micro or nano scale, depending on the polymers as well as on 

the processing conditions, affecting the final properties of the blends. Therefore, this paper aims to study 

the shape memory behavior in biodegradable blends based on poly(lactic acid) (PLA) and poly(ε- 

caprolactone) (PCL) in different concentrations. A completely thermal and mechanical characterization of 

the blends was performed, correlating the results with the observed morphology. In addition, two different 

biodegradation studies were performed in order to correlate the effect of each homopolymer with the 

degradation behavior of the biodegradable blends. 

 

1. Introduction 

The growing interest on new materials for advanced fields such as biomedicine or packaging applications 

have increased the attention on biodegradable polymer blends in recent years [1-4]. In general, the 

processing of polymer blends is an interesting goal for both research groups and industrial companies 

because of it is an easy, low-cost, scalable way to enhance the properties of the pristine homopolymers [5,6]. 

The most commercial polymer blends are immiscible, thus presenting two separated phase. However, still in 

this case, they have very useful properties [7]. Depending on the thermodynamics of the system, the 

processing conditions and the composition of the blends, they can present phase separation thus forming 

morphological structures, such as spherical droplet, elongated or fibrous structure and co-continuous 

structure [8,9]. The final properties of the blends are strongly affected by the phase separated morphology, 
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and thus controlling this morphology it is possible to take advantage of the homopolymer synergetic effects 

improving the final properties of the blend [10,11]. In this context, blends of PLA with other aliphatic 

polyesters, in particular with poly(ε-caprolactone) (PCL), have attracted the attention of many research 

groups [12e16], due to the fact that both polymers are biodegradable and biocompatible [17e22] with 

attractive synergic properties, referring to their thermal behavior, mechanical [23] and rheological properties 

[9,24,25] or biodegradation rates [19,26]. Moreover, another interesting property to study when working 

with PLA- and PCL-based materials is the shape memory effect [27,28]. This particular behavior consists in 

the ability of the material to change its initial shape by the application of certain external stimulus, usually 

the temperature [29], and to recover its initial shape when the external stimulus is applied again. Generally, 

shape memory behavior is achieved by designing materials with two or more phases, where one is 

responsible to fix the original shape, while the other one enables the modeling of the desired temporary 

shape [28]. Therefore, the shape memory process comprises two stages known as programming and 

recovery. In particular, during the programming process, a temporary shape is fixed from the original shape, 

while during the recovery process the fixed shape is recovered from the temporary one [30]. Moreover, 

when the external stimulus responsible for the shape change is the temperature, the recovery consists of 

heating the material above its transition temperature, generally the melting temperature (Tm) or the glass 

transition temperature (Tg) of the temporary phase [28]. Different materials based on PLA have been studied 

for shape memory applications [31]. For instance, Peponi et al. studied polyurethanes based on tri-block 

copolymers of PCL and poly(Llactic acid) (PLLA) with shape memory behavior [32] as well as their 

nanocomposites reinforced with cellulose nanocrystals, with a transition temperature close to the body 

temperature [29]. Several studies have been reported to improve the miscibility of PCL and PLA blend 

[10,23,33,34]. Lopez-Rodriguez et al. studied blends of PLLA and poly(D-Lactic acid) (PDLA) with PCL at 

different ratios in terms of crystallization, morphology and mechanical properties [24]. Chen et al. blended 

PLA and PCL in solution, and they added a copolymer of poly(ethylene oxide) and poly(- propylene oxide) as 

compatibilizer to enhance the mechanical properties with the aim of getting a material tougher than the 

pristine PLLA. Other way to enhance the miscibility is obtained by using amphiphilic copolymers as 

compatibilizers [35], incorporating some additives [36] or controlling the processing conditions [37]. 

Moreover, the interest of new ternary blends has also been increased in the last years in order to obtain a 

final material at low costs with better properties. Carmona et al. studied ternary blends of PCL/PLA and 

thermoplastic starch (TPS) prepared by extrusion, adding different compatibilizing agents in order to improve 

their final properties [22,36]. Gardella et al. studied PLA grafted with maleic acid in order to compatibilize 

the PLA/PCL blend with 70 wt % of PLA reporting changes in the morphology, in the thermal behavior as well 

as an improvement in the elongation at break [38]. Also the addition of nanoparticles [11,39-42], such as 

polyhedral oligomeric silsesquioxanes (POSS) has been reported to improve the miscibility of PLA/PCL blend 

[43]. In this paper the attention has been focused on the design of PLA and PCL biodegradable blends with 

shape memory properties. In particular, a series of PLA/PCL blends has been obtained by the variation of the 

mass fraction across the composition range, obtaining a wide range of mechanical response. Their 

nanocharacterization, in terms of morphology and physico-chemical properties has been used in order to 



understand their behavior at macro-scale level. Moreover, due to their potential applications in the field of 

biomedicine as well as in the food packaging or agriculture, two degradation analyses were performed for 

the PLA/PCL blends, that is, the in vitro degradation with phosphate buffer solution (PBS) and the 

degradation under compost conditions at lab scale. Therefore, this work demonstrates the possibility to 

obtain multifunctional blends by a low-cost and an easy industrial-scale process, for applying in several 

innovative fields where biodegradable polymers are required such as biomedicine, food packaging and 

agriculture among others. 

 

2. Materials and methods 

2.1. Materials 

PLA grade 3051D was supplied by NatureWorks® while PCL CAPA8000 was kindly donated by Perstop. All 

the blends were processed by extrusion using a DSM Xplore co-rotating extruder at a screw speed of 100 

rpm. Prior to melt-blending the polymers were dried in a vacuum oven at 40 C during 24 h. Ten grams of 

material were added and to ensure the fully filling of the extruder, pre-mixture was added until the 

measured normal force was kept at 3000-3500 N. The mixing time was kept constant in all cases and equal 

to 3 min. The profile temperature in the screws was selected to obtain a melt temperature of 180 C inside 

the extruder. After the extrusion process, the material was compressed moulded into films of 500 mm by 

using a Dr. Collin 200 200 hot plate press at 180 °C. First the samples were heated during 1 min at 

atmospheric pressure and then 50 bar of pressure were applied during 1 min. The obtained films were 

cooled to room temperature with water-refrigerated aluminium plates at 50 bar. The three blends are 

named MxPLA, where x corresponds to the percentage of PLA in the blend such as M70PLA, M50PLA and 

M30PLA. At the same time, M100PLA and M0PLA correspond to the neat PLA and the neat PCL, 

respectively have been processed. 

 

2.2. Characterization techniques 

The morphology of the blends was investigated by Field Emission Scanning Electron Microscopy (FE-SEM 

Supra 25, Zeiss), and by RAMAN spectroscopy. For the FE-SEM characterization all the samples were gold 

coated by an Agar automatic sputter coated. On the other hand, Raman spectra mapping is a method for 

generating detailed chemical images based on a Raman spectrum of the sample. For Raman mapping 

measurement a Renishaw InVia Reflex Raman Microscope (Wotton-Under-Edge, UK) system was used. An 

optical microscope is coupled to the system. The laser beam is focused on the sample with an Olympus 0.75 

- 50 microscope objective. The spatial resolutionwas about 1.22 mm. Calibration was done by referring to 

the 520 cmA1 line of silicon. The Raman scattering was excited using a diode laser at a wavelength of 785 

nm (320mWpower). An automatic motorized translator X-Y stage was used to collect two dimensions 

images. A total of 960 spectra was recorded at the interval of 800 cmA1 and 1150 cmA1 in order to 

mapping the different areas, thus considering the vibration band of PLA at 873 cmA1 and the skeletal 

stretching for PCL at 1109 cm-1. 



The thermal characterization was performed by dynamic Differential Scanning Calorimetry (DSC) analysis 

and by thermogravimetric analysis (TGA). For DSC measurements a Mettler Toledo DSC822e instrument 

was used. Thermal cycles was composed by three cycles: a first heating scan, from 25 °C to 200 °C, to erase 

the thermal history of the sample, a cooling scan from 200 °C to -90 °C and finally, another heating scan 

from -90 °C to 200 °C. The three scans were performed with a heating rate of 10 C/min run under nitrogen 

purge (30 mL/min). The degree of crystallinity (Хc) was determined by means of Eq. (1). 

 

 
(1) 

where, DHm0 is the enthalpy value of a pure crystalline material, DHm is the enthalpy corresponding to the 

fusion process and W the amount of each homopolymer in the blend. The reference value taken for DHm0 

of PCL was 148 kJ/mol, while for the PLA was 93 kJ/ mol [44]. 

The TGA measurements were carried out using a TA-TGA Q500 analyzer. The experiments were performed 

using about 10 mg of sample from room temperature to 700 C at 10 C/min under nitrogen atmosphere 

(60 mL/min). Fourier transform infrared (FT-IR) spectra were obtained in the attenuated total reflectance 

(ATR) mode. The measurements were performed using a Spectrum One FT-IR spectrometer Perkin Elmer 

equipped with an internal reflection element of diamond in the range of 650-4000 cm-1 with 1 cm-1 of 

resolution and an accumulation of 16 scans. 

The molecular weight was investigated by means of Gel Permeation Chromatography (GPC) using a 

refractometer index detector Waters 2414. For the determination of molecular weight the samples were 

referenced to polystyrene standards between 4000 and 400.000 g/mol. The samples were prepared 

dissolving 5 mg of sample in 1 mL of filtered tetrahydrofuran (THF). 

The mechanical properties were tested by using an Instron Universal Testing Machine at a strain rate of 200 

mm/min with a load cell of 100 N. Measurements were performed on 5 dog-bone specimens with a width 

of 2 mm and leaving an initial length between the clamps of 20 mm. From these experiments were 

calculated the elastic modulus, as the slope of the curve between 0% and 2% of deformation, the 

elongation at break and the maximum tensile strain for each blend. 

Dynamic mechanical analysis was performed on a Mettler Toledo 861e instrument at 1 Hz frequency in 

tensile configuration. The damping factor (tan d) and the storage modulus were measured from A120 C 

temperature to -20 °C at 1.5°C/min. Thermo-mechanical cycles were performed in order to study the shape 

memory behavior at a strain rate of 10 mm/min, at a deformation of 50% and at a transition temperature 

of 55 °C. The samples used for the shape memory analysis were cut from compression moulded thin films 

into rectangular samples with 20 mm in length and 5 mm in width. Samples were first heated up to the 

stretching temperature, 55 C, for 10 min. Then, a stress controlled uniaxial stretching was applied until 

reach 50% of strain. The stress is held constant during subsequent quenching to the fixing temperature, 15 

°C, during 6 min and then the stress was removed, fixing the temporary shape. A free-strain recovery is 



performed under continuous heating condition until 55 °C, thus recovering the initial shape. Two are the 

main parameters used to study the shape memory effect, the strain recovery ration Rr and the strain fixity 

ratio, Rf, following the equations: 

 

 

In particular, Rf indicates the ability of the material to fix the transient shape while Rr indicates their ability 

to recovery its initial shape. 

The in vitro degradation tests under hydrolytic conditions were performing by immersing the samples at 37 

°C and using a phosphate buffer solution (PBS), with a pH of about 7.2e7.4. The PBS was purchased by 

Sigma Aldrich. Each sample was immersed in a bottle of 15 mL, filled with 10 mL of solution. The PBS was 

changed once a week and the pH was checked after each week. The degradation tests under compost 

conditions were carried out following the ISO 20200 standard. The wt % of the components involved in the 

compost is summarized in Table 1. The experiments were performed in polypropylene vessels of 5 x 14 x22 

cm. The samples were put at about middle height in the vessels, covered up and down with two net papers, 

which permit the contact of samples with the compost as well as to facilitate the recovering of the 

degraded samples after the experiments. Each vessel contained six samples. The experiments were 

performed during six weeks, using different samples for every week. All the vessels were introduced in an 

oven with ventilation at 58 °C, and all the days the weight of the vessels was measured. Their weight lost 

corresponds to the water evaporation, so they were re-filled with water in order to preserve the 

composting conditions. 

 
 
 

3. Results and discussions 

Phase separation is a key-factor to understand the macroscopic properties of polymeric blends. In Fig. 1, 

the FE-SEM images for the three blends at different magnifications are shown. All the blends present the 

phase separation characteristic of an immiscible polymeric blend. In particular, for M30PLA the formation 

of irregular PLA micrometer spheres with different dimension ranging from ten to one micron, immersed in 

the PCL continuous phase can be observed (Fig. 1c, f, i). On the other hand, the blend M50PLA presents co- 

continuous phases of each homopolymer, showing the presence of very few irregular spheres. However, 

big magnifications are needed to detect the phase-separated spheres. Finally in M70PLA the inversion of 

phase occurred and small PCL spheres can be detected thus indicating, little adhesion with PLA matrix, 

which confirms their strong incompatibility. Confocal RAMAN spectroscopy was used in order to confirm 

the phase separation in the different polymeric blends. In fact, this technique can be considered as a good 



method to study both the phase separation and the distribution of the homopolymers in the polymer 

blends, allowing the identification of the different components [45]. In Fig. 2 the Raman images obtaining 

by mapping the M70PLA as well as the corresponding Raman spectra, are presented, evidencing the 

intensity of each signal. In particular, the green portion is related to the intensity of PCL signal from the 

band centered at 1109 cm-1. The red region is related to the intensity of PLA signal, centered in the band at 

873 cm-1 [46]. In Fig. 3 the Raman images as well as the Raman spectra for the three different polymeric 

blends is reported. From this analysis it is clear that a phase-separated morphology clearly exists for the 

three different blends, and it is possible to detect both the PLA-reach phase and the PCL-rich phase. 

Moreover, it is worth to note that accordingly with the FE-SEM images, the three blends present a phase 

separation distribution completely different. In particular the dark regions of the Raman images (Fig. 3) 

correspond to the region in which both polymers exist, as can be confirmed also by Raman spectra in which 

both PLA and PCL centered bands has been obtained. For M70PLA can be appreciated that PLA forms a 

continuous phase (red regions of Fig. 3) with dispersed spheres of PCL with different sizes (green regions of 

Fig. 3). On the contrary, for M50PLA, two well differentiated areas of each homopolymer are detected, 

indicating the existence of large domains of each homopolymer. Finally, M30PLA presents the PCL 

continuous region with irregular PLA small domains of different sizes. Regarding to the dark regions of the 

figures, which correspond to points with the contribution of both PCL and PLA homopolymer, M70PLA 

presents the largest ones, suggesting a better compatibilization in the interphase between the two 

different homopolymers. Thus, RAMAN maps are well related with the morphology previously obtained 

from the FE-SEM images. 

In Fig. 4a the TGA experiments for all the samples are shown. It can be noted that the PLA degradation 

occurs at lower temperatures, at around 350 °C (black line), while the PCL degradation (orange line) takes 

place at around 400 °C. For a better visualization of the degradation steps, in Fig. 4b the normalized 

derivative of the weight loss (DTG) curves of Fig. 4a are presented. The maximum degradation temperature 

of PLA in the blends (TPLA) is around 355 C while for PCL (TPCL) is 393°C. Moreover, regarding the DTG 

curves, the contribution to the degradation of both homopolymers in the blends can be observed, which 

allows determining the amount of each homopolymer in the blend. In Table 2 the results obtained from the 

DTG curves of Fig. 4b are summarized. The amounts of each polymer in the blend were calculated by fitting 

both curves to a Gaussian functions and studying the area below of each curve. It is worth to note that the 

real amount of each homopolymer is (third and fourth columns of Table 2) in good agreement with the 

theoretical ones (second column of Table 2), thus indicating that the feeding of the blend during the 

processing was accurate. The temperature corresponding to the degradation of 5% of the sample (T5%) for 

the blends, is higher than for the pristine PLA, indicating that the PCL addition improve the thermal stability 

of PLA. 



Dynamic DSC measurements were performed to check the thermal properties and the melt/crystallization 

behavior of both PCL and PLA in the polymeric blends. In Fig. 5 the results for the thermal cycles (heating- 

cooling-heating) performed on all the materials are represented. The first heating, reported in Fig. 5a, 

shows the thermal properties of the blends as obtained after the processing. All the blends present the 

melting peak of PCL around 60 °C and the melting peak of PLA at about 150 °C. Moreover, the cold 

crystallization of PLA is also observed in the first heating scan, indicating that the PLA did not reach the fully 

degree of crystallinity during the cooling after the processing. It is worth to note that the Tg of the pristine 

PLA (M100PLA) appears around 60 °C making difficult to determine it during the heating scans for the 

blends due to its overlapping with the melting temperature of PCL. However, it is worth to note that 

M70PLA is the blend with the higher amount of crystalline PLA. This result is very important in order to 

study the shape memory behavior of the blends, where, the crystalline phase of PLA is the fixing phase, 

while the crystalline phase of PCL is the switching phase and the Tm of PCL is the transition temperature. In 

Fig. 5b the cooling scans of each blend are reported. It is worth to note that, under these experimental 

conditions (cooling at 10 °C/min), the PCL crystallizes completely while the PLA does not crystallize, neither 

in the blends nor in the neat material. This fact evidences the different crystallization behavior of PLA 

compared with the PCL. Moreover, the PCL crystallization of M70PLA presents a different trend compared 

to the other blends, showing two crystallization peaks. The presence of these two peaks could be related to 

the presence of two different kinds of crystals, but the presence of only one melting peak for the PCL in the 

second heating scan (Fig. 5c) is not compatible with this phenomenon. Thus, the formation of these two 

crystallization peaks can be related to the high content of PLA in the blend which difficult the 

reorganization of PCL chains for crystallizing. In Fig. 5c the second heating scans is represented, showing 

the thermal behavior of the materials after erasing their thermal history. The inset of Fig. 5c corresponds to 

the range of PCL Tg at around A63 C. The data shown in Table 3 were extracted from the second heating 

scan. 

The Tg of PCL and the Tm values for both PCL and PLA homopolymers are not strongly affected by the blend 

compositions thus indicating their immiscibility [25,47]. The Tc of PCL remains partially constant for all the 

blend compositions while the cold crystallization temperature (Tcc) of PLA slightly decreases by decreasing 

the amount of PLA in the blend. This fact, as well as the slightly increase of the degree of crystallinity of PLA 

by increasing the PCL content, suggests that the presence of PCL favors the crystallization of PLA, acting as 

nucleate agent. Similar results have been evidenced for PLA blended with other polymers [48]. 

The dynamic mechanical behavior of the blends and the pristine homopolymers are shown in Fig. 6, where 

the curves are divided in two plots, corresponding to the storage modulus in the region of the Tg of PCL and 

PLA, Fig. 6a and b, respectively, while in Fig. 6c and tan d for the same temperature regions are reported. 

Regarding the storage modulus and tan d profile in the PCL regions, the glass transition temperature of PCL 

starts around -60 °C for all the blends, thus obtaining that the higher is the PCL content the stronger is the 



peak. In the region of the Tg of PLA two phenomena can be appreciated, the relaxation of PLA due to the Tg 

as well as the melting of PCL. The melting of PCL can be noted by a big decrease in the storage modulus 

(Fig. 6b). This drop is higher for M30PLA. Regarding the tan d curves (Fig. 6d), the Tg of M100PLA starts at 

about 45°C and takes the maximum value at 60 °C. But, for the blends the values are increased of about 5 

°C, indicating the presence of the melting of PCL and confirming that both processes are overlapped as it 

occurs for the DSC experiments. From 70 °C the storage modulus curves increased for all the blends and in 

particular for the neat PLA, indicating the beginning of the cold crystallization process of PLA. 

The mechanical properties were determined by tensile tests and the stress-strain curves are shown in Fig. 

7. Due to the high deformation of some blends the plot was split, making easier to visualize the behavior of 

the samples at low strains. As it is shown in Fig. 7, M100PLA reaches larger values of stress, while M0PLA 

reaches the largest value of maximum elongation at break. The three different blends show an 

intermediate behavior. In Table 4 are summarized the mechanical properties of the blends, in term of 

elastic modulus, tensile stress and elongation at break, extracted from the stress-strain curves of Fig. 7. The 

sample M50PLA presents an unexpected behavior as it does not show a clear necking formation and the 

maximum strain reached was the lowest one. This singular behavior suggests that at nano/microlevel some 

morphological changes occurred including macro segregation. This is well related to the results merged 

from the morphology analysis, which showed that at this concentration the blend presents a co-continuous 

morphology, with large regions of each homopolymer. Moreover, M50PLA shows the lowest value of 

elongation at break, comparing to the other blends, due to the phase separation and the poor adhesion 

between both homopolymers at this concentration. A similar behavior for PCL and PLA blends was reported 

by Chen et al. where a PLLA/PCL sample of 50 wt % of PLLA show lower elongation at break than the blend 

with 60 wt % of PLLA [12]. As expect, the elastic modulus, decreases when the PCL content increases, due 

to the plasticizer effect of the PCL, as reported also by Simoes et al. [23]. Once characterized the different 

materials, focusing the attention on the mechanical response and on the crystallinity behavior of the 

blends, the thermally-activated shape memory effect was studied. Only M70PLA shows shape memory 

properties (Fig. 8) at about 55 °C. The other ones were evaluated, but they broke during the first elongation 

step so, it was impossible to perform the shape memory analysis. This fact can be explained thus taking into 

account the first heating DSC scan, where M70PLA show the higher amount of crystalline phase, acting as 

the fixing phase. It is important to note that in order to study the shape memory behavior, the first DSC 

scan has to be taken into account, thus considering that no other thermal treatments have been performed 

on the blends. Both M30PLA and M50PLA are not able to fix the transient shape due to the low amount of 

crystalline PLA phase. 

Moreover, in the case of M50PLA the mechanical properties strongly decreased, hindering the shape 

fixation without break the sample. Therefore, only M70PLA presents shape memory behavior. The digital 

photographs of Fig. 8 correspond to M70PLA. It was heated at 55 °C and deformed and then cooled down, 



reaching the deformed shape reported on the left. Heating again at 55 °C, the crystalline PCL melts and the 

sample recovers their initial shape as it is clearly shown in the photograph sequences of Fig. 8. Shape 

memory test was designed for quantifying the shape memory capability of M70PLA. The thermo- 

mechanical cycles of the experiment was performed at 55 C, closed to the melting temperature of PCL. 

During the test, the specimen, clamped into the tensile tester, was heated at a 55 C for 10 min. Then, the 

specimen was stretched until 50% (εm) by applying a constant deformation stress. Once the εm was 

reached, after two minutes at 55 °C, the sample was cooled down to about 15 C for further 6 min under 

the same constant stress and after that the stress was released. At this point the temporary shape has been 

fixed (εu). Finally, upon heating the sample at 55 C for 10 min the initial shape was recovered, 

characterized by the elongation reached at the end of the cycle (εp). 

Afterwards, another thermo-mechanical cycle was started. The shape memory cycles are shown in Fig. 9. 

The two cycles reported in the figure demonstrate the ability of the blend M70PLA to fix the temporary 

shape and to recover its initial shape. However, during the second thermo-mechanical cycle the stress 

reached is lower compared with the stress obtained during the first one. Finally, in the third cycle the 

sample broke. The values of the shape recovery ratio (Rr) and the shape fixity ratio (Rf) for the two cycles 

are summarized in Table 5, confirming the excellent ability to fix the temporary shape, with Rf higher than 

96%. Also the ability to recover the initial shape is quite good. Rr in fact, is very high during the first cycle, 

more than 80%, and decreases at 77% after the second thermo-mechanical cycle. One of the most 

important application fields for PCL, PLA and their blends is biomedicine [3] as well as food packaging [48]. 

For this reason, a degradation study of these materials was performed in this article. In particular, the 

hydrolytic degradation was performed using a phosphate buffer solution (pH ¼ 7.2e7.4) at 37 °C. In Fig. 

10a, the values of the weight loss of the samples after each incubation time are reported. M100PLA, and 

M70PLA did not lose weight after 20 weeks of experiment (stars and down triangles, respectively). On the 

contrary, M0PLA, M30PLA and M50PLA lose a 3 wt % after 20 weeks (squares, dots and up triangles) of 

experiment. 

The GPC analysis allows checking the variations on the molecular weight (Mn) produced after the 

degradation process, considering that the low Mn species appear at higher elution times. In Fig. 10b the 

GPC profiles of M0PLA, M50PLA and M100PLA after each month of degradation are reported. As it is shown 

in the figure, the Mn of PLA (M100PLA) is slightly decreased after few months and the highest variation was 

found at the fourth month. For M50PLA the reduction is lower and for M0PLA is almost impossible to 

clearly distinguish any variations during the 5 months analyzed. The calculated values from GPC 

experiments are summarized in Table 6. 

From the weight loss values for the samples and the GPC data it emerges that PCL degrades by scission of 

end groups of the polymer chain, which can be dissolved in water and disappeared when the samples were 

washed and dried after the experiment. Similar results were presented for Lam et al. for PCL scaffolds 



during an in vitro and in vivo tests, where a variation of weight loss around 2.6% is presented without 

variations in the molecular weight [49]. For this reason the molecular weight of M0PLA does not change 

considerably even if the weight of the samples decreases a 3 wt %. On the contrary, the degradation 

mechanism of PLA is completely different and it seems that PLA degrades by chain scission of the polymer 

chains, but these chains remained and did not disappear during the washing of the sample. This fact 

explains the decrease on Mn without weight loss. Finally M50PLA shows an intermediate behavior, 

concluding that in the blends each homopolymer degrade following the same mechanism of the pristine 

homopolymers. The degradation test performed under composting conditions at lab-scale was obtained by 

following the procedure of the EN ISO 20200. The experiments were performed during 4 week thus 

analyzing one sample after each incubation week. Five samples were prepared for each week (week 0, 

week 1, week 2, week 3, and week 4). In Fig. 11 the digital photographs for the degraded blends are shown. 

As it can be observed, M100PLA is transparent at week 0 but after one week become opaque and more 

fragile, indicating that PLA crystallized during this week, thus confirming the well-known phenomenon 

called chemo-crystallization, which is involved under these conditions [50]. Moreover, M100PLA is broken 

after 1 week, thus indicating the sample fragility achieved as consequence of the chain scission provoked 

during the degradation process. After four weeks no rest of the material were found indicating that the 

M100PLA is completely degraded. Regarding the compostability of the blends, it is easy to note that all of 

them present evident signs of degradation thus starting from the second week, such as sample fractures 

and superficial changes as well as thinner samples. It is clear that the addition of PCL prevents the 

composting degradation of PLA, delaying the degradation. The degradation of PLA in composting conditions 

was evaluated by GPC measurements, Fig. 12a for M100PLA and Fig. 12b for M50PLA. The increase in the 

elution time reflects the reduction of the molecular weight due to the hydrolysis of the polymer chains 

under composting conditions. For M100PLA, itsMn is reduced, after each week. In particular, during the 

second week, the presence of three different peaks can be noted, thus confirming the wide polydispersity 

of the PLA polymer chains provoke by the degradation process. At least, in the third week the lowest 

molecular weight for the PLA is reached. From M50PLA, Fig. 12b, it is possible to note that both 

homopolymers degrade with different rate. In particular, the peaks and the shoulders at higher elution 

times correspond to the PLA degraded polymer chains, while the peaks at smaller elution times correspond 

to the molecular weight distribution of PCL. Therefore, it is possible to observe that PCL degrade slower 

than PLA, thus considering that the PCL peaks shift to higher elution times, but very slowly. The last 

technique used to visualize the composting degradation was the FT-IR. Finally, by infrared spectra, 

M100PLA (Fig. 13a and b) and M50PLA (Fig. 13c and d) have been also studied. The PLA spectra show 

clearly the degradation of the polymer chains. In Fig. 13a the wide signal centered at about 3300 cmA1 of 

the third week corresponds to the hydroxyl groups due to the hydrolysis of the PLA chains. Moreover, the 



signal of about 1043 cm-1, Fig. 13b, appears broader in the samples with more weeks in composting 

degradation, thus indicating that the polymer chains are shorter. 

From the M50PLA spectra presented in Fig. 13c it is possible to confirm that the degradation process occurs 

slowly due to the addition of PCL, as it was previously obtained by GPC analysis. In fact, it is worth to note 

that the carbonyl band of PLA, which appears at about 1750 cm-1, decreases faster compared with the PCL 

band at 1725 cm-1, indicating that the PLA degrades quickly. In addition, in Fig. 13d the band of PLA at 1087 

cmA1 strongly decreases after only one week of composting conditions. However, the presence of PCL 

reduces the degradation of PLA, in agreement with the results previously obtained from the GPC analysis. 

 

4. Conclusions 

In this work, biodegradable PLA/PCL blends were processed and they were fully characterized. The 

morphology studies were carried out by FE-SEM, and RAMAN spectroscopy, demonstrating that the blends 

are immiscible and showing a different phase separation depending on the amount of PCL in the blends. 

The thermal degradation of PLA was improved by the PCL addition, while the DSC measurements confirmed 

their immiscibility. The mechanical behavior demonstrated the possibility to design PCL/PLA blends with a 

wide range of mechanical properties depending on the blend composition. Shape memory of the processed 

blends was investigated finding that only the blend with 30 wt % of PCL show shape memory behavior. This 

particular effect was quantified by performing thermo-mechanical cycles, finding that the shape memory 

parameters are very good during two thermo-mechanical cycles. Due to degradability features of the 

homopolymers, two degradation tests were carried out, under composting conditions as well as in vitro. 

The materials degrade under composting conditions with different rate as demonstrated by the GPC 

measurements. In particular, the PCL addition prevents the degradation of PLA under composting 

conditions. On the other hand, the in vitro degradation tests show that under these conditions the 

materials degrade slower than in the degradation under composting conditions. Actually, the data suggests 

that PCL degrades by chain scission of the end groups, with a slightly weight lost and maintaining quite 

constant the molecular weight while PLA degrades by chain scission of polymer chains with a decrease of 

molecular weight but without weight loss. The results reported here indicate the possibility to design 

biodegradable multifunctional blends by a low cost and an easy scalable process. These blends, which show 

a wide range of mechanical behavior, degradation rates and even shape memory ability, can cover a wide 

range of applications, from biomedical to packaging applications. 
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Fig. 1. SEM images of PLA/PCL blends at different magnifications: 500x (a, b and c), 1500x (d, e and f) and 
5000x (g, h and i). 



 

Fig. 2. On the top, Raman image at band 1109 cm-1 where the green portion is related to the intensity of 
PCL, with the corresponding Raman spectrum; at the bottom, Raman image at band 873 cm-1 where the red 
portion is related to the intensity of PLA with the corresponding Raman spectrum for the M70PLA. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 



 
 

Fig. 3. Raman images with the corresponding Raman spectra for the three different blends. 



 
 

Fig. 4. Thermogravimetric analysis of the processed materials: a) weight loss profiles; b) normalized 
derivative of weight loss. 

 
 

 

 
Fig. 5. DSC scans of processed materials: a) first heating scans; b) cooling scans; c) second heating scans. 
The inset of Fig. 5c corresponds to the Tg region of PCL 



 
 

Fig. 6. Dynamical mechanical experiments in term of E0: a) region from-100 °C to 20 °C; b) region from 30 
°C to 100 ° for E0; and Tan d: c) region from -100 °C to 20 °C; d) region from 30 °C to 100 °C. 



 
 

Fig. 7. Stress-Strain curves of the different materials. 
 
 
 

 

 
Fig. 8. Shape memory of M70PLA. The images show the recovery of the initial shape from the temporary 
state by heating application 



 
 

Fig. 9. Thermo-mechanical cycles for M70PLA at 55 °C. 
 

 

 
Fig. 10. Hydrolytic degradation: a)Weight loss after hydrolytic degradation at different incubation times for 
all the processed materials; b) GPC profiles for the different materials at each month. 



 
 

Fig. 11. Digital photographs of the samples corresponding to the processed materials after different 
incubation times 

 

 

 
Fig. 12. GPC profiles for the composting degraded samples after different incubation times: a) M100PLA; b) 
M50PLA. 



 

 
 

Fig. 13. Infrared measurements for the composting degraded samples at different incubation times: a) and 
b) M100PLA; c) and d) M50PLA. 



Table 1: Compost composition according to ISO 20200. 

 

 
 

 
Table 2: Thermogravimetric analysis results. 

 

 
 
 

Table 3: DSC results corresponding to the second heating scan. 
 



Table 4: Mechanical properties of PCL/PLA blends 

 

 
 
 
 

Table 5: Values for Rr and Rf calculated from the thermo-mechanical cycles at 50% of 
deformation. 

 

 
 
 
 

 
Table 6: Molecular weight (Mn) and polydispersity index (PDI) for the different materials at 

each month. 

 


