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Abstract - Poly(f:-caprolactone) (PCL) and poly(lactic acid) (PLA) blends are well studied because of their 
biodegrability and biocompatibility, but they show a remarkable phase separation. In this context, a compatibilization is 
necessary and the use of multiblock copolymers based on ~>-capro lactone and ethylene glycol is an interesting strategy 
to improve the mechanical properties of the blend while retaining the biodegradable appearance. The purpose of this 
study is to investigate the compatibilizing effect of l %wt of the copolymer using SEM imaging and to estimate the 
resulting interfacial tension using Palierne model. By means of SEM it was verified that as the copolymers are added, 
the droplets are more integrated in the matrix, which thus show evidence of increased adhesion between the phases. 
This fact was corroborated with the results of the Palierne model, in which a significant decreasing of 42% in the 
interfacial tension compared to the uncompatibilized blend was verified. 
Keywords: biodegradable blends, PLAIPCL, compatibilization, Palierne. 

Introduction 
Poly(lactic acid) (PLA) has attracted growing scientific and technological interest due to its low 
impact when discarded in the environment since it shows a excellent biodegradability in biological 
activity and/or hydrolysis. PLA has a glass transition temperature (T g) of approximately 60°C and 
can be used as packaging material because of its ability to be blown and as temporary biomedical 
devices such as stents and scaffolds for tissue engineering. However, its optimal use is limited due 
to the relatively low toughness and intrinsically fragile behavior, with an elongation at break of 
around S% [ 1]. Among severa! methods to improve the mechanical properties of PLA, mechanical 
blending with flexible polymers is the most convenient, practical and economical route to 
synergistically combine the advantages of the polymers [2]. 
Poly(s-caprolactone), with a Tg around -60°C, is also a biocompatible and biodegradable aliphatic 
polyester and highly flexible at room temperature. Therefore, it is a good candidate to be blended 
with PLA resulting in increased toughness. Despite the fact that both are aliphatic polyesters, their 
blends show a remarkable separation of phases in any composition and a relatively low interfacial 
adhesion, which compromises the mechanical behavior o f the blend [3]. 
Hereupon, a strategy for improving the adhesion between the phases, decreasing the interfacial 
tension and hence stabilizing a finer morphology, is the addition of compatibilizers, usually block 
copolymers which consist of one block with greater affinity for one phase of the blend while the 
other block exhibits greater affinity for the other phase o f the blend [2]. 
Multiblock copolymers consisting of t:-caprolactone and ethylene glycol blocks (PCL-b-PEG) are 
biode radable bioreabsorbable and biocompatible and have already been used in biomedical 
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applications [4] and as compatibilizers in biodegradable blends [5]. They thus show as excellent 
candidates for the compatibilization of PLA/PCL blends. 
Severa! techniques to determine the interfacial tension are available, and among these, the 
rheological methods based on small amplitude oscillatory shear (SAOS) have an advantage of being 
practically applicable for viscoelastic melt mixtures [6]. Important interfacial properties can be 
predicted via rheological methods based on the non-linear regression of theoretical emulsion 
models, such as the Palierne model [8,9] which fits the viscoelastic response with fitting parameters 
linked to the blend's interface, including the interfacial tension. 
In this context, the purpose of this study is to synthesize random multiblock copolymers based on 
ethylene glycol and c-caprolactone blocks from low molar weight polymers using diisocyanates and 
to use them as compatibilizers in biodegradable PLAIPCL blends. The improved adhesion between 
the polymer phases is inferred from interfacial tension estimation by applying the Palierne emulsion 
model and verified by SEM images. 

Experimental 
Materiais 
The used PLA was a Natureworks TM Ingeo Biopolymer 3251 D, with 55000 Da molar weight and 
D-lactic acid isomer content between I .2 and 1.6 wt %, a melting temperature (T m) o f 
approximately l70°C and an elongation at break of 3.5%. The used PCL was a Perstorp™ 
CAPA6500, with a molar weight of approximately 50000 Da, a Tm around 60°C and an elongation 
at break of 800%. For the synthesis of the multiblock copolymer, a Perstorp ™ CAPA2054, a 
opened-chain e-caprolactone polymer with terminal groups of -OH and molar weight around 550 
Da anda Oxiteno ULTRAPEGI500 poly(ethylene glycol) with molar weight arotmd 1500 Da were 
used. The diisocyanate was a hexamethylene diisocyanate (HDI) and the catalyst was the Tin (li) 2-
ethyl hexanoate. 

Copolymer synthesis 
The random multib1ock copolymer was synthesized by means of a one-step mass po1ycondensation, 
conducted in an inert nitrogen environment, with a [NCO]/[OH] ratio of approximately 0.98, 
thereby implying that the copolymer is terminated with - OH groups [9]. The copolymer with -OH 
tern1inal group is a way to allow reaction continuity and avoid -NCO side reactions that can 
crosslink the copolymer due to the fonnation of trifunctional intermediates such as biurets and 
allophanates [10]. The copolymer's total molar weight is approximately 45000 Da. Based on the 
molar weight ofthe blocks, the multiblock copolymer in this study was named as CL550PEG 1550. 

Bfend devefopment 
PLA/PCL blends (80120 wt %) of viscosity ratio 1.7 containing O and 1 wt % of mu1tiblock 
copolymer CL550PEG1500 were prepared in a Thermo Scientific™ Process 11 Parallel co­
rotational Twin-Screw Extruder, bane! diameter of 11 mm, L/D=40, 120 rpm and the fol lowing 
temperature program: ll5°C I 170°C I l 80°C I 180°C l l90°C 1190°C I 200°C I 200° C. The 80/20 
ratio was chosen to meet the criteria for a droplet-matrix morphology required for the correct 
application o f the Palierne model and due to the fact our research group determined the best rcsults 
oftoughness with this ratio [4, 12,13]. 

Blend characterization 
The blend morphology was verified using a scanning electron microscope (SEM) model FEl XL 50, 
Philips Scanning Electron Microscope, with secondary electrons mode. The samples were analyzed 
based on their cross section after extrusion, covered with a gold layer. The droplet size 
measurement was performed using Fiji lmageJ measuring 400 droplets. 

Proceedings of lhe 151n Brazilian Polymer Conference (15 CBPOL). October 27-31, 2019, Bento Gonçalves, RS.-Brazil 400 



The viscoelastic response was determined using a TA Tnstruments rheometer AR2000ex with 
parallel plate geometry of 25 mm in diameter. The test specimens in the form of disks with a 
diameter of 25 mm, were prepared by compression moulding using a Collin Presse 200 E plate 
press at 180°C, 50 bar pressure and 5 minutes total time. The dynamic tests were performed in a 
frequency range of 0.01-500 rad/s at 180°C and with a gap of 500 J..tm. The linear viscoelasticity 
regime was guaranteed by using a strain of 5%. The non-linear regression of the experimental data 
based on the Palierne model under the hypothesis WCro)=O and W'(ro)=O [8,9] , was performed using 
the software SigmaPlot ® 12.0, establishing the blend storage modulus (G'b (ro)) as the dependent 
variable, ro as the oscillatory frequency, <D as the volume fraction o f the dispersed phase, G 'm as the 
matrix storage modulus and p=4a!Rv as the fitting parameter, in which a is the interfacial tension 
between the phases and Rv is the volume-average droplet radius. 

Results and Discussion 
The morphology resulting from the uncompatibilized and compatibilized samples are shown in 
Fig.l. As expected, the morphology demonstrated evident phase separation. In the uncompatibilized 
blend (Fig. 1 (a)), a discontinuous interface is observed, with pull-out droplets, which provide 
evidence o f low adhesion between the phases. As 1 wt% o f CL550PEG 1550 is added (Fig.1 (b )), it 
is observed that some droplets still have clear interfaces, but some of them appear to be better 
integrated in the matrix with a more continuous interface. Some droplets appear to be smaller, but 
not statistically different, and harder to be verified, as an evidence o f improved adhesion. 

Figure 1: SEM images of uncompatibilized PLA/PCL (a) and compatibilized (b). 

The results of number-average droplet radius (Rn), volume-average droplet radius (Rv) and 
polydispersity index (Rv!Rn) o f the dispersed phase are shown in Table 1. 

Table 1: Number-average droplet radius, volume-average droplet radius, and polydispersity index of the 
dispersed phase. 

Blends Rn (f.lm) Rv(f.lm) Rv/Rn 
Uncompatibilized PLA/PCL 1.74 ± 0.54 2.13 1.23 

PLNPCL- CL550PEG1500 -1% 1.60 ± 0.74 2.67 1.66 

The important rheological properties, i.e, storage modulus (G') and loss modulus (G"), ofthe initial 
materiais and blends are shown in Fig.2 (a) and (b), respectively. 
In relation to the neat material's viscoelastic response (Fig.2 (a)), the low-frequency region is 
affected by instabilities in the measurements due to the torque reaching the experimental torque 
limit, which can be detected by the device. Hereupon, the curves were extrapolated in loglog scale 
according to the terminal behavior predicted by the Maxwell model, i. e., G' ex ro2 e G" ex ro 1
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Figure 2: (a) Neat materiais G' and G" and (b) blends G' versus oscillatory frequency. 

Analyzing the G' versus oscillatory frequency curves of the blends, the presence of a shoulder at 
intermediate frequencies is observed for both blends, which is indicative of the relaxation of the 
dispersed droplets in a droplet-matrix morphology. Comparing the compatibilized and 
uncompatibilized blends, it is noted that, as the copolymers are added, a decrease in the elasticity of 
the blend occurs over the whole frequency range. According to Wu et al. [ 14], in the intermediate 
frequencies region (w>l), the interfacial contribution to G' ofthe blend is directly proportional to 
the ratio of the interfacial tension and the volume-average radius (G'interface (w) oc a/Rv). Hence, 
according to the observed decrease in G' of the compatibilized blend compared to the 
uncompatibilized blend, and the fact that the volume-average radius only change slightly (as can be 
seen in Table 1 ), it is assumed that upon compatibilization the interfacial tension indeed decreases. 
However, in the low frequencies regions (w<< l ), the relation between G ' intcrface and the ratio of 
interfacial tension versus radius is inversely proportional (G'interface ( co) oc T]m2w2j(a!Rv)). It was thus 
expected that G' of the compatibilized blend should be higher than that of the uncompatiblized 
blend in the low frequencies region, but this did not happen. The reason may be related to low 
reliability in this region due to the fact the related torque is very close to the lower torque limit of 
the device. The best fits of the storage modulus of the uncompatibilized and compatibilized blends 
versus frequency by using the Palieme model are shown in Fig. 3 and the results are listed in 
Table 2. 
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Figure 3: G\1cnd versus oscillatory frequency (rad/s) for the uncompatiblized and compatibilized blends 
together with the best Palierne fit o f the data. 

By analyzing the blends, it was found that a reasonable fi t was obtained at intermediate and high 
frequencies. The model did not fit well at low frequencies (w< l). This behavior is recurrent in 
literature for PLA/PCL blends [I]. The interfacial tension results obtained from the non-linear 
regression of the experimental data are presented in Table 2. Even though the fitting did not cover 
the entire frequency range, it is possible to verify that by the addition o f 1 wt% o f the copolymer in 
the uncompatibilized blend, the interfacial tension decreased by 42%, which is a clear evidence of 
better adhesion between phases, despite the fact that there was no statistical decrease in the droplet 
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sizes of the dispersed phase in the compatibilized blend as compared to the uncompatibilized blend. 
As seen in other s tudy [ 15], additions of small amounts of a copolymer are already sufficient for a 
sharp decrease in intetfacial tension. 

Table 2: Fitting parameters from Palieme model. 
Blends R2 p = 4a/Rv a (mN/m) 

PLA/PCL 0.99 5.96xl03 3.1 
PLA!PCL- CL550PEG 1500 - l% 0.98 2.76xl03 1.8 

Conclusions 
By means of this study, it was verified by SEM imaging that upon addition of l wt% of a 
multiblock copolymer based on E-caprolactone and ethylene glycol in a PLAIPCL 80/20 blend, the 
PCL droplets appear to be more integrated in the PLA matrix, thereby hinting at increased adhesion 
between the phases, even though a statistical decrease in the droplet size was not observed. 
Moreover, this conclusion was corroborated with small amplitude oscillatory rheometry data fitted 
by the Palierne emulsion model. The resulting interfacial tension, as a fi tting parameter for the fit at 
intennediate and high frequencies, was found to decrease by 42% upon compatibi lization, thereby 
providing further evidence of an improved adl1esion between the phases. 

Acknowledgements 
This study was financed by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -
Brasil (CAPES) - Finance Code 001 , Conselho Nacional de Desenvolvimento Científico e 
Tecnológico (CNPq) - SWE scholarship - Finance Code 202952/2018-5/SWE and Fundação de 
Amparo à Pesquisa do Estado de São Paulo (F APESP) - Finance Code 20 18/23542-7. 
Soft Matter, Rheology and Technology department from KU LEUVEN for rheometry tests and 
Prof. Guilliermino J.M. Fechine I Machgraphe for supervision during the blend preparation stage. 

References 
1. N. Noroozi, L. L. Schafer, and S. G. Hatzikiriakos, Polym. Eng. Sei. , v.52, no. 11 ,2348,2012. 
2. J.-B. Zeng, K.-A. Li, and A.-K. Du, RSC Adv. , v.5, no. 4 1, pp. 32546,2015. 
3. P. F. M. Finotti, L. C. Costa, T. S. O. Capote, and M. A. C. Raquel M. Scarel-Caminaga, J. 
Meeh. Behav. Biomed. Mater., v.68, pp. 155- 162,2017. 
4. Bartolozzi, S. Cometa, C. Errico, F. Chiellini, andE. Chiellini, Nano Biomed Eng, v.3, no. 2, 86, 
20 11. 
5. Y.-H. Na, Y. He, X. Shuai, Y. Kikkawa, Y. Doi, and Y. lnoue, Biomacromolecules, v.3, no. 6, 
11 79, 2002. 
6. P. Xing, M. Bousmina, and D. Rodrigue, Macromolecules, pp. 8020, 2000. 
7. J. F. Palierne, Rheol. Aeta, v.29, no. 3, pp. 204, 1990. 
8. J. F. Palierne, Rheol. Aeta, v.269, pp. 263, 1991. 
9. M. Ionescu, Chemistty and technology of polyols for polyurethanes, 1st ed., v. I. Shawbury: 
Rapra Technology, 2005. 
10. K. Dusek, M. Spirková, and I. Havlicek, Maeromolecules, v.23, no. 6, 1774, 1990. 
11. P. F. M. Finotti, L. C. Costa, and M. A. Chinelatto, Maeromol. Symp., v.368, no. 1, pp. 24, 
2016. 
12. P. D. P. Dias, Master Thesis. University ofSão Paulo- São Carlos campus, 2016. 
13. D. C. Gimenes, Master Thesis. University of São Paulo- São Carlos campus, 2017. 
14. D. Wu, Y. Zhang, L. Yuan, M. Zhang, and W. Zhou, J. Polym. Sei. Par! B Polym. Phys., v. 48, 
no. 7, 756, 2010. 
15. H. Retsos, H. Anastasiadis, S. Pispas, J. W . Mays, and N. Hadjichristidis, Maeromoleeules, 
v.37, no. 2, pp. 524, 2004. 

Proceedings of lhe 15'" Brazilian Polymer Conference (15 CBPOL), October 27·31, 2019, Bento Gonçalves, RS. Brazil 403 




