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Abstract 

Poly(L-lactide)s (PLLAs) with different chain structures were prepared by reactive melt 

processing and using Joncryl ADR as chain extender. Results of gel permeation chromatography 

(GPC) revealed that chain extended PLLAs had high molecular weights and two differentiated 

molecular weight distributions. Linear rheology was sensitive to the obtained molecular 

structures and revealed as the increase on the amount of chain extender gradually led to a 

decrease of the loss factor in the whole frequency region and to an increase of melt viscosity and 

both storage and loss moduli. In addition, the entanglement density increased significantly with 

addition of chain extender and had a significant influence on crystallization kinetics. Correlation 

of molecular weight, viscosity and entanglements changed the crystallinity and crystallization 

kinetics of chain extended PLLAs in both isothermal and non-isothermal crystallizations. 

Specifically, samples prepared from 1 wt-% of Joncryl (PLLA1R) revealed the highest 

nucleation and the fastest crystallization rate.  

 

 

 

 

 

 

 

 

 

 

Keywords: Chain extended PLLA; molecular structure; rheological properties; crystallization 

kinetics. 

2 
 



1. Introduction 

The rapid growth of polymeric products has increased the environmental concerns about their 

negative influence on our planet wherein petroleum-based polymers are known as a major 

pollution source of natural resources [1, 2]. In this regard, bio-renewable polymers have received 

consideration as a sustainable solution for developing enviro-friendly materials [3-6].  Poly(L-

lactide) (PLLA), an aliphatic thermoplastic polyester, provides unique characteristics such as 

biodegradability and biocompatibility beside high modulus, high strength and transparency. 

PLLA is a  subject of intense research in the last decades [7-10] for both commodity and 

specialty applications. The versatility of the lactide monomer, derived from renewable bio-

sources such as sugar and starch, allows designing a large variety of PLLA molecular 

architectures with appropriate mechanical and thermal properties for covering different 

applications [8, 11]. Another advantage of PLLA is the possibility of recycling the lactide/lactic 

acid monomer generated during the hydrolysis process of PLLA at high temperature [12]. 

Despite the high potential of PLLA as a promising alternative of petroleum-based polymers, it 

confronts with challenging drawbacks such as low impact strength, hydrolysis and thermal 

degradation during processing, low gas resistance and low crystallinity [13]. Different strategies 

have been employed to overcome the limitations of PLLA. Blending with other polymers has 

received great attention since it is an easy way to improve mechanical properties, including 

toughness, when interfacial characteristics are conveniently controlled [14]. In addition, 

incorporation of nanoparticles allows also to modify the PLLA performance. Thus, the presence 

of nanoparticles can affect molecular dynamics and crystallization behavior, and improve 

permeability, conductivity, mechanical and thermal properties, degradability and other specific 

properties [15-23].  
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One of the drawbacks of PLLA during its melt processing is the decrease of  molecular weight 

caused by thermal degradation [24, 25]. This mostly consists on the hydrolysis of the main chain 

ester bonds and the occurrence of intramolecular transesterification reactions, which lead to a 

back-biting depolymerization. Several alternatives have proposed to minimize the decomposition 

effect. Thus, peroxide-based radicals can stabilize PLLA against degradation and increase the 

viscosity of melted PLLA [26, 27]. Multi-functional co-agents such as triallyl isocyanurate lead 

also to significant improvement of the thermal stability, facilitating in addition PLLA molecular 

branching [28, 29]. An increase of the onset temperature of thermal degradation has also been 

demonstrated when chain extenders like tris(nonylphenyl)phosphite and polycarbodiimide have 

been added to the PLLA matrix. A similar effect has been detected using a commercially 

modified acrylic copolymer with epoxy functions (Joncryl ADR 4368) that is considered in the 

present work. During reactive extrusion, the molecular weight of PLLA increases in the presence 

of Joncryl, while its molecular architecture can be changed due to the formation of branches on 

the backbone. Molecular weight and molecular architecture are two crucial characteristics that 

determine the final properties of polymers such as rheological and crystallization behaviours [10, 

30]. Chain branching and chain entanglements have obvious repercussions on the rheological 

properties and the crystallization rate of PLLA [31]. In this regard, the main objective of the 

present work is centered on the effect of chain extender co-agents on both viscoelastic and 

crystallization behaviors.  

 

 

 

 

4 
 



2. Experimental section 

2.1. Materials 

PLLA (grade 4032D, melt flow index 7.0 g/10 min at 210 °C/2.16 kg) was purchased from 

Nature Works, LLC, USA. It is a semi-crystalline polymer containing less than 2% of D-lactide 

units. Commercial multifunctional styrene-acrylic oligomers with epoxy functions (BASF, 

Joncryl ADR-4368) were used as a reactive chain extender agent. 

2.2. Sample preparation 

To prepare chain extended PLLA, different amounts of Joncryl (0,  0.25, 0.5 and 1 wt-%) were 

added to the melted polymer. Samples were processed under nitrogen flow using an internal 

mixer (Braneber PL2200, Germany) that operates for 15 min with a rotor speed of 60 rpm and 

temperature of 180 °C. These situations were selected to minimize the thermal degradation of 

PLLA during the reactive melt processing. Chain extender was added after the five minutes of 

mixing and the reaction was considered completed when a plateau in torque curves was 

achieved. This time was measured about 15 min for the longest reaction time and therefore was 

applied to all samples [32]. The effect of Joncryl concentration on the evolution of the torque-

time plot during reactive melt mixing in the internal mixer is shown in figure S1 in 

supplementary material. The first peak corresponds to the flowing of the melted PLLA. After the 

maximum, torque continuously decreased due to polymer degradation. This decrease stopped 

when Joncryl was added after a period of approximately 5 min. Moreover, a significant rise of 

torque was observed confirming the occurrence of a reaction between PLLA and Joncryl. Since, 

the torque is proportional to the viscosity, it depends on molecular weight and polymer structure.  
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In this study, samples were coded as PLLAxR where x denotes the weight percent of used 

Joncryl (i.e. equals to 0, 0.25, 0.5 and 1.0 wt-%).  

2.3. Characterization 

Molecular weights and polydispersity index (PDI) were determined by gel permeation 

chromatography (GPC) using a liquid chromatograph (Shimadzu, model LC-8A) equipped with 

an Empower computer program (Waters). A PL HFIP gel column (Polymer Lab 300 x 7.5 mm) 

and a refractive index detector (Shimadzu RID-10A) were employed. The polymer was dissolved 

and eluted in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) containing CF3COONa (0.05M) at a 

flow rate of 0.5 mL/min (injected volume 100 µL, approximate sample concentration 1.5 

mg/mL). The number and weight average molecular weights were calculated using poly (methyl 

methacrylate) standards. 

Isothermal and non-isothermal crystallization of samples were studied using a TA Q100 

instrument. Approximately 5 mg of the corresponding sample were put in an aluminum pan, 

encapsulated, heated to 200 ºC (i.e . above the melting point) and led at this temperature for 3 

min to erase thermal history. For isothermal crystallizations, samples were then quenched at a 

controlled rate of 50 °C/min to the chosen isothermal crystallization temperature, Tc, ( i.e. 100, 

110, 120 and 130 °C). Crystallization required a maximum time of 45 min, being samples 

subsequently heated to 200 °C at 10 °C/min to determine the attained degree of crystallinity. For 

non-isothermal crystallizations, samples were cooled from the melt state at derermined rates (i.e. 

2.5, 5, 7.5 and 10 ºC/min). Optical micrographs were taken with a Zeiss Axioskop 40 Pol light 

polarizing microscope equipped with a Zeiss AxiosCam MRC5 digital camera. Temperature was 

controlled with a Linkam system having a THMS 600 heating and freezing stage connected to an 

LNP 94 liquid nitrogen cooling system. 
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The rheological behavior and melt viscoelastic properties of samples were studied using a 

rheometric mechanical spectrometer (AR-G2, TA) with a parallel plate (diameter of 25 mm) 

under nitrogen atmosphere. All measurements were performed in the linear viscoelastic region at 

a temperature of 180 °C, frequency range between 0.03 and 600 sec–1, and strain amplitude of 

1%. 

3. Results and discussion 

3.1. Molecular weight and architecture of PLLA chains 

As shown in figure S1, the observed significant increase of torque suggests the formation of long 

and branched chains. The increase of Joncryl concentration led to a considerable enhancement of 

torque values as well as a greater slope of the torque plot. This last feature agrees with the 

influence of Joncryl concentration on the kinetics of the chain extending reaction [33]. PLLA 

chains could be joined to each one of the 5-9 epoxy groups that belongs to each Joncryl molecule 

giving rise to highly branched structures and a remarkable increase of the viscosity of the system. 

For a quantitative molecular weight estimation of polymers resulting from the mixing process, 

GPC measurements were carried out as shown in Figure 1.  The molecular weight of PLLA 

increased at the end of the reactive mixing process, while it decreased during processing without 

the additive. Thermal degradation of PLLA was effectively compensated by the addition of the 

chain extender. The impressive role of chain extender was detected even at a low concentration 

(i.e. 0.25 wt%), demonstrating the degradation inhibitor role of Joncryl [24].  The molecular 

weight distribution plot (Figure 1b) shows two peaks that could be associated to linear and 

branched PLLA. Logically, the peak appearing at a shorter time (i.e. between 4.5 and 5.5 min) 

corresponds to high molecular weights and therefore to branched chains. The area of this peak 
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increased with Joncryl concentration. Furthermore, PDI was found to increase with Joncryl 

concentration mainly as a consequence of the great increment on the weight average molecular 

weight caused by the formed chain branched architecture.    

 

Figure 1. GPC analysis of neat PLLA and modified PLLA: a) Number (blue) and weight (red) 

Average molecular weight with PDI values, b) GPC curves of neat and modified PLLAs.  

3.2. Rheological analysis 

The linear viscoelastic analysis was employed to investigate the effect of chain extender on the 

viscoelastic properties of melted PLLA. Figure 2 depicts the variation of storage modulus (G'), 

loss modulus (G''), complex viscosity (η), and loss factor (tan δ) of prepared samples versus 

frequency at different Joncryl concentration. Since rheological properties are highly sensitive to 

molecular weight and structure, both storage modulus and loss moduli significantly changed 

(Figures 2a and b) after reactive mixing of PLLA and Joncryl, as expected taking into account 

the increased molecular weight confirmed by GPC measurements and torque – time plots. This 

increase led to higher values of activation energy of flowing (G'') and melt elasticity (G') since 

chain entanglement density and intermolecular interactions between macromolecular chains 
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clearly increased. Both shear thinning behavior and zero-shear viscosity logically increased in 

the whole tested frequency range. The increase of G' values revealed also cohesive network 

formation. The decreasing dependency of G' with ω when the Joncryl concentration increased 

suggests the increase of melt elasticity [30].  

Figure 2c displays the variation of complex viscosity versus frequency and evidences differences 

between processed samples. Thus, the neat PLLA showed a Newtonian behavior at low 

frequency and a power law behavior at a higher frequency where viscosity decreased with 

increasing the frequency. The effect of Joncryl concentration on the complex viscosity plot at 

low frequency is noticeable and revealed that the extend of Newtonian region shortens and the 

shear thinning behavior becomes intensified due to increasing molecular weight and chain 

entanglement density. Note that the Newtonian behavior completely disappears for PLLA1R.  

Loss factor (tan δ) is a sensitive parameter for evaluating viscoelastic properties of materials. The 

tan δ plots of modified samples drastically changed compared with the plot for neat PLLA 

(Figure 2d). The tan δ of all samples decreased as the frequency increased due to the enhancing 

the elasticity of the PLLA melt at high frequency. Reactive mixing process led to the significant 

decreasing the tan δ in the low frequency region as the concentration of Joncryl increased which 

revealed higher melt elasticity of chain extended PLLA. Variation of loss factor at low 

frequencies is usually  related to the chain disentanglements that lead to an increase in tan δ, on 

the contrary a decrease of tan δ express the inability of polymer chains to response and relax in 

the time window of the applied force. In summary, reactive mixing significantly decreased the 

tan δ of modified PLLA samples, and moreover the observed continuous decrease against 

frequencies revealed that molecular chains could not be relaxed due to their high molecular 

weight and elasticity. Another factor which could be extracted from the tan δ curve is crossover 
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frequency (at tan δ value of 1). Figure 2d shows that the cross over frequency shifts to lower 

frequency in chain extended systems. This frequency reduced with addition of more chain 

extender which indicates the influence of chain extension on solid like behaviour of PLLA. 

 

 

Figure 2. a) Storage Modulus, b) Loss Modulus, c) Complex viscosity, d) loss factor of neat and 

modified PLLAs as a function of frequency. 

The relaxation spectra of samples were calculated from storage modulus (G'') using the 

methodology proposed by Kontogiorgos along with the MATLAB code developed by Hansen. 

The following equation was applied [34-36]: 
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where ω is the angular frequency, τ is the relaxation time, H (τ) is the relaxation spectra, and 𝐺𝐺0 

is the equilibrium modulus that equals to zero for viscoelastic liquids.  The variation of H (τ) 

versus τ is displayed in Figure 3. The width of the spectra is related to extra-modes of relaxation 

due to enhanced polymer–polymer interactions, including entanglements. It seems that unlike 

other homopolymers, the processed PLLA has a second relaxation mechanism at longer times, 

which may be attributed to fluctuations and an stress release mechanism [37]. The area under the 

peak increased owing to the increasing Joncryl concentration. All prepared samples showed a 

characteristic peak at around 1 s that can be associated with the reptation of PLLA chains. The 

area of the peak in the relaxation spectra is related to zero shear viscosity, which should logically 

increase as the molecular weight of the sample increases. The broadening of the relaxation 

spectra can be associated to a cumulative effect of the relaxations attributed to different PLLA 

structures.  

According to the graphs of figure 3, the PLLA chains relaxed following a similar pattern (i.e. 

PLLA0R, PLLA0.25R, and PLLA0.5R). However, the peak intensity increased with chain 

extender concentration which suggests a change on the molecular weight and the presence of 

long branches in the system. For PLLA1R sample, different relaxation spectrum observed in 

comparison with other samples. The change in the relaxation spectrum revealed that chain 

architecture of PLLA is sensitive to the concentration of Joncryl chain extender. Appearing of 

the shoulder around τ = 2 s, is an evidence of relaxation of a new highly molecular weight 

branched chain of PLLA that formed during reactive melt mixing. This relaxation spectra 

analysis was consistent with GPC results, where the appearance of a new peak in the PLLA1R 

sample was related to the presence of highly branched PLLA chains. 
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Figure 3. Comparison of relaxation spectra obtained at 180 °C to show the effect of chain 

extender in reactive melt mixing. 

Figure 4 shows the van Gurp-Palmen (δ vs. complex modulus) plots of the different studied 

samples. The phase angle δ of the neat PLLA shows a plateau near 90º, after which it 

monotonically decreased with G* without any transition as it is typical for a viscous behavior of 

linear polymers [30]. It was also found that changes on the plot shape and shift of the phase 

angle to values lower than 90º discloses the formation of long chain branches in the system [30, 

38]. The values of phase angle δ shifted towards lower degrees (far below 90°) when the 

concentration of Joncryl increased. In addition, no plateau region could be achieved, a feature 

that also proves the effect of long chain branches on the increasing melt elasticity.  

Plateau modulus (𝐺𝐺𝑁𝑁0) can be extracted from the van Gurp-Palmen plot and was used to calculate 

the entanglement density (𝜈𝜈𝑒𝑒) of samples as follows [38] : 

𝐺𝐺𝑁𝑁0 ≈ lim
𝛿𝛿→0

|𝐺𝐺∗(𝛿𝛿)|                                                               (2) 

𝜈𝜈𝑒𝑒 = 𝑀𝑀𝑤𝑤
𝑀𝑀𝑒𝑒

= 𝑀𝑀𝑤𝑤
𝜌𝜌𝜌𝜌𝜌𝜌 𝐺𝐺𝑁𝑁

0⁄                                                                     (3) 
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Where ρ, R and T are density of polymer, gas constant and temperature respectively. Mw and Me 

are the molecular weight of polymer and molecular weight between the entanglements. 

An extrapolation using the cubic spline method was used to calculate the (𝐺𝐺𝑁𝑁0) according to 

equation 2. The procedure is shown in figure S2 in supplementary material for sample PLLA0R. 

The values of 𝐺𝐺𝑁𝑁0  and entanglement density of samples are presented in Table 1. The 

entanglement density increased significantly after reactive mixing as discussed above. Since, the 

plateau of G' at high frequency (𝐺𝐺𝑁𝑁0) is related to entanglement density, higher 𝐺𝐺𝑁𝑁0  of modified 

PLLA revealed changing molecular structure of modified PLLA which increased the 

entanglement density.This observation and molecular weight distribution substantiate that the 

molecular structure of modified PLLA becomes different from that corresponding to neat PLLA. 

In the next section, crystallization behaviour of modified PLLA was attributed to this parameter 

which influence both the nucleation and crystal growth during the crystallization of PLLA 

Table 1. Value of 𝐺𝐺𝑁𝑁0  and the number of entanglement per chain for neat PLLA and modified 

PLLAs 

Number of entanglements per chain Plateau modulus (Pa) Sample 

11 2.95 × 105 PLLA0R 
44 6.25 × 105 PLLA0.25R 
65 7.21 × 105 PLLA0.5R 
134 1.27 × 106 PLLA1R 
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Figure 4. Evolution of the phase angle as a function of dynamic modulus (van Gurp-Palmen) for 

neat and modified PLLAs. 

3.3. Isothermal and non-isothermal crystallization kinetics 

Figure 5 shows the plots of the isothermal crystallization performed with samples having different 

concentrations of chain extender at temperatures of 100 ℃, 110 ℃, 120 ℃ and 130 ℃. Logically, 

the exothermic peak shifts to lower times and becomes narrower as the crystallization temperature 

decreases. This feature indicates a faster crystallization, which is mainly consequence of the 

increase on the nucleation density.  Analysis of the plots allows calculating the relative degree of 

crystallinity through the ratio area of the exotherm up to time (i.e. t-t0) divided by the total exotherm 

area, i.e.: 
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where dH/dt is the heat flow rate and t0 the induction time.  

 

Figure 5. DSC exothermic peaks corresponding to isothermal crystallizations from the melt state 

performed at the indicated temperatures with: a) neat PLLA, b) PLLA0.25R, c) PLLA0.5R and 

d) PLLA1R 

The development of crystallinity always showed a characteristic sigmoidal dependence on time, as 

plotted in Figure 6. The time required to complete crystallization is obviously different and becomes 

maximum (i.e. crystallization kinetic rate is minimum) for PLLA0.25R at all considered 

temperatures. The selected plotted data shows two effects: 

a) The incorporation of long branches hindered crystallization. Note for example that PLLA0R 

crystallized clearly faster than PLLA0.25R. 
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b)  High entanglements density can act as nucleation sites and overcome the hindrance caused 

by the branched architecture. In this way, crystallization of PLLA1R becomes faster than 

PLLA0R. Note also that PLLA1R has the highest molecular weight and consequently a slow 

crystallization rate should be expected if the nucleation effect was not significant. Note also 

that the crystallization rate of PLLA0.5R becomes similar than that determined for PLLA0R 

due to the compensatory effect caused by the increase of entanglements and branches. 

 

 Figure 6. Relative degree of crystallization versus isothermal crystallization time for the indicated 

samples at temperatures of:  a) 100 ºC (a), 110 ºC (b), c) 120 ºC (c) and 130 ºC (d). 

Crystallization data were analysed assuming the well-known Avrami equation  [39] for primary 

crystallization:  
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where Z is the temperature-dependent rate constant and n the Avrami exponent which value varies 

according to the crystallization mechanism. Both values can be deduced from the typical Avrami 

plots (Figure 7). A normalized rate constant, k = Z1/n, is usually evaluated for comparison purposes 

since its dimension (time-1) is independent of the value of the Avrami exponent.  

 

Figure 7. Avrami plots for the isothermal crystallization of the indicated samples at 100 ºC (a), 

110 ºC (b) , 120 ºC (c) and 130 ºC (d). 

The Avrami exponent (n) for all samples was around 2.5−2.8, being in agreement with a three 

dimensional growth and a heterogeneous nucleation as also found for the neat polyester [40, 41]. 
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0.5. This value can be deduced directly from Figure 6 and also can be evaluated theoretically 

taking into account the deduced Avrami parameters and the equation 6:   

𝑡𝑡1/2 =  (𝑙𝑙𝑛𝑛2
𝐾𝐾

)1/𝑛𝑛                                                                                (6) 

The agreement between experimental and theoretical values can be considered as a validation of 

the Avrami analysis. Theoretical and experimental values are summarized in Table 2 for all the 

studied samples and confirm the suitability of the calculated parameters.   

Table 2 also summarizes the values of the overall crystallization rate constant deduced from the 

Avrami analysis for the different samples at the four considered temperatures. These values 

followed obviously the opposite trend observed for the τ1/2 values (both experimental and 

theoretical). In summary, crystallization rates increased with decreasing temperatures and at a 

given temperature depended on the Joncryl content according to the previously indicated order: 

PLLA1R > PLLA0R ~ PLLA0.5R > PLLA0.25R. It seems that the existence of more dense and 

longer branching can promote the self-nucleation in the amorphous phase of PLLA1R and 

accelerate the crystallization process [42]. 

The values of crystallization enthalpies are indicated in Table 2. These are proportional to the 

final degree of crystallinity. The highest enthalpy was observed for the crystallization of 

PLLA0R at 130 ºC. The lowest molecular weight and the highest linearity of PLLA0R together 

with high temperature chain dynamics facilitated the correct arrangement of molecular chains in 

the crystalline structure. Dynamics was worse when temperature decreased and consequently the 

crystallization enthalpy slightly decreased. Enthalpies at a given temperature decreased with the 

Joncryl content (i.e. PLLA0.25R > PLLA0.5R > PLLA1R) as the consequence of the increased 

molecular weight and the chain branching. 
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It is also interesting to show that the crystallization trends changed with addition of Joncryl 

especially for the sample PLLA1R. Regarding the influence of Joncryl in both the nucleation and 

spherulite growth rates (calculated from the optical micrographs), the performance of chain 

extension may change at different temperatures. In low temperature (i.e. 100 °C), the number of 

nuclei is too much whereas the crystal growth rate is limited. This phenomenon is highly 

dependent on molecular structure of PLLA which determine the nucleation and growth rates 

perfomances. As conclusion, different trends of crystallization kinetics are expected regarding 

the different molecular structure of PLLA in this study. 

Table 2. Isothermal crystallization parameters for neat PLLA and chain extended modified 

PLLAs. 

a Obtained from Avrami analysis. 
b Directly obtained from the relative crystallinity versus time plot. 

Sample 
Crystallization 
Temperature 

(°C) 

tc 
(min) 

ΔHc 

(J/g)
 n

 

Z × 103  

(min-n)
 

k× 103 
(min-1)

 

t1/2
a 

(min) 
t1/2

b 
(min)

  100 8.4 19.4 2.7 6.1 151 5.7 5.7 
 110 8.5 22.3 2.5 10.1 158 5.4 5.3 

PLLA0R 120 9.5 26.4 2.6 6.1 140 6.2 6.1 
 130 15.1 30.9 2.7 1.0 77 11.2 11.2 

 100 14.1 18.8 2.7 1.4 87 10.1 9.9 
 110 13.5 20.7 2.8 1.2 91 9.6 9.8 

PLLA0.25R 120 16.9 26.9 2.8 0.5 69 12.7 12.8 
 130 31.5 29.5 2.6 0.4 50 17.4 18.2 

 100 7.5 14.3 2.5 6.7 135 6.4 6.2 
 110 7.8 17.2 2.6 6.7 146 5.9 5.8 

PLLA0.5R 120 8.9 20.7 2.7 3.7 125 6.9 7.0 
 130 14.5 25.6 2.7 0.9 75 11.7 11.5 

 100 5.2 13.4 2.7 36.9 294 3.0 3 
 110 4.1 14.8 2.8 49.8 343 2.6 2.6 

PLLA1R 120 4.5 18.9 2.6 60.8 341 2.5 2.6 
 130 7.2 23.6 2.6 13.6 191 4.5 4.5 
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Polarized optical microscopy was employed to determine the influence of primary nucleation and 

crystal growth on the overall crystallization rate. Spherulitic morphologies of two representative 

samples (i.e. PLLA0R and PLLA1R) during crystallization at 130 °C are displayed in Figure 8. 

Primary nucleation density is clearly greater for the PLLA1R sample as previously predicted 

considering the nucleation effect caused by the presence of Joncryl. The evolution of the radius 

of the spherulite with crystallization time (figure 9) was however slower for PLLA1R. Logically 

its greater molecular weight hindered molecular diffusion to the crystal growth front. Optical 

analyses confirmed therefore that the increase of crystallization rate was consequence of 

nucleation. In the same way, the decrease on the crystal growth rate was the prevalent factor for 

the PLLA0.25R sample that led to a decrease of the overall crystallization rate with respect to 

that determined for the neat PLLA. Both factors (i.e. nucleation density and crystal growth rate) 

were perfectly compensated in the case of PLLA0.5R.    

20 
 



 

Figure 8. Optical micrographs of PLLA0R (a and b) and PLLA1R (c and d) taken at a 

temperature of 130 °C after 1 minute (a and c) and 10 minutes (b and d) of isothermal 

crystallization. 

 Figure 9 compares the spherulitic growth rates evaluated for the PLLA0R and PLLA1R samples 

at various crystallization temperatures (calculation at 100 °C was not possible due to high 

number of small spherulites), being clear that the chain extension influenced significantly the 

spherulite growth rate. In other word, a decrease on the crystallization rate was observed when 

chain extender was incorporated (in sample PLLA1R). This feature seems an indication of a 

disturbing effect on the motion of polymer chains, which appear more relevant at the 

crystallization temperature of 120 ºC (i.e. 5.11 µm/min for sample PLLA0R in comparison with 
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3.45 µm/min for sample PLLA1R) where crystallization becomes limited by the chain transport 

energy. It is also clear that the effect of chain extension on the crystal growth rate is significant 

as well as their influence on nucleation. However the nucleation is more effective in 

crystallization of PLLA with a significant influence in the crystallization kinetics. 

 

 

Figure 9. Spherulite diameter as a function of time at different isothermal crystallization 

temperatures for (a) PLLA0R and (b) PLLA1R. Straight lines are fitted to the experimental data 

to calculate the growth rate (G) from the slope. 

The analysis of the crystallization behavior was also followed under non-isothermal conditions 

corresponding to cooling rates of 2.5, 5, 7.5 and 10 °C/min (Figure 10). Basically, the 

crystallization peak for each sample moved to lower temperatures and became broader as the 
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cooling rate increased. Differences were clear between samples crystallized at low rates (i.e. 2.5 

and 5 ºC/min) and were less evident at higher rates due to the scarce crystallization. 

Thermograms showed also a complex peak for PLLA0R and PLLA0.25R at the lowest cooling 

rate which indicates a fractional crystallization derived from some kind of confinement as 

reported for PLLA [43, 44].   

 

Figure 10. Non-isothermal crystallization at the indicated cooling rates of: a) PLLA0R b) 

PLLA0.25R, c) PLLA0.5R and d) PLLA1R. 

Calorimetric data allowed determining the relative degree of crystallinity at any temperature, 

χ (T), for all cooling rates by the expression: 
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where dHc is the enthalpy of crystallization released within an infinitesimal temperature range dT, 

T0 denotes the initial crystallization temperature and T∞ is the temperature required to complete the 

crystallization process. Thus, the denominator corresponds to the overall enthalpy of crystallization 

for specific heating/cooling conditions. Note that this relative crystallinity is obviously higher than 

the absolute crystallinity, which is limited by the slow dynamics of polymeric molecular chains. 

The time dependence of the degree of crystallinity can be derived considering the relationship: 

        (t - t0) = (T - T0) / φ                (8) 

where T0 is the temperature when crystallization begins (t = t0) and φ is the cooling rate.  

Figure 11 shows the evolution of the relative crystallinity in function of temperature and time for all 

samples at the cooling rate of 2.5 ºC/min where the highest absolute crystallinity was attained. 

Results clearly demonstrated the influence of the Joncryl content on the crystallization rate, which 

specifically decreased in the order PLLA1R >> PLLA0.5R > PLLA0R >> PLLA0.25R. This 

behavior is similar to that observed from isothermal crystallization and demonstrated the nucleation 

effect caused by a high Joncryl content and the hindered crystallization derived from the existence 

of branched chains. Nevertheless, it should be pointed out the inversion between the behaviors of 

PLLA0R and PLLA0.5R. It seems that this feature reflects that PLLA0R follows a complex 

crystallization behavior where two processes are overlapped, being one of them delayed as a 

consequence of some degree of confinement caused by the faster crystallization of a polymer 

fraction. Note also the flatter appearance of the relative crystallinity versus temperature plot of both 

PLLA0R and PLLA0.25R samples that is consequence of the indicated overlapping.   
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Figure 11. Variation of the relative degree of crystallinity versus time (a) and temperature (b) for 

the non-isothermal crystallization of the indicated samples at cooling rate of 2.5 ºC/min.  

The typical Avrami analysis can also be applied to non-isothermal experiments on the basis of 

equation 5. Specifically, Figure 12 shows the Avrami plots of the studied samples for a cooling 

rate of 2.5 ºC/min, while Table 3 summarizes the kinetic parameters deduced from the non-

isothermal analysis, including the overall crystallization rate (i.e.  k = Z1/n).  
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Figure 12. Avrami plots for the non-isothermal crystallization of the indicated samples 

performed at a cooling rate of 2.5 ºC/min. The two crystallization regions are indicated for 

sample PLLA1R (i.e. I and II). 

Table 3. Kinetic parameters for the non-isothermal crystallization of neat PLLA and samples 

loaded with different percentages of Joncryl. 
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ln
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ln
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Sample Cooling rate 
(°C/min) 

Tc 
(°C) 

ΔHc 

(J/g) n1 n2 
Z1 × 104 

(min-n) 
k1× 103 
(min-1) 

Z2 × 104 

(min-n) 

k2× 103 
(min-1) 

PLLA0R 2.5 110 31.1 3.0 - 8.6 95 - - 
 5 98 6.0 3.0 - 41.2 160 - - 

PLLA0.25R 2.5 101 16.0 3.7 - 0.7 76 - - 
 5 96 1.4 2.9 - 31.3 137  - 

PLLA0.5R 2.5 114 32.5 3.8 1.9 2.2 110 213 128 
 5 101 8.7 2.9 - 79.1 188 - - 

PLLA1R 2.5 122 36.1 4.8 1.3 0.8 139 1212 207 
 5 110 28.1 3.7 2.6 24.8 197 170 209 
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Note that samples with a high Joncryl content showed a significant secondary crystallization and 

consequently the corresponding parameters have also been determined. 

The following points can be deduced from the Avrami analysis under non-isothermal conditions:  

a) The Avrami exponent takes higher values than expected considering crystal growth 

dimensionality and nucleation type and consequently loses its physical sense. In fact, the 

literature reported the values for PLLA were in the range of 2-5.4 [41]. Nevertheless, the 

deduced exponents obey to a mathematical fitting and are useful for comparative purposes. As a 

general trend it is observed that the exponent decreased with the cooling rate suggesting an 

increase of the heterogeneous and instantaneous nucleation. Logically, exponents corresponding 

to the secondary crystallization are lower as consequence of the decrease of crystal 

dimensionality caused by space constrictions.  The exponent seems also to depend on the 

molecular weight and structure, being observed a decrease in the order: PLLA1R > PLLA0.5R ~ 

PLLA0.25R > PLLA0R. It seems that the more dynamical heterogeneity of polymer chains in 

PLLA1R resulted in a different crystallization mechanism.   

b) The Avrami plots showed a clear secondary crystallization process for PLLA1R and 

PLLA0.5R samples, being determined a clear decrease of the corresponding exponent (n2). 

c) The overall crystallization rate logically increased with the cooling rate and depended on the 

chain extender content according to the previously indicated order: PLLA1R > PLLA0.5R > 

PLLA0R > PLLA0.25R. 

Crystallization enthalpies are also summarized in Table 3. Interestingly, these values followed 

the order: PLLA1R > PLLA0.5R > PLLA0R > PLLA0.25R, which means a great correlation 

with the evaluated crystallization rates. Note also the dramatic decrease on the enthalpy when the 

cooling rate increased up to 5 ºC/min. In this case, only PLLA1R rendered a significant 
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crystallization peak enthalpy probably as a consequence of the nucleation effect and the still fast 

crystallization. In other words, samples with a low nucleation crystallized too much slowly to 

follow a high cooling rate process. 

4. Conclusions 

In the present study, the effect of reactive melt mixing of PLLA with epoxy-based chain extender 

on the derived rheological and crystallization behavior was investigated. The torque-time plot 

showed that the continuous degradation of PLLA was compensated during reactive mixing by 

the addition of Joncryl and that a gradual increase of torque could be achieved the increasing 

Joncryl concentration. The GPC analysis demonstrated the increase of both molecular weight 

and PDI and showed a new GPC peak associated to the chain extension reaction. Rheological 

analysis revealed that increasing the concentration of Joncryl leaded to an increase of the 

modulus and viscosity, which supported the improvement of melt strength during the reactive 

melt processing. Van Gurp-Palmen plots and relaxation spectra substantiated that chain topology 

of PLLA during the reactive mixing changed and specifically long-chain branches were formed.  

The isothermal crystallization results from both calorimetric and optical microscopy observations 

revealed that the increase of the molecular weight associated to a significant chain extender 

reaction facilitated the primary nucleation and increased the overall crystallization rate constant. 

By contrast, the addition of low percentages of Joncryl led to a decrease of the crystallization 

rate since the predominant effect was consequence of the presence of branches that hindered the 

molecular ordering process in this case. Similar results were also deduced from non-isothermal 

crystallization studies, although small differences were found when the behavior of neat PLLA 

and the sample containing 0.5 wt-% of Joncryl were compared, being highlighted the influence 

of processing conditions (i.e. isothermal and non-isothermal). 
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