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In order to investigate the nucleating effect of SCs for PLLA HCs, the samples with PDLA 

was analyzed by the nonisothermal crystallization. Before crystallization, all samples were kept 

for 3 min at 190 °C (above the melting point of HCs but below that of SCs) at which only HCs 

were melted, and SCs were reserved. For the samples without PDLA, only the PCL crystallization 

peak was found, indicating the PLLA hardly crystallized at the cooling rate of 10 °C/min, as shown 

in Figure S1a. With the incorporation of MWCNTs, the crystallization temperature (Tc) shifts to 

higher temperature compared to that of the PLLA/PCL blends due to its heterogeneous nucleating 

effect on PCL chains.

For the samples with PDLA, the crystallization of PLLA happened during the cooling at a 

rate of 10 °C/min. The Tc of the HCs was 119 oC, as shown in Figure S1b, indicating the 

crystallization behavior of PLLA was greatly improved. The improvement of the PLLA HCs was 

ascribed to the nucleating effect of SCs on the formation of HCs. Furthermore, the addition of 

PDLA in PLLA phase showed almost no effect on the crystallization behavior of PCL phase.
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Fig. S1 Crystallization curves of the PLLA/PCL/zMWCNTs nanocomposites (a) and the 
(48PLLA+12PDLA)/PCL/zMWCNTs nanocomposites (b) collected upon cooling at a cooling 

rate of 10 °C/min.

2. Rheological behaviors of the PLLA/PDLA bends

In order to evaluate the increase viscosity by SCs, the rheological behaviors of the PLLA and 

PDLA bends with different ratio were measured on a rotational rheometer (TA AR200ex) with 
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two parallel plates. The dynamic frequency sweep mode was used with a strain of 0.1 % from 0.1 

to 100 rad/s at 180 °C which is between the Tm of HCs and SCs. 
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Fig. S2 Plots of the storage modulus (G′) (a) and the complex viscosity (*) (b) vs. angular 
frequency () of pure PCL and the PLLA/PDLA blends with different mixing ratios. The 

measurements were carried out with a strain of 0.1% at 180 °C.

Figure S2a shows the variation of storage modulus with frequency. The storage modulus of 

PLLA is obviously enhanced by adding 5 wt% PDLA. With further increasing PDLA 
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concentration up to 25 wt %, this enhancement becomes much pronounced, indicating that the SCs 

can significantly reinforces the melt elasticity of the PLLA matrix. The complex viscosity of PLLA 

also increases with the addition of PDLA, as shown in Figure S2b. According to the classical Paul-

Barlow theory, the phase morphology of a dual-phase polymer blend is dependent on the 

composition and the melt-viscosity ratio between the two polymers. The composition at 

morphological inversion point can be predicted by the equation S1.

                                (S1)
B

A

B

A

C
C






where Ci and i represent the volume fraction and melt viscosity of component i, respectively. In 

general, the morphological transition from a sea-island structure to a cocontinuous can be achieved 

by changing the viscosity ratio and/or the components. The average shear rates our melt-processing 

in the internal mixer which is estimated by the Bousmina model [S1] is about 64.3 rad/s. The 

morphological inversion compositions of the PLLA/PCL blends with various PDLA 

concentrations are calculated from the equation S1and listed in Table S1.

 

Table S1. The calculated morphological inversion compositions for PLLA/PCL blends without 
and with various amounts of PDLA.

PDLA concentration
(wt%) 0 5 10 15 20 25

Morphological inversion composition
(wt/wt) 84/16 90/10 96/4 97/3 98/2 99/1

However, the final morphologies of the PLLA/PCL blends without or with PDLA are 

inconsistent with the theoretical prediction. For examples, the morphological inversion of 
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PLLA/PCL blends without PDLA happens at PLLA/PCL 50/50 blends. This large derivation from 

a theoretical prediction suggests that, besides the melt-viscosity ratio, the interfacial tension and 

the melt elasticity [S2-S5] which are not taken into account in the Paul−Barlow theory might also 

play an important role in the formation of network like PCL structure. A similar phenomenon was 

also reported in PLLA/PCL blends and was ascribed to higher elasticity for PLLA than PCL [S6]. 

Furthermore, the SCs embedded in the melt of PLLA can sharply enhance viscosity and elasticity 

of PLLA melt due to the filler effect and crosslinking effect of the SCs network. Thus, the 

morphologies can probably be regulated by constructing the SCs in PLLA phase.

3. Electrical conductivity of PCL/MWCNTs nanocomposites
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Fig. S3 Electrical conductivity of the PCL/MWCNTs nanocomposites as a function of 
MWCNTs loadings (a), the log−log plot of electrical conductivity versus -c for the 

PCL/MWCNTs nanocomposites (b).

According to equation 2, the percolation threshold c of the PCL/MWCNTs nanocomposites 

is estimated to be 0.086 vol%, whereas the critical exponent t was 2.02. 
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4. SEM images of the composites with 0.2 wt% MWCNTs

Fig. S4 SEM images of the PLLA /PCL/zMWCNTs nanocomposites (a) and the 

(48PLLA+12PDLA)/PCL/zMWCNTs nanocomposites (b) with 0.2 wt% MWCNTs.

5. Thermodynamic and kinetic analysis for the localization of MWCNTs in the 

PLLA/PCL/MWCNTs composites

The localization of MWCNTs in the PLLA/PCL/MWCNTs nanocomposites were first 

estimated by calculation of the wetting coefficient ( )S7-S11

                         (3)
ab

aMWCNTbMWCNT




  


where  and are the interfacial energy respectively between MWNTs and aMWCNT bMWCNT 

component a, between MWNTs and component b, respectively, and γab is the interfacial tension 

between the two components. If the wetting coefficient is higher than 1, the filler will preferentially 

be located in component a; if the wetting coefficient is lower than -1, the filler will preferentially 

be located in component b, and if the wetting coefficient is between -1 and 1, the filler will be 

located at the interface between the two components.



S-9

In this work, the melt mixing temperature is 180 oC. Thus, it is necessary to extrapolate the 

surface energies towards this temperature. In order to obtain the high temperature data, the polymer 

polarity is assumed to be independent on the temperature. The surface parameter values (180 oC) 

of PLLA and PCL (see Table S2) were extrapolated from the experimental 25 oC values using the 

temperature coefficients of 0.06S12 and 0.058 S13 mN.m-1.K-1, respectively. Table S3 shows the 

interfacial energies of the sample pair. The wetting coefficient of PLLA/PCL/MWCNTs 

composites at both 25 oC and 180 oC are shown in Table S4. All the wetting coefficient values are 

lower than -1, which means that the MWCNTs are preferably to locate in PCL phase.

Table S2. Surface tensions of pure PLLA and pure PCL at 25 oC and 180 oC which extrapolated 
from values at 25 oC. The surface tensions of MWCNTs were obtained from the referenceS14.

Samples Total (γ),(mN/m) dispersive part (γd), (mN/m) polar part (γp), (mN/m)

MWCNTs 27.8 17.6 10.2 
PLLA (25 oC) 43.2 39.2 3.9 
PLLA (180 oC) 33.9 30.8 3.1 

PCL(25 oC) 38.4 36.5 1.9 
PCL(180 oC) 29.4 26.9 1.5 
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Table S3. The calculated values of interfacial energies for various sample pairs.
Interfacial energies(mN/m) 

Calculation methods

Sample pair harmonic geometric
PLLA (25 oC)/MWCNTs 11.1 5.9

PLLA (180 oC) /MWCNTs 7.4 3.9
PCL (25 oC)/MWCNTs 12.3 6.7

PCL (180 oC) /MWCNTs 9.4 5.9
PCL (180 oC)/ PLLA (180 oC) 1.8 1.4 

PCL(25 oC) /PLLA (25 oC) 0.8 0.4

Table S4. Wetting coefficient evaluated according harmonic mean equation, geometric mean 
equation.

Wetting coefficient
Calculation methods

Materials harmonic geometric
PLLA (25 oC)/PCL (25 oC)/MWCNTs -1.5 -2.0

PLLA (180 oC)/PCL (180 oC)/MWCNTs -1.1 -1.4

However, it is well known that the location of MWCNTs is also dependent on the melts 

viscosity of polymer pairs, which is the kinetic factor.S15 Fig. S2 shows the different viscosity of 

PCL and PLLA melts at 180 oC. It is obvious that the melt viscosity of PCL is much lower than 

that of PLLA within the experiment range. The shear rate applied in the melt-mixing process was 

80 rpm, which was estimated to be 8.38 rad/s according to the conversion law: 1 rad/s = 9.55 rpm. 

The viscosity ratio between PLLA and PCL melt is about 3.0 at 8.38 rad/s. It has been reported 

that the MWCNTs have a tendency to localize in the lower viscosity PCL phase S8. The results 

indicate that PCL chains are more readily to diffuse around and into the MWCNTs aggregates 

compared with that of the PLLA chains during melt mixing and, the MWCNTs are incorporated 

inside the low viscous PCL phase preferentially and finally trapped inside it. Therefore, the 
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MWCNTs actually located in PCL phase by the kinetic aspects in our case, which is consistent 

with the SEM results. 

From the thermodynamic analysis, the MWCNTs prefer to locate in the PLLA phase. 

However, it can’t be achieved at our mixing condition because of the kinetic factor which leads to 

the MWCNTs being trapped in the PCL phase.
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