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ABSTRACT 

 
The rheological property, microstructure, and 

mechanical property of polylactide (PLA)/clay 
nanocomposites were investigated. The nanocomposites 
were prepared using a twin screw extruder with and without 
the aid of the supercritical carbon dioxide (Sc-CO2). The 
dynamic rheological properties were measured using a 
rheometer in the oscillatory mode. Results show that there 
exists a solid-like behavior in the nanocomposites. Wide X-
ray diffraction result shows that the layer spacing of clay in 
the nanocomposites is improved, compared with that of 
clay. Observed from transmission electron microscopy 
photomicrographs, it is shown that the clay is dispersed 
more homogeneous in the nanocomposites prepared with 
Sc-CO2. The nanocomposites with the presence of clay 
yield in the mechanical testing. Compared with pure PLA, 
the elongation at break and tensile strength for 
nanocomposite prepared with 5 wt% CO2 are improved by 
166% and 25%, respectively. The non-notched impact 
strength of the nanocomposites exhibits a 32-47% increase. 
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1 INTRODUCTION 
 
Polylactide (PLA) is a biodegradable aliphatic 

polyester obtainable from renewable resources that has 
attracted much interest in recent years. The application of 
PLA, however, is limited mainly for its brittle property. 
Many efforts have been diverted to solve this problem of 
PLA. One of effective methods is the addition of clay to 
improve mechanical properties of PLA. Gu et al [1] and 
Jiang et at [2] prepared PLA/clay nanocomposites using a 
twin-screw extruder and investigated their rheological and 
mechanical properties. In their studies, the nanocomposites 
were prepared by one-step or two-step extrusion. There are 
some disadvantages in one-step or two-step extrusion for 
the preparation of PLA nanocomposites. For the former, 
clay is difficult to disperse well in PLA and its mechanical 
properties decrease, owing to the shorter mixing time. For 
the latter, two-step extrusion makes not only the mixing 
time longer, but also the molecular chain of PLA broken 
easier. So there exists the degradation of PLA and then its 
mechanical properties decrease. 

Recently, there has been increasing technological and 
scientific interest in the preparation of polymer/clay 
nanocomposites with the aid of supercritical carbon dioxide 
(Sc-CO2) to expand the clay intergallery and promote 
polymer intercalation. The Sc-CO2 as a kind of green 
solvent offers many advantages compared with other 
solvents. Direct injection of Sc-CO2 into a molten 
nanocomposite during melt-compounding was proved to be 
useful for the dispersion of clay. Treece et al. [3] used 
single screw extruder to prepare polypropylene (PP)/clay 
nancomposites and found that Sc-CO2 is useful to improve 
the clay dispersion. Garcia-Leiner et al. [4, 5] used 
polyethylene and clay to prepare nanocomposite in a single 
screw extruder with a modified hopper equipped with a Sc-
CO2 injection pump. Their results showed a 40–100% 
increase in basal spacing of clay with the aid of Sc-CO2. 
Han et al. [6] employed two time extrusion process to 
prepare the PP/clay nanocomposites with the aid of Sc-CO2, 
and found that 2 wt% was the best concentration for Sc-
CO2 to promote the dispersion of clay. Huang et al. [7] 
prepared PP/clay nanocomposites using a twin-screw 
extruder with the aid of Sc-CO2 and found that an 
optimized CO2 concentration exists. The presence of Sc-
CO2 with a concentration not higher than the optimized 
level is helpful to promote the degree of dispersion of the 
nano-clay in PP matrix, but overloading of CO2 will have a 
negative effect on the clay dispersion. To our knowledge, 
there is litter study on the preparation of PLA/clay 
nanocomposites during melt-compounding with the aid of 
Sc-CO2.  

Considering the aforementioned advantages of Sc-CO2, 
the objective of this work was to prepare PLA/clay 
nanocomposites using a co-rotating twin-screw extruder 
with the aid of Sc-CO2. The relationship among rheology, 
microstructure, and properties of the nanocomposites was 
analyzed. 

 
2 EXPERIMENTAL 

 
2.1 Materials and equipment  

PLA (2002D, NatureWorks LLC), with a melt flow 
index of 6 g/10 min (230°C, 2.16 kg), was used as polymer 
matrix in this work. The organically treated clay used was a 
commercial product of Nanocor USA, octadecyl amine 
modified Nanocor I30P, having particle size within a range 
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of 16–20 μm and basal spacing of 2.1 nm. Industrial CO2 
was used with purity of 99.5%. The PLA and clay were 
dried under vacuum at 100°C for 12 h before use. 

The experimental equipment is schematically shown in 
Figure 1. The equipment mainly includes a co-rotating 
twin-screw extruder (35 mm diameter, 40 length-to-
diameter ratio) and a CO2 injection system. The metered 
CO2 injection system had a cylinder, a positive 
displacement syringe pump (500D, ISCO), and back 
pressure regulators. 

 
2.2 Experimental procedure and sample 
preparation 

The PLA and clay with the weight ratio of 97.5/2.5 were 
dry-mixed thoroughly before feeding into the twin-screw 
extruder. The compounding was carried out at temperature 
profiles of 140-140-150-150-160-160-170-170-170-170°C 
from the hopper to the strand die. The screw speed was set 
at 100 rpm and the feeding rate was set at 4.5 kg/h.  

The CO2 in the syringe pump was compressed to 20 
MPa and injected into the extruder. The flow rate used to 
inject CO2 was set to keep the CO2 concentration to be 0, 2, 
5, and 7 wt% of the feed rate of the PLA/clay mixture by 
adjusting the value. At the position of about 34D from the 
hopper, CO2 in the nanocomposite was vented by vacuum 
pump. In this work, the nanocomposites were denoted as 
NCx, which x means the concentration of CO2. For 
example, NC2 means that the CO2 concentration is 2 wt% 
when compounding the nanocomposite. Pure PLA means 
raw PLA pelletized by one-step extrusion using the pre-
used extruder. 

The disks, with a size about 25×1 mm2, were 
compression molded from the above-prepared samples for 
rheological measurement. The samples for mechanical 
testing were prepared by an injection-molding machine and 
the machine temperature was set at 160-165-170-170-
170°C. The temperature and cooling time of mold were set 
at 30°C and 30 s, respectively. 
 
2.3 Rheological Measurement, 
Microstructure Observation and Mechanical 
Testing 

The dynamic rheological properties were measured 
using Bohlin Gemini 200 Rheometer System, with a 
parallel plate geometry (25 mm diameter) at 170°C. An 
oscillatory frequency sweep mode was employed. The 
sweep range of frequency (ω) was from 0.01 to 100 rad/s 
using the strain level of 5% to ensure that the measurement 
was carried out in the linear viscoelastic region. Shear 
viscosity of PLA was measured using a capillary rheometer, 
Rheograph 25 of GÖTTFERT. 

Ultra-thin films with about 100 nm in thickness were 
cut from the extruded pellets by an ultramicrotome. The 
ultra-thin films were then examined by transmission 
electron microscopy (TEM, Jeol JEM-100CX II) operated 

at an accelerating voltage of 100 kV to observe the 
dispersion state of the nano-clay in NCx prepared without 
and with 5 wt% CO2. Wide X-ray diffractometer was used 
to measure the basal spacing between silicate layers in 
nanocomposites. The wide X-ray Diffraction (WXRD) 
analysis was performed on a Rigaku diffractometer 
(D/max-IIIA). Cu radiation with a wavelength of 0.15406 
nm was used as an X-ray source. The diffraction angel was 
scanned from 2θ = 1 ° to 10 ° at a scanning rate of 2 °/min. 
The operating current was 30 mA and the voltage was 50 
kV. 

The tensile properties and the impact strength of the 
nanocomposites were measured using a tensiTECH tensile 
tester and XJ-22 tester, respectively. For each sample, 5 
replicates were tested to obtain an average value and all 
samples were tested after one week to remove the internal 
stress. 

 
2.4 Results and Discussion 

The shear viscosity versus shear rate curve of PLA at 
170°C is shown in Figure 2. Dynamical rheological test, as 
an effective indirect probe of microstructure, can be 
employed as a powerful tool for characterizing the 
intercalated or exfoliated state of clay in polymer/clay 
nanocomposites. The complex viscosity ( *η ) of NCx 
prepared with and without the aid of CO2 and pure PLA is 
compared in Figure 3. There exists a solid-like behavior at 
low frequency for all NCx, mainly owing to the addition of 
clay in PLA matrix. Moreover, at low frequency, the *η  of 
nanocomposites prepared with Sc-CO2 is larger than that 
prepared without Sc-CO2. Generally, the rheological 
behavior at low frequency is not only influenced by the clay 
loading but also related with the intercalated or exfoliated 
state of clay formed in polymer matrix [3, 4]. Because the 
clay content is 2.5 wt% for all NCx in this work, the 
structure and microstructure of the NCx was the main factor 
affecting the rheological behaviors at low frequency. The 
increase of *η  at low frequency means that a better 
intercalative state of clay is formed in NCx prepared with 
Sc-CO2. In addition, the aid of Sc-CO2 reduces the shear 
viscosity of a polymer melt during compounding [8], and so, 
promotes diffusion of polymer chains between the silicate 
galleries. This illustrates that the addition of Sc-CO2 can 
enhance the intercalative degree of the clay in the PLA 
matrix. 

Figure 4 shows the WXRD patterns of NCx and 
organic-clay. The basal spacing of NC0 and organic-clay is 
3.47 nm and 2.1 nm, respectively.  The basal spacing 
between silicate layers expands because of intercalation of 
PLA chains into the gallery spaces. With the increase of Sc-
CO2 concentration, the basal spacing is increased from 3.47 
nm for NC0 to 3.62 nm for NC5. This indicates that the 
addition of Sc-CO2 is helpful for the clay layer expansion. 
With the increase of Sc-CO2 concentration, the free volume 
of the matrix is increased and the activation energy 
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decreased [9]. This makes the PLA molecular chain 
intercalated into the clay gallery easier. 

TEM photomicrographs of NC0 and NC5 are shown in 
Figure 5. For NC0, aggregation is obviously observed and 
the clay is not dispersed well in the matrix, shown in Figure 
5a. As can be seen from Figure 5b, the clay is well-
intercalated. Compared with the TEM photomicrographs 
for NC0, the thickness of clay platelets for NC5 is smaller. 
This means that organic-clay can be intercalated better in 
PLA matrix with the aid of Sc-CO2 during compounding. 

Figure 6 presents the tensile curves of NCx and pure 
PLA.  The mechanical properties are listed in Table 1. As 
shown in Figure 6, pure PLA is a brittle material and the 
elongation at break is 9.29%. With the addition of organic-
clay, the PLA shows a yielding phenomenon during the 
tension. With the increase of Sc-CO2 concentration from 0 
wt% to 5 wt%, the elongation at break increases by 70%, 
from 14.52% to 24.74%. When Sc-CO2 concentration 
increases to 7%, the elongation at break is similar with that 
of 5% Sc-CO2 concentration. Moreover, compared with 
pure PLA, the elongation at break and tensile strength for 
nanocomposites prepared with 5 wt% CO2 are improved by 
166% and 25%, respectively. This can be explained based 
on the microstructure of NCx. For PLA/clay nancomposites 
under uniaxial tension, microvoiding occurs in the PLA 
matrix and at PLA/clay interfaces. The clay stacks and 
platelets form strong barriers between the microvoids, 
which prevents the void coalescence and propagation of the 
crazes. Then the tensile properties are increased by the 
addition of clay in PLA matrix [2]. Compared with NC0, 
the clay is well-intercalated in NC5 and then the hindering 
of clay to the development of these little crazes is larger. So 
the elongation at break of NC5 is larger than that of NC0. 
In addition, as shown in Table 1, compared with that of 
pure PLA, the non-notched impact strength of NCx exhibits 
a 32-47% increase, mainly owing to the toughing effect of 
clay platelets in PLA matrix [6]. Because the weak 
compatibility between the clay and PLA matrix, the 
improvement of non-notched impact strength of NCx is 
limited. 

 
3 CONCLUSIONS 

 
Polylactide/clay nanocomposites were prepared using a 

twin screw extruder with and without the aid of Sc-CO2. 
The effect of Sc-CO2 on rheology, microstructure, and 
mechanical properties of the nancomposites were analyzed. 
        Results of rheological property measurement show 
that there exhibits a solid-like behavior for PLA/clay 
nanocomposites, owing to the intercalated structure of clay 
in PLA matrix. WAXD results show that the basal spacing 
between silicate layers expands because of intercalation of 
PLA chains into the gallery spaces. From the observation of 
TEM microphotographs, the clay is well-intercalated and 
large aggregations are not found in nanocomposites 
prepared with 5 wt% Sc-CO2, compared with that of 
nanocomposites prepared without Sc-CO2. This indicates 

that the aid of Sc-CO2 facilitates the intercalation of clay in 
PLA. During the tensile property measurement, there exists 
a yielding phenomenon. Compared with pure PLA, the 
elongation at break and tensile strength for nanocomposites 
prepared with 5 wt% CO2 are improved by 166% and 25%, 
respectively. The non-notched impact strength of the 
nanocomposites exhibits a 32-47% increase. 
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Figure 1 Schematic of the compounding setup to 
prepare the PLA/clay nancomposites using Sc-CO2 
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Figure 5 TEM photomicrographs of NC0 (a) and NC5 (b) 
 
 

 
 
 
 
 
 

 

Table 1 Comparison of mechanical properties for PLA/clay nanocomposites and pure PLA  
 Pure PLA NC0 NC2 NC5 NC7 

Tensile strength (MPa) 41.60 49.50 50.81 51.66 51.70 

Elongation at break (%) 9.29 14.52 15.45 24.74 24.74 

Non-notched impact strength 
(kJ/m2) 9.17 12.11 12.34 12.66 13.49 

Figure 3 Complex viscosity versus 
frequency of PLA/clay nanocomposites  

Figure 6 Tensile measurement curves of PLA/clay 
nanocomposites and pure PLA 

Figure 2 Shear viscosity versus shear rate 
curve of PLA at 170°C 

Figure 4 WXRD patterns for NCx prepared 
with different Sc-CO2 concentrations 
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