
 

 

113 

 

 

POLY (LACTIC ACID)/LAYERED SILICATE NANOCOMPOSITE FILMS: 

EFFECT OF IRRADIATION 
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Summary 

Poly (Lactic acid) –layered silicate nanocomposite films were prepared by solution casting method. The films 

were irradiated with Co 
60

 radiation facility at dose of 30 kGy. The effect of gamma irradiation on 

mechanical properties of the neat PLA and nanocomposites was evaluated by data obtained from tensile 

testing measurements. The tensile strength of the irradiated PLA films increased with addition of 1 wt% 

Triallyl Cyanurate (TAC) indicating crosslink formation. Significant ductile behavior was observed in the 

PLA nanocomposites containing 4 pph of nanoclay. Incorporation of nanoclay particles in the PLA matrix 

stimulated crystal growth as it was studied by differential scanning calorimetry (DSC). The morphology of 

the nanocomposites characterized by transmission electron microscopy (TEM) and X- ray diffraction (XRD) 

revealed an exfoliated morphology in the PLA nanocomposite films containing 4 pph of nanoclay. Only very 

small changes were observed in the chemical structure of the irradiated samples as it was investigated by 

Fourier transform infrared (FTIR) spectroscopy. Enzymatic degradation rate of PLA and its nanocomposite 

decreased with increasing crystallinity of the samples. The rate of weight loss was also affected by the 

morphology of the nanocomposites  
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1. INTRODUCTION 

 

Poly (lactic acid) (PLA) is a linear aliphatic thermoplastic polyester .Good mechanical properties 

along with its biocompatibility make it suitable for biomedical applications [1]: such as prosthetic 

implants [2], three dimensional scaffolds [3], controlled-release drugs [4] and resorbable sutures. 

There is also a growing interest in utilizing PLA for packaging and disposable plastic articles since 

production cost has been lowered by new technologies and large scale production [5-6]. In spite of 

many good properties of PLA which makes it a preferred choice for substitution with petroleum-

based polymers, existence of a few weaknesses in some aspects such as thermal stability, barrier 

properties and toughness seeks a requirement for its modification. The performance of PLA can be 

enhanced by the incorporation of nanosized particles. Among the nano-sized inorganic particles 

that are added to the polymer matrix montmorillonite clay are of particular interest due to their 

abundance, low cost and their geometrical features. The main objectives of this study was to 

investigate the effect of gamma irradiation on mechanical properties of the poly(Lactic 

acid)/organoclay nanocomposite films prepared by solution casting method. Also Degradation rate 

of the PLA samples was investigated by enzymatic degradation test. 

 

2. EXPERIMENTAL 

 

2.1. Materials 

PLA granules were purchased from a chemical company in China. Nanosized organoclay with the 

trade name of Nanolin DK4 (alkyl ammonium modified montmorillonite) with size of 1-100nm 

and aspect ratio of 100-1000 supplied from Zhejiang clay chemicals, China. 
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2.2. Preparation of PLA and PLA/organoclay nanocomposites 

PLA and PLA/Nanolin DK4 nanocomposites were made via solution casting method [7]. 

Nanocomposite films were made by addition of Nanolin to the PLA solution. Initially a dispersion 

of organoclay in chloroform was obtained by introducing various amounts of Nanolin to solvent 

followed by vigorous mixing in a digital ultrasonic bath for 60 minutes. The solution of PLA and 

the suspension of Nanolin in chloroform was then mixed together by an ultrasound bath for about 3 

hours and poured into a glass mould on a leveled surface. Nanocomposites films containing 2, 4 

and 6 pph (pph stands for parts per hundred of the PLA polymer) were made by this procedure.  

 

2.3. Irradiation of films 

The pristine PLA and nanocomposite films were cut into strips and irradiated with gamma rays at 

dose of 30 kGy in presence of air. The irradiation was carried out at room temperature and dose 

rate of 4.6 Gy/s using a Co60 gamma irradiator facility.  

 

2.4. Characterization of the PLA films 

Number average of 100790 g/mol and weight average of 237560 g/mol were obtained for the PLA 

granule via Gel Permeation Chromatography (GPC) on an Agilent 1100 GPC at temperature of 

30°C and solvent of chloroform.  The detector was IR (Refractive Index). Chemical structure of the 

PLA films was studied on Bruker IFS 45 FTIR spectrometer.  Gel fraction of the irradiated PLA 

films was determined using Soxhlet extraction method by following equation. 

Gel fraction (%) = (Wg/W0) × 100 

where W0 is the initial weight of the irradiated PLA film and Wg is the weight remaining after 24 h 

extraction in chloroform followed by drying in a vacuum oven for 48 h. 

 

Mechanical properties of the PLA and PLA nanocomposite films were characterized by a Zwick 

tensile testing machine. The films were cut into the strips with the dimensions of 10 cm length × 2 

cm width and stretched with the gauge length of 4 cm and a speed of 5 mm / min. Thermal 

behavior and crystalline structure of the samples was investigated via Differential Scanning 

Calorimetry by the PerkinElmer DSC Model Pyris 1. The test was performed under Nitrogen 

atmosphere between 40C° and 200 ºC at heating rate of 10°C/min. 

 

The structure of the PLA-Nanolin nanocomposite films were evaluated by XRD measurements. 

Transmission Electron Microscopy was performed on a Phillips EM 208 S electron microscope 

operating at acceleration voltage of 100 kV. Weight loss studies of the PLA/organoclay 

nanocomposites and neat PLA films were carried out utilizing enzymatic degradation test. The 

samples with specified dimensions were placed in vials containing 5 ml Tris Hcl buffer (pH 8.6), 1 

mg proteinase K and 1 mg of sodium azide. Then the samples was removed after specified 

incubation times, washed thoroughly and  dried in an vacuum oven for 48 h. Afterward the dried 

samples were weighed to evaluate weight loss values. 

 

3. RESULTS AND DISCUSSION 

 

3.1. FTIR spectroscopy 

No significant changes are observed in the chemical structure of the Υ-ray treated sample compared 

to that of un-exposed one. The FTIR spectra of the PLA /Nanolin nanocomposites (Fig. 1) show the 

characteristic peaks of the PLA and organically modified nanoclay as well. The bands at 516 and 
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462 cm
-1

 are assigned to Si-O-Al and Si-O-Si bending vibration of organoclay and strong peaks at 

1757 and 1087 cm
-1

 are corresponding to stretching vibration of C=O and –C–O  groups and peak 

at 1458 cm
-1

is assigned to bending vibration of – CH3 in PLA. The omitting or low intensity of the 

peak at 800 cm
-1

in non-irradiated nanocomposite may be attributed to some interaction between 

PLA and organically modified clay. 

 

FIG. 1. (E) FTIR spectra of (a) neat PLA (b) non-irradiated PLA/organoclay (4pph) (C) irradiated at 30 kGy (F) 

spectrua of (a) PLA/organoclay (4pph) irradiated at 30 kGy (b)  the non-irradiated nanocomposite (c) neat PLA. 

3.2. Mechanical properties 

Gamma rays are known to induce structural changes, such as scission and crosslinking in the 

exposed polymers. The change in mechanical properties of the irradiated PLA film implies some 

structural changes having occurred in the pristine PLA films after exposure to the high energy 

ionizing radiation. Tensile strength declined markedly from 43.1 to 31.4 MPa and the elongation at 

break reduced from 10.8% to 9% probably due to some chain scission. Addition of the TAC at 1 

wt% improved the tensile strength of the irradiated PLA film but no remarkable change appeared at 

2 percent. The gel content of the PLA film containing 1% TAC reduced from 77% to 55.5% upon 

increasing of TAC to 2 wt%. This suggests the optimum TAC value for crosslink formation 

between the PLA macromolecules at dose of 30 kGy is 1 wt%.  

 

Incorporating 4 pph of Nanolin further increased the elongation at break of the PLA film to 

the value of 33.4% and the tensile strength to the value of 31.1 MPa. (Fig. 2)  In spite of the 

lower tensile strength of the 4 pph nanocomposites than that of the neat PLA, the elongation 

at break increased to as much as three folds. As a matter of fact formation of nanocomposites 

through introducing layered silicate nanopowder in the PLA changed its structure from a 

stiff-brittle to a ductile-flexible one. It should be noted that non-irradiated PLA 

nanocomposites particularly those containing 2 and 4 pph organoclay showed a yield point in 

their stress-strain curves. Obvious stress whitening and necking were also observed before 

rupture especially in the 4 pph nanocomposites. Indeed the good dispersion of the clay 

platelets into the PLA matrix in an exfoliated system and intensive interaction between the 

two phases is the reason for ductility enhancement of this nanocomposite sample. Increasing 

the Nanolin content to 6 pph had an adverse effect on the ductility which may be attributed 

to agglomeration and non-homogenous distribution of the organoclay platelets. 
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FIG. 2. Ultimate tensile strength and elongation at break of non-irradiated PLA and PLA/Nanolin nanocomposites 

The similar trend was observed in the mechanical properties of the PLA nanocomposite films 

having exposed to 30 kGy gamma-rays except the 2 pph nanocomposite which showed some 

increase in ultimate tensile strength and reduction in the elongation at break compared to those of 

the pure PLA  All the irradiated nanocomposite samples exhibited lower elongation at break  

compared to those of the un-irradiated ones suggesting  some chain scission have taken place in 

amorphous phase of the polymer matrix  

 

3.4. Morphology 

Morphology of the PLA nanocomposites was characterized by X-ray diffraction method and 

transition electron microscopy. 

 

3.5. X-ray diffraction patterns 

Fig. 3 display XRD patterns of the PLA nanocomposites film. The strong sharp peaks in 

diffractogram of nanocomposites seen at a larger d-spacing and a lower value of 2θ compared to 

XRD peaks of the Nanolin indicates formation of an  intercalated structure, that is insertion of poly 

(lactic acid) into the silicate layer spaces without disruption of its arrangement . On the other hand 

the diffraction peak at 2θ=2.38° in the 4 pph nanocomposites has been nearly disappeared (very 

low intensity of peak comparing to the sharp peak at 2θ = 2.64 in the XRD pattern of the layered 

silicate) which may be evidence of formation of partially exfoliated nanocomposite at this 

composition.  This can also be observed by the TEM micrographs (Fig.4) of the 4 pph 

nanocomposites which show fully separated silicate layers randomly dispersed in the polymer 

matrix. 
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FIG. 3. X-ray diffraction patterns of PLA-Nanolin nanocomposites at 2θ≤5, The first number on the peak exhibits 2θ° 

and the second one, d (Å), is the value of the spacing between silicate layers. 

3.6. TEM  

Figure 4 shows TEM micrograph of the PLA nanocomposite containing 4 pph of Nanolin. As it is 

seen most of the platelets seem to be well dispersed in a random manner which exhibits exfoliation 

of layered silicate by the PLA.  

 

 

  

 

 

 

 

 

 

FIG. 4. TEM images of (a, b) exfoliated layered silicate in the PLA nanocomposite containing 4 pph Nanolin at different 

magnifications. 

In contrast with the 4 pph, the TEM of the 6 pph nanocomposites  (Fig. 5) exhibit an intercalated 

morphology which shows the individual silicate layers are separated  in an organized manner 

within polymer matrix by an average distance that depends on the clay loading.  

a 
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FIG. 5. TEM micrographs (a, b) of intercalated layered silicate in the PLA nanocomposites containing 6 pph Nanolin at 

different magnifications. 

 

3.7. Crystallinity of the PLA nanocomposite 

Crystallinity of the PLA nanocomposites was investigated by differential scanning calorimetry 

(DSC). Fig. 6 display DSC thermograms of the neat non-irradiated and irradiated PLA films. An 

endothermic peak at temperature at 149C° is observed which represents melting point of the PLA 

and the other endothermic peak at temperature of around 53C° corresponds to the glass transition 

of the PLA. All the nanocomposites containing 2,4 and 6 pph of layered silicate show higher 

enthalpy and temperature of melting compared to those of the pure PLA indicating growth of 

crystalline region in the nanocomposite structure (Table.1). Incorporation of modified clay 

enhances crystallites growth as the nanosized particles act as nucleating sites. Also the enthalpy of 

melting of the irradiated neat PLA has increased significantly which may be attributed to the 

increasing of crystallinity upon exposing it to 30 kGy of γ-irradiation dose. Indeed interaction of 

high energy radiation with the sample leads to chain scission and consequent shorter chains which 

facilitate creation of crystallites with smaller size (Fig.6) 

 
FIG. 6. DSC thermograms of PLA solution cast film (a)  at 0 and (b) 30 kGy. 

 

a b 

a b 

a 
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TABLE 1. THERMAL BEHAVIOR OF NEAT PLA AND PLA NANOCOMPOSITES 

CONTAINING 2,4,6 PPH LAYERED 

 

 

 

 

 

 

 

 

 

The glass transition of the nanocomposites also indicate a significant increase over Tg of the 

pristine PLA film implying strong interaction of organically modified silicate layers with polymer 

matrix which retards movement of the polymer chain segments. 

 

3.8. Enzymatic degradation test 

Fig.7 shows the weight loss of neat PLA and nanocomposite films containing 2 and 4 pph 

organically modified layered silicate at 0 and 30 kGy γ irradiation dose. As seen in the Fig. 7 all the 

films nearly degrade with the same moderate speed except the neat irradiated PLA film which 

shows almost no weight loss after 48 h and then its degradation rate increases rapidly. Interestingly 

the weight loss in both irradiated and non-irradiated nanocomposites containing 2 pph organoclay 

is also slower than other samples. This is implying that diffusing enzyme in the crystalline region is 

harder than that of amorphous region as verified by higher enthalpy of melting in these samples 

compared to that of pure PLA. The PLA weight loss is nearly similar to the non-irradiated 

nanocomposite with 4 pph organoclay. This can be explained by exfoliated morphology of this 

nanocomposite and randomly dispersion of layered silicate in the PLA matrix which makes it easier 

for enzyme to diffuse compared to the samples with intercalated structure. Irradiated 4pph 

nanocomposite shows more weight loss because of some chain scission induced by gamma 

irradiation. Apparently the rate of weight loss depends on both morphology and degree of 

crystallinity of the sample. 

 

 
FIG. 7. Weight loss of the neat PLA films and nanocomposites containing 2 and 4 pph organically modified layered 

silicate at 0 and 30 kGy γ irradiation dose. 

 

Sample code Tg Tm ΔHm (J/g) 

PLA0 53 149.22 13.56 

PLA30 53.52 149.77 29.67 

2pph 70.75 151.33 26.88 

4pph 71 150.74 24.30 

6pph 71 150.45 20.68 
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3.9. Preliminary results on PLA/Hydroxapatite nanocomposites 

The preliminary results on mechanical properties of the PLA/Hydroxapatite (HAP) nanocomposites 

containing 10 and 20 pph of HAP showed the increase of ductility particularly at 10 pph (Fig.8). 

Irradiation of these samples at dose of 30 kGy did not deteriorate the mechanical properties of the 

nanocomposites as the tensile strength remained nearly constant and elongation at break increased 

significantly at the sample containing 10 pph of HAP. Further investigation is needed to obtain 

PLA/HAP nanocomposite systems with desired properties. 

 
FIG. 8. (a)Ultimate tensile strength and elongation at break of non-irradiated PLA and PLA/HAp nanocomposites at 0 

kGy (b) at 30 kGy. 

 

4. CONCLUSIONS 

Nanocomposites of the poly (Lactic acid)/layered silicate were successfully prepared via solution 

casting method. Irradiation of pristine poly (Lactic acid) films with gamma rays at 30 kGy 

deteriorated the mechanical properties of the exposed films. Addition of TAC monomer at 1 wt% 

slightly increased the tensile strength and decreased elongation at break suggesting three 

dimensional network formations upon exposure to high energy radiation at 30 kGy. Introducing 

Nanolin DK4 into the poly (Lactic acid) films significantly improved the elongation at break of the 

hybrid samples particularly in the 4 pph nanocomposite.  Exposing the PLA nanocomposites to 30 

kGy gamma rays led to the slightly lower ultimate tensile strength and lower elongation at break 

probably due to some chain scission. Formation of the nanocomposites was verified by TEM 

images and XRD patterns. Incorporation of the nanosized organophilic clay enhanced crystallites 

growth in the nanocomposite samples due to the action of the nanosized particles as nucleating 

sites. The enzymatic degradation rate of the PLA film changed depending on both the morphology 

and crystallinity of the samples. Mechanical properties of the PLA/HAP was dependent on the 

composition and morphology of the prepared samples. The ductility of the irradiated PLA 

nanocomposites containing 10 pph of HAP increased 3 times compared to that of the neat 

irradiated PLA. 
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