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Series of composites of poly(lactic acid) (PLA) and poly(butylene adipate-co-terephthalate) (PBAT) with constant
amounts of calcium carbonate, benzophenone and triallyl isocyanurate were prepared by using a double screw extruder,
and blown into films by extrusion blow molding. After UV exposure with irradiation doses (ID) of 20 J/cm® and 40
J/cm’, the mechanical, dynamic mechanical and thermal properties were investigated by comparing them with the unra-
diated films. The results showed that UV irradiation increased the tensile strength and decrease the fracture energy of
PLA/PBAT (100/0), simultaneously increased the tensile strength and fracture energy of PLA/PBAT (70/30), but simulta-
neously decrease the tensile strength and fracture energy of PLA/PBAT (50/50). The glass transition temperature (Tg) of
PLA/PBAT (100/0) increased after UV exposure, but the Tg of PLA/PBAT (70/30) and (50/50) unchanged or varied
within the error range. The crystallization temperature (T.) did not changed after UV exposure, but the crystallizability
significantly decreased. The difference was attributed to the PLA/PBAT ratios. UV irradiation was revealed to be a sim-
ple and effective technique to simultaneously improve the strength and toughness of LA/PBAT films with bicontinuous

phases.

Keywords: UV irradiation; poly (lactic acid); poly (butylene adipate-co-terephthalate); nano-sized calcium carbonate; si-

multaneous enhancement
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Poly(lactic acid) (PLA) is a polyester linear polymer from renewable resources with good bio-compatibility and complete
biodegradability. It has become a hot research topic today due to its mechanical strength and properties similar to those of gen-
eral polymeric materials [1-3]. As the most promising green plastic, its films, sheets and fibers have been widely used in textile
[4]. Packaging [5], agriculture [6], health care [7], daily necessities8 and other fields [9]. Nevertheless, its use is still restricted
due to its hardness and brittleness, low processability and heat resistance [10-13]. Therefore, the modification of PLA is also re-
quired [14-17]. Up to now, a large number of studies have shown that the mechanical and thermal properties were improved
when PLA chains were cross-linked to a certain degree, owing to that the movement of the chains in the amorphous region was

sufficiently restrained even at a temperature higher than T,

The crosslinking method imparted a network structure to PLA while retaining its biodegradability, and adjusting its degrada-
tion cycle by controlling the reaction conditions and process parameters. Crosslinking of PLA mainly refers to the reaction of
monomers with PLA in presence of cross-linking agent or ionizing radiation to form a crosslinking structure. The method
mainly included chemical crosslinking [18-21], molecular modification crosslinking [22-26] and ionizing radiation crosslink-
ing [27-32]. Cross-linking agent and initiator were usually used in the chemical method to initiate PLA chains to form cross-
linking structure, and the effect of chemical cross-linking on PLA was greatly affected by the type of cross-linking agent, pro-
cess parameters and other factors. The so-called molecular modification crosslinking was a method implemented by modifying
the terminal groups of PLA chains to form active sites such as terminal double bonds. In this method, crosslinking structures
were formed by initiating the polymerization of the chains with active terminal groups by a free radical polymerization mech-
anism. Actually, both chemical crosslinking and molecular modification crosslinking belonged to chemical methods. However,
the chemical methods were so complicated, which undoubtedly increased the material cost and reduced the competitiveness of
PLA products in the market. In contrast, ionizing radiation crosslinking is a typical "3E" technology, that is, efficient, environ-
ment-friendly and energy-saving. The irradiation crosslinking of PLA was realized by using y ray and electron beam. Com-
pared with chemical methods, irradiation crosslinking not only had fast reaction rate and high yield, but also avoided the
problems of energy waste and the solvent recovery in chemical crosslinking. Nevertheless, the ionizing radiation caused cross-
linking of PLA materials may still lack in the practical applicability considering cost of the equipment. Therefore, the cross-link-
ing of PLA materials, whether by chemical methods or ionizing radiation methods, has shortcomings. Ultraviolet (UV) radia-

tion is a promising alternative.

Although the ultraviolet light (UV) is not as powerful as ionizing radiation in terms of penetration, its penetration rate for thin
films is still very high. In fact, UV crosslinking of polymer films has become increasingly popular due to continuous and envi-
ronmentally-friendly process, cost and space saving, as well as cost-effectiveness. With the widespread use of PLA films, the use
of UV radiation for PLA modification appears to be urgent. Further, fully biodegradable plastic bags in supermarkets are main-
ly a composite of PLA with poly (butyleneadipate-co-terephthalate) (PBAT) and calcium carbonate (CaCO,), but need to be im-
proved in terms of toughness and strength to meet the diversity of applications. In the practical applications, the film strength
plays an important role in mechanical paving or handling, which ensures the film integrity and usability. In the present study,
the aim was to improve the mechanical properties of the PLA/PBAT/CaCO, film by using UV radiation, and to propose a low--

cost biodegradable films with good mechanical performance.

On the other hand, the morphology of PLA/PBAT blends changes with the ratio of PLA and PBAT. Li et al. [33] observed three
different morphologies in PLA/PBAT blends, namely spherical droplets, elongated fibrous structures and co-continuous struc-
tures, as the PBAT content increased from 5 wt% to 50 wt%. Deng et al. [34] gave morphological maps of PLA/PBAT blends in
the full component range as inferred from melt viscosity, optical micrographs, tensile properties and SEM fracture surfaces.
When the content was below 5.0%, PBAT was dissolved in the PLA phase. Above 5.0%, PBAT separated from the PLA phase
and forms droplets, which were uniformly dispersed in the continuous PLA phase. The structure formed was the so-called "is-

land" morphology.
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In the composition range of 19.0 to 40 wt%, PBAT and PLA formed a co-continuous phase. Above 40 wt%, PBAT formed a
continuous phase and PLA became a dispersed phase. In this study, the PLA/PBAT/CaCO3 films with PLA/PBAT ratios of
100/0, 70/30 and 50/50 in the presence of benzophenone (BP) and triallyl isocyanurate (TAIC) were radiated by UV light, and

the effect of UV radiation and the continuous phase on the properties of the films was comparatively investigated.

Materials: PLA (FY801, density: 1.24 g cm™, MFR=4 g/10 min at 190°C and 2.16 kg) was purchased from Anhui Fengyuan Co.

PBAT (blow molding grade) was purchased from Lanshan Tunhe Co. Nano-sized calcium carbonate (nano-CaCO,, > 98.5%,

D50 65nm, stearic acid as activating agent) were supplied by Nanzhao Dingcheng Calcium Industry Co. Glycerol methacrylate

(GMA), benzophenone (BP) and triallyl isocyanurate (TAIC) were analytically pure and purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Chemical structures of PLA, PBAT, GMA, TAIC, and BP are shown in Figure 1.
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Figure 1: Chemical structures of (a) PLA, (b) PBAT, (c) TAIC, (d) GMA and (e) BP
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Preparation of PLA/PBAT films: Both PLA and PBAT pellets were dried under vacuum at 80 °C for 3 hours to minimize the

moisture. The components in PLA/PBAT composites were listed in Table 1.

Table 1: Feed ratio and irradiation dose of PLA/PBAT films

PLA PBAT GMA TAIC BP CaCO ID (J/cm)

PLA100 100 0 2 1.5 0.5 3 0
PLA100/ID20 100 0 2 1.5 0.5 3 20
PLA100/ID200 100 0 2 1.5 0.5 3 40
PLA70 70 30 2 1.5 0.5 3 0
PLA70/1D20 70 30 2 1.5 0.5 3 2
PLA70/ID200 70 30 2 1.5 0.5 3 40
PLA50 50 50 2 1.5 0.5 3 0
PLA50/1D20 50 50 2 1.5 0.5 3 20
PLA50/1D200 50 50 2 1.5 0.5 3 40

The PLA/PBAT composites were prepared in a twin-screw extruder at a screw speed of 60 rpm and temperatures set at 170 °C

to 180 °C from the feed zone to die. The PLA/PBAT films were prepared by using a blown-film extrusion process.
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UV irradiation: A UV light curing machine was used. The irradiation was carried out on one side of the films laid flat on a con-
veyor belt, and the UV irradiation dose (ID) was controlled by the running speed of the conveyor belt at the room temperature.
ID was set at 20 J/cm” and 40 J/cm’. The vertical distance between the conveyor belt and the UV light source was fixed at 15 cm.

The radiation process is shown in Figure 2.

@% UV source

UV light
\

_ PLA/PBAT film Rul?ning du‘n-:ctmn

Conveyor belt

Figure 2: Radiation process by using UV light

Material Characterization. Tensile Testing. The tensile testing was performed using a film tensile tester (WDW-100NE, Jinan
Chuanbai Instrument Equipment Co., Ltd, China), equipped with a 100 N load cell. Rectangular samples of 25-mm wide and
100-mm long were cut from the blown-film samples. The test was conducted at a cross-head speed of 5 mm/min and gauge

length of 50 mm. All reported results were the averages of at least five test specimens.

Dynamic Mechanical Analysis (DMA). The relaxation of amorphous molecular chains was measured by dynamic mechanical
analysis (DMA Q800, TA instruments, USA) in frequency-strain scanning mode with a preload force of 0.01 N. The rectangle
sample with a thickness of 60+3 um and a width of 8 mm was tested from 25 °C to 120 °C at the heating rate of 5 °C/min. The

frequency and amplitude were fixed at 1 Hz and 10 pm, respectively.

Differential Scanning Calorimetry (DSC). Thermal transitions of PLA/PBAT films were investigated using a differential scann-
ing calorimeter (DSC) (DSC 200 F3, Netzsch Scientific Instrument Co., Ltd, China). The samples (19+1 mg) on DSC testing
were obtained from the corresponding films. The samples were heated to 250 °C in a nitrogen atmosphere and held for 5 min
to eliminate thermal history, and then cooled to the room temperature. Afterwards, the samples were reheated to 250 °C. The

heating and cooling rates were both set at 20 °C/min.

Ultraviolet Visible Spectrum. A L5S UV-visible spectrophotometer was used to study the optical properties of the prepared
films by recording the percent transmission spectra in the ultraviolet and visible range. Prepared films were cut into a square of

50 mm size and loaded in the spectrophotometer cell and transmittance spectra were recorded with respect to air.

FTIR measurements. Measurement of the Fourier Transform Infra Red (FTIR) spectroscopy was carried out using the Thermo
Scientific Nicolet iS5 FTIR spectrometer. The transmission of the infrared spectra was obtained in the range between 400 cm™
to 4000 cm™' at a 4cm”' spectral resolution by attenuated total reflection (ATR) mode, and 64 scans were added. The ATR ele-
ment used was made of type II diamond (refractive index is 2.42) with the incident angle of 45°. The difference between the

FTIR spectra was studied to find any new form of bond or interaction.
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Tensile Property Results. Figure 3A-C shows the stress-strain curves of the non-irradiated and irradiated films with PLA/PBAT
ratio of 100/0, 70/30 and 50/50. Figure 3D shows tensile modulus and yield stress based on the stress-strain curves. Irradiation
at 20 J/cm2 increased tensile modulus and yield stress of PLA100 by 18% and 33%, respectively, while irradiation at the same
dose increased that of PLA70 by 21% and 13%. But the irradiation had no effect on the that of PLA50. This likely indicates that
UV irradiation imparting stiffness enhancement depends on the PLA/PBAT ratio in the films. Compared with that of PLA100,
further irradiation at 40 J/cm” continued to increase tensile modulus and yield stress of PLA100/1D200 by 24% and 17%, respec-
tively, and increase that of PLA70 31% and 25%, respectively. It should be noted that yield stress of PLA100/ID20 declined by
13% compared to that with ID 20 J/cm”.

In addition, further irradiation had almost no effect on tensile modulus and yield stress of PLA50. This indicates that UV irradi-
ation is beneficial for improving tensile modulus and yield stress of PLA70. Figure 3E shows elongation at break and fracture
energy of the films. Elongation at break and fracture energy of PLA100 kept decreasing significantly with the increase of ID,
while that of PLA50 decreased by 10% and 18%, respectively. In addition, elongation at break and fracture energy of PLA70 in-
creased and then decreased with ID. The above results suggest that elongation at break and fracture energy of PLA70 can reach

their maximum at a certain ID.

To improve the suitability of poly(lactic acid) (PLA) for implantable devices, it ideally needs greater ductility without losses in
strength. Zhao et al. [35] utilized UV irradiation as a bulk modification method to increase the long-term stability of PLA with
poly(2-ethyl-2-oxazoline) (PEtOx). The PLA blend showed improved tensile strength and elongation-at-break with small
amounts of PEtOx added (1.5 wt%).

Crosslinking by UV irradiation showed significant improvements with dibutyltin dilaurate as a catalyst and was only possible
with the added PEtOx present. In the current study, fracture energy of PLA70/ID20 was improved with increase in tensile mod-
ulus and yield stress in the presence of 0.5 parts BP as photoinitiator and 1.5 parts TAIC as crosslinking agent.
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Figure 3: Stress-strain curves of (A) PLA100, (B) PLA70 and (C) PLA50 before and after UV exposure. SEM images of fracture surfaces of
(D) PLA100, (E) PLA70 and (F) PLA50. (G) Tensile modulus and yield stress, and (H) fracture energy and elongation at break before and af-
ter UV exposure: (a) PLA100, (b) PLA100/ID20, (c) PLA100/ID40, (d) PLA70, (e) PLA70/ID20, (f) PLA70/ID40, (g) PLA50, (h) PLA50/ID20
and (i) PLA50/ID40

SEM Results: The difference in the tensile behavior of the irradiated PLA/PBAT films likely stems from the morphology of the
composites. Figure 3D-F shows the SEM micrographs of the fracture cross-section of the composite in the impact test. The mi-
crographs provide interesting information on the blend morphology and highlight the difference of the continuous phase as a
function of the PLA content. While PLA100 exhibits a relatively smooth fracture surface with its expected brittle behavior,
PLA70 displays a rough fracture surface with lamellar PBAT phase distributing in a continuous phase of PLA. In PLA50, PLA
is present as spheroidal domains distributed in the PLA matrix. Many articles [13] inferred the relationship between the mor-
phology and composition of PLA/PBAT blends in more detail from various analyses such as melt viscosity, optical micro-
graphs, tensile behavior, and SEM fracture surface. With the increase of PBAT content from 5 wt % to 50wt %, PBAT as the dis-
persed phase gradually transitions from a spherical droplet, elongated fiber structure to a co-continuous structure with PLA.
When the content exceeded 70 wt %, PLA transformed into the dispersed phase [28]. The morphology with PLA/PBAT bi-cont-
inuous phases in PLA70 facilitated the formation of a larger contact area, which promoted compatibility between PLA and
PBAT. On the other hand, UV irradiation caused both cross-linking and degradation. When TAIC was used, the cross-link-
ing prevailed with respect to the degradation, which enhanced the compatibility of PLA and PBAT phases more effectively. The

large contact area and the more effective cross-linking on the interface improved both strength and toughness of PLA70.
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Figure 4: DMA analysis of (A) temperature dependence of storage modulus, (B) storage modulus obtained at 30 °C and tan § peak intensity,
(C) temperature dependence of tan §, (D) Tg (EK), and Tg (tan §): (a) PLA100, (b) PLA100/ID20, (c) PLA70, (d) PLA70/ID20, (e) PLA50,
and (f) PLA50/ID20

DMA Results. Figure 4A-D shows the measured temperature dependence of the storage modulus and tan & of the PLA-based
films. The storage moduli (obtained at 30 °C) of PLA100/ID20, PLA70/ID20 and PLA50/ID20 were 50%, 44%, and 22% higher
than those of the unradiated films. This indicates an increase in the stiffness, which is consistent with the reinforcing effect of
UV irradiation and measured tensile moduli. UV irradiation might cause the crosslinking structure of PLA under UV irradia-
tion. Generally, crosslinking and chain scission proceed simultaneously in the presence of high UV radiation energy. But cross-
linking structure can be effectively introduced into poly(lactic acid) (PLA) by UV irradiation with the presence of a small
amount of benzophenone (BP) [36]. The resulted crosslinking structure increased the storage moduli of the radiated films. In
addition, the intensity of the tan § peak of PLA100/ID20 was 75% lower than that of PLA100, which indicates that the segmen-
tal chain motion of PLA was stunted by the crosslinking structure of PLA caused by UV irradiation in PLA100/ID20. But, the
intensity of the tan § peaks of PLA70/ID20 and PLA50/ID20 were 19% and 27% higher than that of PLA70 and PLA50, respec-
tively, which suggested a freer motion of PLA chains in PLA70/ID20 and PLA50/ID20 films.

After UV exposure at 20 J/cm’, the T, (E) and T, (tan 8) of PLA100/ID20 were, respectively, 19% and 5% higher than those of
PLA100, which suggests low flexibility of PLA chains in PLA100/ID20. The crosslinking structure caused by UV irradiation
might limit the PLA chain mobility, which resulted in an increase of T, for the irradiated PLA100/ID20 film.

DSC Results. Figure 5A shows DSC first-cool-flow curves for the films. The exothermic peak temperatures of crystallization are
listed in Figure 5B. When cooling down from the molten state, PLA100 and PLA100/ID20 went through dual crystallization.
The crystallization at about 142 K was attributed to the formation of perfect PLA grains, and that at about 114 ¥ to the forma-
tion of imperfect PLA grains. The crystallization at about 142 X in PLA70, PLA50 and their irradiated counterparts is observed,
but the exothermic peak at about 114 K is very flat or almost invisible. The disappearance of the exothermic peak at about 114 X
might be consistent with the low content of PLA in PLA70 and PLA50. The almost identical crystallization temperature before
and after irradiation indicates that UV irradiation had little effect on the crystallization behavior of PLA in the PLA-based

films.
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Figure 5C shows DSC second-heat-flow curves for PLA-based films. The cold crystallization temperature (T..) and melting tem-
perature (T,,) are listed in Figure 5D. All unradiated films, involving PLA100, PLA70 and PLA50, showed significant dual cold
crystallization at about 110 K and 146 K. The occurrence of cold crystallization indicates that the PLA crystallization rate in the
unradiated films did not catch up with the cooling rate of -20 ®/min during the cooling cycle. However, all irradiated films, in-
cluding PLA100/ID20, PLA70/ID20, and PLA50/ID20, did not exhibit cold crystallization. And, the heat of fusion were also
particularly small, which indicated a very low crystallinity. Similarly, Koo et al. [36] effectively introduced crosslinking struc-
ture into poly(lactic acid) (PLA) by UV irradiation in the presence of 3.6% BP. The crosslinking lowered or even depressed
both the melting point and cold crystallization enthalpy of the irradiated PLA samples. The photo-crosslinking of PLA was at-
tributed to the recombination of primary and tertiary carbon radicals in the repeating units which were generated by the hydro-
gen abstraction of BP. With increasing crosslinking, melting peak disappeared and glass transition temperature elevated with

loss of crystallinity, indicating that the crosslinking occurred in the crystalline region as well as in the amorphous region.
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Figure 5: (A) DSC second-cool-flow curves, (B) Crystallization temperature in low and high temperature regions (T, and T,,). (C) DSC se-
«and T,) and melting temperature (T,): (a) PLA100, (b) PLA100/ID20, (c)
PLA70, (d) PLA70/ID20, () PLA50, and (f) PLA50/ID20.

cond-heat-flow curves, (D) Cold crystallization temperature (T

FTIR Results. Figure 6A-D shows the FTIR spectra of the PLA-based films and radiated films. All the films exhibited peaks of
C-H stretching (around 2995 cm™), C=0 stretching (around 1759 cm™), C-H bending (around 1455 cm™), C-O stretching
(around 1185 and 1095 cm™), and C-C stretching (around 868 cm™). These peaks are consistent with the previously reported
FTIR results in the literature. With the addition of PBAT, no obvious new peaks were observed in PLA70 and PLA50, but the
peaks of C-H stretching (2900-3030 cm ™) became stronger and broader, which are attributed to the benzene ring in the main
chains of PBAT.
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Figure 6: (A) FTIR curves (4000-500 cm™), (B) FTIR curves (4000-2600 cm™), (C) FTIR curves (2600-1600 cm™), (D) FTIR curves (1600-600
cm-1), (E) UV-Visible spectra, and (F) ultraviolet analysis of (a) PLA100, (b) PLA100/ID20, (c) PLA70, (d) PLA70/ID20, (e) PLA50, and (f)
PLAS50/ID20.

Optical Properties. The optical properties of PLA/PBAT/CaCO, films were studied by recording percentage transmission spec-
tra in UV-visible range (200-800 nm wavelength). Transmission spectra of the prepared films are illustrated in Figure 6E and
the corresponding values along with transparency value (TV) are reported in Figure 6F. Transparency value of the films were

computed with the help of following equation:

where T, is the fractional equivalent of percentage transmission of 600 nm wavelength radiation and x is the film thickness in
mm. A lower value of TV indicates higher transparency. The lowest value of TV corresponding to PLA100 film indicates high-
est transparency among the films, and the highest value of TV corresponding to PLA700 film indicates lowest transparency. Af-

ter UV exposure, the transparency of PLA100/ID20 and PLA50/ID20 declined, but that of PLA70/ID20 rose.
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PLA100 transmitted 55% and 70% of incident radiation in UV and visible range, but decreased to 37% and 63% after UV expo-
sure, respectively. Similarly, the transmittance of PLA50 in UV and visible range decreased after UV exposure, although to a
small extent. Differently, the light transmission of PLA70/ID20 was elevated compared to that of PLA70. This reduction in
transmittance of PLA70/ID20 could ascribe to the PLA and PBAT co-continuous morphology in the film.

Discussion and Proposed Mechanism. Given the observed improvements in the mechanical properties and transmittance of

PLA70/ID20, it is important to consider what mechanisms underpin these changes.

The elevated T, of irradiated PLA/PBAT/CaCO, films indicates that PLA was cross-linked after UV exposure. The proposed
photo crosslinking mechanism of PLA in PLA/PBAT/CaCO,; films is shown in Figure 7. As shown, UV irradiation may gener-
ate tertiary (A) and primary (B) radicals from PLA main chains by the hydrogen abstraction of the excited triplet BP under UV

irradiation.

The recombination of the tertiary and primary radicals forms the covalent crosslinking between PLA chains. In addition, GMA

and TAIC are also involved in the photo-crosslinking of PLA.

Of course, the above reactions can occur both in the amorphous region of PLA and in the crystalline region. But the effect of
UV irradiation on PLA50 with PBAT continuous phase was not significant compared to that on PLA100, which indicates that
the degradation and cross-linking of PBAT caused by UV irradiation was insignificant in PLA50.
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Figure 7: (4) TAIC involved in PLA photo crosslinking (5) GMA and TAIC involved in PLA photo crosslinking

The photo crosslinking of PLA involving GMA and TAIC can be considered as (A+C+D), (B+C+D), and (A+B+C+D).
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Figure 7: (6) PLA chain scission

Figure 7: The proposed photo crosslinking mechanism of PLA in PLA/PBAT/CaCO, films with the presence of GMA, TAIC and BP.

The UV radiation developed in this study was found to be a simple and cost-effective way for the modification of PLA70 with
PLA and PBAT co-continuous phases. UV irradiation simultaneously increased the tensile strength and fracture energy of
PLA70. Of course, this method needs to be within the moderate irradiation dose range, i.e., 20 J/cm’, and higher than the dose
limit is still harmful to the mechanical property of PLA70. In addition, this method is not suitable for PLA50, i.e. complexes of
PLA/PBAT/CaCO, where PBAT is a mono-continuous phase. Contrastingly, UV irradiation increased the tensile strength and
decrease the fracture energy of PLA100, but simultaneously decrease the tensile strength and fracture energy of PLA50. In addi-
tion, UV irradiation improved the transparency of PLA70, while decreasing the transparency of PLA100 and PLA50.

The different effects of UV radiation on the performance of PLA100, PLA70 and PLA50 are attributed to the differences in the
continuous phases in the PLA/PBAT/CaCO, complexes. The contact surface between the two phases in the co-continuous

phase is large, and and UV irradiation can enhance the interconnection at the interface.

The glass transition temperature of PLA100 increased after UV exposure, but the T, of PLA70 and PLA50 unchanged or varied
within the error range. The crystallization temperature did not change after UV exposure, but the crystallizability significantly
decreased. This indicates that the cross-linking caused by UV irradiation occurs not only in the amorphous region of PLA, but
also in its crystalline region. Cross-linking restricts the movement of PLA molecular chains and reduces their crystallization

ability.
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