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To extend the period of decomposition and property degradation of polybutylene adipate terephthalate
(PBAT) mulching film for long-term use, PBAT was compounded with polyethylene mixture (LDPE:
LLDPE = 15:85), calcium carbonate, and illite. PBAT mulching films were prepared using a blown film
extrusion process with 80 mm diameter blowing die. To improve mechanical properties and processability
of the film, crosslinking agent di-(t-butylperoxy isopropyl) benzene (BIBP) was added to PBAT compound
and the effect of BIBP content on compatibility enhancement of PBAT and PE was investigated. Rheo-
logical measurements through dynamic oscillatory frequency sweep showed that the storage modulus of
PBAT compound increased with the addition of BIBP and the slope of it decreased in the low frequency
region because of crosslinking increase of PBAT and PE. Melt flow index of PBAT compounds decreased
with increasing BIBP content. In the blown film extrusion process, the temperature of the heating zones in
the extruder increased and the flow rate of the cooling air decreased with increasing content of BIBP. The
highest output rate and a uniform surface morphology of mulching film were obtained because of a stable
bubble with a tubular shape even at high extrusion speed with 800 ppm of BIBP. In addition, tensile
strengths of both machine and transverse directions were the highest among all PBAT compounds. When
the content of BIBP was higher than 800 ppm, the surface inhomogeneity of the film increased, resulting
in decrease of the tensile strength in machine and transverse directions due to increased chemical cross-
linking of PE and PBAT.
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1. Introduction

Polyolefin has been mainly used as a packaging film or

an agricultural mulching film (Kasirajan and Ngouajio,

2012; Kijchavengkul, 2010; Kyrikou and Briassoulis, 2007).

Mulching film can improve grain crop yields and water

use efficiency by maintaining soil moisture, suppressing

weeds, and increasing soil temperature. Recently, to solve

environmental pollution problem that may occur in the

step of processing waste plastics, regulations on packag-

ing materials and mulching films produced by non-

degradable plastics such as polyolefins have been tight-

ened (Muthuraj et al., 2018). Accordingly, the amount of

bio-degradable or photo-degradable polymers that can be

naturally decomposed has been increasing (Chiellini et al.,

2006; Hsu et al., 2012; Kasirajan and Ngouajio, 2012;

Yashchuk et al., 2012). Although aliphatic polyesters such

as polybutylene succinate (PBS) and polybutylene succi-

nate adipate (PBSA) have high biodegradation rates, they

have insufficient mechanical properties such as tear

strength and tensile strength due to their low crystallinity

and poor processability caused by their slow crystalliza-

tion rates compared to polyolefins (Lee and Lee, 2005;

Vytejčková et al., 2017). Aliphatic/aromatic copolyester

polybutylene adipate terephthalate (PBAT) has been devel-

oped to improve low mechanical properties of aliphatic

polyesters (Ferreira et al., 2019; Kijchavengkul, 2010).

PBAT is produced by random co-polymerization of 1,4-

butanediol, adipic acid, and dimethyl terephthalate (DMT)

monomers. When the mulching film is manufactured by

film blowing extrusion with PBAT alone, due to its flex-

ible and tacky characteristics, the processability of film is

poor (Hadi et al., 2018). In addition, the decomposition

period is too short. Moreover, physical properties of PBAT

film greatly decrease over time, resulting in restrictions on

its distribution (Koitabashi et al., 2012). Accordingly, a

degradable film that has extended decomposition period

with stable degradation for long-term use is needed.

In the case of biodegradable polymers, various attempts

have been made to modify their physical properties by

blending with other polymers (Hamada et al., 2014). In

particular, many studies have been conducted on blending
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flexible PBS or PBAT with brittle PLA (Kim et al., 2016;

Zeng et al., 2015). Various kinds of compatibilizers have

been used in such biodegradable polymer blends (Bran-

delero et al., 2012; Formela et al., 2018; Nakayama et al.,

2018; Zhang et al., 2017). Francesca et al. (2015) and

Nishida et al. (2012) have shown that dicumyl peroxide

(DCP) can act as a free-radical initiator for in situ com-

patibilization of PLA/PBAT blends. Wang et al. (2019)

have demonstrated that the interfacial adhesion and com-

patibility of the PLA/PBAT blend can be improved using

multifunctional epoxide.

In the case of conventional mulching film based on

PBAT, PLA can be blended to improve its mechanical

properties and processing characteristics (Kijchavengkul,

2010). Mulching film is usually manufactured using film

blowing extrusion. In the case of PBAT resin blended with

PLA, slip performance is improved compared to the case

of using PBAT alone in blown film extrusion. However,

there were still problems of mechanical properties deteri-

oration of film due to moisture in the air during distribu-

tion (Vytejčková et al., 2017). In this study, we tried to

improve the processability and mechanical properties of

PBAT mulching film by replacing PLA with polyethylene

mixture (LDPE:LLDPE = 15:85). The PBAT mulching

film modified with polyethylene can be decomposed

through photo-degradation as well as bio-degradation with

the addition of oxidizing agents (Hadad et al., 2005; Hsu

et al., 2012). 

In the case of polyethylene and PBAT blend, due to the

lack of compatibility between the two polymers, defects

such as wave pattern can occur when mulching film is

produced using blown film extrusion (Hongdilokkul et al.,

2015). Various compatibilizers can be used to increase the

compatibility of polyethylene and PBAT blends (Fran-

cesca et al., 2015; Trongsatitkul and Chaiwong, 2017).

Rattana and Hemsri (2019) have used maleic anhydride

grafted PE (MAPE) to reduce the interfacial tension

between PBAT and LLDPE, and to improve the interfacial

adhesion between polymers. Madhu et al. (2014) have

used MAPE to increase the compatibility of blends of

HDPE and PLA. Wiphanurat et al. (2017) have prepared

HDPE and PLA blends using epoxidized natural rubber as

a compatibilizer and analyzed the change of mechanical

properties according to its content. 

In this study, blends were prepared by adding peroxide

di-(2-tert-butly-peroxyisopropyl) benzene (BIBP) to improve

the compatibility of PBAT with polyethylene. PBAT com-

pounds were prepared by adding PE mixture (LDPE:LLDPE

= 15:85), calcium carbonate, and illite as fillers to PBAT

resin. Mulching films were then produced by a blowing

film extrusion using the prepared compounds. To ensure a

stable bubble formation in the film blowing process, the

temperature setting of the extruder sections, the die tem-

perature, the speed of the main motor, and the speed of

airing blower were controlled. The optimum composition

ratio of the BIBP in PBAT/PE compounds for the mulch-

ing film was analyzed using rheological properties of

these compounds and mechanical properties of mulching

films.

2. Experimental

2.1. Dilution of BIBP
Di-(2-tert-butyl-peroxyisopropyl) benzene (BIBP) was

used to increase the compatibility of PBAT and polyeth-

ylene in their blend. The structure of BIBP is shown in

Fig. 1. BIBP (Peroxan BIB-40 GS) was purchased from

Pergan GmbH, Germany. It was provided in a 40% diluted

state using silica. Since BIBP should be added to the

PBAT/PE compound with a quantity of ppm, BIBP was

mixed with calcium carbonate (CaCO3) using air classifier

mill (ACM) for uniform dispersion in polymer resins. HKA

500 ACM of Korea Pulverizing Machinery was used and

operated at a milling speed of 3,500 rpm to dilute the

BIBP content to 20,000 ppm.

2.2. Preparation of PBAT compounds
PBAT compounds were prepared using Smplatek's 75

mm (L/D = 48:1) twin screw extruder. PBAT (Ecoworld)

was purchased from Jin Hui Zhao Long High Technology,

China and PLA (Ingeo 2003D) was purchased from Nature-

Works, USA. LDPE (extrusion grade 5321) was purchased

from Hanwha Chemical, Korea and LLDPE (extrusion

grade UF315) was purchased from Lotte Chemical, Korea.

CaCO3 (OM1T, average particle diameter of 2 mm) from

Omiya Korea was used as an inorganic filler. Illite (aver-

age particle diameter of 2 mm) from Yongkoong Illite,

China was used as a soil improver after a decomposition

of a mulching film. Liquid wax (98% purified liquid oil of

Liquid Paraffin of MDL, USA) was used as a stirring dis-

persant.

Dispersion characteristics of blended materials depend

heavily on the order in which they are compounded. First,

PBAT and PE were added to the mixer and mixed at speed

of 500 rpm for 5 min. The temperature was increased to

70-80℃ because of frictional heat. CaCO3 and illite were

added and mixed at a speed of 500 rpm for 5 min for uni-

form dispersion. The crosslinking agent BIBP was then

added thereto, mixed for 1 min, and extruded using a twin

screw compounding extruder. 

Fig. 1. Structure of di-(2-tert-butyl-peroxyisopropyl) benzene

(BIBP).
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2.3. Blown film extrusion process
A schematic diagram of the blown film extrusion pro-

cess is shown in Fig. 2. Mulching films (thickness = 15

mm) of PE and PBAT compounds were prepared using a

45 mm diameter (L/D = 26:1) single screw extruder with

an 80 mm diameter blowing die from Dongwha Industry,

Korea. 

2.4. Field emission scanning electron microscopy
A field emission scanning electron microscope (Model:

HITACHI-SU8020, Hitachi, Ltd., Japan) was used for

direct observation of surfaces of PBAT compound films.

Measurement was performed under high vacuum with an

acceleration voltage of 1 kV.

2.5. Measurement of rheological properties
Measurements of linear viscoelastic properties were car-

ried out on a Physica MCR 302 oscillation rheometer

(Anton Paar GmbH, Austria) with parallel plates geometry

(diameter 25 mm and gap 1 mm) at 170oC. Dynamic oscil-

latory frequency sweeps were performed after approxi-

mately 5 min of temperature equilibration with a decreasing

frequency from 100 to 0.1 rad/s and strain amplitude at

1%.

Melt flow index of polymers was measured using a melt

flow index tester (ADE - 23S, A&D Sales, Korea) at tem-

peratures of 140, 150, and 170℃. Polymers were heated

in a small oven. A normal load (2.16 kg) was applied to

molten polymers. Melted polymers are extruded through

an orifice. The weight of the extruded polymers over a 10-

min period was recorded as a melt flow index value.

2.6. Measurement of tensile properties
Tensile properties were measured using samples cut in a

dogbone shape of film in MD and TD directions accord-

ing to ASTM D3826 method. UTM (Universal Testing

Machine 3367 model of Instron Corp.) was used. Five

samples for each film were tested using a 50 kg load cell.

The tensile speed was set at 100 mm/min.

3. Results and Discussion

To improve mechanical properties of the PBAT mulch-

ing film, a polymer composite was prepared by mixing

polyethylene, calcium carbonate, and illite with PBAT. BIBP

was used as a crosslinking agent to increase the compat-

ibility of PBAT with polyethylene. The effect of BIBP

content on the physical properties of composites was ana-

lyzed. 

The content of each component in the compounds used

in this study is shown in Table 1. Calcium carbonate and

illite were used as fillers. Liquid wax was used to uni-

formly disperse pellet-type polymer resin and powder type

BIBP. Polyethylene mulching film is usually manufac-

tured by blown film extrusion with LDPE:LLDPE at mix-

ing ratio of 15:85. In this study, the same ratio of

polyethylenes was blended to PBAT compounds. In the

case of the PBAT/PLA blend used in conventional biode-

gradable mulching film, maleic anhydride (MA) diluted to

1% content by dispersing in calcium carbonate was used

Fig. 2. (Color online) Schematic diagram of blown film extrusion

process.

Table 1. Composition of compounds used for manufacturing mulching films. The composition of each compound was expressed in

wt.% except maleic anhydride and BIBP.

Sample name PE PBAT/PLA BDP-0 BDP-1 BDP-2 BDP-3 BDP-4

PBAT 90 82 67 67 67 67

PLA 10

LDPE (15%)/LLDPE (85%) 100 15 15 15 15 15

CaCO3 10 10 10 10

Illite 5 5 5 5

Liquid wax 3 3 3 3 3

Maleic anhydride (phr) 2

BIBP (ppm) 400 400 800 1200 1600
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as a compatibilizer. In the case of PBAT/PE compounds,

physical properties were analyzed by varying the content

of BIBP from 0 to 1600 ppm compared to resin containing

inorganic fillers and liquid wax.

3.1. Rheological properties of compounds 
Linear viscoelastic behaviors of PBAT/PE compounds at

170oC are shown in Fig. 3. Compound BDP-0 with 400

ppm of BIBP based on resin solid without adding other

inorganic fillers showed lower storage modulus than other

compounds having inorganic fillers. As shown in Fig. 3,

in the case of compounds to which inorganic fillers were

added, as the content of BIBP increased, the storage mod-

ulus increased, while the slope of the storage modulus

decreased in the low frequency region. When the content

of BIBP was higher than 800 ppm, the change in storage

modulus was not significant, even if the content of BIBP

increased. As shown in Fig. 3b, the complex viscosity of

the compounds and the shear thinning phenomenon

increased as the content of BIBP increased. 

In Table 2, the melt index of each compound is given at

different temperatures. Similar to the trend of the complex

viscosity, the value of the melt index decreased with

increasing content of BIBP. Melt index is used frequently

when setting the temperature of heating zones of the

extruder in the blown film extrusion. Proper temperature

setting according to compounds is essential for extrusion

speed and the stability of bubble in the film blowing pro-

cess. 

3.2. Blown film extrusion
The temperature setting of the extruder heating zones,

the annular die temperature, the rotation speed of the main

Fig. 3. (Color online) Linear viscoelastic properties of com-

pounds at T = 170oC (a) storage modulus and (b) complex vis-

cosity.

Table 2. Melt index of compounds at various temperatures.

Temperature (oC) PE PBAT/PLA BDP-0 BDP-1 BDP-2 BDP-3 BDP-4

140 0.5 5.1 4.6 4.5 4.0 3.4 2.8

150 1.4 6.1 5.3 5.1 4.9 4.7 3.7

170 2.7 8.2 7.0 6.9 6.7 5.3 4.5

Table 3. Temperature setting and operation conditions of the blown film extrusion process.

Sample 

name

Temperature (oC) Speed (rpm) Output rate 

(cm3/min)Zone 1 Zone 2 Zone 3 Zone 4 Adopter Die Air ring Main motor First nip roll

PE 150 155 165 170 170 175 1,150 160 54 380

PBAT/PLA 135 140 145 150 155 160 1,742 146 47 309

BDP-0 135 140 145 145 150 150 1,827 135 42 256

BDP-1 135 140 145 150 155 160 1,758 144 45 290

BDP-2 135 140 145 155 160 164 1,775 140 46 303

BDP-3 145 150 155 160 165 170 1,650 135 40 250

BDP-4 150 155 160 165 170 175 1,580 130 38 230
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motor, and the speed of air-ring blowers should be prop-

erly adjusted to ensure stable formation of bubble during

the film blowing process. Table 3 shows the temperature

setting and process conditions for PE and each PBAT

compound. Because melt index values are different

depending on the content of BIBP, the temperature setting

at the heating zones for each compound is very important

during the extrusion process. 

In the case of PBAT compounds, the temperature of the

heating zones should be 5-20℃ lower than that of PE

resin according to BIBP content to obtain a stable extru-

sion amount. As the content of BIBP increased, a stable

extrusion rate was obtained at temperature condition sim-

ilar to that of PE resin. The amorphous PBAT should be

set to a low extrusion rate since its solidification rate is

slower than that of semi-crystalline PE after leaving the

die. The speed of the air ring for cooling air flow plays an

important role in controlling the cooling rate and stabiliz-

ing the formation of bubble of compounds.

For PE, a stable bubble was formed until the blow-up

ratio (BUR) was around 2.5. However, PBAT compounds

lacked melt tension, resulting in a stable bubble up to

BUR = 1.8. In this study, both PE and PBAT compounds

were manufactured by setting BUR to 1.7. During the

blowing process, the PE bubble was stabilized in the U-

shaped form as shown in Fig. 4a. However, the bubble of

PBAT/PLA compound used for conventional mulching

film was stabilized in the V-shaped form as shown in Fig.

4b. When the bubble is formed in the shape of V, the ten-

sile strength of film in the transverse direction (TD) is

insufficient compared to that of machine direction (MD).

In addition, the elongation at break of TD is increased

(Hongdilokkul et al., 2015). 

The difference in bubble shapes during film blowing

process is due to different solidification rates in PE and

PBAT. Because the solidification rate of PBAT is lower

than that of PE, the cooling air velocity, which is con-

trolled by the speed of the air ring, of PBAT compound

should be increased by 70% or more than that of PE alone.

In the case of PBAT/PE compounds, the speed of the air

ring decreased as shown in Table 3 and the bubble changed

from a V-shaped to a U-shaped form with increasing con-

tent of BIBP (see Fig. 4c), thus improving tensile prop-

erties of the film in MD/TD directions. 

For BDP-2 with BIBP content of 800 ppm, the bubble

was highly stable even at fast extrusion speeds, resulting

in the highest extension ratio. When the content of BIBP

was less than 800 ppm, because of the uneven dispersion

of PE in the compound, the extrusion rate fluctuated,

which reduced the stability of the bubble, making it dif-

ficult to process the film at a high speed. In addition, if

contents of the BIBP were 1200 and 1600 ppm, it was dif-

ficult to produce a stable film at a fast extrusion speed due

to excessive crosslinking of PE and PBAT.

3.3. Surface properties of mulching film
SEM results for surfaces of mulching films prepared

using PBAT compounds are shown in Fig. 5. In the case

of PBAT/PLA blend film, in which the content of PLA

was as low as 10% and maleic anhydride was used as the

compatibilizer, a uniform film surface was shown because

of good compatibility between PBAT and PLA. In the

case of BDP-0 and BDP-1 using 400 ppm of BIBP, sur-

faces of films were nonhomogeneous due to lack of the

compatibility between PE and PBAT. Surface properties

of films produced using these two compounds are similar.

As shown in the Table 3, the bubble stability was improved

and extrusion rate was higher in the film processing pro-

cess for the BDP-1 compared to BDP-0.

In the case of BDP-2 film, in which the content of the

BIBP was increased to 800 ppm, due to the increase of

compatibility between PBAT and PE, more uniform film

surface than BDP-1 was obtained. In case of BDP-3 con-

taining 1200 ppm of BIBP, the gelation of PE was increased

Fig. 4. (Color online) Comparison of the bubble shapes in the blown film extrusion (a) PE, (b) BDP-1, and (c) BDP-2.
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and the compatibility PE with PBAT resin was decreased,

resulting in uneven surface characteristics of the film.

BDP-4 with 1600 ppm BIBP showed increased surface

inhomogeneity compared to BDP-3 due to severe gelation

of PE. When the content of the crosslinking agent BIBP

used was small, disperse characteristics of PE and inor-

ganic fillers were poor and film surface characteristics

were inferior. When the content of the crosslinking agent

was too high, the surface inhomogeneity of the film was

increased due to increased chemical crosslinking of PE

and PBAT.

3.4. Tensile properties of mulching films
Tensile strength and elongation at break of mulching

films are shown in Fig. 6. In the case of PE mulching film,

the tensile strength in MD/TD directions was high even

under the condition of BUR of 1.7. However, in PBAT/

PLA mulching film, the tensile strength of TD direction

was lower than that necessary in the mulching film. To

improve the tensile strength of PBAT/PLA mulching film

in TD direction, the film was prepared by blending PE

instead of PLA and changing the amount of crosslinking

agent BIBP added to analyze mechanical properties of the

film. As shown in Fig. 6, tensile strength in the TD direc-

tion of the PBAT/PE mulching film showed the maximum

value at 800 ppm and decreased at 1200 and 1600 ppm.

As BIBP content was changed, elongation at break in MD

direction did not change significantly, while that of TD

direction decreased with increasing BIBP content. As

BIBP content increased, the crosslinking of PE and PBAT

increased, and the bubble shape changed from V-shape to

U-shape, resulting in increased tensile strength in the TD

direction. Particularly, in case of BDP-2 having 800 ppm

of BIBP, the compatibility of PBAT and PE and the dis-

persion property of inorganic materials were good. It

showed the best tensile properties in both MD/TD direc-

tions. Thus, the content of crosslinking agent BIBP used

for enhancing the compatibility of PBAT and PE should

be optimized to ensure good film processing and tensile

properties.

Fig. 5. SEM image of mulching films prepared using PBAT com-

pounds (a) PBAT/PLA, (b) BDP-0, (c) BDP-1, (d) BDP-2, (e)

BDP-3, and (f) BDP-4.
Fig. 6. Tensile properties of mulching films prepared using

PBAT compounds and PE (a) tensile strength and (b) elongation

at break.
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4. Conclusions

PBAT was compounded with PE mixture (LDPE:LLDPE

= 15:85), calcium carbonate, and illite to improve mechan-

ical properties of PBAT mulching film, which was pre-

pared using blown film extrusion process. To enhance the

compatibility of PBAT and PE, crosslinking agent BIBP

was added to PBAT compound. The effect of BIBP on

properties of PBAT film was then investigated. Rheolog-

ical measurements through dynamic oscillatory frequency

sweep showed that the storage modulus of PBAT com-

pound increased with the addition of BIBP and its slope

decreased in the low frequency region because of increased

crosslinking of PE. When BIBP content was higher than

800 ppm, rheological properties were not significantly

changed with increasing content.

In the blown film extrusion process, the flow rate of

cooling air decreased with increasing content of BIBP. In

the case of PBAT compound using 800 ppm of BIBP, the

highest output rate was obtained because of excellent bub-

ble stability with tubular shape even at a high extrusion

speed. In that case, the compatibilization effect was the

best and more uniform surface morphology of film was

shown. In addition, tensile strengths in both machine and

transverse directions of the mulching film were the high-

est. 
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