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Abstract Poly(lactic acid) (PLA) and poly(propylene

carbonate) (PPC) blends with different levels of chain

extender were prepared and cast into films. The effect of

chain extender on the mechanical, thermal and barrier

properties of the films were investigated. With the inclu-

sion of the chain extender, the compatibility and interfacial

adhesion between the two polymer phases were signifi-

cantly improved by a mean of forming a PLA–chain

extender–PPC copolymer. Reactions between the chain

extender, PLA and PPC were observed through FTIR

study. SEM study also confirmed the improved compati-

bility and interfacial adhesion. The elongation at break of

the compatibilized film with optimal amount of chain

extender showed dramatic increase by up to 1940 %. DSC

studies revealed that chain extender hindered the crystal-

lization of the film which explained the decrease in both

water and oxygen barrier when adding chain extender. PLA

was found to be able to enhance both oxygen and water

barrier of the blend as compared to neat PPC, while in the

case of the blend with chain extender, oxygen and water

barrier properties exhibited reduction at the beginning.

However, when increasing chain extender concentration,

these two barrier performance exhibited an upward trend. It

was found that PLA/PPC blend showed much better oxy-

gen barrier property than both parent polymers, which can

be ascribed to the acceleration effect of PPC on the crys-

tallization of PLA.

Keywords PPC � PLA � Polymer blend � Film � Chain
extender

Introduction

Recent concerns over climate change have generated great

interest in reducing the emission of greenhouse gases

(GHG). Carbon dioxide (CO2), as one of the GHG, is

considered to be the biggest contributor to climate change.

The contribution that triggers global warming is reported to

be about 66 % from CO2 [1]. In the past few decades, the

rapid industrialization, population growth and the associ-

ated economic activities mainly in developing countries

resulted in the emission of massive amount of CO2 to the

atmosphere, causing global warming. Thus, the reduction

of CO2 emission has become a major global target in recent

years. In order to address this issue, great efforts are being

made to capture and utilize CO2, besides reducing the

emission.

One of the feasible approaches to consume CO2 in the

environment is to utilize it for the production of industrial

polymeric materials. Poly(propylene carbonate) (PPC) is a

prominent polymer that can be synthesized through the

copolymerization of CO2 and propylene oxide (PO) in the

presence of catalysts. The interest of synthesizing PPC

through copolymerization using CO2 as raw materials has

been increasing due to the breakthrough findings by Pro-

fessor Inoue in 1969 [2]. As a biodegradable and bio-based

polymeric material, PPC is considered to be a good can-

didate to complement and replace some of the petroleum-

based plastics in various applications. Additionally, its

large elongation at break is useful for many applications.

Numerous studies have highlighted the benefits of pro-

ducing PPC in terms of helping to mitigate the CO2
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emission while reducing the current reliance on the con-

ventional fossil-based plastics [1, 3–5]. However, the

property profile of neat PPC cannot fulfill many require-

ments, as it is neither typical for engineering plastics nor

rubbers.

PPC presents an amorphous structure and a relatively

low glass transition temperature which is within the range

of human body temperature. Additionally, the inherent low

stiffness and poor thermal stability also limit PPC’s

industrial application to a large extent. In terms of

improving the properties of PPC and exploring new

applications, many studies have focused on developing

new processing methodologies [6–8]. Blending of two or

more polymers is a well-established technique to address

the material property limitations of individual polymers. In

general, optimal polymer blends can provide advantage

over the individual polymers in terms of processibility,

material performance, and cost.

Poly(lactic acid) (PLA) is a renewable and com-

postable thermoplastic, with potential applications in the

plastics industry. L-lactic acid, which is used to synthesize

PLA, can be obtained by fermenting renewable sugar

resources, such as starch and other polysaccharides through

a biotechnological process involving lactobacillus bacteria.

The raw materials of L-lactic acid are inexpensive and can

be easily obtained. Synthesis of PLA starts with the fer-

mentation of dextrose obtained from biomass such as corn

starch [9]. A continuous condensation reaction produces

pre-polymer of PLA, which has low molecular weight.

Then, a mixture of lactide isomers are formed with these

oligomers. After a purification process, ring-opening

polymerization (ROP) produces high molecular weight

PLA polymer. Lactic acid exists in two isomeric states, D-

and L-enantiomers, which can be controlled during syn-

thesis by modifying the strains of lactobacillus used.

Besides its compostability and biocompatibility, PLA

has good processibility for films, injection molding parts

and composite applications [10]. PLA in general has

excellent mechanical properties but lacks impact strength

and elongation at break. Researchers have attempted to

increase the toughness of PLA with varying routes [10].

The optimal blending of PPC with PLA may result in a

blend polymeric material that exhibits a favorable property

profile by combining the high elongation at break of PPC

and good tensile strength and modulus of PLA. Addition-

ally, PLA has similar chemical structure as PPC, which

might help to obtain better compatibility in the blend [11].

In light of this, the PLA/PPC blend system has been

investigated in some studies [3, 11–13]. However, results

have shown that only partial miscibility exists between

PLA and PPC, resulting in unfavorable properties. Certain

compatibilization needs to be introduced into the blend

system in order to acquire better performance.

In this study, chain extender was incorporated into the

PLA/PPC blend system at different levels of concentration.

Cast films were produced from the various formulated

blends. Mechanical, thermal, morphological and barrier

properties of the films were then investigated.

Experimental Section

Materials

Poly(propylene carbonate) (PPC) resin was obtained from

Henan Tianguan Enterprise Group Co. Ltd. (China). As

shown in the data sheet, the number average molecular

weight of PPC is 200,000–250,000 g/mol and the poly-

dispersity index was 4–6 [14]. PLA was purchased from

NatureWorks LLC (United States). The grade of PLA used

was 3001D. An epoxy styrene acrylic oligomer multi-

functional chain extender Joncryl ADR 4368-C, referred as

Joncryl, was provided by BASF in flake form (Germany).

Methods

Blend Preparation

In order to determine the optimal blending composition

between PPC and PLA blends, melt blending and injection

molding of PLA and PPC at different weight percent PLA/

PPC ratios were conducted. For this, varying blend com-

position (PPC: PLA at wt% 0:100, 30:70, 50:50, 60:40,

100:0) ratio were prepared and their mechanical properties

were evaluated. Prior to blending, the neat polymers were

dried in an oven at 80 �C for 12 h to avoid hydrolysis

during thermal processing. After drying, the neat polymers

and blend samples with different compositions of PLA/

PPC were processed in a DSM Xplore micro-extruder

(Netherlands) equipped with a co-rotating twin screw. The

melt processing parameters: extruder temperature, resi-

dence time and screw speed were set at 175 �C, 2 min and

100 rpm, respectively based on preliminary trial opti-

mization of parameters. After extrusion, the melted mate-

rials were injection molded with a DSM Xplore micro-

injection molding equipment at 175 �C extrusion temper-

ature and 40 �C mold temperature to form tensile dog bone

bars in accordance with ASTM D638.

The composition selection study based on the mechan-

ical performance of the blend with various formulations

showed that PLA/PPC 40/60 blend exhibited the optimal

balance of strength and ductility (shown in results and

discussion section). PLA, PPC and Joncryl pellets were

dried prior to blending process. Then the PLA and PPC

were blended at 40/60 ratio with the addition of 0, 0.2, 0.5
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and 1.0 phr Joncryl using a Leistriz–Micro 27 extruder

equipped with a co-rotating twin screw (Germany). The

processing parameters were kept constant at a temperature

and screw speed of 175 �C and 100 rpm, respectively. The

extruded strand was pelletized immediately into pellets.

Then the prepared blend pellets were dried at 80 �C in a

vacuum oven for 12 h. Melt film casting process with the

blends was performed on a film extruder, Microtruder

RCP-0625, Randcastle, New Jersey, USA. The processing

parameters for film making were set to a temperature of

180 �C and screw speed of 23.2 rpm, based on preliminary

experimentation trials. The obtained film has thickness in

the range of 0.09–0.12 mm.

Characterization

Mechanical Properties

Tensile strength, modulus and percent elongation at break

of the neat PLA, PPC and their blend samples were mea-

sured using Instron Universal Testing Machine (In-

stron3382, 10 kN load cell) with a strain rate of 5 mm/min

according to ASTM D638 method. For all the reported

results, at least five dog bone injection molded specimens

for every formulation were measured and the averages and

standard deviations of the values were reported.

As for the PLA/PPC/Joncryl blend film specimens, the

ASTM D882 method was followed to perform the tensile

testing. Specimens were cut into strips from the extruded

films. The method employed in this study is different from

previous base line study as the ASTM D882 is specifically

designed for film testing. The dimension of the specimen

strips were 0.09–0.11 mm in thickness, 9.90–10.00 mm in

width and 150 mm in length. The initial distance between

the two grips of the Instron was set to be 100 mm

according to the ASTM D882. The cross-head speed was

then set to 25 mm/min. Also, at least five specimens were

tested for each formulation and the averages and standard

deviations were reported.

Scanning Electron Microscopy (SEM)

PLA/PPC/Joncryl blend films were cryo-fractured in liquid

nitrogen. The morphologies of the fracture surface of the

films were examined using a HITACHI S-570 (Tokyo,

Japan) scanning electron microscope (SEM) under an

acceleration voltage of 10 kV. Before examining the films,

a layer of gold particles with thickness of 20 nm was

coated on the surface of the films to enhance the electron

conductivity of the sample while reducing the chances of

heat accumulation on the surface of the sample, which will

possibly lead to deformation of the film surface.

Differential Scanning Calorimetry (DSC)

A thermal analysis TA instrument, DSC Q-200 was used to

perform the DSC analysis in nitrogen atmosphere. For

every specimen, the mass was accurately measured

between 5 and 10 mg. An aluminum pan was used to hold

the specimens and was loaded onto the instrument. Spec-

imens were scanned from room temperature to 200 �C with

a heating rate of 10 �C/min. When the temperature reached

200 �C, the specimen was cooled down from 200 to

-40 �C with a cooling rate of 5 �C/min. Then, a second

heating scan was performed on the specimens from -40 to

200 �C with the heating rate of 10 �C/min. The first

cooling cycle was used to analyze the melt crystallization

behavior of the specimens and the second heating cycle

was used to investigate the glass transition temperature

(Tg) and melting temperatures of the specimens.

Fourier Transform Infrared Spectroscopy (FTIR)

The infrared (IR) spectra of PLA, PPC, Joncryl and the

blend films were analyzed using FTIR spectrophotometer

(Thermo Scientific Nicolet, 6700 ATR-FTIR) at room

temperature with a 4 cm-1 resolution and 100 scans for

each sample. The measurements between 4000 and

400 cm-1 were recorded.

Thermogravimetric Analysis (TGA)

TGA analysis was performed on the specimens by using a

TA Instrument Q500 with a flow rate of 60 ml/min nitro-

gen. The specimens were heated up from 26 �C (room

temperature) to 450 �C at a rate of 20 �C/min. The tem-

perature where the maximum degradation rate occurred

was detected with derivative thermogram (DTG).

Water Vapor Transmission Rate (WVTR)

Measurement

WVTR values were determined on a Permatran-W� Model

3/33 (USA, MOCON). All the Films were placed between

two aluminum foil masks with a test area of 5 cm2 fol-

lowed by sealing of the two foil masks with vacuum grease.

After masking the film sample with aluminum foils, the

sample was placed in a test cell and was clamped between

two chambers. Nitrogen flow rate was set to 100 SCCM

(standard cubic centimeter per minute) for cell. Prior to

starting the test, a 2-h conditioning process, which only

uses dried nitrogen to flush the entire system to clear out

any existing water vapor was performed for each test cell.

All the tests were then carried out according to ASTM

F1249 standard. As per this standard, the test condition was

at a temperature of 37.82 ± 0.1 �C and a relative humidity
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of 100 %. With the water vapor permeating through the

samples, the N2 (carrier gas) takes the water vapor to the

sensor of the equipment and the WVTR were recorded

continually. For every test, it typically took 8–12 h to reach

a steady state. At least four experiments were repeated for

each film formulation. The average value and standard

deviation were reported.

Oxygen Transmission Rate (OTR) Measurement

OTR values were determined on an Oxtran-W� Model

2/21 (USA, MOCON). Films were also masked with alu-

minum foils and clamped onto the two test cells. The

equipment was connected to an oxygen and a nitrogen/

hydrogen (with a 98 % nitrogen and 2 % hydrogen)

cylinders. Oxygen flow rate was set to 20 SCCM and

nitrogen/hydrogen flow was set to 10 SCCM. Prior to the

start of the test, a 2-h conditioning and individual zero

process were applied. All the tests were performed

according to ASTM F3985 standard. In accordance with

this standard, the test condition was set at a temperature of

23 ± 0.1 �C and a relative humidity of 0 %. Oxygen

concentration of 100 % was used. With the oxygen per-

meating through the samples, the N2/H2 (carrier gas) takes

the oxygen to the sensor of the equipment and the OTR was

recorded continually. For every test, it typically took

12–30 h for the individual zero process and 10–12 h for the

actual test to reach a steady state. At least three experi-

ments were repeated for each film formulation. The aver-

age value and standard deviation were reported.

Statistical Analysis

The results obtained from mechanical properties tests,

oxygen transmission rate tests and water vapor transmis-

sion rate tests were statistically analyzed using the

ANOVA one-way variance analysis procedure on the

Minitab Ver. 16 (Minitab Inc., State College, PA). A sig-

nificance of 0.05 for all the analysis was used. The means

and standard deviations were analyzed and compared with

the Tukey pairwise comparison test.

Results and Discussion

Mechanical Properties

Mechanical property testing of injection molded PLA/PPC

blends was performed to determine the optimum blend

composition for further processing and development of the

blend based films. As such, blends with 70PLA/30PPC,

50PLA/50PPC and 40PLA/60PPC were prepared and tes-

ted. Stress–strain curves of injection molded PLA/PPC

blend samples tested at 5 mm/min are displayed in Fig. 1.

It was observed that neat PLA showed high tensile yield

strength with very low elongation at break. Samples failed

without necking at a strain of around 5 %. On the other

hand, the neat PPC exhibited higher elongation with

apparent long necking, indicating that the inherent brittle-

ness of PLA could be modified by blending with PPC [12].

Elongation at break values for PPC tested at 5 mm/min

could not be achieved as the value exceeds the limits of the

testing machine. At a testing speed of 50 mm/min, PPC has

an elongation at break value of 145 ± 17 %; however this

cannot be used in direct comparison with other formula-

tions as tensile properties are quite sensitive to the testing

speed adopted. As for the PLA/PPC blends, it was noted

that the elongation at break of the blend showed significant

increment while the tensile strength at yield was constantly

decreasing with the increase in PPC. The 40PLA/60PPC

blend showed a significant increment in the elongation at

break with slight decrease from 52 to 48 MPa in tensile

yield strength as compared to the 50PLA/50PPC blend. It

can be noted that PLA/PPC with 40/60 formulation pre-

sented balanced stiffness while giving a large rise to the

elongation, which makes it an optimal formulation for

PLA/PPC blend in terms of increasing ductility without

losing much strength. Additionally, limited processing

temperature window is expected with higher content of

PPC in the blend because of relatively poor thermal sta-

bility of PPC. As such, the mechanical property testing of

the blend exhibited that 40PLA/60PPC blend could be

considered as the optimal composition for film develop-

ment taking into account the tensile strength and

elongation.

Figure 2 illustrates stress–strain curves of 40PLA/

60PPC blend films with different levels of Joncryl: 0, 0.2,

0.5 and 1 phr. For all films, three main regions were dis-

cernible: elastic deformation, yielding, and stress harden-

ing. It is noted that for the PLA/PPC blend without Joncryl,

the elastic deformation region ended quickly as strain

increased, but this region was extended significantly with

the inclusion of Joncryl into the blend. This extension

revealed large increment in the strength of the films, pro-

viding promise to reversible deformation of the films under

certain load. The curve showed significant yielding region

followed by intense stress hardening for all films. With

more Joncryl in the blend, the area of stress hardening

region was expanded, indicating increased elongation at

break. However, when Joncryl reached 1 phr in the blend,

the stress hardening region ended at much lower stain rate

than that of blend with 0.5 phr Joncryl.

As shown in Fig. 3a and b, increasing Joncryl content

from 0.2 to 1 phr in the PLA/PPC blend films resulted in

higher tensile strength and secant modulus values as com-

pared with PLA/PPC blend films without Joncryl. Also, the
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elongation at break of the films was significantly enhanced

with the loading of Joncryl. Specifically, at 0.2 phr Joncryl

content, the films showed a 30 % increment in tensile yield

strength and 22 % in secant modulus while the elongation

at break was enhanced by 935 %. The films with 0.5 phr

Joncryl exhibited a 37 % increment in both tensile strength

and a 16 % in secant modulus, along with a huge increase

(by 1940 %) in the elongation at break as compared to the

film without Joncryl. Interestingly, as for the films with

1 phr Joncryl, the tensile strength and secant modulus

showed a 40 % and 23 % increase as compared with the

pure blend, but the elongation at break did not display any

significant difference according to the statistical analysis.

The lower elongation at break of film with 1 phr Joncryl as

compared with 0.2 and 0.5 phr Joncryl samples could be

related to the occurrences of more cross-linkings between

the polymer chains when loading more Joncryl into the

blend system [15]. Moreover, it was suggested that the

incorporation of Joncryl does not only extend the polymer

chains but also able to result in forming a long chain

Fig. 1 Stress–strain curves of

PLA and PLA/PPC injection

molded blends

Fig. 2 Stress–strain curves of

PLA/PPC blend films with and

without Joncryl
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branched structure [16]. With higher concentration of

Joncryl in the blend, there is a higher probability of more

frequent cross-linking by joining chain ends with func-

tional groups. In the presence of more cross-linking and

long chain branching structures, the mobility of the poly-

mer chain in the blend system is expected to decrease

significantly. Thus, during the strain hardening period, it

would be difficult for the polymer chains to move and

rearrange, resulting in low elongation at break. Similar

observation was reported in the study conducted by Kho-

nakdar et al. [17]. In their case, with more inclusion of

chain extender in HDPE, increased cross-linking between

the polymer chains imposed more restriction on the elon-

gation behavior of the polymer, resulting significant

decrease in elongation at break. Another possible reason

for the drastic decrease in the elongation for film with 1 phr

Joncryl might be that the occurrence of stress concen-

trations induced by the chain extended PLA as a minor

phase in the blend. The stress concentrations can be

responsible for the reduction in the ductility of the film

with 1 phr Joncryl. Similar observation has been observed

by other researchers when the PLA is the minor component

(40 wt%) in the blend, chain extended PLA dispersed

phase acted as stress concentrators in the presence of

Joncryl. As a result the elongation at break was drastically

decreased [15]. The improvement in tensile strength and

secant modulus of the films could mainly be due to the

formation of higher molecular weight, longer chain struc-

ture and cross linking. There were some increase in the

strength and modulus with the addition of 0.2 phr into the

blend. However, no significant difference in the strength

and modulus was observed when increasing the concen-

tration of Joncryl to 0.5 phr and 1 phr according to the

statistical analysis. This is attributed to the small amount of
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Joncryl in the blend system, which was not efficient enough

to enhance the strength and modulus to a large extent. This

has also been confirmed in other studies [15, 18]. The

increased elongation at break can be ascribed to the

improved compatibility obtained from the formation of

PLA–Joncryl–PPC copolymer. Since PPC and PLA both

have carboxyl functional end groups on their chains, the

Joncryl has the potential to react with both PLA and PPC,

forming a copolymer. The formation of PLA–Joncryl–PPC

copolymer can greatly reduce the interfacial tension while

increasing the interfacial adhesion, resulting in much better

compatibility. The compatibilization function of Joncryl

has been confirmed in several studies. It was reported in

one study that the incorporation of Joncryl could increase

the compatibility of the blend system through the formation

of intensive ester linkages between the PLA/PBAT poly-

mer chains [19]. Another study also proposed the formation

of copolymer PLA–Joncryl–PBAT with the compatibi-

lization of Joncryl [15]. As such, the compatibility of PLA/

PPC blend system in the films has been improved by the

addition of Joncryl due to the formation of copolymer

between the PLA/PPC polymer chains and Joncryl chains,

providing improvement in interfacial adhesion between

phases. The ductility of the matrix (PPC) with improved

compatibility with PLA promises the observed high elon-

gation at break of the films. The blend film with 0.5 phr

Joncryl exhibited best performance with largely improved

elongation at break along with slightly enhanced strength

and modulus compared to other formulations.

Differential Scanning Calorimetry (DSC)

Non-isothermal differential scanning calorimetry (DSC)

analysis was conducted on the film specimens to investi-

gate the thermal properties of the PLA/PPC films with and

without Joncryl. With the aim to investigate the crystal-

lization behavior of the PLA/PPC and PLA/PPC/Joncryl

films, it is important to compare the degree of crystallinity

of these film samples. As such, the degree of crystallinity

of the PLA components (Xc, PLA) for all the film samples

was calculated under the assumption that PLA is the only

crystal phase present in the films. The Xc, PLA was

obtained by using the following equation

Xc; PLA ¼ DHm;PLA� DHcc;PLAð Þ
DH0

m;PLA�WfPLA
� 100

where the DHm;PLA is the heat of melting of the PLA

crystal. The DHcc;PLA is the heat of cold crystallization of

the PLA components in different films. As no cold crys-

tallization was observed, DHcc;PLA was zero in this study.

The DH0
m;PLA is the theoretical heat of melting of a 100 %

crystalline PLA, which is reported as 93 J/g [15]. The

WfPLA is the weight fraction of PLA component in all the

films. All the DSC parameters obtained from the cooling

and heating scan of PLA/PPC and PLA/PPC/Joncryl films

were listed in Table 1.

Single exothermic peak was observed for all films dur-

ing the cooling cycle, which can be attributed to the melt

crystallization of PLA component as PPC presents a solely

amorphous structure. The melt crystallization temperatures

of the films have shifted to lower values from 111 to

107 �C with an increase of Joncryl concentration. This can

be ascribed to the adverse effect of Joncryl on the crys-

tallization of the films. It was suggested that the melt

crystallization temperature was an indirect signal that

indicated the crystallization rate and crystallinity, and a

lower crystallization temperature always represents a lower

crystallization rate as well as lower crystallinity [20]. This

is again proved by the reducing heat of melt crystallization

of PLA component in the film (DHmc) along with

increasing Joncryl content as summarized in Table 1. The

decreased crystallization temperature, rate and crystallinity

can be caused by the formation of long molecular chains

and branched structures in the polymer blend. Study

showed that the addition of Joncryl could connect short

chain polymer ends with its multiple functional groups to

form longer chains and also could branch multiple mole-

cule chains to form branched structure [15, 21]. In light of

this, the presence of long chains and branched structure

may reduce the mobility of the chains structure resulting in

hindering the chain packing during the crystallization of

PLA component in the blend.

A single glass transition temperature was observed for

these 4 types of blend films. PPC has a Tg value of around

30–40 �C and PLA owns a Tg value of around 55–60 �C
[3]. The difference between the Tg values of PLA and PPC

is around 10–15 �C. It was mentioned in one study [11]

that when blending PLA with PPC, the two individual glass

transition temperatures corresponding to the two parent

polymers had a tendency to move towards each other,

approaching the intermediate value. The occurrence of

appreciable component Tg value convergence was con-

sidered as a strong evidence that there is partial miscibility

between the two parent polymers. Based on the results

obtained from these studies, it can be suggested that the

component Tg convergence took place in our PLA/PPC/

Joncryl blend films. Hence, the nature of neighboring Tg

values of PLA and PPC together with the possibility of Tg

convergence in the blend could explain the probability of

overlapping and single Tg as observed in this work. The Tg

of the blend slightly shifted to lower values from 39.8 to

35.0 �C with the addition of Joncryl in the blend system.

This may be attributed to the reduced crystallinity of the

PLA component in the blend induced by the incorporation

of Joncryl as lower crystallinity leaves more amorphous
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fraction volume to the molecule chains. As such, higher

chain mobility decreased the glass transition temperature.

As the content of Joncryl in the blend increased, there was

no significant variation in the Tg of the PLA/PPC/Joncryl

blend films. The reason for this could be that the occur-

rences of long chain branching structures and cross-linking

structures limited the mobility of the molecule chains [15].

It was noted in Table 1 that PLA/PPC blend exhibited

much higher crystallinity than neat PLA. This could be

caused by an accelerated influence of PPC on the crystal-

lization rate of PLA in the blend system. It was also

observed in another study that PPC induced faster growth

rate of the PLA spherulites, leading to accelerated crys-

tallization rate of PLA [13].

All blend films displayed two melting temperature peaks

between 160 and 170 �C. The first melting peak was con-

sidered to be caused by the melt re-crystallization of the

polymers, specifically the PLA component. The re-crys-

tallization occurred during the heating cycle while the less

perfect PLA crystalline structure gained enough time to

melt and produce more PLA crystals. This endothermic

process was correlated to the first melting peak on the

curves [22]. After the re-crystallization, the more perfect

PLA crystals which consisted of both the original crystals

and crystals produced from re-crystallization were melted

during the second melting peak. It could be observed that

both melting peaks shifted to lower values with more

introduction of Joncryl in the blend system. Since Joncryl

have an effect on interrupting the molecular chain packing,

the crystallization of perfect PLA crystals was hindered.

Therefore, with the addition of Joncryl, the overall crys-

tallization behavior of PLA was interrupted and hindered

resulting in a decrease of melting temperature of the

polymer blends. In addition, the crystallinity kept in a

downward trend consistently along with the increasing

concentration of the Joncryl, which is another evidence that

Joncryl has an adverse impact on the crystallization of PLA

in the blend. Different from other chain extenders, Joncryl

tends to form long chain branched and cross-linking

structure with polymers instead of forming long chain

linear structure as other chain extenders do. The presence

of these two structures highly restrains the mobility of the

molecular chains, which makes the packing of chains a

slow and difficult procedure. This has also been observed

by many researchers when applying Joncryl into the

polymer system [19, 21].

Thermogravimetric Analysis (TGA)

TGA analysis was performed on the neat PLA/PPC blend

films, and films with the incorporation of 0.2, 0.5, 1 phr

Joncryl to investigate the effect of Joncryl on the thermal

stability of the films. The onset degradation temperature for

all the blends ranged between 272 and 279 �C, with the

5 % weight loss temperature occurred between 255 and

260 �C. No significant variation in the TGA curves

between the four blends was observed, illustrating that the

addition of Joncryl did not affect the thermal degradation

behavior of the PLA/PPC blends (results now shown here).

Fracture Surface Morphology Analysis (SEM)

The morphological structure of PLA/PPC 40/60 blend films

without and with the incorporation of Joncryl, were

examined via Scanning Electron Microscopy (SEM), and

results are shown in Fig. 4.

Table 1 DSC parameters obtained from the DSC scan curves for PLA/PPC blend films with and without Joncry

Joncryl content (phr) in PLA/PPC

(40/60) blend

Melt crystallization

temperature (�C)
DHmc

(J/g)

Tg

(�C)
First melting

temperature (�C)
Second Melting

temperature (�C)
DHm1

(J/g)

1 107.0 12.51 35.0 157.1 165.5 2.08

0.5 108.4 13.43 37.5 158.3 166.6 2.27

0.2 109.5 14.26 34.9 159.6 168.0 3.12

0 111.0 15.59 39.8 161.0 169.8 5.01

Neat PLA N/A N/A 60.1 0 168.7 0

Neat PPC N/A N/A 31 N/A N/A N/A

Joncryl content (phr) in PLA/PPC (40/60) blend DHm2 (J/g) DHC (J/g) Xc (%)

1 6.34 0 23

0.5 7.93 0 27

0.2 8.73 0 32

0 10.98 0 43

Neat PLA 31.63 25.14 7.0

Neat PPC N/A N/A N/A
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The SEM images of PLA/PPC blend film without Joncryl

shows smooth fracture surface, indicating its relatively brittle

fracture behavior. Elongated phase can be seen in the images

but only in a few amounts. As the concentration of Joncryl

continued to increase from 0 to 0.5 phr, it was observed that

the fracture surface became rougher and rougher, illustrating

more occurrences of ductile fracture behaviors. In addition,

increasing amount of elongated phase was observed. This

transformation from brittle fracture to ductile fracture

demonstrated better interfacial adhesion and less tension

between the two polymer phases, indicating better compati-

bility. The improved compatibility was caused by the for-

mation of PLA–Joncryl–PPC copolymer through cross-

linking reactions between PLA, Joncryl and PPC component

in the blend,whichwas also seen in the FTIR study.However,

when the concentration of Joncryl was increased to 1 phr, the

fracture surface became smoother. This signifies that a tran-

sition from ductile fracture to brittle fracture occurred, which

can be correlated to the increasing density of long chain

branching and cross-linking structures which restrained the

elongation behavior of the blend. The observation from SEM

were in agreement with observations from the mechanical

properties, where films with 0.5 phr Joncryl exhibited enor-

mous increase in elongation at break, whereas, drastic

decrease in elongation at break was obtained for the films

formulated with 1 phr Joncryl.

Fig. 4 SEM micrographs of the surfaces of the cryo-fractured PLA/PPC blend films with and without Joncryl
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Fourier Transform Infrared Spectroscopy (FTIR)

With the intention to investigate the interactions between

PLA, PPC and Joncryl in the blend film, FTIR spectra of

PPC, PLA, Joncryl, and PLA/PPC 40/60 blend film with

and without Joncryl were collected. Since no apparent

differences were observed between the IR spectra for PLA/

PPC blend films with different concentration of Joncryl, a

typical PLA/PPC blend film with 0.5 phr Joncryl was

selected as representative sample in this research work for

FTIR analysis.

Figure 5 shows the FTIR spectra of neat polymers and

their blend films. In the 1700–1800 cm-1 region, the spectra

of both PLA and PPC showed a strong carbonyl stretching.

The peak of the carbonyl group in PLA/PPC blend was at the

frequency that falls in between the frequency of carbonyl

group of PLA and PPC, which gave a strong evidence that

there was appreciable chemical interaction occurring

between the two polymers [23]. An extensive investigations

on poly(vinyl phenol)/PCL blends exhibited similar car-

bonyl absorption peak shift [24]. Another study suggested

that the formation of a strong chemical interaction between

the parent polymers could increase the stretching absor-

bance frequency of carbonyl C=O group while initiating a

shift to higher or lower frequency [12]. In light of this

observation, it could be concluded that strong chemical

interaction related to carbonyl groups took part in the PLA–

PPC blend system. Another possibility is that a chemical

reaction occurring between PPC and PLA that could result

in co-polymer chains through ester–ester interchange reac-

tions. As for PLA/PPC blend film and the typical blend film

with 0.5 phr Joncryl in the 1800–1700 cm-1 region, the

stretching peak of Joncryl-compatibilized film (e) exhibited

slight shift towards lower wavenumber compared with the

neat blend (c). This could be ascribed to the reaction

between the functional groups of Joncryl and end groups of

PLA/PPC blend.

Absorbance peak at 1223 cm-1 could be correlated with

the –C–O–C- groups in the PPC [25]. With the addition of

PLA, it could be observed that the –C–O–C– stretching

vibration peak shifted to lower wavenumbers for the PLA/

PPC blend. This is another indication of chemical inter-

action that took place at the –C–O–C– bond or around the –

C–O–C bond through the blending of the two polymers.

The vibration peak appeared around 1180, 910, 850 and

760 cm-1 in the Joncryl spectra is attributed to the

stretching peak of CH2–O–CH epoxy groups [19, 25–27].

After blending Joncryl with the PLA/PPC blend, the

stretching peak of epoxy groups in Joncryl almost disap-

peared, indicating that the epoxy groups were consumed as

a result of the chemical reactions with the two polymers in

the blend system. Epoxy functional groups, being very

reactive at high temperature, can trigger the formation of

carbonyl–hydroxyl covalent bond within the polyesters

[28], providing the possibility of forming PLA–Joncryl–

PPC copolymer as stated above. The aforementioned

observation of carboxyl functional groups shifts of C=O

peaks in PLA/PPC blend is also possible in line with the

Fig. 5 FTIR spectra of A PPC, B PLA, C PLA/PPC 40/60 blend film, D Joncryl and E PLA/PPC/Joncryl 40/60/0.5 blend film
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reaction of the epoxy functional groups of Joncryl with the

carboxyl groups of the polymers.

Based on the FTIR spectra of the neat polymer and their

blends, the disappearances and shifting of several specific

stretching absorption peaks, it can be deduced that several

appreciable interactions between the molecular chains of

PLA/PPC blend and Joncryl took place during the melt

processing. This shows Joncryl played a significant role in

the interactions and reactions between PLA and PPC in the

blend and increasing the compatibility of the blend, which

also agrees with our result from mechanical property and

morphology (SEM) studies.

Water Vapor Permeability (WVP)

The WVP values of neat PLA films, neat PPC films, PLA/

PPC blend films and PLA/PPC blend films with different

amounts of Joncryl were measured to evaluate the water

barrier performance. WVP with a unit of g*mil/100 in.2 -

day mmHg was calculated for every film samples follow-

ing the equation:

WVP ¼ WVTR� L=DP

where the WVTR is the transmission rate of water vapor

through the films with a unit of g/m2 day, L is the thickness of

films with a unit of (mil). The DP here is the saturated water

vapor pressure at 37.82 �C with 100 % RH, which is

49.17 mmHg. Figure 6 illustrates the WVP values of all six

types of films. Neat PPC films exhibited the highest WVP

value of 0.7202 g*mil/100 in.2 day mmHg, indicating its

poor barrier function to water vapor in comparison with the

neat PLA and blends. Neat PLAfilms showed the lowestWVP

value of 0.3688 g*mil/100 in.2 day mmHg. After blending

PLAwith PPC, theWVP of the PLA/PPC blend films showed

a balanced value of 0.4358 g*mil/100 in.2 day mmHg which

falls in between the WVP value of neat PLA films and neat

PPC films. Although the crystallinity was increased in the

PLA/PPC blend mentioned in DSC analysis, the increased

crystallinity did not help much in improving the water barrier

performance.As forfilmswith the addition of Joncryl, it canbe

noticed that with 0.2 phr addition of Joncryl into the blend, the

WVP value has increased from 0.4358 to 0.5428 g*mil/

100 in.2 day mmHg. This can be caused by the prevention

effect on the crystallization of the blend induced by the addi-

tion of Joncryl, which led to lower crystallinity and less perfect

crystal structure as mentioned in the DSC analysis. Hence,

Joncryl induced the reduction of the impermeable crystal

structure in the blend films, resulting in higher WVP value.

When increasing the Joncryl content to 0.5 phr, WVP value

showed increase from 0.5428 to 0.6292 g*mil/100 in.2 -

day mmHg, which can be attributed to further decrease in the

crystallinity. However, interestingly, a reduction of WVP

values from 0.6292 (film with 0.5 phr Joncryl) to

0.4854 g*mil/100 in.2 day mmHgwas observed for the PLA/

PPC blend with 1 phr Joncryl. This improvement of water

barrier performance was considered to be caused by more

formation of cross-linkings and branching structure among the

polymer chains [15]. As such, the more intense distribution of

the polymer chains and the less free volume fraction restrained

the diffusion of the water vapor molecules [29, 30].

Oxygen Permeability (OP)

Oxygen permeability (OP) coefficients can be used to

quantify the oxygen barrier properties. Oxygen perme-

ability (OP) coefficients of the PLA/PPC blend film and

films with various concentrations of Joncryl were deter-

mined to evaluate their oxygen barrier performance. OP
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Fig. 6 Water vapor

permeability of PPC films, PLA

films and PLA/PPC blend films

with and without Joncryl:

A PLA/PPC (40/60) blend films,

B PLA/PPC/Joncryl (40/60/

0.2 phr) blend films, C PLA/

PPC/Joncryl (40/60/0.5 phr)

blend films, D PLA/PPC/

Joncryl (40/60/1 phr) blend

films, E PLA films, F PPC films
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coefficients with a unit of cc*mil/100 in.2 atm day was

obtained for each film sample using the following equation:

OP ¼ OTR� L

DP

where the OTR is the oxygen transmission rate of the

sample, L is the thickness of films with a unit of (mil).The

DP here is the partial pressure induced by the oxygen

concentration gradient between the two sides of the sample.

In our study, since 100 % concentration of oxygen was

applied in the experiment, DP is 1 atm (728 mmHg). The

OP coefficients of PLA/PPC blend films with different

concentration of Joncryl and neat PLA film were depicted in

Fig. 7. With regard to the OP coefficient of neat PPC film,

no valid results could be obtained. The oxygen transmission

rate (OTR) of the neat PPC film in this study was too high

(beyond the measuring limits of the equipment) to get a

valid OTR value. This may be due to the inherent amor-

phous nature of PPC. The crystal structure of polymers is

considered to be the impermeable barrier to gases and water

vapor whereas the amorphous structure is responsible for

providing the path for the permeants to diffuse through [30].

As such, its oxygen barrier can be very poor resulting in

very high oxygen permeability coefficient.

Figure 7 shows that neat PLA film has a high OP

coefficient of 54.21 cc*mil/100 in.2 atm day. After blend-

ing PLA with PPC, the PLA/PPC 40/60 blend film exhib-

ited much lower OP coefficient than the neat PLA film.

Considering that PPC also has a high OP coefficient, the

OP coefficient of the PLA/PPC blend did not follow the

mixture rule. The combination of two relatively poor

oxygen barrier polymers achieved a blend with much better

oxygen barrier properties. This can be mainly ascribed to

the higher crystallinity of PLA/PPC blend as compared to

PLA, which was shown in the DSC study. It was observed

that the incorporation of PPC can enhance the crystalliza-

tion rate of PLA in the blend system, resulting in higher

crystallinity than the crystallinity of neat PLA. Hence, the

blend shows lower OP coefficient and better oxygen barrier

property than both of the parent polymers.

As presented in Fig. 7, with increasing concentration of

Joncryl in the blend film the OP coefficients of the film

showed a downward trend. The PLA/PPC blend film with

0.2 phr concentration of Joncryl presented the highest OP

coefficient, demonstrating the worst oxygen barrier. The

lower crystallinity caused by the addition of Joncryl could

be the reason for this. However, the increase in the Joncryl

concentration in the blend would bring about formation of

more long chain branching and cross-linking structures.

According to the study conducted by Salame et al. [31],

higher cohesive energy between polymer chains led to

lower free volume fraction resulting in better barrier

property. Therefore, larger density of long chain branching

and cross-linking structures reduced the free volume which

promotes the oxygen barrier property. In this case, when

the concentration of Joncryl increased from 0.2 to 0.5 phr

and 1 phr, the free volume fraction continuously reduced,

resulting in decreased OP coefficient along with improved

oxygen barrier compared to film with 0.2 phr. In summary,

with small quantity of Joncryl (\0.5 phr) the oxygen
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barrier of the PLA/PPC blend became poorer. On the other

hand, the blend exhibited an enhanced trend in oxygen

barrier property when the concentration of Joncryl was

higher than 0.5 phr.

Conclusion

PLA/PPC blend films with different content of Joncry and

without Joncryl were prepared; and their mechanical

properties, thermal properties, morphology and possible

chemical interactions between polymer matrix and Joncryl

were investigated. With loading Joncryl into the blend

system, the mechanical performance was largely enhanced

with significant increment in elongation at break and slight

increase in tensile strength. The films with 0.5 % Joncryl

loading exhibited the most optimal performance. The

morphology and FTIR analysis revealed that the compati-

bility and interfacial adhesion between the polymers in the

blend was significantly enhanced after loading Joncryl,

which was caused by the formation of PLA–Joncryl–PPC

copolymer through the reactions between Joncryl and PLA/

PPC component. Joncryl was observed to have an adverse

effect on the crystallization of PLA in the PLA/PPC/Jon-

cryl film, resulting in lower crystallinity of the compati-

bilized films. Interestingly, PPC was found to be able to

accelerate the crystallization rate of PLA. As for the water

vapor barrier properties of these blend films, the incorpo-

ration of PLA into the PPC system has comprehensively

reduced the water vapor permeability, resulting in

enhancing the water vapor barrier properties. When intro-

ducing the Joncryl into the blend system, the water vapor

barrier properties was decreased, which can be corre-

sponded to the adverse effect of Joncryl on the crystal-

lization. However, further increase in Joncryl led to better

water barrier properties as compared to films with lower

Joncryl concentration. PLA/PPC blend film resulted in

better oxygen barrier than both parent polymers due to the

increased crystallinity of PLA. Lower Joncryl concentra-

tion compromised the oxygen barrier of the blend films as a

result of hindered crystallization, whereas, the films with

higher Joncryl concentration showed increasingly better

oxygen barrier than films with lower Joncryl concentration.

It could be concluded that the incorporation of Joncryl into

the PLA/PPC blend films improved the overall perfor-

mance of this PPC–PLA based films.
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