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Abstract: The melt-free radical grafting of glycidyl methacrylate (GMA) onto poly (lactic acid) (PLA)
with styrene (St), α-methylstyrene (AMS), and epoxy resin (EP) as comonomers in a twin-screw
extruder was used to prepare PLA-g-GMA graft copolymers. The prepared graft copolymers were
then used as compatibilizers to prepare PLA/PPC/PLA-g-GMA blends by melt blending with
PLA and polypropylene carbonate (PPC), respectively. The effects of different comonomers in the
PLA-g-GMA graft copolymers on the thermal, rheological, optical, and mechanical properties and
microstructure of the blends were studied. It was found that the grafting degree of PLA-g-GMA
graft copolymers was increased to varying degrees after the introduction of comonomers in the
PLA-g-GMA grafting reaction system. When St was used as the comonomer, the grafting degree of
the PLA-g-GMA graft copolymer increased most significantly, from 0.8 to 1.6 phr. St as a comonomer
also most improved the compatibility between PLA and PPC, and the haze of the blends was
reduced while maintaining high transmittance. In addition, the PLA-g-GMA graft copolymer with
the introduction of St as a comonomer significantly improved the impact toughness of the blends,
while the thermal stability and tensile strength of the blends remained largely unchanged.

Keywords: poly (lactic acid); polypropylene carbonate; PLA-g-GMA graft copolymer; comonomer;
grafting degree

1. Introduction

It is anticipated that, in the coming decades, biodegradable polymers will gradually
replace traditional non-degradable plastics. Polylactic acid (PLA) is a biodegradable and
biocompatible thermoplastic with a high modulus, high strength, high transparency, and
excellent processing properties [1–3], which has led to it being widely used in the research of
the modification of biodegradable materials. However, PLA has some inherent weaknesses,
such as poor ductility and low tensile elongation at break [4,5], which greatly restricts
the application of PLA in various fields. To eliminate this disadvantage, researchers
have toughened PLA by blending it with other flexible and biodegradable polymers that
exhibit lower glass transition temperatures (Tg) [6], such as polybutylene terephthalate
(PBAT) [7–9], polycaprolactone (PCL) [10,11], polypropylene carbonate (PPC) [12,13] and
polybutylene succinate (PBS) [14]. PPC is of particular interest as it is the only one of
the above materials synthesized from the “greenhouse gases” carbon dioxide (CO2) and
propylene oxide (PO), which not only reduces the dependence on oil resources but also
effectively alleviates the greenhouse effect [15,16]. PPC also possesses good properties
such as toughness, biodegradability, and translucence [17,18], so PPC and PLA were
complementary in performance [19]. However, while PPC and PLA have a degree of
compatibility due to their similar chemical structures, many studies have revealed that this
compatibility is low, and the properties of the blended materials cannot meet the actual
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use requirements. Thus, it is necessary to find a simple and effective method to improve
the compatibility of PLA/PPC blends to improve their mechanical properties.

Reactive compatibilization is a simple and effective method to improve the interfacial
interaction between the two phases of blends. The reaction group contained in the reactive
compatibilizer can generate block or graft copolymer between different polymer interfaces
in the process of blending. This block or graft copolymer is similar to coupling agent or
emulsifier, which can reduce the interfacial tension between the two phases of blending. Due to
the decrease in interfacial tension, the molecular chains in the two phases can penetrate
each other through the interface, which increased the thickness of the interface layer and
the interfacial adhesion, thus greatly improving the physical properties of blend material.
This technique has been shown to provide a better dispersion and more uniform phase
morphology by chemical reaction during melt blending [20]. Graft polymers of maleic
anhydride (MAH) [21] and glycidyl methacrylate (GMA) [22] are commonly used as
reactive compatibilizers in polyester blends to improve their compatibility by forming
strong chemical bonds between the blends. MAH is less reactive due to its symmetrical
structure and low electron density around the carbon–carbon double bond [23], whereas GMA
has a bifunctional character: a free radically reactive double bond and an epoxy group that
can react with other functional groups (carboxyl, hydroxyl, anhydride, and amine) [24–27],
making it easier for GMA to react with free radicals [28]. In addition, MAH graft copolymers
can stain materials yellow, which has a certain impact on the optical properties of the material
and have an irritating odor. This has led to GMA graft copolymers being more commonly
used to improve the compatibility of blends. During the melt-blending process, the epoxy
group in GMA and the polyester hydroxyl or carboxyl group form a copolymer between the
interface of the two phases through a nucleophilic substitution reaction [29], which reduces the
interfacial tension and enhances the bonding force between the two phases. However, GMA is
not active toward macroradicals, so the melt-free radical grafting reactivity and grafting
degree of GMA graft copolymer are low. The presence of an initiator (peroxide) during the
grafting reaction also leads to the degradation of the material and is accompanied by side
reactions such as cross-linking and chain breaking [30]. Many approaches have been tried
to improve the grafting degree of monomers and inhibit side reactions during the grafting
reaction, one of the simplest and most effective of which is the introduction of a comonomer.
Luo et al. [31] used a reactive extrusion method to melt graft MAH and α-methylstyrene
(AMS) onto polypropylene (PP) and found that the addition of AMS as a comonomer can
effectively improve the MAH grafting degree and effectively reduce the degradation of
PP molecules. Gong et al. [32] studied GMA-grafted isobutylene-isoprene rubber (IIR)
(IIR-g-GMA) copolymers and GMA/styrene (St) grafted IIR (IIR-g-St-GMA) copolymers
and found that, compared with IIR-g-GMA, IIR-g-St-GMA showed a significantly higher
grafting degree and effectively improved the compatibility of the IIR and polyamide 12
(PA12) copolymers. Lou et al. [33] grafted MAH and epoxy resin (EP) onto PP and added a
certain amount of tetramethylthiuram disulfide (TMTD). They found that the addition of
additional EP in the reaction system could reduce the sublimation of MAH and improve the
graft reaction of MAH, while the addition of TMTD was conducive to the reaction. They also
found that the mechanical properties of the composites were significantly improved by
adding PP-g-MAH containing EP to PP/glass fiber (GF) composites.

Based on the above analysis, we selected a PLA-g-GMA graft copolymer as the reactive
compatibilizer for the blending system of PLA and PPC in this work. On the one hand,
PLA-g-GMA graft copolymer contained easily reactive functional groups that can react with
PLA/PPC blends, which was particularly suitable for compatibilization between PLA and
PPC with poor compatibility. Compared with non-reactive compatibilizers, PLA-g-GMA graft
copolymer has the advantages of less dosage, low cost and good compatibilization effect.
Therefore, it plays an important role in PLA blending research. We prepared PLA graft
copolymers by the melt grafting of GMA onto PLA with the addition of St, AMS, and EP
as comonomers. The prepared graft copolymers were then melt blended with PLA and
PPC to prepare PLA/PPC/PLA-g-GMA blends. The effects of the different comonomers
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in the PLA-g-GMA graft copolymers on the thermal, rheological, optical, and mechanical
properties of the blends were investigated, and the microscopic morphology of the blends
was also studied.

2. Material and Methods
2.1. Materials

Polylactic acid (PLA) in pellet form with a density of 1.24 g/cm3 and a melt index of
7 g/min is supplied by Nature Works, USA, as 4032D. Polypropylene carbonate (PPC) is a
solid particle, with a density of 1.28 g/cm3 and a melt index of 8 g/min, which is supplied
by Boda Orient New Chemical Company, China, as BD-211. Glycidyl methacrylate (GMA)
(analytical pure) is a liquid with content ≥ 99%, which is provided by Dow Chemicals,
Midland, MI, USA. Dicumyl peroxide (DCP) (chemically pure) is granular, with a purity of
99% and a melting point of 41.3 ◦C, which is provided by Chengdu Best Reagent Co., Ltd.,
Chengdu, China. Styrene (St) (chemically pure), a colorless and transparent liquid with 99%
content and 0.909 g/mL density, is supplied by Tianjin Damao Chemical Reagent Plant,
Tianjin, China. α- Methyl styrene (AMS) (chemically pure), a colorless transparent liquid,
with a content of 99% and a density of 0.911 g/cm3, is provided by Sinopharm Chemical
Reagent Company, Shanghai, China. Epoxy resin (EP) is a colorless viscous liquid with a
viscosity of 14,000 and effective substance≥ 99%, which is provided as E51 by the Shanghai
Resin Factory Company, Shanghai, China.

2.2. Preparation of the Graft Copolymers

For the functionalization of PLA, DCP was used as the initiator. The DCP was dis-
solved in a mixed solution of GMA and acetone, to which was added the appropriate
amount of St, AMS, and EP, respectively. The mixtures were then mixed well with PLA at a
certain mass ratio. After the acetone had completely volatilized, PLA-g-GMA and other
graft copolymers were prepared using a twin-screw extruder. The specific composition
of the graft copolymers is shown in Table 1. It should be noted here that previous studies
have shown that PLA-g-GMA graft copolymers with a GMA content of 3 phr achieve the
best properties of the PLA/PPC blends [34]. The temperature of the twin-screw extruder
was set to 165, 175, 175, 175, 175, 175, and 160 ◦C, respectively, from the feeding area to
the mold, i.e., I, II, III, IV, V, VI and the die head, and the screw speed was set to 70 rpm.
The extruded rods were cooled in a water bath and then granulated before being dried in a
vacuum oven at 60 ◦C for 12 h.

Table 1. The recipe of the PLA-g-GMA graft copolymers.

Samples PLA (phr) GMA (phr) St (phr) AMS (phr) EP (phr) DCP (phr)

A0 100 3 0 0 0 0.15
A1 100 3 6 0 0 0.15
A2 100 3 0 6 0 0.15
A3 100 3 0 0 6 0.15

2.3. Purification of the Graft Copolymers

About 2 g of each PLA-g-GMA graft copolymer was weighed, heated and refluxed in
25 mL of trichloromethane for 1 h, then precipitated and washed, and filtered in acetone
three times to remove oligomers and unreacted monomers. The purified samples were
dried under a vacuum at 70 ◦C for 12 h.

Chemical titration was used to determine the grafting degree (Gd) of GMA onto
PLA [35]. First, 0.2 g of the purified sample was dissolved in tetrahydrofuran, and then
0.05 mol/L HCL-isopropanol standardized solution was added, and the mixture was reflux
heated for 0.5 h. Phenolphthalein was used as the indicator. The prepared solution was
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titrated with 0.05 mol/L NaOH-ethanol standardized solution, and then the grafting degree
(Gd) of the graft copolymer was determined using Equation (1).

Dg =
N × (V0 −V)× 142.5

1000 W
(1)

where V0 is the volume of NaOH-ethanol standardized solution required to neutralize
pure PLA (mL), V is the volume of NaOH-ethanol standardized solution required to
neutralize the graft copolymer (mL), N is the molar concentration of the NaOH-ethanol
standard solution, 142.15 is the molecular weight of GMA, and W is the weight of each
graft copolymer sample (g). Grafting efficiency (Ge) was the ratio of the mass of GMA
involved in grafting to the total mass of GMA added.

2.4. Preparation of the Blends

The thermal stability of pure PPC was poor, and a large amount of thermal degradation
occurred during the melt processing at 150 ◦C [36]. Using maleic anhydride (MAH) to
react with PPC can slow down the thermal degradation of PPC. MAH can be partially
grafted onto the terminal hydroxyl group of PPC to generate PPC-MA, which can effectively
inhibit the degradation of PPC chain degradation and improve the thermal stability of PPC.
Zhou et al. found that the initial decomposition temperature of PPC was increased from
150 to 200 ◦C, and the thermal stability of PPC-MA was enhanced by thermogravimetric
analysis (TGA) [37].

Before the experiment, PLA and PLA-g-GMA graft copolymers were dried in an oven
at 60 ◦C for 12 h, while PPC was dried in an oven at 35 ◦C for 12 h. After drying, PLA,
PPC and PLA-g-GMA graft copolymers are melt blended in a twin-screw extruder to
prepare PLA/PPC/PLA-g-GMA blends (see Tables 2 and 3 for the specific composition
and Section 2.2, above, for extrusion parameters). The extruded rods were cooled in a water
bath and then granulated before being dried in an oven at 60 ◦C for 12 h. Finally, WZS10D
micro injection molding machine was used for injection molding to prepare Izod impact
test and tensile test samples. The barrel temperature was 180 ◦C, the mold temperature
was 25 ◦C, the injection pressure was 0.6 MPa, and the pressure holding time was 10 s.
The preparation standard of tensile test samples was GB/T 1040-1BA, and the preparation
standard of Izod impact test samples was GB/T 1843/1-A.

Table 2. The composition of the PLA/PPC/PLA-g-GMA blends.

Samples PLA (phr) PPC (phr) PLA-g-GMA (phr)

B1 70 30 0
B2 65 30 5
B3 60 30 10
B4 55 30 15
B5 50 30 20

Table 3. The composition of the PLA/PPC/PLA-g-GMA blends (PLA-g-GMA contained differ-
ent comonomers).

Samples PLA (phr) PPC (phr) PLA-g-GMA (phr) PLA-g-GMA/St (phr) PLA-g-GMA/AMS (phr) PLA-g-GMA/EP (phr)

G0 100 0 0 0 0 0
G1 0 100 0 0 0 0
G2 70 30 0 0 0 0
G3 60 30 10 0 0 0
G4 60 30 0 10 0 0
G5 60 30 0 0 10 0
G6 60 30 0 0 0 10
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2.5. Characterization

• Fourier transformation infrared spectroscopy (FTIR) analysis: The purified and dried
PLA-g-GMA graft copolymers were molded into a film on a plate vulcanizer (400X400X2,
Qingdao Yadong Rubber Machinery Co., Ltd., Qingdao, China) and analyzed by FTIR.
FTIR spectra were recorded on a NEXUS 470 PC. The scanning range of infrared test
was 7400~350 cm−1, the resolution was 0.5 cm−1, the wave number accuracy was
0.01 cm−1, and the number of scans was 75 times/s.

• Nuclear magnetic resonance analysis (1H-NMR) analysis: Weigh about 15 mg of PLA
and PLA-g-GMA graft copolymer. Deuterated chloroform (CDCl3) and tetramethylsilane
(TMS) were used as solvent and the internal standard, respectively. Bruker Ascend 500 III
magnetic resonance analyzer was used for testing, scanning 128 times.

• Differential Scanning Calorimetry (DSC) analysis: Differential scanning calorimetry
analysis (DSC, TA Q200, TA, New Castle, DE, USA) was performed by weighing
approximately 5 mg of the PLA/PPC/PLA-g-GMA blends sample into a crucible.
The temperature was raised from 0 to 200 ◦C at a rate of 10 ◦C/min and kept constant for
5 min to eliminate thermal history, which was further lowered to 20 ◦C at the same rate.
The gas flow was 2.5 L/min.

• Thermogravimetric (TGA) analysis: Thermogravimetric analysis (TGA, STA449C,
NETZSCH, Selb, Germany) was performed under flowing nitrogen (100 mL/min) at a
heating rate of 10 ◦C/min. Approximately 15 mg of PLA/PPC/PLA-g-GMA blends
were heated from room temperature to 500 ◦C.

• Rheological analysis: Rheological measurements of the blends were on a Dynamic
mechanics analyzer (DHR-2, TA, New Castle, DE, USA). Frequency sweep for the
PLA/PPC/PLA-g-GMA blends was under nitrogen using 25 mm plate geometry.
The gap distance between the parallel plates was 0.8 mm. The sheet blends were
about 1.0 mm in thickness. The angular frequency range used during testing was
0.1–100 rad/s with a shear strain of 1.0%. The temperature was plotted at 180 ◦C.

• Melt Flow Rate (MFR) analysis: The MFR was determined by a melt flow rate in-
strument (GT-7100-MH, Gotweil Scientific Instruments Co., Ltd., Qingdao, China) at
190 ◦C with a load of 2.16 kg (test standard was ASTM D1238-2013), MFR is calculated
according to Equation (2):

MFR =
600 m

t
(2)

where m was the average mass of the material (g) and t was the interval sampling
time (10 s).

• Optical property: The PLA/PPC/PLA-g-GMA blends were pressed into films of approx-
imately 80 µm thickness using a flat vulcanizer and tested for haze and transmittance
using a CS-700 haze meter (Hangzhou Caipu Technology Co., Ltd., Hangzhou, China).

• Mechanical property: According to GB/T1843/1-A, Izod notch impact strength was de-
termined with a GT-7045-MD impact tester (Songshu Instrument Co., Ltd., Dongguan,
China), the pendulum used was 2.750 J. The tensile properties were measured accord-
ing to GB/T1040-1BA using a tensile testing machine (Instron 3365, Instron, Boston,
MA, USA) at a crosshead speed of 25 mm/min. The test was performed at room
temperature, and the average values of at least five tests were reported.

• Scanning electron microscopy (SEM): The fracture surface of the PLA/PPC/PLA-g-GMA
blends were sputter-coated with gold and then observed using a scanning electron
microscope (JSM-5600LV, JEOL, Tokyo, Japan).

3. Results and Discussion

3.1. FTIR and 1H-NMR Analysis

Figure 1 shows the FTIR spectra of the purified PLA/PPC/PLA-g-GMA blends.
The peak at 1754 cm–1 in all spectra was the characteristic absorption peak of carbonyl
C=O in the PLA backbone. Comparing the FTIR spectra of PLA and the PLA-g-GMA graft
copolymers, it can be seen that the spectra of all samples were approximately the same
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(Figure 1a), differing only in that the graft copolymers had a new signal peak at 921 cm–1,
not present in the PLA spectrum, which could be assigned to the asymmetric stretching
vibration of the epoxy group in the GMA structure (Figure 1b). In the PLA-g-GMA/St
spectrum, an absorption peak of the benzene ring was observed at about 702 cm–1 [38],
while the PLA-g-GMA/AMS graft copolymer had a new absorption peak at 710 cm–1,
which belonged to the asymmetric stretching vibration of the AMS characteristic phenyl
group (Figure 1c) [35]. When EP was used as a comonomer, the intensity of the epoxy group
peaks in the spectrum was significantly improved due to the introduction of the epoxy
group-containing EP in the grafting reaction system. The findings of the FTIR analysis
showed that GMA, St, AMS, and EP had all been successfully grafted onto PLA. In addition,
no absorption peaks corresponding to carbon–carbon double bonds (around 1630 cm–1)
were found in the spectra of any of the graft copolymers, indicating that the unreacted
monomers were completely removed during the purification process.

Figure 1. FTIR spectra of pure PLA and the PLA-g-GMA graft copolymers (b,c) are partial enlarged
views of the red-dashed areas in (a).

Figure 2 showed the 1H-NMR spectra of PLA and PLA-g-GMA, which can also prove
that GMA is successfully grafted onto PLA. From Figure 2a,b, two peaks were observed
at 5.2 and 1.6 ppm in the 1H-NMR spectra of PLA and PLA-g-GMA. The peak at 5.2
ppm represented methine protons and peaks at 1.6 ppm represented methyl protons.
However, compared to the spectra of PLA (Figure 2a) and PLA-g-GMA (Figure 2b), new
and weaker peaks were observed at 1.1–4.4 ppm, which represented the GMA constitutional
unit of proton CH, CH2 and CH3 (see inset of the corresponding protons of 1–7). The new
multipeak confirmed that GMA was successfully grafted onto the PLA (Figure 2) [39].
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Figure 2. 1H-NMR spectra of PLA (a) and PLA-g-GMA graft copolymer (b).

3.2. Characterization of the Graft Copolymers

Table 4 showed the grafting degree (Gd) and grafting efficiency (Ge) of PLA-g-GMA
graft copolymers containing different comonomers. As can be seen, the grafting degree of
the PLA-g-GMA graft copolymers all increased to different degrees after the introduction
of the different comonomers in the grafting reaction system, increasing 2 times, 1.6 times,
and 1.1 times when St, AMS, and EP, respectively, were used as the copolymers. This was
mainly due to the competition between grafting and chain scission (β-scission) of the PLA
macro radicals in a single monomer grafting system. The PLA macro radicals underwent
more extensive β-scission due to the “bite” reaction with the terminal hydroxyl (–OH),
or carboxyl, group (–COOH), resulting in a low grafting degree of PLA-g-GMA graft
copolymers. However, in the dual-monomer grafting system, the carbon–carbon double
bonds (C=C) in St were more reactive than those in GMA. When St was added as a
comonomer in the melt grafting system, the conjugated double bond of St enabled it to react
rapidly with PLA macromolecular radicals to form stable styryl macromolecular radicals.
GMA copolymerizes easily with styryl macromolecular radicals, and the reaction rate of this
reaction was greater than that of the reaction with GMA with PLA macromolecular radicals.
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Similarly, AMS can form AMS-co-GMA (PAG) oligomers with GMA, which then react
with PLA macromolecular free radicals to graft GMA onto the main chain of PLA through
PAG, which improves the grafting degree of the PLA-g-GMA graft copolymer. It is well
known that the copolymerization of two monomers is determined by the reactivity ratio of
the monomers. The Q-e scheme has been developed to determine the ratios for each pair of
monomers in a particular copolymerization [27]:

r1 =

(
Q1
Q2

)
exp[−e1(e1−e2)] (3)

r2 =

(
Q2
Q1

)
exp[−e2(e2−e1)] (4)

where Q1 and Q2 are measures of the reactivity of monomers and related to the resonance
stabilization of the monomer, and the constants e1 and e2 are measures of the polarity of
the monomers. According to the Q-e scheme, copolymerization will proceed more suitably
between monomers with similar Q values. The Q values of GMA, St, and AMS are 0.98,
1.00, and 0.53, respectively. Therefore, GMA was more likely to copolymerize with styrene
macromolecular radicals, which was the reason for the significantly higher GMA grafting
degree when St was used as a comonomer [30,40]. When EP was used as a comonomer,
the chemical reactions in the grafting reaction system were relatively complex. The epoxy
group in EP reacted with the hydroxyl or carboxyl group of PLA to form the PLA-g-EP
graft copolymer. When EP was used as a comonomer, the grafting degree of PLA-g-GMA
increased by 0.1 phr, which was probably due to the part containing the epoxy group in
the PLA-g-EP graft copolymer. Therefore, EP did little to improve the grafting degree of
PLA-g-GMA graft copolymer, and PLA-g-EP graft copolymer could not effectively play
the role of compatibilization [41]. The reaction mechanisms of the three comonomers are
shown in Figure 3.

Table 4. Grafting degree (Gd) and grafting efficiency (Ge) of PLA-g-GMA graft copolymers.

Sample PLA-g-GMA PLA-g-GMA/St PLA-g-GMA/AMS PLA-g-GMA/EP

Gd (phr) 0.8 1.6 1.3 0.9
Ge (%) 26 53.3 43 30
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3.3. Optimum Content of the Graft Copolymer

Figure 4 shows the variation in elongation at break, impact strength and tensile
strength of the PLA/PPC/PLA-g-GMA blends with PLA-g-GMA graft copolymer content.
Table 5 shows the relevant mechanical property data. Figure 5 shows the principle of
PLA-g-GMA graft copolymer for compatibilization of PLA/PPC blends.
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Figure 4. Effect of PLA-g-GMA content on mechanical properties of PLA/PPC/PLA-g-GMA blends
(G0: PLA; B1: PLA/PPC; B2: PLA/PPC/PLA-g-GMA (5 phr); B3: PLA/PPC/PLA-g-GMA (10 phr);
B4: PLA/PPC/PLA-g-GMA (15 phr); B5: PLA/PPC/PLA-g-GMA (20 phr)).

Table 5. Effect of PLA-g-GMA content on mechanical properties of PLA/PPC/PLA-g-GMA blends
(G0: PLA; B1: PLA/PPC; B2: PLA/PPC/PLA-g-GMA (5 phr); B3: PLA/PPC/PLA-g-GMA (10 phr);
B4: PLA/PPC/PLA-g-GMA (15 phr); B5: PLA/PPC/PLA-g-GMA (20 phr)).

Samples Elongation at Break (%) Tensile Strength (MPa) Notched Impact Strength (J/m2)

G0 29.58 ± 4.25 65.19 ± 1.53 3315.4 ± 69.15
B1 108.33 ± 6.14 49.64 ± 1.36 4505.8 ± 80.10
B2 180.00 ± 8.25 48.96 ± 1.44 5050.0 ± 84.14
B3 236.46 ± 10.15 47.38 ± 1.55 5876.9 ± 90.25
B4 197.60 ± 8.34 49.40 ± 1.69 5583.1 ± 85.36
B5 200.31 ± 9.81 48.42 ± 2.88 5623.8 ± 81.91

It can be seen from Figure 4 and Table 5 that the elongation at break and impact
strength of pure PLA are 29.58% and 3315.4 J/m2, respectively. After PPC and PLA are
blended, the elongation at break and impact strength of PLA/PPC blends are improved to a
certain extent. In order to further improve the performance of the blends, PLA-g-GMA graft
copolymer is introduced as a reactive compatibilizer in the blending process. From Figure 4
and Table 5, it can be found that when the content of graft copolymer was 10 phr, the elon-
gation at break and impact strength of the blends increased to 236.46% and 5876.90 J/m2,
respectively. Previous studies have found that the mechanical properties of such materials
are influenced by interfacial strength [42]. When PLA-g-GAM graft copolymers were
introduced into the blends (Figure 5), the copolymer sat between PLA and PPC, which
enhanced the interaction force between the molecular chains at the interface of the two
phases and, to a degree, improved the compatibility between the two materials [39], which
in turn improved the elongation at break and impact strength of the blends. Continuing to
increase the content of PLA-g-GMA graft copolymer in the system (15 or 20phr) led to the
elongation at break and the impact strength of the blends decreasing, which may be because
excess PLA-g-GMA graft copolymers can form multilayers of macromolecules located at
the interface between the PPC and PLA matrix, causing self-entanglement among the
PLA-g-GMA graft copolymers, rather than the PLA matrix, which affected the mechanical
properties of the blends to a certain extent [43]. In addition, the tensile strength of the
blends remained almost unchanged after the introduction of PLA-g-GMA graft copolymer
into the blends (Figure 4a), so the introduction of PLA-g-GMA graft copolymer improved
the toughness of the blends without affecting their rigidity.

In conclusion, the mechanical properties of the PLA/PPC/PLA-g-GMA blends were
best when the PLA-g-GMA graft copolymer was 10 phr of the blends. Therefore, in
subsequent experiments, the content of graft copolymer was kept as 10 phr.
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Figure 5. The compatibilization effect of PLA-g-GMA graft copolymer on PLA/PPC blends.

3.4. DSC Analysis

Figure 6 shows the DSC secondary warming curves of PLA/PPC/PLA-g-GMA blends,
and Table 6 shows the related data. The blends showed heat absorption signal peaks at
around 60 and 36 ◦C, which correspond to the glass transition temperatures (Tg) of the
PLA and PPC phases, respectively. As Table 6 shows, after introducing PLA-g-GMA graft
copolymer into the blends, the ∆Tg decreased from 22.98 to 22.05 ◦C, which indicated that
the compatibility between PLA and PPC was improved, but the ∆Tg only decreased by
0.93 ◦C. The ∆Tg of the blends was further reduced when the copolymer monomer was
introduced into the PLA-g-GMA graft copolymer. When St was used as the copolymer
monomer, ∆Tg decreased from 22.98 ◦C to 20.42 ◦C; when AMS was used as the copolymer
monomer, ∆Tg decreased from 22.98 ◦C to 20.96 ◦C, a decrease of 2.56 and 2.02 ◦C, respec-
tively. When EP was used as the comonomer, the ∆Tg decreased to 21.05 ◦C, a decrease
of only 1.93 ◦C. This phenomenon is due to the grafting degree of the PLA-g-GMA graft
copolymer, as shown in Table 2. When St was used as a comonomer, the PLA-g-GMA
graft copolymer contained more epoxy groups, which reacted with the end groups of
PLA and PPC, enhancing the interfacial adhesion between PLA and PPC, resulting in the
improvement of the compatibility between PLA and PPC.

Figure 6. DSC curves of PLA, PPC, PLA/PPC and the PLA/PPC/PLA-g-GMA blends. (G0: PLA; G1:
PPC; G2: PLA/PPC; G3: PLA/PPC/PLA-g-GMA; G4: PLA/PPC/PLA-g-GMA/St; G5: PLA/PPC/PLA-
g GMA/AMS; G6: PLA/PPC/PLA-g-GMA/EP).

Table 6 also shows that the melting temperature (Tm) and crystallinity (Xc) of the blends
gradually decreased after the graft copolymer-containing comonomers were introduced
into the blends. This was because the reaction point worked as a physical cross-linking
point, and the entangled structures in the amorphous area impeded the transportation of
macromolecular chains between polymer chains, restricting the ability of PLA to crystallize
and form a more amorphous phase, so the crystallinity of the blends was reduced [29].
In addition, the introduction of the three comonomers (St, AMS, EP) also led to longer
branched chains forming in the blends, and the site-resistance effect of these branched
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chains depressed the tight stack of PLA and PPC chains, resulting in the reduction in the
Tm of the blends [31].

Table 6. Thermal properties of PLA, PPC, PLA/PPC and PLA/PPC/PLA-g-GMA blends.

Samples Tg (PLA)/◦C Tg (PPC)/◦C ∆Tg)/◦C Tm)/◦C Xc/%

G0 61.01 ± 0.30 - - 167.30± 0.20 7.31 ± 0.21
G1 - 30.51± 0.21 - - -
G2 59.01 ± 0.25 36.03 ± 0.23 22.98 ± 0.05 167.75 ± 0.11 7.49 ± 0.22
G3 58.80 ± 0.28 36.75 ± 0.27 22.05 ± 0.07 167.59 ± 0.15 9.17 ± 0.37
G4 57.67 ± 0.19 37.25 ± 0.15 20.42 ± 0.05 157.48 ± 0.21 3.94 ± 0.42
G5 57.69 ± 0.31 36.73 ± 0.23 20.96 ± 0.03 162.95 ± 0.20 1.69 ± 0.15
G6 56.51 ± 0.23 35.46 ± 0.42 21.05 ± 0.02 155.19 ± 0.13 0.26 ± 0.21

3.5. TGA Analysis

Figure 7a,b shows the TG and DTG curves of pure PLA, pure PPC, PLA/PPC and
PLA/PPC/PLA-g-GMA blends under nitrogen flow, respectively, and Table 7 shows the
characteristic parameters of the TG curve of the blends. It can be seen from Figure 7
that the thermal stability of PLA was relatively good, while the thermal stability of PPC
was relatively poor. After PLA and PPC were blended, the thermal stability of all blends
was between pure PLA and pure PPC. The thermal stability of the blends was slightly
decreased after the introduction of PLA-g-GMA graft copolymer in the blends, while
the thermal stability of the blends was not further reduced but instead slightly increased
after the introduction of the comonomers in the graft copolymers. It can be seen from
Table 7 that the pure PLA/PPC blends had good thermal stability below 230 ◦C and did
not decompose, and when the temperature exceeded 277.75 ◦C, the blends began to show
slight decomposition. The weight loss rate reached the maximum at 310.25 ◦C, and the
sample decomposed completely at 327.60 ◦C. After the introduction of the PLA-g-GMA
graft copolymer into the blends, the T5% of the blends decreased by 6.75 ◦C, and the thermal
stability also decreased. This was probably because the preparation of the PLA-g-GMA graft
copolymers was accompanied by degradation, cross-linking, and other side reactions, so the
thermal stability of the blends was reduced to some extent after the graft copolymers were
added to the blends. After the introduction of PLA-g-GMA graft copolymers containing
different comonomer into the blends, the thermal stability of the blends did not further
decrease but instead increased slightly. When St was used as a comonomer, the T5% of
the blends increased by 5.68 to 326.53 ◦C. This was because the conjugated double bond
of St can rapidly react with PLA macromolecular free radicals, and the St radicals were
more stable and had a longer half-life, which can better subsequent reactions with GMA,
thus inhibiting PLA chain degradation, cross-linking, and other side reactions during the
grafting reaction. When AMS was used as a comonomer, the T5% of the blends increased
by just 2.17 to 323.02 ◦C. Although AMS improved the grafting degree of PLA-g-GMA
to some extent and increased the intermolecular forces between PLA and PPC, there are
weak bonds in the AMS sequence, and the copolymers containing the AMS structure were
prone to chain breakage, and under heating the blends depolymerized at their weak bonds
and formed chain radicals, which could further initiate other chemical reactions [44,45],
resulting in a smaller effect on T5%. When EP was used as a comonomer, the T5% of
the blends was 320.38 ◦C, which was close to that when no comonomer was introduced,
which may be caused by the small effect of EP as a comonomer on the grafting degree
of PLA-g-GMA graft copolymer. It can also be seen from Figure 7b that the temperature
corresponding to the maximum decomposition rate of pure PLA was the highest, while
the PPC was relatively low. The maximum decomposition rate of all the blends after the
blending of PLA and PPC corresponds to a temperature somewhere in between. After the
introduction of PLA-g-GMA graft copolymer into the blend, the Tmax of the blends almost
does not change significantly, which indicated that the PLA-g-GMA graft copolymer did
not cause the blends to degrade significantly at a lower temperature.
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Figure 7. Thermogravimetric curves (a): TG curves, (b): DTG curves) of PLA, PPC, PLA/PPC and
PLA/PPC/PLA-g-GMA blends (G0: PLA; G1: PPC; G2 PLA/PPC; G3: PLA/PPC/PLA-g-GMA; G4:
PLA/PPC/PLA-g-GMA/St; G5: PLA/PPC/PLA-g-GMA/AMS; G6: PLA/PPC/PLA-g-GMA/EP).

Table 7. Thermogravimetry data of PLA, PPC, PLA/PPC and the PLA/PPC/PLA-g-GMA blends.

Samples T95% (°C) Tmax (°C) T5% (°C)

G0 303.19 ± 0.12 325.10 ± 0.21 328.08 ± 0.24
G1 273.32 ± 0.23 286.48 ± 0.19 342.94 ± 0.19
G2 277.75 ± 0.14 310.25 ± 0.23 327.60 ± 0.28
G3 269.86 ± 0.21 293.88 ± 0.19 320.85 ± 0.17
G4 276.29 ± 0.20 304.42 ± 0.15 326.53 ± 0.22
G5 276.45 ± 0.17 307.75 ± 0.18 323.02 ± 0.45
G6 270.31 ± 0.09 298.45 ± 0.26 320.38 ± 0.36

Note: T95% is the temperature at 5% loss of specimen mass, Tmax is the temperature at the maximum rate of
specimen weight loss, and T5% is the temperature at 95% loss of specimen mass.

3.6. Dynamic Rheological Analysis

Figure 8 shows the dynamic rheological analysis of pure PLA, pure PPC, PLA/PPC
and PLA/PPC/PLA-g-GMA blends with different comonomers.

Figure 8. Cont.
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Figure 8. (a) Storage modulus, (b) loss modulus, (c) complex viscosity, and (d) Han curves of the
PLA, PPC, PLA/PPC and PLA/PPC/PLA-g-GMA blends (G0: PLA; G1: PPC; G2: PLA/PPC; G4:
PLA/PPC/PLA-g-GMA/St; G5: PLA/PPC/PLA-g-GMA/AMS; G6: PLA/PPC /PLA-g-GMA/EP;
in (d): the straight line is diagonal).

As Figure 8a,b show, after the introduction of the PLA-g-GMA graft copolymers
containing comonomers in the blends, the storage modulus (G′) and loss modulus (G”) of
the blends were higher than those of the PLA/PPC blends in the whole angular frequency
test range (0.1~100 rad·s–1), and the higher the grafting degree of the PLA-g-GMA graft
copolymer, the larger the G′ and G” of the blends. The significant increase in G′ indicated
that the elasticity of the blend melt was improved, resulting in enhanced interaction
between PLA and PPC, and, thus, the compatibility of the blend was improved. In addition,
after the introduction of the graft copolymers into the blends, the molecular weight of the
blends became higher, and the friction resistance between the molecular chain segments
gradually increased. Since the internal friction hinders the movement of the molecular
chain, G” increased.

As Figure 8c shows, the complex viscosity (η”) of all the blends exhibited a downward
trend with increasing frequency, which is typical of the shear thinning behavior of the
blends in the composites. Initially, the shear rate was low, the molecular chains were
entangled with each other, and the movement between the chain segments was difficult,
while with the acceleration of the shear rate, the molecular chains of the blends began
to gradually orientate, and the friction between the chain segments decreased, which
manifested as a decrease in viscosity on the macroscopic scale. In addition, the η” of the
blends increased after the introduction of the PLA-g-GMA graft copolymers containing
different comonomers into the blends. It is known that an increase in the η” of the blends
generally occurs when there is either a specific interaction between the phases or chemical
bonding between the blend components [46,47]. This indicated that the epoxy group
from the graft copolymer had reacted with the end hydroxyl group from PLA or PPC to
form ester or hydrogen bonds. Under the action of the two binding forces, the interfacial
bonding force between PLA and PPC was further improved, thus limiting the movement
of the molecular chain, which led to a decrease in melt fluidity and an increase in melt
strength [48]. Contrastingly, the number of epoxy groups reacting with hydroxyl groups in
the graft copolymer influenced the grafting degree of the graft copolymer, which meant that
the higher the grafting degree, the more reactions occurred, the stronger the intermolecular
forces, and the more significant the increase in the η” of the blends. Therefore, when St was
used as the comonomer, the increase in η” of the blends was most obvious, followed by
when AMS and EP were used.

Han plots, which consist of the energy storage modulus as the ordinate and the loss
modulus as the abscissa, can be used to compare the differences between elastic and viscous
properties, with linear viscoelastic data being the most sensitive to structural differences.
The diagonal line (G′ = G”) divides the graph into two parts and defines the transition from
viscous behavior (G′ < G”) to elastic behavior (G′ > G”). The Han plots of all blends are
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shown in Figure 8d, from which it can be seen that no curves cross the diagonal line, i.e.,
the whole system was still dominated by viscosity. If a cross-linked structure was present,
the system would be more elastic than viscous, which would be indicated by the curve
crossing the diagonal in the Han plots. Thus, it can be shown that there was no excessive
cross-linked structure in the system [49].

3.7. MFR Analysis

MFR analysis was used to determine the melt flow rate of the PLA/PPC/PLA-g-GMA
blends. The effect of different comonomers in the PLA-g-GMA graft copolymer on the
MFR of the blends is shown in Figure 9.
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Figure 9. Melt index values of PLA/PPC and the PLA/PPC/PLA-g-GMA blends. (G2: PLA/PPC;
G3: PLA/PPC/PLA-g-GMA; G4: PLA/PPC/PLA-g-GMA/St; G5: PLA/PPC/PLA-g-GMA/AMS;
G6: PLA/PPC/PLA-g-GMA/EP).

As seen in Figure 9, the MFR values of the blends were reduced after the introduction
of the PLA-g-GMA graft copolymers in the blends and were further reduced after the
introduction of the comonomer in the PLA-g-GMA graft copolymers. This indicated that
as the molecular weight of the blends increased, the melt flow rate decreased, which
meant that the introduction of the comonomers inhibited the degradation of the blends to
a degree. When St was the comonomer, the MFR of the blends reached its lowest value
(0.2053 g/10 min), which can be attributed to the fact that St was more reactive than GMA,
enhancing the grafting reaction between PLA and GMA, and reducing the β-breakage of
PLA macromolecular radicals, thus inhibiting the degradation of PLA. When AMS was
used as a comonomer, the MFR was 0.2136 g/10 min, which was slightly higher than that
of St. This may be because AMS may preferentially graft onto the PLA backbone during the
grafting reaction, hindering the grafting reaction between PAG and PLA macromolecular
radicals, which would reduce the intermolecular forces between the blends and thus
slightly increase the MFR of the blends compared with the value with St. When EP was
used as a comonomer, the MFR was 0.2295 g/10 min, which was close to that when no
comonomer was introduced into the PLA-g-GMA graft copolymer. This was probably
because when EP was used as a comonomer, a certain amount of PLA-g-EP by-products
were generated during the grafting process, which did not have a good compatibilization
effect on PLA and PPC [41], so the intermolecular forces between PLA and PPC remained
largely unchanged, which led to the MFR of the blends being close to that when the
comonomer was not introduced.

3.8. Optical Properties

Figure 10 shows the effect of different comonomers in the PLA-g-GMA graft copoly-
mers on the transmittance and haze of PLA/PPC/PLA-g-GMA blends films. It can be
observed from Figure 10 that the haze of the pure PLA/PPC blends was 34.0%, and the
transmittance was as high as 91.6%. After the introduction of the PLA-g-GMA graft copoly-
mers in the blends, the haze of the blends decreased to 28.2%. It decreased further after the
introduction of the comonomers in the PLA-g-GMA graft copolymers, being lowest when
EP was used as the comonomer. This was mainly the influence of the degree of crystalliza-
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tion of the polymer, as, generally, the greater the internal crystallization, the greater the
haze [50]. From the DSC analysis discussed above, it was clear that the crystallinity of the
blends gradually decreased after the introduction of the comonomers in the PLA-g-GMA
graft copolymers, and, hence, the haze of the blends also decreased. At the same time,
the introduction of the graft copolymers did not significantly affect the transmittance of
the blends, which all fluctuated in the range of 91.6~92.5%. These findings show that the
introduction of the comonomer in the PLA-g-GMA graft copolymer can reduce the haze
of the blends while retaining high transmittance, and the blends show relatively excellent
optical properties as a whole.
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Figure 10. Effect of grafted monomers on the haze and transmittance of PLA/PPC and the
PLA/PPC/PLA-g-GMA blends (G2: PLA/PPC; G3: PLA/PPC/PLA-g-GMA; G4: PLA/PPC/PLA-g-
GMA/St; G5: PLA/PPC/PLA-g-GMA/AMS; G6: PLA/PPC/PLA-g-GMA/EP).

3.9. Mechanical Properties

Figure 11 shows the effect of the different comonomers in PLA-g-GMA graft copoly-
mers on the elongation at break, tensile strength, and impact strength of the PLA/PPC/PLA-
g-GMA blends. Table 8 shows the relevant mechanical property data. It can be seen from Ta-
ble 8 that the elongation at break and impact strength of PLA were 29.58% and 3315.4 J/m2,
respectively, while the elongation at break of PPC was as high as 761.32%. It can be seen
from Figure 11 that the toughness of PLA blends was improved after the blending of PPC.
In order to further improve the mechanical properties of the blends, PLA-g-GMA graft
copolymers were used as a reactive compatibilizers. After being introduced into the blend,
the elongation at break of the blends further increased to 236.46%, and the impact strength
increased to 5876.90 J/m2. The PLA-g-GMA graft copolymer improved the toughness of
the blends to a degree, which was due to a small rise in the compatibility between PLA
and PPC. After the introduction of the comonomers in the PLA-g-GMA graft copolymers,
the elongation at break and impact strength of the blends first increased and then decreased.
When St was used as the comonomer, the elongation at break and impact strength of the
blends increased the most significantly (286.35% and 6858.6 J/m2, respectively), followed
by AMS (271.67% and 6686.65 J/m2, respectively), while the mechanical properties of the
blends when EP was used as the comonomer were close to those when no comonomer was
introduced (221.25% and 5944.3 J/m2, respectively). This was because St can best enhance
the grafting degree of PLA-g-GMA graft copolymer, and the higher the grafting degree,
the more epoxy groups that can react with PLA or PPC end groups, and the better the
interfacial compatibility between PLA and PPC. With the improvement of the compatibility
of the blends, the physical entanglement of the molecular chains of the blends increased,
the intermolecular forces were enhanced, and the interfacial tension was reduced. At
the same time, the stress can be effectively transferred from the PLA phase to the PPC
phase, and the toughness of the blends was improved. When AMS was used in place
of St as the comonomer, its larger substituent size led to a larger spatial site resistance
effect, so the reactivity with PLA macromolecular radicals was reduced, and the degree
of improvement of the grafting degree of the PLA-g-GMA graft copolymer was reduced,
resulting in the decrease in the degree of improvement of the elongation at break and im-
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pact strength of the blends. When EP was the comonomer, it did not promote the reaction
between GMA and PLA but instead reacted directly with PLA to form PLA-g-EP graft
copolymer, and the PLA-g-EP graft copolymer did not improve the compatibility between
PLA and PPC, so it had little effect on the impact toughness of the blends. In addition, it
can also be seen from Figure 11a that the tensile strength of the blends hardly changed
when the three graft copolymers were introduced into the blends, and the value fluctuated
around 49 MPa, which showed that the introduction of PLA-g-GMA graft copolymers
containing different comonomers into the blends not only enhanced the toughness of the
blends but also maintained their excellent rigidity, producing materials with excellent
comprehensive properties.

Figure 11. Effect of grafted monomers on the mechanical properties of PLA/PPC and the
PLA/PPC/PLA-g-GMA blends; (G2: PLA/PPC; G3: PLA/PPC/PLA-g-GMA; G4: PLA/PPC/PLA-
g-GMA/St; G5: PLA/PPC/PLA-g-GMA/AMS; G6: PLA/PPC/PLA-g-GMA/EP).

Table 8. Effect of grafted monomers on the mechanical properties of PLA/PPC/PLA-g-GMA blends
(G0: PLA; G1: PPC; G2: PLA/PPC; G3: PLA/PPC/PLA-g-GMA; G4: PLA/PPC/PLA-g-GMA/St;
G5: PLA/PPC/PLA-g-GMA/AMS; G6: PLA/PPC/PLA-g-GMA/EP).

Samples Elongation at Break (%) Tensile Strength (MPa) Notched Impact Strength (J/m2)

G0 29.58 ± 4.25 65.19 ± 1.53 3315.4 ± 69.15
G1 761.32 ± 8.69 12.14 ± 1.62 5950.0 ± 85.27
G2 108.33 ± 6.14 49.64 ± 1.36 4505.8 ± 80.10
G3 236.46 ± 10.15 47.38 ± 1.55 5876.9 ± 90.25
G4 286.35 ± 9.25 49.24 ± 1.93 6858.6 ± 98.05
G5 271.67 ± 11.58 47.52 ± 2.84 6686.5 ± 96.47
G6 221.25 ± 8.98 49.96 ± 2.11 5944.3 ± 82.25

Figure 12 shows the tensile test samples of the PLA/PPC/PLA-g-GMA blends, where
the PLA-g-GMA graft copolymer contained different comonomers. It is obvious from the
figure that the pure PLA/PPC was relatively brittle, while after the introduction of the
PLA-g-GMA graft copolymer, the blends exhibited ductile extension. The extent of stress
whitening further increased after the introduction of comonomers in the PLA-g-GMA graft
copolymers, showing an obvious narrow neck and stress hardening. This change in the
stress whitening zone of the blends was most obvious when St was used as the comonomer.
The observed macroscopic trend in stress-whitening in the blends was consistent with the
measured mechanical properties of the blends.
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Figure 12. Tensile splines of the PLA/PPC/PLA-g-GMA blends (G2: PLA/PPC; G3: PLA/PPC/PLA-
g-GMA; G4: PLA/PPC/PLA-g-GMA/St; G5: PLA/PPC/PLA-g-GMA/AMS; G6: PLA/PPC/PLA-g-
GMA/EP).

3.10. SEM Analysis

To investigate the effect of different comonomers in PLA-g-GMA graft copolymers on
the fracture morphology of the PLA/PPC/PLA-g-GMA blends, the impact cross-section
of the blends was observed by SEM, as shown in Figure 13. The fracture surface of the
pure PLA/PPC blends was relatively flat and smooth, and no obvious plastic deformation
occurred (Figure 13a), which was due to the weak bonding force at the interface of PLA
and PPC preventing effective transmission and dispersion of the stress between the two
phases when subjected to external forces. When the PLA-g-GMA graft copolymer was
added to the blends (Figure 13b), the impact fracture surface of the blends began to become
rough and showed evidence of plastic deformation. When St was introduced as the
comonomer in the PLA-g-GMA graft copolymer, the interface between PLA and PPC
phases in the matrix was effectively strengthened, and the impact fracture surface of the
blends showed an even rougher surface (Figure 13c), which was honeycomb, indicating
that the PLA-g-GMA/St graft copolymer could effectively improve the compatibility of
PLA and PPC and increase the entanglement and interfacial adhesion of the molecular
chains of the PLA and PPC phases. The improved interfacial adhesion helped the material
to generate a large plastic deformation zone along the fracture direction to absorb more
energy and improve the impact strength of the blends [51,52]. When the comonomer was
AMS (Figure 13d), the roughness of the impact fracture surface of the blends was slightly
reduced compared with that of Figure 13c, but it also exhibited obvious honeycomb shape,
showing ductile fracture characteristics. When EP was used as the comonomer (Figure 13e),
the degree of roughness of the impact fracture surface of the blends was similar to that of
Figure 13b. The experimental results show that the PLA-g-GMA/St graft copolymer could
best improve the compatibility between PLA and PPC when St was used as the comonomer,
as this changed the fracture mode of the blend from brittle fracture to ductile fracture.
This was also consistent with the results of the tests of mechanical properties discussed above.
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GMA/AMS; (e) PLA/PPC/PLA-g-GMA/EP).

4. Conclusions

The addition of St, AMS, and EP as comonomer to the melt-grafting system of GMA onto
PLA was to prepare PLA-g-GMA graft copolymers containing different comonomers. The pre-
pared graft copolymers were melt blended with PLA and PPC to prepare PLA/PPC/PLA-g-
GMA blends. The thermal, optical, and mechanical properties and micromorphology of
these blends were extensively studied. The main conclusions can be summarized as follows:

FTIR and 1H-NMR analysis showed that GMA, St, AMS, and EP had been suc-
cessfully grafted onto the PLA molecular chains to form PLA-g-GMA, PLA-g-GMA/St,
PLA-g-GMA/AMS, and PLA-g-GMA/EP graft copolymers. After the introduction of the
comonomer in the grafting reaction, the grafting degree of PLA-g-GMA graft copolymer
was improved to varying degrees, and when St was used as the comonomer, the grafting
degree was increased most significantly.

The introduction of PLA-g-GMA graft copolymers improved the toughness of PLA/PPC
blends to the degree that depended on the graft copolymer content, with the elongation at
break and impact strength of the blends reaching a maximum when the graft copolymer
was present at 10 phr.

The PLA-g-GMA graft copolymers containing comonomers can further improve the
compatibility between PLA and PPC; when St was used as the comonomer, the improve-
ment effect was most obvious. At this time, the storage modulus, loss modulus, and
complex viscosity of the blends were maximized without any negative effect on the thermal
stability of the blends.

When the PLA-g-GMA graft copolymer contained comonomers, the blends film re-
duced the haze while maintaining high transmittance, reflecting good optical properties.
Meanwhile, the elongation at break and impact strength of the blends were further im-
proved, while the tensile strength remained almost unchanged. The elongation at break
and impact strength of the blends reached the peak value (286.35% and 6858.6 J/m2, respectively)
when St was used as a comonomer. At this time, the impact fracture mode of the blends
showed obvious ductile fracture characteristics.

Author Contributions: Conceptualization, L.S.; Data curation, L.S.; Methodology, L.S.; Writing—
review & editing, L.S.; Supervision, L.S., Y.S., L.-Z.L.; Funding acquisition, L.S., Y.H.; Investigation,
Q.Z., W.C., F.C.; Formal analysis, Q.Z., Y.L.; Writing—original draft, Q.Z.; Resources, Q.Z., W.C.;
Validation, Q.Z.; Visualization, Q.Z.; Software, Y.L.; Supervision, Y.S., L.-Z.L.; Project administration,
L.-Z.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Foundation of Liaoning Province Department of Education,
grant number LQ2020007, LJ2020006.



Polymers 2022, 14, 4088 20 of 22

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by Foundation of Liaoning Province Department of
Education (LQ2020007, LJ2020006), Program for the Middle-aged Innovative Talents of Shenyang
(RC190166), National Natural Science Foundation of China (No.51401132), Natural Science Founda-
tion of Liaoning Province (No.2019-ZD-0081).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ludwiczak, J.; Frckowiak, S.; Leluk, K. Study of Thermal, Mechanical and Barrier Properties of Biodegradable PLA/PBAT Films

with Highly Oriented MMT. Materials 2021, 14, 7189. [CrossRef] [PubMed]
2. Luo, D.; Zhen, W.; Dong, C.; Zhao, L. Performance and multi-scale investigation on the phase miscibility of poly(lactic

acid)/amided silica nanocomposites. Int. J. Biol. Macromol. 2021, 177, 271–283. [CrossRef] [PubMed]
3. Inkinen, S.; Hakkarainen, M.; Albertsson, A.C. From lactic acid to poly(lactic acid) (PLA): Characterization and analysis of PLA

and its precursors. Biomacromolecules 2011, 12, 523–532. [CrossRef] [PubMed]
4. Nagarajan, V.; Mohanty, A.K.; Misra, M. Perspective on Polylactic Acid (PLA) based Sustainable Materials for Durable Applica-

tions: Focus on Toughness and Heat Resistance. ACS Sustain. Chem. Eng. 2016, 4, 2899–2916. [CrossRef]
5. Anderson, K.S.; Lim, S.H.; Hillmyer, M.A. Toughening of polylactide by melt blending with linear low-density polyethylene.

J. Appl. Polym. Sci. 2003, 89, 3757–3768. [CrossRef]
6. Doganci, M.D.; Aynali, F.; Doganci, E.; Ozkoc, G. Mechanical, Thermal and Morphological Properties of Poly(lactic acid) By Using

Star-Shaped Poly(ε-caprolactone) with POSS Core. Eur. Polym. J. 2019, 121, 109316. [CrossRef]
7. Ma, P.; Jiang, L.; Yu, M.; Dong, W.; Chen, M. Green Antibacterial Nanocomposites from Poly (lactide)/Poly (butylene adipate-co-

terephthalate)/Nanocrystal Cellulose-Silver Nanohybrids. ACS Sustain. Chem. Eng. 2016, 4, 6417–6426. [CrossRef]
8. Ding, Y.; Lu, B.; Wang, P.; Wang, G.; Ji, J. PLA-PBAT-PLA tri-block copolymers: Effective compatibilizers for promotion of the

mechanical and rheological properties of PLA/PBAT blends. Polym. Degrad. Stab. 2018, 147, 41–48. [CrossRef]
9. Moustafa, H.; El Kissi, N.; Abou-Kandil, A.I.; Abdel-Aziz, M.S.; Dufresne, A. PLA/PBAT bionanocomposites with antimicrobial

natural rosin for green packaging. ACS Appl. Mater. Interfaces 2017, 9, 20132–20141. [CrossRef]
10. Xu, Z.; Zhang, Y.; Wang, Z.; Sun, N.; Li, H. Enhancement of electrical conductivity by changing phase morphology for

composites consisting of polylactide and poly (ε-caprolactone) filled with acid-oxidized multiwalled carbon nanotubes.
ACS Appl. Mater. Interfaces 2011, 3, 4858–4864. [CrossRef]

11. Chen, H.; Yu, X.; Zhou, W.; Peng, S.; Zhao, X. Highly toughened polylactide (PLA) by reactive blending with novel
polycaprolactone-based polyurethane (PCLU) blends. Polym Test. 2018, 70, 275–280. [CrossRef]

12. Qin, S.; Yu, C.; Chen, X.; Zhou, H.; Zhao, L. Fully biodegradable poly (lactic acid)/poly (propylene carbonate) shape memory materials
with low recovery temperature based on in situ compatibilization by dicumyl peroxide. Chin. J. Polym. Sci. 2018, 36, 783–790. [CrossRef]

13. Wang, Z.; Zhang, M.; Liu, Z.; Zhang, S.; Cao, Z.; Yang, W.; Yang, M. Compatibilization of the poly (lactic acid)/poly (propylene
carbonate) blends through in situ formation of poly (lactic acid)-b-poly (propylene carbonate) copolymer. J. Appl. Polym. Sci.
2018, 135, 46009. [CrossRef]

14. Xie, L.; Xu, H.; Chen, J.-B.; Zhang, Z.-J.; Hsiao, B.S.; Zhong, G.-J.; Chen, J.; Li, Z.-M. From nanofibrillar to nanolaminar poly
(butylene succinate): Paving the way to robust barrier and mechanical properties for full-biodegradable poly (lactic acid) films.
ACS Appl. Mater. Interfaces 2015, 7, 8023–8032. [CrossRef]

15. Wang, N.; Zhang, X.; Yu, J.; Fang, J. Partially miscible poly (lactic acid)-blend-poly (propylene carbonate) filled with carbon black
as conductive polymer composite. Polym. Int. 2008, 57, 1027–1035.

16. Tao, J.; Song, C.; Cao, M.; Hu, D.; Liu, L.; Liu, N.; Wang, S. Thermal properties and degradability of poly (propylene carbon-
ate)/poly (β-hydroxybutyrate-co-β-hydroxyvalerate) (PPC/PHBV) blends. Polym. Degrad. Stab. 2009, 94, 575–583. [CrossRef]

17. Zhao, J.; Li, X.; Pan, H.; Ai, X.; Dong, L. Rheological, thermal and mechanical properties of biodegradable poly (lactic acid)/poly
(butylene adipate-co-terephthalate)/poly (propylene carbonate) polyurethane trinary blown films. Polym. Bull. 2020, 77, 4235–4258.
[CrossRef]

18. Dong, X.; Liu, L.; Wang, Y.; Li, T.; Wu, Z.; Yuan, H.; Ma, P.; Shi, D.; Chen, M.; Dong, W. The compatibilization of poly (propylene
carbonate)/poly (lactic acid) blends in presence of core-shell starch nanoparticles. Carbohydr. Polym. 2021, 254, 117321. [CrossRef]

19. Song, L.; Li, Y.; Meng, X.; Wang, T.; Shi, Y.; Wang, Y.; Liu, L. Crystallization, Structure and Significantly Improved Mechanical
Properties of PLA/PPC Blends Compatibilized with PLA-PPC Copolymers Produced by Reactions Initiated with TBT or TDI.
Polymers 2021, 13, 3245. [CrossRef]

20. Phetwarotai, W.; Maneechot, H.; Kalkornsurapranee, E.; Phusunti, N. Thermal behaviors and characteristics of polylactide/poly
(butylene succinate) blend films via reactive compatibilization and plasticization. Polym. Adv. Technol. 2018, 29, 2121–2133.
[CrossRef]

http://doi.org/10.3390/ma14237189
http://www.ncbi.nlm.nih.gov/pubmed/34885343
http://doi.org/10.1016/j.ijbiomac.2021.02.117
http://www.ncbi.nlm.nih.gov/pubmed/33621566
http://doi.org/10.1021/bm101302t
http://www.ncbi.nlm.nih.gov/pubmed/21332178
http://doi.org/10.1021/acssuschemeng.6b00321
http://doi.org/10.1002/app.12462
http://doi.org/10.1016/j.eurpolymj.2019.109316
http://doi.org/10.1021/acssuschemeng.6b01106
http://doi.org/10.1016/j.polymdegradstab.2017.11.012
http://doi.org/10.1021/acsami.7b05557
http://doi.org/10.1021/am201355j
http://doi.org/10.1016/j.polymertesting.2018.07.023
http://doi.org/10.1007/s10118-018-2065-3
http://doi.org/10.1002/app.46009
http://doi.org/10.1021/acsami.5b00294
http://doi.org/10.1016/j.polymdegradstab.2009.01.017
http://doi.org/10.1007/s00289-019-02942-5
http://doi.org/10.1016/j.carbpol.2020.117321
http://doi.org/10.3390/polym13193245
http://doi.org/10.1002/pat.4321


Polymers 2022, 14, 4088 21 of 22

21. Teamsinsungvon, A.; Jarapanyacheep, R.; Ruksakulpiwat, Y.; Jarukumjorn, K. Melt processing of maleic anhydride grafted poly
(lactic acid) and its compatibilizing effect on poly (lactic acid)/poly (butylene adipate-co-terephthalate) blend and their composite.
Polym. Sci. 2017, 59, 384–396. [CrossRef]

22. Kim, Y.; Choi, C.; Kim, Y.; Lee, K.; Lee, M. Compatibilization of immiscible poly (l-lactide) and low density polyethylene blends.
Fiber Polym. 2004, 5, 270–274. [CrossRef]

23. Wei, Q.; Chionna, D.; Galoppini, E.; Pracell, M. Functionalization of LDPE by melt grafting with glycidyl methacrylate and
reactive blending with polyamide-6. Macromol. Chem. Phys. 2003, 204, 1123–1133. [CrossRef]

24. Chen, L.F.; Wong, B.; Baker, W.E. Melt grafting of glycidyl methacrylate onto polypropylene and reactive compatibilization of
rubber toughened polypropylene. Polym. Eng. Sci. 1996, 36, 1594–1607. [CrossRef]

25. Huang, H.; Liu, N.C. Nondegradative melt functionalization of polypropylene with glycidyl methacrylate. J. Appl. Polym. Sci. 1998, 67,
1957–1963. [CrossRef]

26. Cartier, H.; Hu, G.H. Styrene-assisted melt free radical grafting of glycidyl methacrylate onto polypropylene. J. Polym. Sci. Pol. Chem.
1998, 36, 1053–1063. [CrossRef]

27. Xie, X.; Chen, N.; Guo, B.; Li, S. Study of multi-monomer melt-grafting onto polypropylene in an extruder. Polym. Int. 2000, 49,
1677–1683. [CrossRef]

28. Saeb, M.R.; Garmabi, H. Investigation of styrene-assisted free-radical grafting of glycidyl methacrylate onto high-density
polyethylene using response surface method. J. Appl. Polym. Sci. 2009, 111, 1600–1605. [CrossRef]

29. Zhao, Y.; Zhang, Y.; Li, Z.; Pan, H.; Dong, Q.; Han, L.; Zhang, H.; Dong, L. Rheology, mechanical properties and crystallization
behavior of glycidyl methacrylate grafted poly (ethylene octene) toughened poly (lactic acid) blends. Korean J. Chem. Eng. 2016,
33, 1104–1114. [CrossRef]

30. Zhou, Y.; Zhao, Y.; Wei, Y.; Huang, B. Styrene-assisted melt-free radical grafting of glycidyl methacrylate onto isotactic poly
(1-butene). Polym. Eng. Sci. 2011, 51, 1669–1674. [CrossRef]

31. Luo, W.; Liu, X.; Fu, Y. Melt grafting of maleic anhydride onto polypropylene with assistance of α-methylstyrene. Polym. Eng. Sci.
2012, 52, 814–819. [CrossRef]

32. Gong, K.; Tian, H.; Liu, H.; Liu, X.; Hu, G.; Ning, N.; Tian, M.; Zhang, L. Grafting of Isobutylene–Isoprene Rubber with
Glycidyl Methacrylate and Its Reactive Compatibilization Effect on Isobutylene–Isoprene Rubber/Polyamides 12 Blends.
Ind. Eng. Chem. Res. 2021, 60, 16258–16266. [CrossRef]

33. Lou, J.; Luo, Z.; Li, Y. The effect of epoxy and tetramethyl thiuram disulfide on melt-grafting of maleic anhydride onto
polypropylene by reactive extrusion. Appl. Polym. Sci. 2016, 133, 43422. [CrossRef]

34. Meng, X.Y. Study on the Structure and Properties of PLA/PPC Blends. Master’s Thesis, Shenyang University of Chemical
Technology, Shenyang, China, 2020.

35. Wang, F.; Dai, L.; Ge, T. α-methylstyrene-assisted maleic anhydride grafted poly (lactic acid) as an effective compatibilizer
affecting properties of microcrystalline cellulose/poly (lactic acid) composites. Express Polym. Lett. 2020, 14, 530–541. [CrossRef]

36. Nakano, K.; Hashimoto, S.; Nakamura, M.; Kamada, T. Stereocomplex of Poly (propylene carbonate): Synthesis of Stereogra-
dient Poly (propylene carbonate) by Regio- and Enantioselective Copolymerization of Propylene Oxide with Carbon Dioxide.
Angew. Chem. Int. Ed. 2011, 50, 4868–4871. [CrossRef]

37. Zhou, L.; Zhao, G.; Jiang, W. Effects of Catalytic Transesterification and Composition on the Toughness of Poly(lactic
acid)/Poly(propylene carbonate) Blends. Ind. Eng. Chem. Res. 2016, 55, 5565–5573. [CrossRef]

38. Ma, P.; Jiang, L.; Ye, T.; Dong, W.; Chen, M. Melt free-radical grafting of maleic anhydride onto biodegradable poly (lactic acid) by
using styrene as a comonomer. Polymer 2014, 6, 1528–1543. [CrossRef]

39. Liu, J.; Jiang, H.; Chen, L. Grafting of glycidyl methacrylate onto poly (lactide) and properties of PLA/starch blends compatibilized
by the grafted copolymer. J. Polym. Environ. 2012, 20, 810–816. [CrossRef]

40. Zhao, Y.; Han, L.; Li, D.; Xu, W. The mechanism of grafting of maleic anhydride onto isotactic polybutene-1 assisted by
comonomers. Colloid Polym. Sci. 2017, 295, 463–469. [CrossRef]

41. Xie, L.; Huang, H.; Yang, L.; Zhang, F.; Luo, Z. Effect of Melt Blending Preparation of PLA-g-MAH/EP on the Properties of
PLA/PBAT Composites. Polym. Mater. Sci. Eng. 2019, 35, 7.

42. Legros, A.; Carreau, P.J.; Favis, B.D. Reactive compatibilization of polyester/vinyl acetate copolymer blends: Rheological,
morphological and mechanical properties. Polymer 1994, 35, 758–764. [CrossRef]

43. Du, J.; Wang, Y.; Xie, X.; Xu, M.; Song, W. Styrene-assisted maleic anhydride grafted poly (lactic acid) as an effective compatibilizer
for wood flour/poly (lactic acid) bio-composites. Polymer 2017, 9, 623. [CrossRef] [PubMed]

44. Jiang, S.; Deng, J.; Yu, Q.; Yang, W. Degradation and initiation polymerization mechanism of α-methylstyrene-containing
macroinitiators. J. Appl. Polym. Sci. 2011, 120, 466–473. [CrossRef]

45. Liang, S.; Deng, J.; Yang, W. Monomer reactivity ratio and thermal performance of α-methyl styrene and glycidyl methacrylate
copolymers. Chin. J. Polym. Sci. 2010, 28, 323–330. [CrossRef]

46. Zhang, H.; Sun, S.; Ren, M.; Chen, Q.; Song, J.; Zhang, H.; Mo, Z. Thermal and mechanical properties of poly (butylene
terephthalate)/epoxy blends. J. Appl. Polym. Sci. 2008, 109, 4082–4088. [CrossRef]

47. Utracki, L.A. Viscoelastic behavior of polymer blends. Polym. Eng. Sci. 1988, 28, 1401–1404. [CrossRef]
48. Zhang, N.; Wang, Q.; Ren, J.; Wang, L. Preparation and properties of biodegradable poly (lactic acid)/poly (butylene adipate-co-

terephthalate) blend with glycidyl methacrylate as reactive processing agent. J. Mater. Sci. 2009, 44, 250–256. [CrossRef]

http://doi.org/10.1134/S0965545X1703018X
http://doi.org/10.1007/BF02875524
http://doi.org/10.1002/macp.200390081
http://doi.org/10.1002/pen.10556
http://doi.org/10.1002/(SICI)1097-4628(19980321)67:12&lt;1957::AID-APP1&gt;3.0.CO;2-M
http://doi.org/10.1002/(SICI)1099-0518(199805)36:7&lt;1053::AID-POLA3&gt;3.0.CO;2-3
http://doi.org/10.1002/1097-0126(200012)49:12&lt;1677::AID-PI590&gt;3.0.CO;2-0
http://doi.org/10.1002/app.29123
http://doi.org/10.1007/s11814-015-0202-z
http://doi.org/10.1002/pen.21958
http://doi.org/10.1002/pen.22147
http://doi.org/10.1021/acs.iecr.1c03207
http://doi.org/10.1002/app.43422
http://doi.org/10.3144/expresspolymlett.2020.43
http://doi.org/10.1002/anie.201007958
http://doi.org/10.1021/acs.iecr.6b00315
http://doi.org/10.3390/polym6051528
http://doi.org/10.1007/s10924-012-0438-1
http://doi.org/10.1007/s00396-017-4018-8
http://doi.org/10.1016/0032-3861(94)90873-7
http://doi.org/10.3390/polym9110623
http://www.ncbi.nlm.nih.gov/pubmed/30965922
http://doi.org/10.1002/app.33186
http://doi.org/10.1007/s10118-010-9009-x
http://doi.org/10.1002/app.24012
http://doi.org/10.1002/pen.760282109
http://doi.org/10.1007/s10853-008-3049-4


Polymers 2022, 14, 4088 22 of 22

49. Chen, J.; Wei, W.; Qian, Q.; Xiao, L.; Liu, X.; Xu, J.; Huang, B.; Chen, Q. The structure and properties of long-chain branching poly
(trimethylene terephthalate). Rheol. Acta 2014, 53, 67–74. [CrossRef]

50. Zheng, C.; Yao, X.R.; Shi, Y.; Ren, Y.; Liu, L. Internal and surface structures and optical properties of crystalline polymer films.
Polym. Mater. Sci. Eng. 2018, 34, 7.

51. Ojijo, V.; Sinha Ray, S.; Sadiku, R. Toughening of biodegradable polylactide/poly (butylene succinate-co-adipate) blends via in
situ reactive compatibilization. ACS Appl. Mater. Interfaces 2013, 5, 4266–4276. [CrossRef]

52. Zhang, N.; Zeng, C.; Wang, L. Preparation and properties of biodegradable poly (lactic acid)/poly (butylene adipate-co-
terephthalate) blend with epoxy-functional styrene acrylic copolymer as reactive agent. J. Polym. Environ. 2013, 21, 286–292.
[CrossRef]

http://doi.org/10.1007/s00397-013-0737-z
http://doi.org/10.1021/am400482f
http://doi.org/10.1007/s10924-012-0448-z

	Introduction 
	Material and Methods 
	Materials 
	Preparation of the Graft Copolymers 
	Purification of the Graft Copolymers 
	Preparation of the Blends 
	Characterization 

	Results and Discussion 
	FTIR and 1H-NMR Analysis 
	Characterization of the Graft Copolymers 
	Optimum Content of the Graft Copolymer 
	DSC Analysis 
	TGA Analysis 
	Dynamic Rheological Analysis 
	MFR Analysis 
	Optical Properties 
	Mechanical Properties 
	SEM Analysis 

	Conclusions 
	References

