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Abstract 

The study’s goal is to improve the physical properties of biodegradable plastics by mixing poly(lactic acid) 

(PLA), polybutylene succinate (PBS), and silicon carbide (SiC) to make composites that could be used as 

filaments for 3D printing. Polymer blends and composites were fabricated using an internal mixer. The fraction 

of SiC was varied from 10 to 40 phr and filled in PLA/PBS blends with a retained ratio of 80/20 wt.%. Then, 

the mechanical properties, thermal properties, melt flow rate and morphology of PLA/PBS/SiC composites were 

investigated. Field emission scanning electron microscope images present a uniform dispersion of silane-treated 

SiC particles throughout the PLA/PBS matrix. The morphology showed better adhesion between PLA/PBS and 

treated SiC particles. Therefore, this was also the reason for the improvement of Young’s modulus and impact 

strength when the SiC fraction was increased, which were improved by 33% and 104%, respectively, compared 

to neat PLA. Furthermore, the melt flow rate increased with an increasing SiC fraction. This might be because 

adding SiC reduces the viscosity of the composites, which affects the molecular chain movement of the 

PLA/PBS and the crystallinity of PLA, therefore decreasing the ΔHm of PLA and Xc,PLA. However, Tg and Tm 

of PLA and PBS remained relatively stable with an increasing fraction of SiC particles. 

 

Keywords: Mechanical properties, Melt flow rate, Morphology, Poly(lactic acid), Polybutylene succinate, Silicon 

carbide, Thermal properties 

 

1 Introduction 

 

Bioplastics are widely used in many applications, such 

as packaging, containers, biomedicine, and agriculture 

[1]–[3]. Poly(lactic acid), or PLA, is an 

environmentally friendly bioplastic that can 

decompose. It is often blended with polybutylene 

succinate (PBS) to improve its disadvantages, such as 

being brittle and difficult to process. PBS is also a 

biodegradable plastic. It can be produced from both 

natural sources and petroleum bases. Its advantages 

are high elongation at break, toughness and chemical 

resistance. PBS is a bioplastic, a friendly material that 

can be applied to produce biomedical applications [4]–

[6]. However, PBS has a higher cost than PLA; 

therefore, several works have blended PLA with PBS. 

PLA/PBS blends are reported to have good 

properties and compatibility [7]–[11]. However, PLA 

and PBS have low molecular weight, low melting point, 

low stiffness and strength, which greatly limits their 
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potential applications and have no sufficient melt 

viscosity [12]–[17]. One way to increase the melt 

viscosity is particle addition because it is a simple and 

easy method of fabricating composites. Moreover, 

incorporating particles achieves high melt viscosity due 

to their influences on shear flow and stress hardening in 

extensional flow [18]–[22]. Compounding PLA/PBS 

with inorganic particles can create biopolymer-based 

composites and give an excellent property with 

balanced strength and toughness [23]–[27], for 

example, incorporating clay, calcium carbonate, 

carbon-based nanoparticles and silicon carbide [28], 

[29]. Silicon carbide (SiC) is one of the most commonly 

used materials for reinforcement filler and anti-wear 

applications. Moreover, SiC has been widely studied 

because it can be used in several applications, including 

bearings, bushings, mechanical devices and thermal 

conductivity devices. However, silane coupling agents 

can modify the surface of the particles to improve the 

adhesion between SiC particles and polymer matrix [30]. 

This work aims to improve the impact strength 

and stiffness of PLA by blending with PBS and adding 

SiC as a reinforcement filler to develop the mechanical, 

thermal and melt flow rate and an eco-friendly material, 

which is the trend for innovation in materials [31], [32] 

especially for 3D printing materials [33]–[35]. 

PLA/PBS ratio i.e., 80/20 wt.% was retained while the 

fraction of SiC varied of 0, 10, 20, 30 and 40 phr (parts 

per hundred of resin). Tensile property and impact 

strength were tested and investigated, while thermal 

properties were characterized by Differential Scanning 

Calorimetry (DSC). Furthermore, the melt flow rate 

was measured and the morphology of PLA/PBS/SiC 

composites was characterized by field emission 

scanning electron microscopy (FESEM). Moreover, 

this study could develop bio-composites from 

PLA/PBS/SiC. It might be applied to the filament of 3D 

printing by considering the impact strength, elongation 

at break and melt flow rate.  

 

2 Materials and Methods 

 

2.1 Materials 

 

Poly(lactic acid), grade PLA 2003D was purchased 

from NatureWorks, LLC, Thailand, and polybutylene 

succinate, grade PBS FZ71PM from PPT MCC 

Biochem Co., LTD., Thailand. Silicon carbide (SiC) 

was purchased from Minerals Water, United Kingdom, 

with around 7 μm (F1200) average particle size. (3-

Aminopropyl) triethoxysilane (98%) is a silane 

coupling agent that was ordered from Alfa Aesar, China 

and was used for treating SiC powder in this study. 

 

2.2 Sample preparation 

 

The silane coupling and ethanol solution were 

prepared at 5 wt.% for treating SiC particles before 

mixing with PLA/PBS blends. In the first step, a 

mixture of solution containing deionized water and 

ethanol had a ratio of 25:75 V%/V% and was turned 

to pH 4–5 by adding acetic acid. Then, (3-

Aminopropyl) triethoxysilane was added to reach a 5 

wt.% (21 g) concentration. The silane coupling and 

ethanol solution were mixed by a magnetic stirrer 

machine for 15 min (Silanized-solution). Then, SiC 

powder was washed using ultrasonication three times, 

repeating for 15 min at room temperature. In the final 

step, the treated SiC powder (Silanized-SiC) was air 

dried at 90 °C for 24 h and ground to a fine powder 

before mixing with PLA/PBS (as presented in Figure 1). 

 

 
 

Figure 1: Schematic of silanization of SiC particles. 

 

Both PLA and PBS pellets were dried at 50 °C 

for 48 h using a drying oven. Modified SiC was also 

dried at 90 °C for 24 h before mixing. All ingredients 

were mixed using an internal mixer at 200 °C and 50 

rpm. The PLA/PBS/SiC formula. PLA/PBS blends 

with a retained ratio of 80/20 wt.% was prepared and 

modified SiC was filled between 0 and 40 phr. 

According to ASTM D638-14 (type V) (2014) and 

ASTM D256-10 (2010) for tensile and impact testing 

specimens, five specimens of each combination were 

produced by hot compression molding at 190 °C for 

eight minutes for each compound, as illustrated in 

Figure 2. The dimensions of the tensile specimen are 

a length overall of 63.5 mm, a length of a narrow 

section of 9.53 mm, a distance between grips of 25.4 

mm, a gage length of 7.62 mm, a width of a narrow 

section of 3.18 mm, width overall of 9.53 mm and a 

radius of fillet of 12.7 mm. The dimension of the Izod 

impact specimen test is length of 63.5 mm, width of 

12.7 mm, notch tip radius of 0.25 mm, notch depth of 

2.54 mm, notch angle of 45º and thickness of 3 mm. 
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Figure 2: Schematic of PLA/PBS/SiC testing specimens 

preparation. 

 

2.3 Testing and characterization 

 

Impact fractured specimens of PLA/PBS/SiC 

composite were used to investigate the morphology 

using a field emission scanning electron microscopy 

technique (FESEM; ZEISS AURIGA). Every sample 

was coated with gold before the examination. Then, 

FESEM images of the composites are captured on 

fractured impact sample surfaces. Moreover, thermal 

properties were examined by differential scanning 

calorimeter (Mettler Toledo model DSC1). A first 

heating scan was used for all samples, starting from 25 

to 200 °C at 10 °C/min. After that, Tg, Tm, ΔHm and 

%Xc were evaluated and presented. Furthermore, a 

melt flow indexer (GÖTTFERT, mi2.1) was used to 

measure the melt flow rate (MFR) of all components 

according to ASTM D1238-13 (2013). The MFR was 

explored in the unit of g/10 min as the mass (g) of the 

sample extruded at the isothermal temperature of 190 °C 

in 10 min under a constant weight of 2.16 kg through 

a capillary die. 

The tensile test and impact test were investigated 

by following ASTM D638-14 and ASTM D256-10 at 

2.75 J, respectively. A universal testing machine 

(UTM, Lloyd Instruments, LP10K) was used to test 

and record the tensile properties. The speed of the 

crosshead was set at 10 mm/min and tested at 25 °C 

for all combinations. The impact strength was 

measured using an impact tester (INSTRON CEAST 

9050). All specimens were notched and tested by the 

Izod method. 

 

3 Result and Discussion 

 

3.1 Morphology  

 

The fracture surface morphology of PLA/PBS/SiC 

composites was explored using a field emission 

scanning electron microscope (FESEM). The impact 

fractured surface of neat PLA demonstrated a 

smoother surface than PLA/PBS blends as presented 

in Figure 3(a). This is due to the poor plastic 

deformation of neat PLA [36]. Figure 3(b) exhibited 

the compatibility of the PLA/PBS blends and the 

homogeneous dispersion of the PBS phase throughout 

the PLA matrix [37]. The interface area between the 

PLA and PBS was found as a tiny cavity between the 

two phases, as observed in Figure 3(c)–(f). It can be 

indicated as the immiscible blend [38]. 

The morphology can be seen that SiC particles 

were embedded within PLA matrix and evenly 

dispersed throughout PLA/PBS blends matrix as 

shown in Figure 3(c)–(f) because the surface of SiC 

particles was treated by silane coupling before mixing. 

This is due to the surface of modified particles having 

a granular surface, then becoming rough, and the 

abundant hydrophobic organic compounds on the 

surface of silane-treated SiC particles. The 

modification enhanced the hydrophobicity on the 

surface of SiC particles [39]. By adding SiC and 

increasing the SiC fraction into PLA/PBS blends, the 

fractured surface becomes rougher. FESEM image 

shows SiC particles embedded into PLA/PBS blend. 

However, these morphologies show some small 

cavities as exhibited in Figure 3(c)–(f). These results 

can support the result of tensile properties and impact 

strength. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3: FESEM images of PLA/PBS/SiC with PLA/PBS were retained at 80/20 wt.% with different SiC 

fractions (nominal magnification of 5000x). 

 

3.2 Mechanical properties 

 

The tensile stress-strain curve of all samples is 

presented in Figure 4. All curves presented an initial 

linear elastic behavior, and after that, a non-linear 

region until the maximum stress was reached [33]. 

Neat PLA showed brittle fracture while the blends 

with PBS of 20 wt.% (80/20/0) showed a notable 

ductile behavior. When incorporating treated SiC and 

increasing SiC fraction, the curve becomes like a hard 

and brittle material, the strain was decreased, and in 

contrast, the slope of an initial linear elastic was 

slightly increased. Furthermore, tensile strength, 

elongation at break and Young’s modulus were 

obtained from these stress–strain curves. The tensile 

results consist of tensile strength, elongation at break 

and Young’s modulus of PLA/PBS/SiC composites 

with varying SiC fractions from 0 to 40 phr were 

presented in Figures 5–7, respectively.
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Table 1: Tensile properties and impact strength of PLA/PBS/SiC with PLA/PBS were retained at 80/20 wt.% 

and different SiC fractions. 
PLA/PBS/SiC Tensile Strength 

(MPa) 
SD Elongation at Break 

(%) 
SD Young's Modulus 

(MPa) 
SD Impact Strength 

(kJ/m2) 
SD 

100/0/0 50 5 12 1 706 41 2.5 0.1 
80/20/0 20 1 70 11 650 45 3.6 0.7 
80/20/10 17 1 49 17 687 79 4.7 1.1 
80/20/20 22 3 35 12 720 94 5.1 0.5 
80/20/30 38 3 15 2 832 65 4.7 0.6 
80/20/40 42 2 10 1 939 29 4.7 0.3 

 
Figure 4: Tensile stress-strain curves of 

PLA/PBS/SiC with PLA/PBS were retained at 80/20 

wt.% and different SiC fractions. 
 

 
Figure 5: Tensile strength of PLA/PBS/SiC with 

PLA/PBS was retained at 80/20 wt.% and different 

SiC fractions. 

 

Results show that the tensile strength and percent 

elongation at the break of neat PLA was 50 MPa and 

12%, respectively, while, Young’s modulus has a high 

value of 706 MPa as shown in Table 1. By blending 

with PBS of 20 wt.%, tensile strength suddenly 

decreased, but elongation at break suddenly increased. 

This was because of adding PBS of 20 wt.% which 

was evenly dispersed into PLA matrix, which led to 

improvement in the elongation of the blend. At the 

same time, no compatibility between PLA and PBS 

decreased tensile strength. As expected, the tensile 

strength reduced from 50 to 20 MPa when PBS of 20 

wt.% was added. This was because of PBS’s lower 

tensile strength than PLA. Moreover, it was due to its 

flexibility and toughness of PBS, which improved the 

elongation at a break of 483% compared to neat PLA, 

as found that the behavior of the specimen changed 

from brittle (smooth fractured surface) to ductile 

(rough fractured surface) fracture [37], [40]. 
 

 
Figure 6: Elongation at break of PLA/PBS/SiC with 

PLA/PBS was retained at 80/20 wt.% and different 

SiC fractions. 

 

When adding SiC particles, tensile strength 

tended to increase when increasing SiC fractions as 

shown in Figure 5 and Table 1. This behavior could be 

due to good adhesion between treated-SiC particles 

and PLA/PBS blends [30]. Furthermore, the 

increasing SiC fraction increases the tensile strength 

because of the uniform dispersion of SiC particles 

throughout the PLA/PBS matrix.  

In contrast, elongation at break decreased with 

increasing SiC fractions as shown in Figure 6. This 

might be due to loading SiC particles, which makes 

the PLA/PBS matrix lose its flexibility. The insertion 

of filler is affected by intermolecular force and loose 

chain entanglement, which decreases the continuous 

phase of the polymer. Furthermore, the inclusion of 

SiC particles lowered stress transfer. On the other 
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hand, the polymer chain relaxation was affected. The 

cracks were generated during deformation, resulting in 

a decrease in tensile strength when compared to neat 

PLA. This is because the concentration of stress at the 

interface made the polymer chains rigid [41]. 

 Young’s modulus of neat PLA was 706 MPa. 

When blending with 20 wt.% of PBS, Young’s 

modulus slightly decreased to 650 MPa, then, it was 

enhanced up to 939 MPa by the addition of 40 phr of 

SiC. It was improved by 33% when compared to neat 

PLA. Treated-SiC exhibited a notable enhancement in 

Young’s modulus reaching 939 MPa when 

incorporating 40 phr of SiC as shown in Figure 7. The 

observed phenomenon resulted from the incorporation 

of SiC as a ceramic filler resistance to load-induced 

deformation. This was present due to the high Young’s 

modulus and stiffness exhibited by incorporation and 

increasing the fraction of SiC [41]. 
 

 
Figure 7: Young’s modulus of PLA/PBS/SiC with 

PLA/PBS was retained at 80/20 wt.% and different 

SiC fractions. 

 
Figure 8: Impact strength of PLA/PBS/SiC with 

PLA/PBS was retained at 80/20 wt.% and different 

SiC fractions. 

 

 
Figure 9: Melt flow rate of PLA/PBS/SiC with 

PLA/PBS was retained at 80/20 wt.% and different 

SiC fractions. 

 

The impact strength of neat PLA was 2.5 kJ/m2. 

Loading PBS 20 wt.% can enhance the impact strength 

of polymer blends up to 3.6 kJ/m2, because of the 

flexibility of PBS phase and the even dispersed 

throughout PLA matrix. When loading SiC particles, 

uniform distribution of the inorganic fillers in the 

polymer matrix can improve the force absorption of 

the polymer composite [42]. The impact strength can 

be reached at 5.1 kJ/m2 with a loading of 20 phr of 

SiC, as shown in Figure 8 and Table 1. It was 

improved by 104% and 60% compared to neat PLA 

and PLA/PBS of 80/20 wt.%, respectively. The SiC 

particles within the PLA/PBS matrix impeded crack 

propagation by facilitating crack branching, 

effectively absorbing externally applied energy, and 

improving impact strength [29]. The other reason was 

that treating SiC particles with silane coupling can 

improve the compatibility between PLA/PBS matrix 

and SiC particles [43]. The impact strength slightly 

decreased, possibly due to some agglomerating of SiC 

particles within PLA/PBS matrix when loading a high 

fraction of SiC (30 and 40 phr). 

 

3.3 Melt flow rate 

 

Melt flow rate (MFR) or melt flow index indicates the 

flowability of the polymer melt and is an indirect 

indication of the molecular weight and viscosity of the 

melt. Raising MFR for the blends can be a reason for 

the decrease in the molecular weight and lack of 

compatibility of the blend.  

Figure 9 presented the MFR of the neat PLA, 

PLA/PBS blend (80/20 wt.%) and PLA/PBS/SiC 

composites. By loading with PBS of 20 wt.%, MFR 
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was raised to 4.16 g/10 min while neat PLA has 3.39 

g/10 min. The increase in MFR of the blends might 

indicate a reduction in the molecular weight of the 

polymers during melt mixing and immiscibility 

between PLA and PBS blends. When loading 10 phr 

of SiC, MFR decreased (3.44 g/10 min), indicating 

viscosity of the composite was raised. On the other 

hand, MFR increased with increasing SiC fraction up 

to 4.62 g/10 min. This might be because SiC particles 

act as lubricants on the polymer molecule chains. The 

flat surface of SiC particles can influence the 

movement of the polymer molecule chains [43]. This 

also implies that the viscosity of the composites was 

decreased. 

 

3.4 Thermal properties 

 

Thermal properties of neat PLA, PLA/PBS blends and 

PLA/PBS/SiC composites were examined by DSC 

thermogram as presented in Figure 10. The DSC 

thermogram clearly shows the glass transition 

temperature (Tg), crystallization temperature (Tc) and 

melting temperature (Tm).  

 

 
Figure 10: DSC thermogram of PLA/PBS/SiC with 

PLA/PBS was retained of 80/20 wt.% and different 

SiC fractions. 

For neat PLA, the Tg, Tc, PLA and Tm, PLA of PLA 

were 63.5 °C, 111.3 °C and 154.7°C, respectively. For 

loading PBS of 20 wt.%, DSC thermogram showed Tg, 

Tm, PLA and Tm, PBS were 64.9 °C, 155.0 °C and 116.3 

°C, respectively, while Tc disappeared. This can be 

indicated that loading PBS does not influence the 

thermal conductivity of PLA and PBS blends, because 

of the lack of interaction between PLA and PBS. By 

loading SiC, Tg, Tm, PLA and Tm,PBS in all compositions 

were nearly the same as those of the PLA/PBS blends 

(shown in Table 2), indicating that the addition of SiC 

to PLA/PBS had no effect on both Tg and Tm of PLA 

and PBS. This might indicate the thermodynamics of 

PLA, PBS and SiC, which are incompatible [44].  

However, the area under the endothermic peak of 

both PLA and PBS decreased with loading more SiC 

fraction, which reduced the melting enthalpy (ΔHm) as 

presented in Table 2. A slight decrease in the melting 

enthalpy might be related to enhancing the fraction 

effect of the SiC within the PLA/PBS matrix.  

Besides, the incorporation of SiC particles 

affects the mobility of the PLA and PBS molecular 

chains and the melting enthalpy is reduced, leading to 

changes in the crystallinity of both PLA and PBS 

phases [41]. When blending 20 wt.% of PBS, the 

degree of crystallinity of PLA (Xc,PLA) decreased from 

50.9 to 28.9%. This indicates that PBS hindered the 

crystallization rate of PLA [45]. In the case of loading 

SiC into PLA/PBS, the melting enthalpy was 

decreased. This might be due to SiC particles 

hindering the migration and diffusion of both PLA and 

PBS chains, and constraining the mobility of the 

molecular chain. This resulted in a reduction of the 

released melting enthalpy, thereby inducing 

alterations in the crystalline properties of both PLA 

and PBS by lowering the degree of crystallinity [41], 

[46] as exhibited in Table 2. 

 

Table 2: Thermal properties of PLA/PBS/SiC with PLA/PBS were retained at 80/20 wt.% and different SiC 

fractions. 
PLA/PBS/SiC Tg (°C) Tc,PLA 

(°C) 

Tm,PLA 

(°C) 

Tm,PBS 

(°C) 

ΔHc,PLA 

(J/g) 

ΔHm,PLA 

(J/g) 

ΔHm,PBS 

(J/g) 

Xc,PLA 

(%) 100/0/0 63.5 111.3 154.7 N/A 21.7 25.7 N/A 50.9 

80/20/0 64.9 N/A 155.0 116.3 N/A 21.5 13.1 28.9 

80/20/10 64.3 N/A 154.3 115.8 N/A 20.7 10.8 27.8 

80/20/20 65.4 N/A 154.5 115.8 N/A 20.6 11.1 27.7 

80/20/30 65.7 N/A 155.2 116.7 N/A 18.9 10.6 25.3 

80/20/40 65.9 N/A 154.5 115.3 N/A 19.0 10.1 25.6 
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4 Conclusions 

 

PLA/PBS/SiC composites were successfully prepared 

using an internal mixer. FESEM analysis revealed 

uniform dispersion and good adhesion of modified 

SiC particles within the PLA/PBS matrix. Preparing 

PBS and SiC particles in varying fractions 

significantly influenced the composites’ mechanical 

properties. Young’s modulus and impact strength 

improved with SiC additions ranging from 10 to 40 

phr, with Young’s modulus reaching 939 MPa at 40 

phr and impact strength reaching 5.1 kJ/m² at 20 phr. 

These results indicate that SiC particles enhance the 

strength and stiffness of PLA/PBS/SiC composites. 

Additionally, SiC loading increased the MFR by 

reducing viscosity and enhancing polymer chain 

mobility during melting. The Tg and Tm of PLA and 

PBS remained largely unaffected by increased SiC 

content, while ΔHm for both polymers and %Xc,PLA 

tended to decrease with higher SiC fractions. This can 

be attributed to the influence of SiC on the molecular 

chain motion of PLA and PBS. 
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