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Abstract 

We investigated the structure and properties of binary blends comprising poly(lactic 

acid) (PLA) as a matrix and ethylene–vinyl acetate copolymer (EVA), by considering 

the effect of the vinyl acetate (VAc) content in EVA. The interfacial tension with PLA 

was found to decrease with increasing the VAc content. Therefore, blends comprising 

EVA with a high VAc content have fine EVA particles, and exhibit marked mechanical 

toughness and good transparency. Although pure PLA is prone to brittle fractures, the 

addition of EVA leads to shear yielding, which is prominent when the matrix ligament 

thickness is shorter than a critical value. The cavitation process in the dispersed EVA 

particles is also responsible for the mechanical toughness, which is obvious in EVA 

with a high VAc content.  

 

Keywords: Poly(lactic acid); Mechanical properties; Polymer blends; Transparency; 

Morphology 
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Introduction 

Global concern about plastic waste has accelerated the use of poly(lactic acid) 

(PLA), which is one of the best-known biodegradable plastics produced from renewable 

resources. Recently, the manufacturing cost of PLA has decreased greatly. Therefore, it 

is expected to become a substitute for conventional plastics such as polypropylene. PLA 

has several advantages such as high modulus and transparency. However, its 

applications remain limited because it has poor impact strength, low heat distortion 

temperature, and poor melt elasticity [1-4]. The heat resistance of PLA can be greatly 

improved by increasing its crystallinity [4-6], and several methods of enhancing its melt 

elasticity have been proposed recently [4,7-10]. 

The addition of a rubbery material is a well-known general technique for improving 

the mechanical toughness of most brittle plastics, although a recent study revealed that 

the mechanical toughness of PLA is improved by an appropriate thermal history [11,12]. 

The addition of rubber is known to provide energy dissipation owing to pronounced 

plastic deformation under stress, such as shear yielding of a matrix between rubber 

particles, multiple crazing starting from rubber particles, and cavitation in rubber 

particles [13-15]. To date, various materials have been used to improve the mechanical 

toughness of PLA. These include poly(ε-caprolactone) [16], poly(butylene succinate) 

[17,18], poly(butylene adipate–co-terephthalate) (PBAT) [19], thermoplastic 

polyurethane elastomers (TPUs) [20], and core–shell latex rubbers [21]. Han and Huang 

[20] reported that the addition of TPU greatly improved the mechanical toughness of 

PLA because it had good compatibility with PLA due to hydrogen bonding. They also 
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confirmed that the matrix ligament thickness plays an important role in mechanical 

behavior. In the case of blends with PBAT, which has been commercialized as an impact 

modifier for PLA [19], the mechanical toughness is further improved by the addition of 

a reactive modifier [22]. A similar technique has also been reported by Harada et al. [17] 

and Li and Shimizu [23]. 

Even a polymer having poor compatibility with PLA, such as linear low-density 

polyethylene (LLDPE), can improve mechanical toughness by controlling the phase-

separated structure, as reported by Anderson et al. [24]. In general, PLA/LLDPE blends 

have low impact strength owing to their coarse morphology, which leads to excess stress 

concentration. This is reasonable because the system has a large interfacial tension. 

However, the addition of a block copolymers composed of PLA and polyethylene (PE) 

as a compatibilizer resulted in a finer morphology with strong adhesion at interface, 

which greatly improves the impact strength. 

Poly(vinyl acetate) (PVAc) is miscible with PLA [25], whereas PE is not. Therefore, 

it is supposed that the compatibility/miscibility of PLA with ethylene–vinyl acetate 

copolymer (EVA) depends on the vinyl acetate (VAc) content in EVA. In fact, EVA with 

more than 50 wt.% of VAc is capable of improving the impact strength and elongation 

at break of PLA [26-28]. 

In the present study, we first evaluated the effect of the VAc content in EVA on its 

compatibility with PLA. Based on this information, we investigated the influence of the 

dispersion of EVA particles on the mechanical and optical properties of the blends. 
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Experimental 

Materials 

We used a commercially available poly(lactic acid) (PLA) with an L-lactide content 

of 98.5% and a melting point of 167 °C. The number- and weight-average molecular 

weights evaluated by size exclusion chromatography with a polystyrene standard were 

Mn = 1.03 × 105 and Mw = 1.82 × 105, respectively. We used three EVA copolymers with 

various vinyl acetate (VAc) contents. In the present study, the numerals in the EVA 

sample codes represent the VAc content as a weight fraction. EVA25 was crystalline 

and had a melting point (Tm) of approximately 75 °C. The other EVA samples were 

amorphous. The characteristics reported by the producer are summarized in Table 1, 

with the solubility parameter δ calculated by the group contribution method proposed 

by Small [29]. 

 

Table 1 Characteristics of polymers 

Sample 

code 

VAc 

(wt.%) 

Density 

(kg/m3) 

δ 

(MPa0.5) 
Grade, Producer 

PLA － 1240 19.6 Ingeo 4032D, NatureWorks 

EVA25 25 948 17.7 Ultrathene 640, Tosoh 

EVA50 50 1000 17.9 Levapren 500, Lanxess 

EVA80 80 1110 18.6 Levapren 800, Lanxess 

 

Sample preparation 

We dried the PLA and EVA at 80 °C for 3 h to avoid hydrolysis [6], then mixed 
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them in the molten state using an internal batch mixer (Labo-Plastmill; Toyo Seiki 

Seisaku-sho, Japan) at 180 °C for 5 min. The blade rotation speed was 120 rpm, which 

provided a shear rate of 114 s-1 between the blades and the inner wall. The blend ratios 

of PLA/EVA by weight were 90/10, 80/20, and 70/30. We also added the following 

thermal stabilizers: pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate) (Irganox 1010; Ciba Specialty Chemicals, Switzerland); 

and 6-[3-(3-tert-butyl-4-hydroxy-5-methylphenyl)propoxy]-2,4,8,10-tetra-tert-

butyldibenzo[d,f][1,3,2] dioxaphosphepin (Sumilizer GP; Sumitomo Chemical, Japan). 

The content of each stabilizer was 3000 ppm. The blend samples were compression-

molded into flat sheets of various thicknesses at 200 °C, then quenched at 25 °C. 

 

Measurements 

The shear viscosities of the raw materials at 190 °C as a function of shear rate were 

evaluated using a capillary rheometer (Capilograph; Toyo Seiki Seisaku-sho, Japan). A 

circular die with 20 mm in length and 1 mm in diameter was employed. Neither Bagley 

nor Rabinowitsch corrections were performed. 

The refractive index at 589 nm and 25 °C was measured using an Abbe 

refractometer (NAR-1T; Atago, Japan) with 1-bromonaphthalene as a contact liquid. 

The contact angle measurements were carried out at 25 °C on the surfaces of 

compression-molded sheets. The contact angle θ was evaluated using a drop-shaped 

analysis system (DMs-401; Kyowakaimenkagaku, Japan). We used distilled water 

(H2O, γL  = 72.8 mN/m, γL
d   = 21.8 mN/m, and γL

p   = 51.0 mN/m) and methylene 
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iodide (CH2I2, γL  = 50.8 mN/m, γL
d   = 49.5 mN/m, and γL

p   = 1.3 mN/m) as probe 

liquids. 

The morphologies of the blends were examined by scanning electron microscopy 

(SEM; TM3030; Hitachi, Japan) and transmission electron microscopy (TEM; JEM-

2100F; JEOL, Japan). Prior to the SEM observation, the cryogenically fractured surface 

of the compression-molded sheet was coated with gold. For the TEM investigation, we 

cut a thin sample (approximately 100 nm) from the compression-molded sheet using an 

ultramicrotome, and stained it with RuO4 prior to examination. The diameters of the 

dispersed EVA particles were evaluated from the SEM images using image analysis 

software (Image J; National Institutes of Health, MD, USA). 

The temperature dependence of the dynamic tensile moduli in the solid state—the 

tensile storage modulus E′ and the loss modulus E′′— at 10 Hz was determined using a 

dynamic mechanical analyzer (Rheogel-E4000; UBM, Japan) in the temperature range 

from -100 to 200 °C. The heating rate was 5 °C/min. We used rectangular samples (5 

mm wide × 20 mm long × 1 mm thick). 

The optical transparency was evaluated using a UV–visible analyzer (Lambda; 

Perkin-Elmer, MA, USA) and a haze meter (NDH-7000; Nippon Denshoku Industries, 

Japan) using a white light-emitting diode as a light source. Both measurements were 

carried out at 25 °C using a 0.1 mm-thick sheet. 

The crystalline structures of the samples were investigated by wide-angle X-ray 

diffraction (WAXD; Smart Lab, Rigaku, Japan) using CuKα radiation at 30 mA and 40 

kV. The sample sheet was 0.1 mm thick and the scan speed was 10°/min. 
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Tensile tests were carried out at 25 °C using a tensile testing machine (Tensilon 

RTE-1210; Orientec, Japan) at a crosshead speed of 200 mm/min. The samples were 

cut into 0.1 mm-thick dumbbell-shaped specimens (ASTM 1822L). 

The impact strength was evaluated with a film impact tester (Toyo Seiki Seisaku-

sho, Japan) at 25 °C using 0.1 mm-thick sheets. The measurements were performed at 

least five times, and the average value was calculated. 

 

Results and Discussion 

Characteristics of PVA and EVA 

We evaluated the shear viscosities of the raw materials because the viscosity ratio 

plays a dominant role in the structure of an immiscible polymer blend [9,30]. As shown 

in Fig. 1, the shear viscosity of PLA was higher than those of the EVA samples over a 

wide range of shear rates. EVA80 had a slightly lower viscosity than the other EVA 

samples. Furthermore, the EVA samples exhibited marked non-Newtonian behavior 

compared with PLA. This was as expected because EVA has a broad relaxation time 

distribution owing to a broad molecular weight distribution and a long-chain branch 

structure. Therefore, the rheological properties are similar to those of low-density 

polyethylene, not linear polyethylene [31]. 
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Figure 1 Apparent shear viscosity versus shear rate at 190 ℃. 

 

Figure 2 Refractive indices of EVA samples as a function of the VAc content. The 

solid line represents the refractive index of PLA. 

 

 We also determined the refractive indices of the raw materials at 25 °C to discuss 

the transparencies of the blends. Fig. 2 shows the refractive index at 589 nm of EVA as 

a function of the VAc content. As reported by Takahashi et al., the refractive index 

decreased as the VAc content increased [32]. The refractive index of PLA was lower 

than those of the EVA samples used in the present study. Therefore, it was reasonable 

to assume that a binary blend composed of PLA and EVA with a high VAc content 

would have good transparency. 
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We determined the surface tensions of PLA, EVA25, and EVA80 by the contact 

angle θ using the following equation [33] to predict the interfacial tension, which affects 

the blend morphology and adhesive strength between phases to a great extent [34-38]: 

( )1 cos 2 2d d p p
L L Lγ θ γ γ γ γ+ = + ,          (1) 

where γL  is the surface tension of the probe liquids, and d
Lγ   and p

Lγ   are the 

dispersive and polar components, respectively. Furthermore, dγ  and pγ  are those of 

a measured polymer, and their sum is the surface tension of the polymer, that is, γ. Table 

2 summarizes the contact angles and the calculated surface tensions. 

 

Table 2 Contact angles and calculated surface tensions 

Samples 

Contact angle 

(degree) 

Surface tension and its components 

(mN/m) 

H2O CH2I2 γ dγ  pγ  

PLA 73.4 42.9 41.3 33.7 7.6 

EVA25 85.1 43.7 38.1 35.5 2.7 

EVA80 73.8 40.7 42.0 35.0 7.0 

  

Furthermore, the interfacial tension ΓPLA/EVA  was estimated from the surface 

tension and its components using the following equation [39]: 

ΓPLA/EVA= γPLA+ γEVA − 4 γPLA
d γEVA

d

γPLA
d +γEVA

d − 4
γPLA
p γEVA

p

γPLA
p +γEVA

p  .       (2) 

Table 3 shows the calculated interfacial tension with the difference in the solubility 

parameters, ∆δ, predicted using the Small’s method. 
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Table 3 Interfacial tension Γ and solubility parameter difference ∆δ 

Polymer pair ΓPLA/EVA (mN/m) ∆δ (MPa0.5) 

PLA/EVA25 2.4 1.9 

PLA/EVA50 - 1.7 

PLA/EVA80 0.05 1.0 

 

 Good compatibility was suggested between PLA and the EVA samples with a high 

VAc content. This was as expected because poly(vinyl acetate) is known to be miscible 

with PLA [25]. In the case of EVA80, in particular, the interaction parameter with PLA 

was markedly small. Even though the value was calculated based on the surface tension 

in the solid state, good compatibility with PLA in the molten state—at melt-mixing—

was expected for EVA80. 

 

Blend Morphology 

SEM images of the blend samples are shown in Fig. 3. The dispersed droplets were 

fine, especially in the blends with EVA80, as predicted by the interfacial tension [30]. 

The droplet diameter increased with the EVA content because EVA particles coalesce 

more frequently at high concentrations. The mean droplet diameter ( d ) and its 

distribution (σ) were calculated using the following equations [40]: 

1

1

lnln
N
i i i

N
i i

n dd
n

=

=

∑=
∑

,              (3) 

( )2
1

1

ln ln
ln

N
i i i

N
i i

n d d
n

σ =

=

−∑
=

∑
 ,           (4) 

where ni is the number of droplets with a diameter of di, and N is the total number 

of droplets. A large σ value indicates a broad distribution of particle sizes. When all 
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particles have the same diameter, i.e. monodisperse, σ is 1. The mean diameter of the 

droplets d and its distribution σ are summarized in Table 4. It should be noted that the 

droplet diameters of PLA/EVA50 (90/10), PLA/EVA80 (90/10), and PLA/EVA80 

(80/20) were smaller than 1 µm. 

 
Figure 3 SEM images of fractured surfaces of the PLA/EVA blends. 

 

Table 4 Size of dispersed droplets and matrix ligament thicknesses 

Samples 
PLA EVA φ d σ T 

(wt.%) (wt.%) (vol.%) (µm) (-) (µm) 

PLA/EVA25 

90 10 0.127 1.4 1.80 2.05 

80 20 0.246 2.2 1.89 2.21 

70 30 0.359 4.4 2.28 7.69 

PLA/EVA50 

90 10 0.121 0.8 1.39 0.68 

80 20 0.237 1.4 1.92 1.73 

70 30 0.347 1.6 2.03 1.80 

PLA/EVA80 

90 10 0.110 0.6 1.24 0.47 

80 20 0.218 0.8 1.35 0.39 

70 30 0.324 1.1 1.61 0.60 

φ: volume fraction of ethylene–vinyl acetate copolymer (EVA); d: particle diameter;  

σ: particle diameter distribution; T: matrix ligament thickness. 

90/10 (w/w) 80/20 (w/w) 70/30 (w/w)

EVA25

EVA50

EVA80

PLA/EVA

2μm 2μm 2μm

2μm 2μm 2μm

2μm 2μm 2μm



Kugimoto et al., 13 

  

 

We calculated the matrix ligament thickness T, that is, the distance between the 

surface-to-surface interparticle distance, using the following equation [40]: 

( ) ( )
1/3

2 2exp 1.5 ln exp 0.5 ln
6

T d π σ σ
φ

  
= −  

   
,      (5) 

where ϕ is the volume fraction of the dispersed droplets. The results are also shown in 

Table 4. 

Fig. 4 shows the temperature dependence of the dynamic tensile moduli, that is, the 

storage modulus E′ and the loss modulus E′′. The PLA sheet obtained under such 

cooling conditions—quenched at 25 °C—had no crystallinity, as shown later. Therefore, 

E′ dropped off sharply at the glass transition temperature Tg at approximately 60 °C. 

Beyond Tg, E′ increased owing to cold crystallization; i.e., crystallization during heating. 

This is a well-known phenomenon for a quenched crystalline polymer with no/few 

crystallinity including PLA [1,4,6,12,41]. Since the molecular motion is allowed 

beyond the Tg, crystallization occurs, leading to the modulus increase. The E′ value then 

decreased again at approximately 165 °C owing to the melting of the crystals. These 

dynamic mechanical behaviors of quenched PLA were already reported elsewhere 

[4,6,12]. In the case of pure EVA, E′ decreased at Tg; this was more obvious in EVA50 

and EVA80, i.e., the non-crystalline EVA samples. For EVA25, E′ decreased gradually 

owing to the crystallinity, and fell off sharply at Tm, that is, 75 °C. The E′′ peak of 

EVA25 ascribed to Tg was broad owing to its crystallinity. These dynamic mechanical 

properties were almost the same with the reported ones [32,42]. For EVA80, the E′′ 

peak was located at a high temperature, suggesting a high Tg. The blends had similar 
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dynamic mechanical properties compared with the pure PLA—the matrix of the 

blends—although the E′ decreased slightly at approximately the Tg of the EVA phase. 

Although a significantly low interfacial tension was expected between PLA and EVA80, 

the peak temperatures in the E′′ curve, ascribed to the Tg values of both phases, were 

not affected, demonstrating that mutual dissolution hardly occurred. 

 

 

Figure 4 Temperature dependencies of tensile storage modulus E′ and loss modulus E′′ 
at 10 Hz. 

 

 Fig. 5 shows the WAXD profiles of the pure samples. For PLA, there were no 

diffraction peaks attributable to a crystalline structure, suggesting that the PLA sheet 

was non-crystalline, as corroborated by the dynamic mechanical properties shown in 

Fig. 4. EVA25 had a strong diffraction peak, whereas both EVA50 and EVA80 produced 
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only a broad amorphous peak. The blends with EVA50 and EVA80 also produced 

amorphous peaks (not presented here). 
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EVA80

EVA50

EVA25

 

Figure 5 Wide-angle X-ray diffraction (WAXD) profiles of pure samples. 

 

Optical transparency 

 Fig. 6 shows the light transmittance values, and Table 5 summarizes the haze values 

of the samples. We performed both measurements at 25 °C using 0.1 mm-thick sheets. 

The light transmittance of the blends, which corresponds with the haze values, 

decreased with increasing the EVA content owing to light scattering. It should be noted 

that the transparency depended strongly on the VAc content in EVA. Blends with 

EVA80 in particular exhibited good transparency because there were only small 

differences in the refractive indices with fine droplets. 
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Figure 6 Wavelength dispersion of light transmittance. 

 

Table 5 Haze values  
 

 

 

 

 

 

 
 
 

 

 

 

Mechanical properties 

 The stress–strain curves at 25 °C are shown in Fig. 7. Both stress and strain are the 

engineering values. The pure PLA underwent brittle fracture when stretching 

commenced, which is a well-known behavior [1-4,11,12]. The yield points detected in 

0
10
20
30
40
50
60
70
80
90

100

200 300 400 500 600 700 800

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

PLA
PLA/EVA80 (90/10)
PLA/EVA80 (80/20)
PLA/EVA80 (70/30)
PLA/EVA50 (90/10)
PLA/EVA50 (80/20)
PLA/EVA50 (70/30)
PLA/EVA25 (90/10)
PLA/EVA25 (80/20)
PLA/EVA25 (70/30)

Samples 
PLA EVA Haze 

(wt.%) (wt.%) (%) 
PLA 100 0 3 

PLA/EVA25 
90 10 86 
80 20 89 
70 30 90 

PLA/EVA50 
90 10 35 
80 20 59 
70 30 60 

PLA/EVA80 
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the blends suggest that the mechanical toughness was improved by the EVA addition to 

some degree, at least at the stretching speed applied in this study, that is, an initial strain 

rate of 0.35 s-1. The elongation at break increased with the EVA content in the 

PLA/EVA80 blends, as summarized in Fig. 8, whereas it decreased with the EVA 

content in the PLA/EVA25 blends. The low values of elongation at break for 

PLA/EVA25 (80/20) and (70/30) may be attributed to the excess stress concentration at 

the interface due to the large size of dispersed EVA particles, which resulted in brittle 

fracture via crack/craze formation. 

 

Figure 7 Stress-strain curves 
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Figure 8 Elongation at break 

 

 The film impact strengths at 25 °C are summarized in Fig. 9. The addition of 

EVA25 slightly enhanced the impact strength. However, the strength decreased with 

increasing the EVA25 content. This may be attributed to the coarse morphology, as 

corroborated by the tensile test; i.e., a high stress concentrated at the interface is 

responsible for the crack/craze formation. In contrast, the impact strength was markedly 

improved by the addition of EVA50 or EVA80. Furthermore, the strength of the blends 

also increased with increasing the EVA content. 

 

Figure 9 Film impact strength 
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Fig. 10 shows the appearance of the samples after the film impact tests. The 

samples with low impact strength—PLA and PLA/EVA25 (80/20)—exhibited brittle 

fractures with well-developed crack propagation. In contrast, we detected intense stress 

whitening in the samples with high impact strength, that is, the PLA/EVA50 and 

PLA/EVA80 blends. The stress whitening behavior is a key factor to understand the 

mechanical toughness [13-15,43-45]. Therefore, the morphology in the stress whitening 

region was investigated in detail by TEM. 

 

 

Figure 10 Appearance of the samples after the film impact tests. 

 

Fig. 11 shows the TEM images after the impact tests. There was a marked 

difference in the formation of voids and cracks among the samples. In PLA/EVA25 

(80/20), the cracks grew at the interface between the matrix and the droplets. This 

failure suggests the weak adhesion at the phase boundary due to high interfacial tension, 

i.e., thin interfacial thickness. Large dispersed particles with low interfacial strength 

result in poor mechanical toughness and crack propagation, which is presumably 

originated at the interface. In contrast, there was cavitation—void opening in the rubber 
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dispersion—in PLA/EVA80 (80/20). Cavitation, which must be the origin of the light 

scattering, reduces dilatational stress, providing ductility [43-45]. The differences in the 

fracture behavior between the samples must originate from the droplet size and the 

interfacial strength. The former is responsible for the stress concentration, and the latter 

affects the fracture point, that is, the interface between the phases or inside the dispersed 

particles. The interfacial strength is determined by the interfacial thickness due to the 

increase in the entanglement couplings. The interfacial thickness is known to be 

inversely proportional to the interfacial tension [34]. According to Wool, furthermore, 

the adhesive strength between immiscible polymers is proportional to the square root 

of interfacial thickness [46]. 

 

 

Figure 11 Morphologies of the samples after the impact tests. (top) PLA/EVA25 

(80/20) and (bottom) PLA/EVA80 (80/20). 
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Fig. 11 reveals that there was no droplet deformation in PLA/EVA25 (80/20), 

although the dispersed droplets were markedly deformed in PLA/EVA80 (80/20). 

Considering that the sample films were prepared by compression molding with a long 

heating period, which relaxed the orientation/deformation of EVA droplets, as shown 

in Fig. 11(a), the prolonged droplets suggest that shear yielding occurred in the matrix 

in PLA/EVA80 (80/20). Shear yielding is dominant in immiscible polymer blends when 

the matrix ligament thickness is shorter that the critical value [47]. Fig. 12 illustrates 

the relationship between the matrix ligament thickness and the film impact strength in 

the PLA/EVA blends. The impact strength increased when the ligament thickness was 

below the critical value—approximately 2 µm—irrespective of the EVA content. 

 

 

Figure 12 Relationship between matrix ligament thickness and impact strength 

  

The experimental results demonstrate that cavitation in the dispersed droplets and 

massive shear yielding in the PLA matrix were responsible for the mechanical 
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performance. The addition of EVA containing a high VAc content provides both 

mechanisms, thereby improving the mechanical toughness of PLA. 

 

Conclusions 

We investigated the effects of the addition of EVA on the optical and mechanical 

properties for PLA using three EVA samples with various VAc contents. The VAc 

content in EVA had a critical effect on the structure and properties of the blends. The 

interfacial tension with PLA decreased with increasing VAc content. Therefore, the 

dispersed EVA droplets were small in the blends containing EVA with a high VAc 

content, that is, EVA50 and EVA80. The elongation at break and the film impact 

strength were greatly improved, especially by the addition of EVA50 and EVA80. The 

detailed characterization of the fractured areas after the impact tests indicates that both 

shear yielding and cavitation occurred in the blends, indicating enhanced mechanical 

toughness. In contrast, the EVA25 blends exhibited brittle fracture with well-developed 

crack propagation. This was due to the weak interfacial strength between EVA and PLA, 

and the presence of large dispersed droplets, which resulted in excess stress 

concentration. The VAc content in EVA also affected the light transmittance, because 

the difference in the refractive indices of the components decreased with increasing the 

VAc content. The small size of the dispersed particles also helped to reduce light 

scattering. In conclusion, the addition of EVA80 greatly improves the mechanical 

toughness of PLA without sacrificing its optical transparency. 
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