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Abstract
The effect of ethylene–vinyl acetate copolymer (EVA) addition on the rheological properties of poly(lactic acid) (PLA) 
was studied. EVA exhibited strain-hardening behavior in the transient elongational viscosity due to its long-chain branch 
structure, whereas PLA did not show any strain-hardening. The blends showed sea-island structure, in which the size of 
EVA droplets decreased with the vinyl acetate content in EVA. It should be noted that the blends showed strain-hardening 
behavior even though EVA is not in the continuous phase. During elongational flow, EVA droplets deform to the fibrous 
shape owing to hydrodynamic force applied by the matrix PLA, and eventually their deformation is greatly reduced as a 
result of the strain-hardening. Consequently, the blend system behaved like a rigid-fiber dispersion, which are known to 
show enhanced elongational viscosity. Finally, the processability of a tubular-blown film was improved by the EVA addition 
because of the strain-hardening.
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Introduction

Poly(lactic acid) (PLA)—a biodegradable plastic produced 
from renewable resources—has several advantages including 
biodegradability, rigidity, and transparency [1–4]. However, 
PLA has limited applications owing to its less advantageous 
properties such as mechanical brittleness, slow crystalliza-
tion, and low melt elasticity. In particular, poor processabil-
ity attributed to low melt elasticity is a significant limitation 
for various processing operations such as T-die extrusion, 
tubular-blown film extrusion, blow-molding, thermoform-
ing, and foaming, in which marked strain-hardening in the 
transient elongational viscosity is required [3, 5–11]. This 
problem is not only encountered for PLA, but also various 
types of biomass-based polyesters because they have narrow 
molecular weight distributions and no long-chain branches. 
Various techniques have therefore been proposed to provide 

strain-hardening, one of the most important elastic proper-
ties in the molten state, to improve the processability.

It is well known that a polymer with long-chain branches 
shows marked strain-hardening in the transient elongational 
viscosity. In the case of conventional PLA, a linear poly-
mer is obtained by ring-opening polymerization of lactide. 
Therefore, introducing a multi-functional monomer into the 
polymerization process as a branch point to provide long-
chain branches has been reported [12, 13]. The incorporation 
of long-chain branches can also be achieved by the addition 
of a reactive compound to molten linear PLA. In particu-
lar, commercially available ethylene–acrylate copolymers 
containing glycidyl function are effective for enhancing the 
melt elasticity of various polyesters including PLA [14–16]. 
Furthermore, the addition of flexible nanofibers to provide 
strain-hardening behavior in the transient elongational vis-
cosity has been proposed [17–20], and is currently an avail-
able technique in industry.

Recently, mixing with an immiscible polymer with long-
chain branches has been proposed as a simple method of 
achieving strain-hardening. However, to date, only one 
system—the addition of low-density polyethylene (LDPE) 
to polypropylene (PP)—has been reported [21–23]. Strain-
hardening behavior in the transient elongational viscosity 
was clearly detected for the blend system, although LDPE 
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was a dispersed phase. During the initial stage of elon-
gational flow, LDPE droplets were deformed into fibrous 
shapes in a continuous PP phase. Eventually, they were 
barely deformed owing to their strain-hardening behavior. 
Consequently, the system behaved like a dispersion of rigid 
fibers. It is known that the steady-state elongational viscos-
ity of a dispersed-fiber system is greater than three times 
the zero-shear viscosity due to excess deformation of the 
continuous phase between neighboring fibers [24–26]. As a 
result, PP/LDPE blends show strain-hardening in the tran-
sient elongational viscosity. Such mechanisms are assumed 
to be applicable for various polymer blends in which a dis-
persed phase shows strain-hardening in the elongational 
viscosity, however, to the best of our knowledge, there have 
been only one report [27] other than for PP/LDPE.

In this study, ethylene–vinyl acetate copolymer (EVA), 
which has a long-chain branch structure [28] and thus shows 
strain-hardening in its elongational viscosity [29], was there-
fore used to modify the rheological properties of PLA. In 
addition, the processability of PLA/EVA in tubular-blown 
film extrusion was evaluated. Since PLA is known to be 
miscible with poly(vinyl acetate) [30], good compatibility 
is expected based on the findings of our preceding paper [4].

Experimental

Materials

A commercially available poly(lactic acid) (PLA) (Ingeo 
4032D; NatureWorks) with an l-lactide content of 98.5% 
and a melting point of 167 °C was used. Furthermore, two 
types of ethylene–vinyl acetate copolymer (EVA) with 
different vinyl acetate (VAc) contents were used, EVA25 
(Ultrathene 640; Tosoh) and EVA80 (Levapren 800; 
Lanxess). The numerals in the EVA sample codes represent 
the VAc content as a weight fraction. EVA25 was a crys-
talline polymer and had a melting point of approximately 
75 °C, while EVA80 was amorphous. The details of the sam-
ple characteristics were mentioned in our previous paper 
[4]. The solubility parameters, calculated using the group 
contribution method proposed by Small [31], were as fol-
lows [4]: 19.6  MPa0.5 for PLA, 17.7  MPa0.5 for EVA25, and 
18.6  MPa0.5 for EVA80.

Blend Preparation

Both PLA and EVA were dried at 80 °C for 3 h to avoid 
hydrolysis [32], then mixed 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 ratio of PLA/EVA 

in weight was 80/20. Thermal stabilizers such as pentaeryth-
ritol tetrakis(3-(3,5-di-tertbutyl-4-hydroxyphenyl) propion-
ate) (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] dioxaphos-
phepin (Sumilizer GP; Sumitomo Chemical, Japan) were 
added. The content of each stabilizer was 3000 ppm. The 
blend samples were compression-molded into flat sheets 
with various thicknesses at 200 °C, then quenched at 25 °C.

Film Processing

The tubular-blown film processability was evaluated using a 
single-screw extruder (EX-50, Placo, Japan) with an annular 
die with a diameter of 75 mm and a gap of 1.25 mm. After 
mixing the polymer pellets at room temperature, they were 
fed into a hopper feeder with an output rate of 12 kg/h. The 
temperature at the die was set at 200 °C and the blow-up 
ratio was 2.5. Two types of film with different thickness, i.e., 
10 and 30 μm, were prepared. The take-up speed was 9.0 m/
min and the take-up ratio was 16 for the 30 μm-thick film. 
In the case of the 10 μm-thick film, the take-up speed was 
27.0 m/min and the take-up ratio was 48.

Measurements

The frequency dependence of oscillatory shear moduli in the 
molten state, such as storage modulus G′ and loss modulus 
G″, was measured using a cone-and-plate rheometer (ARES 
G2; TA instruments, DW) at various temperatures (170, 190, 
and 210 °C). The angle of the cone was 0.1 rad and its diam-
eter was 25 mm. Steady-state shear properties, such as shear 
stress and primary normal stress difference, were also meas-
ured at 170 °C. The growth curves of the transient uniaxial 
elongational viscosity were obtained using the same instru-
ment equipped with a universal testing platform at 170 °C. 
Rectangular samples 10 mm wide, 15 mm long, and 0.6 mm 
thick were used.

The blend morphology was examined using a scanning 
electron microscope (SEM; TM3030; Hitachi, Japan). Prior 
to SEM observation, the cryogenically fractured surface of 
the compression-molded sheet was coated with gold. The 
diameters of the dispersed EVA particles were determined 
from the SEM images using image analysis software (Image 
J; National Institutes of Health, MD).

The mechanical properties were evaluated at 25 °C using 
the films with 30 μm thickness obtained using the tubular-
blown method. The tensile tests were carried out using a 
tensile testing machine (Tensilon RTE-1210; Orientec, 
Japan) at a crosshead speed of 500 mm/min. The samples 
were cut into dumbbell-shaped specimens (JIS Z 1702). The 
tear strength was evaluated with an Elmendorf-type tear-
ing tester (Toyo Seiki Seisaku-sho, Japan). Both the tensile 
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properties and tear strength tests, which were carried out for 
both machine and transverse directions (MD and TD), were 
performed five times for each sample.

Results and Discussion

Characteristics of the Pure Polymers

The master curves of the oscillatory shear moduli for pure 
samples are shown in Fig. 1 as a function of angular fre-
quency ω. The reference temperature Tr was 170 °C. The 
apparent flow activation energy ΔEa, calculated from the 
Arrhenius plot, is denoted in the figure. Both EVA25 and 
EVA80 showed a broad distribution of relaxation times 
compared with PLA. This was as expected because EVA 

has a broad molecular weight distribution with long-chain 
branch structure [4]. In contrast, PLA showed rheological 
terminal region clearly; i.e., G′ ∝ ω2 and G″ ∝ ω in the low 
frequency region. The zero-shear viscosities, determined 
using Eq. (1), at 170 °C for the polymers are as follows; 
8.2 kPa s for PLA, 12.4 kPa s for EVA25, and 7.2 kPa s 
for EVA80.

Strictly speaking, both EVA samples exhibited ther-
morheologically complex behavior. Figure 2 shows the 
van Gurp-Palmen plots [33] for the pure polymers. It was 
found that the data at higher temperature deviated upward 

(1)�
0
= lim

�→0

G��

�

(a)

(b) (c)

Fig. 1  Master curves of frequency dependence of shear storage modulus G′ (open symbols) and loss modulus G″ (closed symbols) for a PLA, b 
EVA25, and c EVA80 at the reference temperature Tr of 170 °C. The apparent flow activation energy ΔEa is denoted in the figure
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for the EVA samples, which is typical behavior for low-
density polyethylene (LDPE) produced by radical polym-
erization under high pressure [34]. This is attributed to 
the high activation energy of the entanglement relaxation 
associated with long-chain branches [35, 36]. In contrast, 
all data collected at various temperatures were on the same 
curve for PLA.

Steady-state properties under shear flow, such as shear 
stress σ and primary normal stress difference N1, for PLA, 

EVA25, and EVA80 at 170 °C are shown in Fig. 3. As can 
be seen in the figure, the shear stress of PLA is almost 
proportional to the shear rate except for in the high shear 
rate region, indicating that PLA shows Newtonian behav-
ior over a wide range of shear rates. The slopes of shear 
stress for the EVA samples are lower than that of PLA, 
which is due to the broad distribution of relaxation time. 
In the high shear rate region, PLA shows the highest shear 
stress, whereas EVA80 shows the lowest shear stress in 
the experimental range of shear rate. In contrast, normal 
stress differences for EVA25 and EVA80 are higher than 
that of PLA. These findings were expected because EVA 
has a broad relaxation time distribution owing to its broad 
molecular weight distribution and long-chain branch 
structure.

Figure 4 shows the growth curves of uniaxial elongational 
viscosity �+

E
 at various Hencky strain rates �̇� for pure samples 

at 170 °C. The solid line in the figure represents three times 
the growth curve of shear viscosity in the linear region, i.e., 
3 �+ , calculated from the oscillatory shear moduli shown 
in Fig. 1.

PLA exhibited no strain-hardening because of its linear 
molecular structure with narrow molecular weight distribu-
tion [3, 17, 19]. In contrast, EVA25 and EVA80 exhibited 
marked strain-hardening, similar to LDPE produced in an 
autoclave reactor [37, 38]. Since the extent of the strain-
hardening is similar for EVA25 and EVA80, the differ-
ence in the branch structure between the samples must be 
insignificant.

Structure and Rheological Properties of PLA/EVA 
Blends

SEM images of the blend samples are shown in Fig. 5. The 
mean volume diameters of the dispersed droplets are 3.7 μm 
for PLA/EVA25 and 1.3 μm for PLA/EVA80. It is clear that 
the dispersed droplets of PLA/EVA80 (80/20) are fine com-
pared with those of PLA/EVA25 (80/20), which is attributed 
to the difference in the interfacial tension. According to our 
previous study, the interfacial tensions between PLA and 
EVA were found to be 2.4 mN/m for PLA-EVA25 and 0.05 
mN/m for PLA-EVA80 [4].

The master curves of the oscillatory shear moduli for the 
blends are shown in Fig. 6 at the reference temperature Tr of 
170 °C. The solid lines in the figure denote the data for pure 
PLA. The G′ values of PLA/EVA25 and PLA/EVA80 in the 
low frequency region were significantly higher than those of 
pure PLA, suggesting the existence of a long relaxation time 
mechanism attributed to the deformation of dispersed drop-
lets [39–42]. According to the rheological emulsion model, 
the relaxation time of the droplet deformation τD and the 
corresponding second plateau modulus Gp are as follows:
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Fig. 2  Van Gurp-Palmen plots of pure samples: (circles) 170 °C, (tri-
angles) 190 °C, and (diamonds) 210 °C

Fig. 3  Shear stress σ (closed symbols) and primary normal stress dif-
ference N1 (open symbols) for PLA, EVA25, and EVA80 at 170 °C as 
a function of shear rate γ̇
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Fig. 4  Transient elongational viscosity over time at various Hencky strain rates at 170 °C: a PLA, b EVA25, and c EVA80

Fig. 5  SEM images of fractured surfaces of the PLA/EVA blends. (left)PLA/EVA25 and (right) PLA/EVA80
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where ηd and ηm are the viscosities of the dispersion and 
matrix, respectively, Γ is the interfacial tension, R is the 
radius of the dispersed droplets, and ϕ is the volume fraction 
of the dispersion.

The secondary plateau modulus of PLA/EVA25 was 
slightly higher than that of PLA/EVA80, which is attrib-
uted to the difference in Γ/R; i.e., the high interfacial ten-
sion between PLA and EVA25 is responsible for the high 
value of the secondary plateau.

Figure 7 shows the steady-state properties under shear 
flow, such as shear stress and primary normal stress dif-
ference, for PLA/EVA25 and PLA/EVA80 at 170 °C with 
the data for pure PLA. The shear stress was barely affected 
by the addition of EVA. Moreover, the primary normal 
stress differences of the blends were higher than those of 
the pure PLA at low shear rate. Since the shear viscos-
ity of PLA was not significantly different to those of the 
EVA samples in the shear rate region, the contribution 
of interfacial tension cannot be ignored as predicted by 
the Doi–Ohta theory [43]. In the high shear rate region, 
however, the difference became minimal. Consequently, 

(2)�D =
�mR

4Γ

(19K + 16)(2K + 3 − 2�(K − 1))

10(K + 1) − 2�(5K + 2)

(3)Gp =
20Γ�

R

1

(2K + 3 − 2�(K − 1))
2

(4)K =
�d

�m

the slope in the figure became gentle for the blends and 
almost 1 over the wide range of shear rates.

The transient uniaxial elongational viscosity �+
E
 for the 

blends is shown in Fig. 8. Strain-hardening behavior, which 
was not detected for pure PLA, was clearly detected on the 
addition of EVA with an intense fashion of PLA/EVA25. 
The mechanism for the strain-hardening was explained in 
our previous papers [22, 23]. According to those reports, 
the dispersion with slightly lower viscosity is deformed aff-
inely with the deformation of the matrix at the early stage 

(a) (b)

Fig. 6  Master curves for the frequency dependence of the shear storage modulus G′ (open symbol) and loss modulus G″ (closed symbol) for a 
PLA/EVA25 (80/20) and b PLA/EVA80 (80/20). The solid lines denote the values for pure PLA

Fig. 7  Shear stress σ (closed symbols) and primary normal stress dif-
ference N1 (open symbols) for PLA, PLA/EVA25 (80/20), and PLA/
EVA80 (80/20) at 170 °C as a function of shear rate γ̇
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of elongational flow. Eventually, the droplets showed almost 
no deformation owing to their strain-hardening and behaved 
like rigid fibers. The matrix between the rigid fibers has 
to be greatly deformed under elongational flow, leading to 
excess stress generation, i.e., strain-hardening. Compared 
with EVA80, EVA25 has higher elongational viscosities 
over the entire time/strain region. As a result, the droplets 
of EVA25 become “rigid” within a shorter time/strain region 
than those of EVA80.

Film Processability and Mechanical Properties

Figure 9 shows the appearance of the tubular-blown films. 
Because pure PLA shows no strain-hardening in the tran-
sient elongational viscosity, the film bubble was unstable. 
Furthermore, it was not possible to prepare a pure PLA film 
with 10 μm thickness. In contrast, the bubble was stable for 
PLA/EVA25 (80/20) and a 10 μm thick film was success-
fully prepared.

The mechanical properties of the tubular-blown films 
with 30 μm thickness were also evaluated, as summarized 
in Table 1 with standard deviation. It has been well known 
that the improvement of mechanical toughness is greatly 
required for PLA films [1–4, 44]. As discussed in our pre-
vious paper [4], in which we revealed the effect of the 
vinyl acetate content in EVA on the film properties, the 
addition of EVA provides PLA with flexibility and ductile 
nature. As a result, the blend film showed low modulus 
and high elongation at break compared with pure PLA. 
Furthermore, the tear strength was improved. It should be 
mentioned that mechanical anisotropy was clear for the 
blend, suggesting that the chain orientation in MD was 
enhanced. This is reasonable because the blend shows 

strain-hardening in the elongational viscosity. As revealed 
by several researchers, strain-hardening is responsible for 
the formation of shish-kebab structure in the tubular-
blown film, leading to a high degree of molecular orienta-
tion [45–49].
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Fig. 8  Transient elongational viscosity over time at various Hencky strain rates at 170 °C: a PLA/EVA25 (80/20) and b PLA/EVA80 (80/20)

Fig. 9  Processability of tubular-blown films with 30 μm thickness
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Conclusions

The addition of ethylene–vinyl acetate copolymer (EVA) 
enhances the melt elasticity of poly(lactic acid) (PLA). 
The droplet size of EVA decreases with increasing the 
vinyl acetate content due to a low interfacial tension. 
Under shear flow, the primary normal stress difference is 
greatly enhanced, particularly in the low shear rate region, 
which is attributed to the increase in the interfacial area as 
revealed by the Doi–Ohta theory. Under elongational flow, 
strain-hardening behavior—one of the most important 
elastic behaviors required for various processing opera-
tions—is detected following EVA addition irrespective of 
the vinyl acetate content, even though EVA is in the dis-
persed phase. Because the blend shows strain-hardening 
in the elongational viscosity, the film processability in 
tubular-blown film extrusion is greatly improved, show-
ing a stable bubble. Moreover, the mechanical toughness 
such as elongation at break and tear strength is enhanced 
significantly. Since a thin film can be prepared as a result 
of EVA addition, this technique will almost certainly be 
employed in industry.
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