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Abstract
Poly(butylene adipate-co-terephthalate) (PBAT) are expected to be widely used for production of biodegradable film mate-
rials. However, poor rheological properties, low yield strength and modulus of PBAT limit its applications in some field. 
Herein, PBAT/poly(vinyl acetate) PVAc blends were prepared by melt mixing to overcome aforementioned shortcomings. 
The miscibility, phase morphology, thermal properties, rheological properties and mechanical properties of PBAT/PVAc 
blends were studied. Miscibility analysis showed that PBAT/PVAc blends were immiscible two-phase system. The uniform 
dispersion of PVAc in PBAT matrix was observed in SEM images. From thermal properties analysis, the incorporation of 
PVAc accelerated crystallization rate and enhances crystallization ability of PBAT. Rheological analysis demonstrated that 
storage modulus, loss modulus and complex viscosity of PBAT were obviously improved when PVAc was added due to the 
high viscosity of PVAc in melt state. Mechanical data indicated incorporation of PVAc could enhance modulus and yield 
strength of PBAT. When the content of PVAc was 30%, Young’s modulus and yield strength of PBAT were improved about 
105% (from 203 to 416 MPa) and 53.3% (from 7.5 to 11.5 MPa), respectively. In addition, the elongation at break and tensile 
strength of blends decreased with the increase in PBAT loading, but all the PBAT/PVAc blends maintained the elongation 
at break of more than 700%, which meets the requirements of most applications.
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Introduction

The widespread application of plastic products in various 
industries has provided great convenience to the develop-
ment of social economy because of the light quality, easy 
processing, corrosion resistance and other advantages of 
plastic products. However, the large-scale production and 
consumption of plastic products have generated a series of 
issues in recent years such as significant environmental con-
cerns, waste plastics management and carbon emissions [1]. 
With the tremendous attention to environmental conservation, 

the development and application of biodegradable polymers 
that can substitute for conventional non-biodegradable pol-
ymers have recently gaining considerable attention from 
both industry and academia. Biodegradable polymers are 
environment-friendly materials and can be easily decom-
posed into small molecules upon disposal in bioactive envi-
ronments by microorganisms, such as bacteria, algae, and 
fungi, etc., or by hydrolysis in buffer solutions or sea water 
in a certain period of time [1–3]. Biodegradable polymers 
are usually classified into bio-based biodegradable polymers 
and petrochemical-based biodegradable polymers. Bio-based 
biodegradable polymers are further divided into two catego-
ries: natural synthetic biodegradable polymers and chemi-
cal synthetic biodegradable polymers. The former category 
refers to organic chemical polymers formed in the natural 
environment, such as natural rubber [4], starch [5], chitin, 
protein, agar, cellulose and natural lignin, etc. The latter cat-
egory refers to the polymers obtained through the participa-
tion of microorganisms, mainly including poly(lactic acid) 
(PLA) [6–10] and poly(hydroxyalkanoate)s (PHAs) [11, 12]. 
Petroleum-based biodegradable polymer refers to the polymer 
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obtained by the polymerization of monomers of petrochemical 
products by chemical synthesis method, mainly containing 
poly(ε-caprolactone) (PCL) [13–15], poly(butylene succi-
nate) (PBS) [16, 17], poly(butylene adipate-co-terephthalate) 
(PBAT) [18–20], poly(glycolic acid) (PGA) [21, 22] and 
poly(propylene carbonate) (PPC) [23, 24], etc.

Among these various biodegradable polymers, in par-
ticular, PBAT is a commercialized aliphatic–aromatic 
copolyester from petrochemical resources and could be 
produced through transesterification and polycondensation 
reaction of 1,4-butanediol, adipic acid and terephthalic acid 
[25, 26]. Apart from its biodegradability, PBAT shows a 
significant amount of merits including competitive flexibil-
ity, high strength, high resilience, thermal processability, 
good tear resistance, excellent sealing performance and 
biocompatibility [27, 28]. With these excellent properties, 
PBAT becomes an ideal substitute for non-biodegradable 
plastics, used as packaging materials, medical devices, 
agricultural mulching films, building panels and foam 
materials. However, some disadvantages such as poor 
rheological properties, low yield strength and modulus of 
PBAT cannot fulfill the requirements in numerous plastic 
products and limits its widespread applications. Blending 
PBAT with other materials is undoubtedly a simple, eco-
nomic and cost-effective solution to address these issues. 
Hence, PBAT is usually applied in the form of composite 
materials. PBAT/PLA blends have received considerable 
research attention on the basis of that the blends could 
counteract the weaknesses of each of its components and 
composite with excellent comprehensive performance can 
be obtained [29–31]. The abundant and renewable polymer 
starch is deemed as ideal candidate that could be incorpo-
rated into the formulation with the aim of reducing the pro-
duction costs. Many researches focused on the PBAT/starch 
blends have been reported so far [32–35]. Other polymers 
such as PPC, PBS, PCL, PGA, poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV), poly(trimethylene terephthalate) 
(PTT), poly(vinyl chloride) (PVC), polycarbonate (PC), 

polypropylene (PP), and natural rubber are also used to 
blend with PBAT to improve the properties of composites 
[27, 36–44]. In addition, the utilization of inorganic materi-
als (talc, montmorillonite, and calcium carbonate etc.) as 
additives is a common yet effective method to improve the 
properties of PBAT [45].

Poly(vinyl acetate) (PVAc) is a typical thermoplastic 
amorphous polymer with high modulus. In recent years, 
PVAc has been exploited for a multiplicity of many appli-
cations, such as paints, tissue engineering, surface coat-
ings, electrode binder, food additives and glues for wood, 
paper and cloth [46]. Blends of PVAc with other polymers 
have attracted much attention, including poly(ethylene 
oxide) (PEO) [47], PCL [48], PLA [49], PBS [50], 
poly(methyl methacrylate) (PMMA) [51], and poly(3-
hydroxy butyrate) (PHB) [52] etc. Therefore, to exploit 
new biodegradable blend systems, counteract the weak-
nesses of PBAT and PVAc, and develop composite with 
balanced performance, a set of the PBAT/PVAc blends 
with different PVAc loadings were fabricated through melt 
processing in this work. Miscibility, morphology, thermal 
behaviors, rheological properties, and mechanical proper-
ties of the blends were investigated using various analyti-
cal methods.

Experimental

Materials

Commercially available PBAT used in this work was pro-
vided by Xinjiang Blue Ridge Tunhe Polyester Co., Ltd in 
pellet form with the weight-average molecular weight (Mw) 
of 1.50 ×  105 g  mol‒1 and polydispersity (Mw/Mn) of 1.45, 
respectively. PVAc with Mw of 4.8 ×  105 g  mol−1 and poly-
dispersity of 1.21 was purchased from Aldrich. Figure 1 
shows the chemical structures of PBAT and PVAc.

Fig. 1  Chemical structures of 
PBAT and PVAc
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Sample preparation

Prior to the processing, PBAT and PVAc pellets without fur-
ther purification were dried at 50 °C for 6 h using a vacuum 
oven in order to remove the moisture and prevent hydroly-
sis. The PBAT/PVAc weight ratios of blends were fixed at 
100/0, 90/10, 80/20, 70/30, and 0/100 w/w and neat PBAT, 
PBAT-10, PBAT-20, PBAT-30 and neat PVAc were used 
to represent corresponding blends respectively in the fol-
lowing testing and analysis. The PBAT/PVAc blends were 
melt-compounded using a Haake Rheomix 600 (Karlsruhe, 
Germany). The rotation speed was set to 60 rpm and melt 
blending time was maintained for 300 s at 150 °C. After 
compounding, all of the blends were cut into small pellets. 
Then, all the prepared blends were compression-molded 
to obtain the sheets with thicknesses of 1.0 mm under the 
optimum conditions: at a pressure of 10 MPa and 160 °C 
for 2 min. Subsequently, the sheets for various tests were 
quenched to room temperature. Finally, the sheets were cut 
into dumbbell shape with a width of 4 mm and a length of 
20 mm for mechanical properties test and into rectangles 
with a width of 4 mm and a length of 20 mm for dynamic 
mechanical test and into round shape with a diameter of 
25 mm for rheological test.

Characterization

Dynamic mechanical analysis

Dynamic mechanical properties of the blends were studied 
with a DMA instrument (DMA 850, TA Instrument, Co., 
USA) using the rectangular sheets previously cut. Test was 
carried out in the tensile mode with temperature ranging 
from − 60 to 80 °C. The constant oscillating frequency and 
strain amplitude of the test were set to be 1 Hz and 20 μm, 
respectively. The heating rate was 3 °C  min‒1.

Scanning electron microscopy (SEM)

The microstructure of the blends was investigated by a 
scanning electron microscope (SEM) (Model JSM6400, 
JEOL, USA) at an accelerating voltage of 10 kV. Firstly, 
the prepared rectangular blend sheet specimens mentioned 
in sample preparation were submerged in liquid nitrogen 
for 20 min, and then immediately fractured to obtain the 
cryofractured surfaces. Finally, the cryofractured speci-
mens were etched by acetone solution to remove the PVAc 
phase for the purpose of better phase structure observation. 
The cryofractured specimens were glued on a copper stand 
and the fracture surfaces were gold sputter-coated before 

morphological observation. In the SEM images, the scales of 
2 and 10 μm corresponded to magnifications of 8000 × and 
2000 × , respectively.

Differential scanning calorimetry (DSC)

Thermal properties of neat PBAT, neat PVAc, and the 
PBAT/PVAc blends were studied using a differential scan-
ning calorimetry (TA Instruments DSC Q20 USA) under 
nitrogen atmosphere with a gas flow rate of 50 ml  min‒1. 
The samples sliced from compression-molded sheets (about 
5 to 8 mg) were sealed in an aluminum pan by crimping 
and heated to 150 °C. Then the samples were equilibrated 
for 3 min at 150 °C in order to removing the heating his-
tory. Finally, the samples were cooled down to –50 °C and 
reheated again to 150 °C. The heating and cooling rates were 
set to 10 °C  min–1. The thermal parameters including glass 
transition temperature (Tg), crystallization temperature (Tc), 
melting temperature (Tm), crystallization enthalpy (ΔHc), 
melting enthalpy (ΔHm) and degree of crystallinity (Xc) were 
determined from DSC scanning thermograms.

Rheological measurements

Melt rheological properties of PBAT/PVAc blends were con-
ducted by using a parallel plate rheometer (AR 2000ex, TA, 
USA) in dynamic flow field. Precutted round shape sheets 
with a diameter of 25 mm and thickness of about 1 mm 
were placed between the plates with diameter of 25 mm. 
Frequency sweep tests were done at 150 °C in a frequency 
range from 0.05 to 100 rad  s–1 under nitrogen atmosphere. 
To guarantee that the test was performed in the linear viscoe-
lastic region, the strain value was set to 1.25%. The sample 
gap distance between the parallel plates was set as 0.95 mm.

Static tensile properties testing

The uniaxial tensile properties of the PBAT/PVAc blends 
were determined with an Instron 1211 testing machine 
according to ASTM D638-2008 standard. The dumbbell 
shape samples of the PBAT/PVAc blends punched out from 
the compression molded sheets were pre-conditioned for 
24 h at room temperature and 50% relative humidity con-
trolled environment prior to measurement. The crosshead 
speed of all tests was kept at 200 mm  min–1.

Results and discussion

Miscibility analysis of PBAT/PVAc blends

The dynamic mechanical analysis (DMA) is a feasible and 
very useful criterion for the determination of the miscibility 
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and interfacial interactions of polymer blends. The curves 
of tanδ and storage modulus dependence on temperature for 
neat PBAT, neat PVAc and PBAT/PVAc blends are exhibited 
in Figs. 2 and 3, respectively. The maximum height value of 
the tanδ peak representing the transition in molecular mobil-
ity is corresponded to the glass transition temperature (Tg). 
Generally, the immiscible blend system exhibits multiple 
Tgs, which correspond to Tg of individual components in 
the blend system, while miscible blend system has a single 
Tg lying between the transition temperature of individual 
components with an increased broadness in the transition 
peak [53, 54]. The values of Tgs obtained from the peak 
temperature are listed in Table 1. It can be seen from Fig. 2 
that neat PBAT and neat PVAc only exhibited one glass tran-
sition temperature at −25.2 °C and 50.5 °C, respectively. As 
for the PBAT/PVAc blends, two distinct Tgs were observed 
that correspond to the glass transitions of PBAT-rich phase 
and PVAc-rich domains, respectively. The lower temperature 
was attributed to the Tg of PBAT phase and the high tem-
perature was attributed to the Tg of PVAc phase. In addition, 
with the increase of PVAc content, Tg of PBAT and PVAc in 
the binary blend did not change significantly. These observa-
tions can imply that PBAT was immiscible with PVAc and 
PBAT/PVAc blends were typical two-phase system with the 
presence of phase separation existing in the system [55].

From Fig. 3, it can be seen that storage modulus values 
showed a sharp decrease in the range of -35 to 20 °C and 
40 to 50 °C respectively for neat PBAT and PVAc, which 
resulted from the occurrence of their glass transitions. As for 
the PBAT/PVAc blends, when the temperature was below 
about –35 °C, the variation of PVAc content had no obvi-
ous effect on storage modulus value because both PBAT and 
PVAc were in a glassy state. At the temperatures between 
–35 and 40 °C, the storage modulus of PBAT/PVAc blends 

was gradually reinforced with the PVAc content increasing 
and the reinforcement of storage modulus could be attributed 
to the high stiffness of PVAc under glassy state. The storage 
modulus at room temperature (about 20 °C) was 105 MPa 
for neat PBAT, which increased to 200 MPa for the PBAT/
PVAc blend consisting of 30% PVAc (~90.4% reinforce-
ment). The reinforcement of storage modulus indicated that 
the movement of molecular chain needed more stress and the 
addition of PVAc could make up for low modulus of PBAT. 
Besides above 50 °C, storage modulus of the PBAT/PVAc 
blend was higher than that of neat PVAc, and decreased 
when PVAc content increased. This was attributed to rub-
bery PVAc segments had excellent mobility.

Scanning electron microscopy (SEM) analysis

It is well recognized that phase morphology of polymer 
blend has an important effect on various properties of blend 
and can be obtained from scanning electron microscope 
(SEM). For miscible blends, uniform single-phase morphol-
ogy usually can be observed and separate phase morphology 
can be observed for immiscible blends. In order to investi-
gate phase morphology, the cryofractured surface images 
of the neat PBAT, neat PVAc, and PBAT/PVAc blends after 

Fig. 2  The curves of tanδ dependence on temperature for neat PBAT, 
neat PVAc and PBAT/PVAc blends

Fig. 3  The curves of storage modulus dependence on temperature for 
neat PBAT, neat PVAc and PBAT/PVAc blends

Table 1  Tgs of neat PBAT, neat PVAc, and PBAT/PVAc blends 
obtained from DMA

Sample neat 
PBAT

PBAT-10 PBAT-20 PBAT-30 neat PVAc

Tg-PBAT 
(°C)

−25.2 −24.6 −23.1 −22.7 -

Tg-PVAc 
(°C)

- 47.4 47.9 48.1 50.5
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etching PVAc were obtained by SEM and exhibited in Fig. 4. 
Among these images, Fig. 4b, d, f, and h were the magnified 
images of sectional cryofractured cross-section. As clearly 
presented in Fig. 4a, the cryofractured surface of neat PBAT 
showed single-phase morphology feature with very homoge-
neous and smooth surface. From Fig. 4c, e, and g, all PBAT/

PVAc blends showed a clear two-phase phase-separated 
morphology, which possessed typical sea-island structure, 
and this result was well consistent with the two Tgs meas-
ured by DMA analysis. The gray-white part in the images 
was assigned to the continuous PBAT matrix, and the dark 
phase parts corresponded to the round holes where etched 
PVAc located. Moreover, it was found that PVAc minor 
phase preferentially uniformly and discretely dispersed 
spherical droplets in the continuous PBAT matrix when the 
PVAc content did not exceed 30 wt%. What is noteworthy is 
that morphological variations were found depending on the 
blend composition. The average particle size and distribution 
of the PVAc was quantitatively analyzed by measuring the 
average maximum diameter (Dmax), minimum average diam-
eter (Dmin), and average diameter (D) using Nano Measurer 
1.2 software based on the SEM images. The particle size 
distributions were illustrated in Fig. 5. The D of the PVAc 
phase was approximately 0.56 μm when the PVAc content 
was 10 wt%. It was found that further raising PVAc loading, 
the D of PVAc phase increased. For example, D of PBAT/
PVAc blends containing PVAc of 20 and 30 wt% were 0.76 
and 2.51 μm, respectively. On the other hand, it was worth 
noting that the diameter distribution of the PVAc phase 
became wider with increasing PVAc content. The statistical 
results showed that for PBAT/PVAc blends, increasing dis-
persed phase content could lead to particle agglomeration, 
which is considerably influential with respect to mechani-
cal behavior of polymer blends. Similar situation was also 
reported previously for PBAT blends with other polymers, 
such as poly(lactic acid) (PLA)/PBAT blends [56], PBAT/
poly(glycolic acid) (PGA) [57] and PBAT/liquid crystalline 
polymer (LCP) [58]. For PLA/PBAT blends [56] with dif-
ferent weight ratio, all PLA/PBAT blends exhibited a typical 
two-phase structure and when the PBAT or PLA content was 
low, the size of the dispersed particles was small, and their 
distribution was relatively uniform. Increasing the content 
of dispersed phase in low content, the diameter of droplets 
grew gradually. For the PBAT/PGA blending system [57], as 
PGA content increased from 5 to 15 wt%, the particle sizes 
of PGA particles increased from 1.77 to 2.59 μm, like many 

Fig. 4  SEM images of cryo-fractured surfaces of neat PBAT and 
PBAT/PVAc blends after etching PVAc: (a, b) neat PBAT, (c, d) 
PBAT-10, (e, f) PBAT-20, and (g, h) PBAT-30

(a) (b) (c)

Fig. 5  Particle size distributions of PVAc phase based on the SEM images:(a) PBAT-10, (b) PBAT-20 and (c) PBAT-30
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incompatible polymer blends, the size of the dispersed phase 
tends to increase with the increase of the dispersed phase 
content, due to development of breakdown and coalescence 
for the dispersed phase droplets. For the PBAT/LCP blends 
[58], typical sea-island morphologies were observed, in 
which LCP domains were precisely dispersed in the PBAT 
matrix and LCP domain size increased as the LCP composi-
tion increased.

Thermal behaviors

To investigate the thermal properties of PBAT/PVAc 
blends, DSC tests were carried out at a temperature rate 
of 10 °C  min–1. The DSC scanning thermograms of the 
first cooling runs and the second heating runs are shown 
in Fig. 6a, b, respectively. The related thermal parameters 
observed from DSC scanning thermograms are summarized 
in Table 2. The crystallization temperature peaks (Tcs) of 
neat PBAT and PBAT/PVAc blends were obviously observed 
and Tc of neat PBAT was 81.2 °C. However, with the incor-
poration of PVAc, Tc of PBAT showed a slight increased 
tendency for all PBAT/PVAc blends. For example, Tc was 
increased by about 3 °C for sample of PBAT-30. This result 
indicated that the addition of PVAc could accelerate crystal-
lization during cooling. The higher Tc indicated the nuclea-
tion of PBAT was promoted [59]. This observation may be 
a consequence of that amorphous PVAc could contribute 
to an increase of PBAT molecular chain mobility, and then 
crystallization ability of PBAT was enhanced.

From Fig. 6b (second heating runs), we can observe a 
Tg of neat PBAT at about –34.6 °C and a Tg of neat PVAc 
at about 44.0 °C. The Tg data obtained from DSC analysis 
were slightly different from DMA result (Table 1), which 
was resulted from different test methods used. For the PBAT/
PVAc blends, two Tgs can be observed and two Tgs showed 
a slight change within the error range with the increase of 
PVAc content, which could declare that PBAT/PVAc blends 
were immiscible. These results were well consistent with the 
results obtained by DMA analysis.

The degree of crystallinity (Xc) of neat PBAT and PBAT/
PVAc blends during crystallization were determined by the 
following equation and the results were listed in Table 2:

where Xc is the degree of crystallinity of PBAT phase, 
ΔHm is the measured melting enthalpy, ΔHm

0 is the heat 
of fusion for 100% crystalline PBAT (114 J  g–1) [60], and 
 wPBAT is the weight fraction of PBAT in the blends. From 
Table 2, it can be seen that Xc of neat PBAT was 5.7%. With 
the incorporation of PVAc, Xc also showed an increasing 
trend. The increase of Xc indicated that PVAc promoted 

X
c
=

ΔH
m

w
PBAT

× ΔH0

m

× 100%

PBAT molecular chain movement and, in consequence, the 
crystallization became easier. In addition, the incorpora-
tion of PVAc had no obvious effect on the Tm of PBAT in 
the blends. Zhang et al. [61] studied PBAT/poly(ethylene 
2,5-furandicarboxylate) (PEF) blends and found that the 
addition of PEF enhanced the nucleation rate of PBAT from 
high temperature, and PEF should be a heterogeneous nucle-
ating agent. However, PEF decreased the crystal growth rate 
of PBAT although it enhanced the nucleation rate of PBAT 
at high temperature. Similar to the result of our study is that 
PEF had no obvious effect on the Tm of PBAT in the blends. 
Hadj-Hamou et al. [42] used poly(vinyl chloride)(PVC) 
with the Tg of 85 °C blended with PBAT. The difference 
with our study is that PBAT/PVC blends is miscible system 
with single glass transition temperature and the addition of 
PVC to PBAT matrix reduced the flexibility of PBAT. In 

Fig. 6  DSC scanning thermograms of neat PBAT, neat PVAc and 
PBAT/PVAc blends: (a) the first cooling runs and (b) the second 
heating runs
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addition, addition of PVC increased the glass transition tem-
perature of PBAT and decreased the Xc due to the presence 
of strong interactions between the two polymers. Wu et al. 
[62] researched PBAT/poly(lactic acid) (PLA) blend with 
80/20 wt% ratio and they found the melt crystallization rate 
of pure PLA was slow while PBAT had a fast melt crystal-
lization rate. PBAT/PLA blend were immiscible with two 
Tgs showing no shift toward each other. The introduction of 
PLA could inhibit melt crystallization capability of PBAT 
due to a reduction in the lamellar thickness resulting from 
the melt blending. Moreover, Tm of PBAT/PLA blend had 
no apparent change compared with pure PBAT and PLA.

Rheological properties

Rheology can provide the information related to the process-
ing parameters in polymer processing, hence the study of 
the rheological behavior is particularly important. In this 
section, dynamic rheological experiments carried out for the 
neat PBAT, neat PVAc, and PBAT/PVAc blends over the 
whole composition range were analyzed in detail. The stor-
age modulus (G′) represents the elastic character of blends 
or the energy stored in the deformation. The storage modulus 
versus angular frequency obtained from dynamic rheologi-
cal experiment is shown in Fig. 7a. The G′ increased with 
increasing angular frequency for all samples. It was seen 
that neat PVAc demonstrated an obvious pseudo-solid-like 
behavior at low-frequency zone with the slope of log (G′) 
versus log (ω) at low frequency region was 0.46, which 
mainly due to the high viscosity of PVAc in the melt state. 
It was noticed that neat PBAT exhibited a liquid-like behav-
ior with the low frequency slope of log (G′) versus log (ω) 
was 1.5 and power-low dependence of the frequency. G′ of 
neat PVAc was higher than those of neat PBAT and PBAT/
PVAc blends in the whole range of frequencies tested. The 
G′ of PBAT/PVAc blends increased with the PVAc content 
at lower frequencies region, which may be attributed to the 
increase in the PVAc dispersed phase domains size, similar 
behavior was observed for the PLA/ethylene vinyl acetate 
(EVA) blends [63]. As we all know that the greater is the 
dispersed phase domains size, the longer relaxation time, 
correspondingly, this results in an increase in G′ at low fre-
quencies [64–66]. Therefore, the increase of PVAc content 

showed an increased elasticity of PBAT/PVAc blends. Analo-
gous increases in G′ in the frequency range studied have been 
reported for several PBAT blended with other polymer. For 
PBAT/poly(butylene succinate) (PBS) blends with crosslink-
ing agent reported by Li et al. [67], likewise, the G′ of PBAT/
PBS blends increased with the PBS content at low frequen-
cies region, while the slope of G′ decreased. The larger 
G′ means that the blends have a longer relaxation process 
which resulted from a higher degree of entangled network 
structure in blends system. In addition, similar tendency was 
observed for PBAT/poly(hydroxi amino ether) (PHAE) [68] 
and PBAT/poly(hydroxy ether of bisphenol A) (PH) blends 
[69]. In PBAT/PHAE system [68], the homopolymers exhibit 
a behavior close to that offered by the general linear vis-
coelastic mode, when PHAE was added into PBAT, the G′ 
increased with the PHAE content and the blends deviate from 
this feature, due to the elasticity resulting from the interfa-
cial tension between the two phases. For PBAT/PH system 
[69], PBAT shows the lowest G′ values with a slope near 2 
at the lower frequencies zone, a result which is practically in 
agreement with the linear viscoelastic model. On the other 
hand, PH shows high G′ values in log G′-log ω plots, with a 
slope considerably smaller than 2 at low frequencies G′ and 
the slope of log G′-log ω plots of PBAT/PH blend reduced 
increasing the content of PH, which is the responsible of 
hydrogen bonds. In PBAT/poly(vinyl alcohol) (PVA) blends 
[70], the G′ of the PBAT/PVA blends increased with the 
additional PVA phase at the low sweep frequency. Mean-
while, at relatively high frequencies, the addition of PVA 
had less effect on the storage modulus of the melt due to 
the shortage of time for the entanglement recoveries. In our 
research, at higher frequencies region, no significant change 
of G′ with increasing PVAc content was found. For PBAT/
poly(propylene carbonate) (PPC) blends [71], the G′ of PPC 
is higher than PBAT and the slope of the curve is smaller than 
PBAT at the low frequency range, which may be resulted 
from a higher viscosity of PPC than PBAT. When the PPC 
content added does not exceed 30%, the G′ of PBAT-rich 
blends increased with PPC content increasing at lower fre-
quencies region and the G′ is almost unchanged with addition 
PPC at higher frequencies region. For PBAT/PLA stereocom-
plex (sc-PLA) blends [72], in the terminal (low frequency) 
zone, the PBAT melt demonstrated a typical liquid like 

Table 2  Thermal and crystalline 
properties of neat PBAT, neat 
PVAc and PBAT/PVAc blends

Sample Tg-PBAT Tg-PVAc Tc Tm ∆Hc ∆Hm Xc

(oC) (oC) (oC) (oC) (J/g) (J/g) (%)

neat PBAT –34.6 - 81.2 123.6 10.9 6.5 5.7
PBAT-10 –34.2 43.3 82.7 124.6 10.3 6.1 5.9
PBAT-20 –33.9 42.7 82.5 123.8 10.6 5.8 6.4
PBAT-30 –33.6 42.4 83.9 124.2 10.3 5.8 7.3
neat PVAc - 44.0 - - - - -
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behavior and logarithmic G′ versus logarithmic ω showed 
a smooth linear relationship. G′ increased with increasing 
sc-PLA concentration. However, G′ is more sensitive to the 

formation of sc-PLA than the addition of PVAc in our sys-
tem, which could due to the formed sc-crystallite network 
in PBAT/sc-PLA system. The above results indicate that the 
viscoelastic properties of these blends are significantly influ-
enced by frequency and matrix.

Figure 7b shows the relationship between loss modulus 
(G") and angular frequency. The loss modulus is related to 
the energy dissipated in the flow or the viscous character 
[73]. Similarly, G" of all samples increased with angular 
frequency. In addition, G" of PBAT/PVAc blends increased 
slightly with an increase in PVAc content at lower frequen-
cies region, however, G" of PBAT/PVAc blends decreased 
slightly with increase in PVAc content at higher frequencies 
region. This result was consist with a simple linear mixing 
rule that it would be expected that the moduli for the blends 
would stand somewhere between those of PBAT and PVAc 
[74]. These results indicated that the addition of PVAc pos-
sessing high viscosity in the melt could enhance the melt 
strength of PBAT matrix. The G" of PBAT/PVAc blends 
showed a trend similar to the PBAT/PVA blends [70] with 
low-composition PVA blends (i.e., 0−30 wt%), namely for 
PBAT/PVA and PBAT/PVAc blends, they have closed G" 
values since the dispersed phase of PVA or PVAc molecules 
was relatively stiff.

The dependence of complex viscosity (η*) on angular 
frequency is shown in Fig. 7c. As shown in Fig. 7c, like 
most pseudoplastic liquids, the η* of neat PVAc exhibited a 
decrease with frequency increasing in the entire frequency 
range due to its considerably high viscosity, thus neat PVAc 
displayed typical non-Newtonian shear-thinning behavior. 
The η* of neat PVAc was greater than that of PBAT and 
PBAT/PVAc blends over the entire frequency range. The 
pure PBAT and PBAT/PVAc blends displayed a Newto-
nian liquid behavior at low frequencies. Moreover, PBAT/
PVAc blends showed smaller Newtonian platform when 
PVAc content was increased. Meanwhile, the addition of 
PVAc could increase the η* of PBAT/PVAc blends only in 
small increments at low frequencies. Increment of viscos-
ity results are benefit for blown film processing, because, 
the polymer melt extrudate should be stretched vertically 
before blowing and the increment of viscosity unfavored 
extrudate breaking. In the high frequency region, PVAc 
content had a less effect on the η* of blends. The η* of all 
blends decreased dramatically with frequency increasing 
because of the disentanglement of the chains and improved 
elastic response of the molecular chains in shorter time 
[75]. Similar tendency was observed in PBAT/PVA blends 
[70], the η* of the PBAT and its blends decreased with 
increasing sweep frequency over the entire frequency 
range tested. The addition of the PVA phase in the blends 
shortened the Newtonian platform and enhanced the shear 
thinning behavior and the η* differences among the blends 
decreased as the frequency increased in the relatively high 

Fig. 7  Plots of (a): storage modulus (G′), (b): loss modulus (G″), (c): 
complex viscosity (η*) versus angular frequency (ω) for neat PBAT, 
neat PVAc and PBAT/PVAc blends
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frequency ranges. These evolutions in η* corresponded 
to morphology evolution. When the content of polymer 
additives is small, the morphology is dominated by sea-
island structure, matrix governs the complex viscosity. 
When the content of polymer additives is big, morphology 
is dominated by co-continuous structure where both the 
polymers have three-dimensional spatial continuity form-
ing an interpenetrated network structure, accordingly, both 
the two polymer phases contribute to the viscoelastic prop-
erty. From SEM, we can know that PBAT/PVAc blends the 
morphology of PBAT/PVAc blends is dominated by sea-
island structure, hence, all blends showed slightly increas-
ing viscosity with the increasing of PVAc content, which 
is related to the higher complex viscosity of neat PVAc at 
low frequency.

The miscibility and phase morphology of polymer 
blends can be analyzed by Cole–Cole (η″ versus η′) plot 
from the rheology testing to a certain extent. Cole–Cole 
plot is sensitive to the phase structures in polymer blends. 
If the Cole–Cole plot of polymer blends is smooth and 
semicircular, it could suggest that the polymers have good 
compatibility or the dispersed phase is uniform. If devia-
tion from arc was observed, it could suggest that phase 
segregation occurs or dispersed phase is nonhomogeneous 
[76]. The Cole–Cole plots of the all samples are shown 
in Fig. 8a. As seen in Fig. 8a, neat PVAc showed a good 
linearity without any relaxation arc or tail, indicating its 
instantaneous relaxation. In contrast, the only semicircu-
lar arc in the curve of neat PBAT indicated good homo-
geneous structure relaxation of PBAT. For PBAT/PVAc 
blends, a single smooth circular arc without a tail observed 
implied that the minor PVAc phase uniformly distributed 
in PBAT matrix. These rheological results could be well 
consistent with the finely dispersive morphology observed 
by SEM. Interestingly, the radius of the arcs of PBAT/
PVAc blends gradually became smaller when PBAT con-
tent increased, indicating short-time relaxation processes.

The loss tangent (tanδ = G″/G′) represents ratio of lost 
energy to stored energy in dynamic condition, which can 
characterize the relaxation process of viscoelastic mate-
rial. The tanδ value as a function of frequency is illus-
trated in Fig. 8b. The curves of all samples had negative 
slope over tested frequency range and the tanδ decreased 
with increasing frequency, a straight line in the whole 
frequency range was even observed at all PVAc content, 
indicating typical viscoelastic liquids. With an increase 
in PVAc content, the tanδ curves of PBAT/PVAc blends 
showed a decreased tendency, which indicated that a much 
larger elastic contribution to melt strength than viscous 
contribution, and the incorporation of PVAc enhanced the 
elastic behavior of blends melt due to its high viscosity.

Figure 8c shows the Van Gurp-Palmen curves of all 
samples, which is a plot of phase angle (δ) versus complex 

modulus |G*|. Low δ value means that the material has great 
elasticity. Pure PBAT showed a δ value of 88° in the low 
|G*|, indicating its viscoelastic fluid behavior. The δ value at 
low |G*| for pure PVAc was about 55°, suggesting the high 

Fig. 8  Plots of (a) cole–cole plots, (b) tanδ versus angular frequency 
(ω) and (c) Van Gurp-Palmen curvens for neat PBAT, neat PVAc and 
PBAT/PVAc blends
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elasticity of PVAc melt. With the increase of PVAc content, 
the δ value of PBAT/PVAc blends at low |G*| decreased 
slightly, indicating that the effect of PVAc on the elasticity 
enhancement of PBAT was not obvious due to the immisci-
bility of PVAc and PBAT.

The results of linear viscoelastic studies, applied in small 
amplitudes, can provide reliable information on microstruc-
ture of the blends, which due to the effect of flow induced 
molecular orientation on viscosity and elasticity becomes 
more less at low frequencies. The complex viscosity ver-
sus blend composition at angular frequency of 0.1  s−1 is 
presented in Fig. 9. As can be seen from the Fig. 9, with 
PVAc content increasing, the complex viscosity of the blend 
showed an increasing trend. The effect of mixing condition 
on microstructure of the blends was investigated by SEM 
among PBAT-20 prepared at 130 °C, 150 °C and 170 °C, 
and then the effect of blend morphology on rheological 
properties was studied. Figure 10 showed SEM images 
of PBAT-20 prepared at 130 °C, 150 °C and 170 °C and 
Fig. 11 showed the rheological results. It was seen that the 
mixing temperature do not have a significant effect on the 

final morphology of the blends, the particle size of PVAc 
dispersed phase changed very little. Accordingly, the rheo-
logical properties of the blend had little change, as shown 
in Fig. 11. This result signified that the PBAT/PVAc blend 
system has a wide range of processing temperature and rela-
tively stable morphology rheological properties, which is 
beneficial to its processing production and widens the melt 
processing window. Similar research had reported in PBAT/
poly(ethylene-co-vinyl alcohol) (EVOH) blend system [77], 
when EVOH content was fixed, blending conditions such 
as blending temperature, mixing time and rotor speed were 
changed, as a result the morphology of blending changed 
with difference in particle size of dispersed phase, and no 
significant change is observed for rheological properties 
such as G″, G′ and η*.

Comprehensive results of rheological behavior study indi-
cated the addition of PVAc not only benefit for blown film 
processing, but also is favorable to foaming. The storage 
modulus (G′) which represents the elastic character of blends 
is one of the important indexes to measure the foamability 
of blend system. The higher G′ is, the better the melt elastic-
ity of the blend system is, accordingly the higher the melt 
strength of the blend system is, and the better the foamabil-
ity is. Large elasticity over viscosity is favorable to  CO2 
foaming for bubble stabilization [78]. In addition, tanδ is the 
phase difference between the strain and the stress of the melt 
under the action of alternating stress. The smaller tanδ value 
is, the smaller the phase difference is, the faster the elastic 
response of the blend system is, the less viscous dissipation 
is, and the better the foamability is. In the actual production 
process, the shear rate of melt is in the low-frequency region, 
so we mainly analyze the rheological behavior in the low-
frequency region. Based on the rheological results obtained 
from the previous analysis, we know that the G′ of neat 
PBAT was lower than those of other PBAT/PVAc blends in 
the low-frequency region. At the same shear frequency, the 
G′ of PBAT/PVAc blends increased slightly with an increase 
of PVAc content, which indicated that addition of PVAc 
could improve the melt elasticity of PBAT, thus the melt 

Fig. 9  Complex viscosity versus PVAc content at frequency of 0.1  s−1

Fig. 10  SEM images of cryo-fractured surfaces of PBAT-20 blend after etching PVAc: (a) blending at 130 °C (b) blending at 150 °C (c) blend-
ing at 170 °C
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strength could be improved. The end result is an improve-
ment in the foamability of PBAT. In terms of tanδ analy-
sis, in the low frequency region, when the shear frequency 
was constant, the tanδ value of pure PBAT was the highest, 
indicating that its elastic response was slow and viscosity 
dissipation phenomenon was obvious, thus its foamability 
was not ideal. After PVAc was added, tanδ values of PBAT/
PVAc blend system in low frequency region decreased, indi-
cating that the elastic strain of the blend system was fast, 
viscosity dissipation phenomenon was gradually reduced, 
and the foamability was improved.

Tensile mechanical properties

The results obtained from the typical tension stress–strain 
curves are depicted in Fig. 12. Table 3 summarizes the rela-
tive mechanical properties including Young’s modulus, yield 
strength, tensile strength, and elongation at break. From 
Fig. 12, we can conclude that all samples showed tough-
ness fracture upon tensile load with obvious strain hardening 
behavior. With the regard to the PBAT-30, a longer neck 
growth was clearly observed compared with the other sam-
ples. For neat PBAT, it had a low Young’s modulus about 
203 MPa and a high elongation at break about 1471%. In 
addition, neat PBAT exhibited the yield strength and tensile 
strength of 7.5 and 37.3 MPa, respectively. It is observed 
that the incorporation of PVAc can obviously affect mechan-
ical properties of PBAT. Figure 12 obviously revealed that 
tensile strength (breaking stress) and elongation at break 
of samples declined with the increase of PVAc content. 
This result may be due to the phase separation caused by 
the immiscibility of PBAT and PVAc. However, the yield 
stress and Young’s modulus of samples were enhanced with 
increasing PVAc content. The Young’s modulus represents 
the stiffness of material. Young’s modulus was improved 
about 105% when PVAc content was 30% (from 203 to 
416 MPa), which indicated that incorporation of PVAc could 
make up for the shortcoming of low modulus of PBAT. 
Moreover, yield strength was significantly improved about 

53.3% (from 7.5 to 11.5 MPa) when PVAc content was 30%. 
The Young’s modulus and yield strength of the PBAT/PVAc 
blends were higher than those of neat PBAT, which could 
result from a relatively high hardness of PVAc at room tem-
perature caused by its higher Tg than PBAT. Although the 
elongation at break decreased with PVAc content increasing, 

(a) (b) (c)

Fig. 11  The rheological results for PBAT-20 at different blending temperature: plots of (a), storage modulus (G′) (b), loss modulus (G″) (c), 
complex viscosity (η*) versus angular frequency (ω) 

Fig. 12  (a) tensile behavior of neat PBAT and PBAT/PVAc blends; 
(b) the magnified tensile behavior
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all the PBAT/PVAc blends with various PVAc content main-
tained the elongation at break of more than 700%, which 
meets the requirements of most applications. Compared with 
PBAT/PVC researched by Hadj-Hamou et al. [42], when 
PVAc and PVC content is 30wt%, Young’s modulus, tensile 
strength and elongation at break of PBAT/PVAc blend were 
416 MPa, 16.9 MPa and 713%, respectively, while Young’s 
modulus, tensile strength and elongation at break of PBAT/
PVC blend were 103 MPa, 19.2 MPa and 383%, respectively. 
The above results indicated that PVAc has better enhance-
ment effect on PBAT than PVC. Iwakura et al. [58] have 
been studied PBAT melt-blended with a liquid crystalline 
polymer (LCP) aiming at improving mechanical properties 
and the result showed that the addition of LCP to PBAT 
increased tensile strength and tensile modulus. However, 
unlike our PBAT/PVAc blends, no tensile yield points can 
be observed in PBAT/LCP blends. Zhao et al. [36] have 
been studied PBAT/PPC blends and the PPC content has 
a significant effect on mechanical properties, such as both 
tensile strength and tensile modulus decreased with PPC 
content increasing. When PPC content was 10%, 20% and 
30%, the tensile strength and elongation at break of PBAT/
PPC blends were 30.2 MPa/1553%, 26.0 MPa/1473% and 
19.5 MPa/1184%, respectively. In our PBAT/PVAc blends, 
the tensile strength and elongation at break of PBAT/
PVAc blends were 33.2 MPa/1305%, 27.8 MPa/1020% and 
16.9 MPa/713%, respectively. This result indicated that the 
effects of PPC and PVAc on PBAT mechanics have similar 
results. They also found a small amount of chain extender 
ADR could improve mechanical properties of PBAT/PPC 
blends. Elhamnia et al. [77] studied mechanical properties 
of melt-mixed PBAT/EVOH blends with 10%, 20%, 30% 
EVOH content, they found that the yield stress and strain at 
yield of the blends were not greatly affected by the EVOH 
content. Moreover, strain at break has slightly decreased 
with a large drop at 30% EVOH but tensile strength 
decreased with increasing EVOH content. For PBAT/EVOH 
and PBAT/PVAc blend, the decrease of tensile strength and 
strain at break of the blends probably because that EVOH 
or PVAc droplets were relatively stiff and stiff droplets as 
dispersed phase could inhibit the elongation of PBAT chains 
by defects developed at the interface and consequently strain 
at break decreases and strain hardening of PBAT continuous 

phase become weak [77]. The decrease of tensile strength 
and strain at break of the blends is more pronounced when 
the EVOH or PVAc content increase.

From the analysis of mechanical properties, it can be 
seen that the addition of PVAc can effectively improve the 
mechanical properties of PBAT, which is conducive to the 
application of blends in film and foam. The improvement of 
the modulus and strength could make the blend film more 
solid and do not happen destructive deformation easily and 
endows foaming with certain strength.

Conclusions

In this work, PBAT/PVAc blends with different PVAc con-
tents were successfully produced by a sample melt blend-
ing method. A comprehensive and detailed analysis of the 
blends was investigated through the combination of the 
miscibility, phase morphology, thermal behaviors, rheo-
logical and mechanical properties. DMA result indicated 
that PBAT and PVAc were immiscible and PBAT/PVAc 
blends presented two glass transition temperatures. Mor-
phological analysis demonstrated phase separation existed 
in the PBAT/PVAc blends and PVAc minor phase uni-
formly dispersed in the PBAT matrix in our study range. 
From thermal behaviors analysis, we found that Tc value 
of PBAT was increased when PVAc was added and PVAc 
could accelerate crystallization during cooling. In addition, 
degree of crystallinity of PBAT was increased with the 
incorporation of PVAc increasing. However, the addition 
of PVAc did not affect the melting temperature of PBAT. 
Rheological properties tests showed that the storage modu-
lus, loss modulus, and complex viscosity of PBAT/PVAc 
blends were increased with the PVAc content and this was 
attributed to fact that the higher viscosity of PVAc. On the 
basis of the tensile test results, upon the increasing PVAc 
content, PBAT/PVAc blends displayed a decrease in elonga-
tion at break and tensile strength, while Young’s modulus 
and yield strength were gradually improved. In summary, 
the improvement of rheological and mechanical properties 
for PBAT/PVAc blend can augment the performance of its 
products and expand its wider market applications in film 
and foam fields.

Table 3  Mechanical properties 
of neat PBAT and PBAT/PVAc 
blends

Sample Young’s modulus
(MPa)

Yield strength
(MPa)

Tensile strength
(MPa)

Elongation at break
(%)

neat PBAT 203 ± 23 7.5 ± 0.4 37.3 ± 1.9 1471 ± 56
PBAT-10 228 ± 14 8.9 ± 0.5 33.2 ± 1.4 1305 ± 42
PBAT-20 284 ± 21 9.4 ± 0.6 27.8 ± 0.8 1020 ± 31
PBAT-30 416 ± 34 11.5 ± 0.3 16.9 ± 0.5 713 ± 23
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