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Abstract

Poly(butylene succinate) (PBS)/poly(vinyl acetate) (PV Ac) blends were prepared by melt mixing. The miscibility, morphology,
non-isothermal and isothermal crystallization, and rheological and mechanical properties of PBS/PV Ac blends were investigated.
The blends were a partial miscible two-phase system with PVAc evenly dispersed in the PBS matrix. The incorporation of PVAc
accelerated the crystallization rate of PBS due to the heterogeneous nucleation, but decreased the degree of crystallinity. The
rheological properties of PBS were greatly improved by the incorporation of PVAc, because of the high viscosity of PVAc in
melt state. The most intriguing result was that the stiffness, strength, and toughness could be improved simultaneously by the
addition of PVAc. The modulus, breaking strength, and elongation at break of PBS containing 10 wt% PV Ac increased by 3.5%,
15.7%, and 43.4%, respectively. The synergetic improvement in the crystallization, rheological, and mechanical properties may

be of much importance for widening the application of PBS.
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Introduction

With growing environmental concerns worldwide, the manu-
facture and use of environmentally friendly biodegradable
polymers have gradually attracted more attention [1].
Among the family of biodegradable polymers, poly(butylene
succinate) (PBS), synthesized by condensation reaction of
succinic acid and 1,4-butanediol, is a promising linear aliphat-
ic semi-crystalline polyester [2, 3]. PBS like many other bio-
degradable polymers has attracted universal attention due to
biodegradable properties, melt processability, and potential
applications as environmentally friendly polymers for food
packaging, and agricultural and marine applications to replace
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synthetic nonbiodegradable materials [4, 5]. However, practi-
cal application of PBS has been limited due to its low mechan-
ical strength and melt strength. Hence, more and more atten-
tion was given to the modification of PBS [6].

In order to improve its performance, many research efforts
have been extensively studied including incorporation of
fillers, copolymerization, and physical blending. During the
past few years, many fillers, such as waste silk fibers [7], glass
fiber [8], carbon fiber (CF) [9], montmorillonite (MMT) [10],
multiwalled carbon nanotube (MWCNT) [11], kenaf fiber
(KF) [12], corn starch (CS) [13], and nano-TiO, [14] have
been used for the preparation of biocomposites with PBS.
However, the compatibility between PBS matrix and fillers,
coupled with the dispersion of fillers in the PBS matrix, would
affect the performance of PBS composites. Copolymerization
modification of PBS, including random and block
copolymerization, has been extensively studied. The
monomers reported to be randomly copolymerized with PBS
include tartaric acid [15], hexylene glycol [16], ethylene
succinate [17], and diglycolate [18]. In addition, there are
many literatures on PBS block copolymers. Li et al. [19]
prepared poly(butylene succinate)-b-poly(diethylene glycol
succinate) (PDGS) multiblock copolymers by chain-
extension reaction and found the incorporation of PDGS seg-
ments decreased the melting and crystallization temperatures
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of copolymer. The crystallization and tensile properties of
multiblock copolymers consisting of poly(ester urethane)
(PEU), PBS, and poly(L-lactic acid) (PLLA) depended on
the interaction between different component segments [20].
The copolyesters containing PBS and poly(ethylene succi-
nate) (PES) manifested excellent mechanical properties with
fracture stress of 61.8 MPa and fracture strain of 1173% [21].
Additionally, poly(ethylene glycol) (PEG) [22, 23],
poly(lactic acid) (PLA) [24], and poly(p-dioxanone) (PPDO)
[25] etc. are used to synthesize copolymers with PBS.
Compared with incorporation of fillers and copolymerization,
blending with other polymers is a simple and effective method
to improve the multiple properties of polymers. As a result, it
has received widespread attention from the industry and aca-
demia, and various blends of PBS have been extensively and
systematically studied. For example, the immiscible PBS/
PLA blends were prepared by melt mixing and showed an
obvious improvement in the rheological properties [26].
Wang et al. [27] prepared PBS/poly(butylene adipate) (PBA)
blends and found that the PBA could act as a diluter, influenc-
ing the morphology of PBS. The partially miscible PBS/PES
blends were prepared by solution blending and found that the
addition of PES affected the crystallization kinetics of PBS
[28].

Poly(vinyl acetate) (PVAc) is an amorphous and transpar-
ent polymer and usually can be used as paper finishing agent,
binder, and adhesive [29]. PVAc has be blended with many
biodegradable polymers to form completely miscible blend
systems, such as PLA/PVAc [30, 31], poly(e-caprolactone)
(PCL)/PVACc [29], poly(S8-hydroxybutyrate) (PHB)/PVAc
[32, 33], and poly(ethylene oxide) (PEO)/PVAc [34]. It had
been reported that the hydrogen bonds could be formed be-
tween a-hydrogens of PVAc and carboxyl groups from PLA
or PHB because of their proton-donating and proton-
accepting properties. It was this strong interaction that made
polymer blends miscible [31, 32]. Thus, such miscibility and
interactions resulted in a definite improvement in the mechan-
ical properties and retarded crystallization behaviors of the
blends. For example, in the PLA/PVAc blends, both tensile
strength and elongation at break increased with the PVAc
content until PVAc rose up to 30 wt% and 5 wt%, respectively
[30]. In the case of the PCL/PV Ac blend, as the PV Ac content
increased to 10 wt%, the tensile strength increased while elon-
gation at break decreased [29]. These results meant that there
was synergism in the blends possibly due to the increased
surface tension of the blends caused by the addition of
PVAc [29]. In addition, An et al. [32] found that in the
PHB/PVAc blends, PVAc reduced the overall non-
isothermal crystallization rate of PHB.

However, little investigation on the binary blends of PBS/
PV Ac has been reported. The important factor determining the
performance of the blends is whether the two components are
miscible or not. Therefore, firstly, the main purpose of this
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work was to study the miscibility and phase morphology of
PBS/PVAc blends. Then, the effect of the addition of PVAc
on the crystallization and rheological and mechanical proper-
ties of PBS/PV Ac blends was studied by various techniques in
detail.

Experimental
Materials

PBS used in this study was provided by Xinjiang Blue Ridge
Tunhe Chemical Industry Joint Stock Co., LTD. with a
weight-average molecular weight (M) of 1.7 x 10° g mol
and a polydispersity of 1.82. PVAc was provided by Nuoda
New Materials Company with an M,, of 1.5 x 10° g mol ' and
a polydispersity of 1.54.

Sample preparation

PBS and PVAc were dried in a vacuum oven at 70 °C for 8 h
to avoid hydrolytic degradation. The PBS/PV Ac blends were
melt blended by using a Haake batch intensive mixer (Haake
Rheomix 600, Karlsruhe, Germany), of which the temperature
was controlled at 150 °C. The screw speed was 60 rpm and
compounding time was 7 min. After blending, all samples
were compression molded at 150 °C for 3 min to form a 1-
mmthick sheet, and cold-pressed at room temperature. PBS
and PVAc in the blends were in the following weight ratios
100/0, 90/10, 80/20, 70/30, and 0/100, where the first number
represented PBS and the second represented PVAc.

Characterization
Dynamic mechanical analysis

Dynamic mechanical properties (DMA), storage modulus (£
"), and loss factor (tan 9) of pure PBS and PBS/PV Ac blends
were measured as a function of temperature by using a TA
instruments’ dynamic mechanical analyzer (DMA) Q800
(USA). The blended samples were thin rectangle with dimen-
sions 0f 20 x 10 x 1.0 mm>. The measurement was run in ten-
sile mode with a frequency of 1 Hz. The test temperature
ranged from — 60 to 100 °C at a constant heating rate of
3°Cmin".

Scanning electronic microscopy

The phase morphology of PBS/PV Ac blends were examined
by a field emission SEM (FEI Co., Eindhoven, Netherlands).
The PVAc phase was etched in the acetone solution. Then the
etched surfaces of blend samples were sputter coated with
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gold. After that, sample surfaces were imaged at an accelerat-
ed voltage of 10 kV.

Differential scanning calorimetry

A TA Instruments differential scanning calorimetry (DSC)
Q20 (USA) was used to determine the crystallization and ther-
mal behaviors of PBS/PVAc blends. The heat flow and tem-
perature scales were calibrated with indium. The samples were
weighted (5-8 mg) and crimp sealed in the aluminum pans.
All samples were heated to 150 °C at a heating rate of
100 °C min™'. After isothermalizing at 150 °C for 3 min, the
molten samples were cooled to — 60 °C at a rate of
10 °C min~" (first cooling). Then the samples were again
heated to 150 °C at a heating rate of 10 °C min ' (second
heating). The first cooling and the second heating scans of
DSC were used to analyze the non-isothermal melt crystalli-
zation and the subsequent heating behaviors. For isothermal
crystallization, all samples were heated to 140 °C at a rate of
100 °C min "' and kept for 3 min, then cooled to 90 °C at a rate
of 45 °C min"". The samples were held at 90 °C until the
crystallization was complete in order to record the time-
dependent crystallization process.

Rheological measurements

Rheological properties of PBS/PV Ac blends in dynamic flow
field were tested by using a rotational theometer (TA Series
AR2000ex, TA Instrument, USA) device with 25-mm parallel
plate geometry. The strain value was set to 1.25% to ensure
the linearity of viscoelastic response of samples within the test
range. The disc-like shape samples with a thickness of 1 mm
were heated to 150 °C, and a frequency scans were performed
under a nitrogen atmosphere. The frequency sweep range was
0.05-100 rad s~

Tensile tests

According to ISO 527-1:2012 standard, the specimens with a
gauge length of 20 mm were prepared and used for mechan-
ical properties testing. The measurements were performed on
a tensile testing machine (Instron-1121, USA) at room tem-

perature. The cross-head speed was 200 mm min .

Results and discussion
Miscibility and phase morphology

In general, the miscible polymer blend systems show only one
glass transition temperature (7;) caused by the homogeneous
state of the amorphous region, and in the immiscible blends,
there are two T,s associated with each individual component.

Figure 1 displays the dynamic mechanical traces of PBS/
PV Ac blends with different PV Ac contents. The 7, a measure
of polymer chain mobility, can be measured from tan ¢ peak
and are summarized in Table 1. Neat PBS exhibited a single
tan 0 peak at around — 18.5 °C, and neat PVAc showed a sharp
single tan § peak at around 49.6 °C, corresponding to their
glass transition, respectively. For PBS/PVAc blends, there
were two glass transitions on the tan d curves, the higher one
corresponded to PVAc phase, and the lower one corresponded
to PBS phase, suggesting that PBS/PVAc blends were not
thermodynamically miscible. Notably, it could be found that
the T, of PBS component shifted to higher temperatures with
increasing PVAc content, and the 7,s of PVAc component in
the blends were lower than that of neat PV Ac and were nearly
unchanged with varying PVAc contents. Such change of 7,
with PVAc content indicated that there was an inter-
compositional interaction between PBS and PVAc in amor-
phous region, which enhanced the compatibilization in the
PBS/PVAc blends [35]. In other words, the blends composed
of PBS and PVAc components were partial miscible.
Additionally, in a partial miscible blend system, molecular
chain interpenetration may take place at the phase interface
according to Flory-Huggins parameters, causing components
to mutually influence chain mobility at the phase interface
[36]. Since the T, of PVAc was higher than that of PBS, the
presence of PBS might promote the chain mobility of PVAc,
and the presence of PVAc also might hinder the chain mobil-
ity of PBS in the blends because of the partial miscibility
between PBS and PVAc in amorphous region. Therefore, a
decrease in the 7, of PVAc component and an increase in the
T, of PBS component in the blends were observed.

Figure 1 c illustrates the variations of storage modulus (£”)
of neat PBS and PV Ac and their blends as a function of tem-
perature. Firstly, £’ of neat PV Ac and PBS dropped sharply in
the temperature range of 40 to 50 °C and — 30 to 20 °C,
respectively, due to their glass transitions. Secondly, for the
blends, when the temperature was below about — 40 °C, the
addition of PVAc had no obvious effect on the £’ of PBS/
PV Ac blends due to both components were in the glass state.
As the temperature increased to the range of — 40 to 40 °C,
which was higher than the 7, of PBS and lower than the 7}, of
PVAc, the addition of PVAc enhanced the E' of PBS/PVAc
blends. The increase in the £’ with the PVAc content of PBS/
PVAc blends was attributed to the reinforcement of PVAc
component caused by its high stiffness under glassy state.

Table 1 T,s of neat PBS and PVAc and their blends obtained from
DMA

PBS/PVAc 100/0 90/10 80/20 70/30 0/100
Ty, pvac (°C) - 43.7 449 44.5 49.6
Typps (°C) -18.5 -14.9 -13.0 -11.9 -
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With temperature continuing to rise above 40 °C, which was
higher than the 7, of PVAc, PBS and PVAc were in semi-
crystalline state and high elastic state, respectively. The £’ of
blends dropped to less than that of neat PBS and decreased
with an increase in the PV Ac content. This was because of the
diluting effect of rubbery PVAc segments due to its better
mobility at temperature above 7.

It is well recognized that the morphology of polymer
blends is typically used to study the individual polymers
miscibility. Miscible blends exhibit single-phase mor-
phology and immiscible blends show phase separation
[37]. Figure 2 manifests SEM micrographs of cryo-
fractured surfaces for the PBS/PVAc blends after selec-
tive etching of PVAc component by acetone solution.
The surface of neat PBS was homogeneous and smooth,
as shown in Fig. 2 a. In Fig. 2 b—d, the blends showed
an obvious phase-separated morphology, which was
consistent with the two 7,s measured by DMA. In ad-
dition, it was found that the blends showed a well dis-
persion of PVAc minor phase in the PBS matrix.
Figure 3 illustrates the quantitative analyses of dispersed
PVAc phase in the blends. As can be seen from Fig. 3,
an increase in the PVAc content resulted in an increase
in the average particle size (D) of PVAc phase. For
example, D of PBS/PVAc blends containing PVAc of
10, 20, and 30 wt% were 0.27, 0.34, and 0.66 pm,
respectively. At the same time, the size distribution of
PVAc phase also became wider with increasing PVAc
content. These results were in line with many immisci-
ble polymer blends [38, 39]. The fine and uniform dis-
persion and small particle size of PVAc phase suggested
a good compatibility in the PBS/PVAc partial miscible
blends due to the stronger interaction between PVAc
and PBS.

Non-isothermal melt crystallization and melting
behaviors

DSC tests were employed to study the effects of PVAc on the
non-isothermal melt crystallization and the subsequent melt-
ing behaviors of PBS matrix. Figure 4 a shows the DSC
cooling scans at a cooling rate of 10 °C min_'. The evaluated
parameters obtained from the cooling runs, melt crystalliza-
tion peak temperatures (7,), and crystallization enthalpy
(AH,) are summarized in Table 2.

Generally speaking, the values of 7, can be used to assess
the non-isothermal crystallization nucleation rate [40]. The
higher the T, the faster the nucleation when polymer crystal-
lizes. T, of neat PBS was 75.1 °C, while T, of blend with
PVAc content of 10 wt%, 20 wt%, and 30 wt% gradually
increased to 79.9 °C, 82.2 °C, and 83.4 °C, respectively.
Additionally, the relative crystallinity curves of neat PBS
and its blends are shown in Fig. 4 b. Crystallization half-
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Fig. 1 DMA traces of PBS/PV Ac blends with different PVAc contents: a

tan § against temperature; b magnified image of (a) in order to more

clearly observe the damping peaks of blends; (c) storage modulus (£")

against temperature curves

time (1), the time for the relative crystallinity to reach
50%, could be obtained from Fig. 4 b and are listed in
Table 2. All curves exhibited a sigmoid with respect to time
and the #;, of neat PBS was 1.08 min. It was found that the 7, »
of PBS in the blends became shorter with addition of PVAc.
These phenomena suggested that the addition of PVAc
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Fig. 2 SEM microphotographs of ( a)
cryo-fractured surfaces of PBS/

PVAc blends after etching in the
acetone solution: a 100/0, b 90/
10, ¢ 80/20, and d 70/30

promoted nucleation and increased crystallization rate of PBS
in the blends, and the degree of improvement was obviously
affected by the PV Ac content. In addition, the non-isothermal
crystallization kinetics of neat PBS and PBS/PVAc blends
was analyzed by the Avrami equation [41]:

1-X, = exp(—kt") (1)

where X, is relative crystallinity at time ¢, k is crystallization
rate constant, and #z is Avrami exponent. Figure 4 ¢ shows the
Avrami plots of neat PBS and its blends. The values of k and n
were calculated from the intercept and slope of the early linear
portion and are listed in Table 2. It was clear that & increased
with increasing PVAc content, suggesting that the non-
isothermal crystallization rate of blends increased with the
increase of PVAc content. Additionally, the » value of neat
PBS was 3.5, indicating a heterogeneous nucleation process
with three-dimensional growth [42]. The n values of PBS/
PVAc blends at a range of 3.3-3.7 were close to that of neat
PBS, suggesting that the presence of PV Ac did not change the
non-isothermal crystallization mechanism of PBS.

In general, for fully immiscible polymer blends, the
crystallization process of the matrix phase should not be
affected by the minor phase, especially if the matrix
polymer crystallizes first. However, when
compatibilizers are applied to the immiscible blends,
the crystallization behavior and kinetics of the matrix
polymer may be affected [36, 43, 44]. For many par-
tially miscible blend systems, it was found that the

minor component could retard the crystallization of the
matrix component [45-49]. Wu et al. [45] studied the
non-isothermal crystallization behavior of partially mis-
cible poly(phenylene sulfide) (PPS)/polycarbonate (PC)
blends, and found that the crystallization rate of PPS
decreased due to the increasing of viscosity caused by
the addition of PC. For the partially miscible six-armed
poly(L-lactic acid) (6a-PLLA)/poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) blends, the crystallization
rate of 6a-PLLA decreased with increasing PHBV con-
tent because the dilution effect of PHBV exceeded its
nucleation effect [46]. Our previous research on poly-
propylene (PP)/propylene-based random copolymer
(PEC) partially miscible blends suggested that the im-
perfection of PP crystals and the dilution effect of PEC
chains resulted in the decrease in the 7, of blends with
increasing PEC content [47]. Other partially miscible
blends whose crystallization rates were reduced by
blending were poly(phenyl acetylene) (PPA)/PCL [48],
PBS/PES [28], and PLLA/poly(methyl methacrylate)
(PMMA) [49], etc. In this study, it was worth noting
that for partially miscible PBS/PVAc blends, the present
of PVAc significantly accelerated the non-isothermal
melt crystallization rate of PBS matrix. As mentioned
above, the good dispersion of PVAc in the PBS matrix
could be attributed to the strong interaction between
PVAc and PBS, which made PVAc play the main role
of heterogeneous nuclei. Its nucleation effect exceeded
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the dilution effect. Therefore, the crystallization rates of
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isothermal melt crystallization of neat PBS and its blends at
a heating rate of 10 °C min'. The thermal parameters includ-
Fig.3 Quantitative analyses of PV Ac phase size distribution based on the

SEM micrographs in Fig. 2: a 90/10, b 80/20, and ¢ 70/30. D was the ing melting endOthenm? pea'k (T'n) and melting enthalpy
average particle diameter (AH,,) are also summarized in Table 2. As observed from

Fig. 5, neat PBS showed a T},, at 115.5 °C. The T,,s of blends
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Table 2 Non-isothermal melt

crystallization, Avrami kinetic, PBS/PVAc T. (°C) t1> (min) n k (min™™) AH. (J/g) T (°C) AH, /g X (%)

and melting parameters of neat

PBS and PBS/PAVc blends 100/0 75.1 1.08 35 0.5360 58.5 1155 57.7 523
90/10 79.9 0.95 37 0.8322 64.3 113.9 56.2 51.0
80/20 82.2 0.90 35 0.9589 65.3 113.6 53.8 48.8
70/30 83.4 0.72 33 1.8166 53.4 113.3 45.9 41.6

AH,, and AH, are corrected by the content of PBS in the PBS/PVAc blends

were around 2 °C lower than that of neat PBS. From a ther-
modynamic point of view, the dilution effect of PVAc would
lead to a decrease in the T}, of the blends.

The degree of crystallinity (X;) of blends during crystalli-
zation were evaluated by the following relationship and listed
in Table 2:

A 09 2

Xel®) = X o

~—

where X; is the degree of crystallinity of PBS phase, AH,, is the
measured melting enthalpy, ¢ is the wight content of PBS in the
blends, and AH’ 21 is the melting enthalpy of PBS crystal with
100% degree of crystallinity, that is 110.3 J g~' [50]. The X, of
neat PBS was 52.3%. The incorporation of PVAc decreased the
X, of PBS. Especially when the PVAc content increased to
30 wt%, the X, dropped to 41.6%. Consequently, it could be
concluded that the present of PVAc increased the crystallization
rate of PBS but decreased the X, of PBS. These findings might be
connected with the phase interface in partially miscible blends.
The addition of PVAc could accelerate the crystallization rate
due to its heterogeneous nuclei caused by the strong interaction
between PV Ac and PBS, which, in fact, also limited the stacking
and arrangement of PBS chains to a large extent, resulting in a

100/0
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exo

1

2
ﬁ 70/30
Is)
© 1
(0]
jas W

PBS /PVAC !

T T T
-50 0 50 100

Tem perature €C)

Fig. 5 DSC heating scans after non-isothermal melt crystallization
process at a heating rate of 10 °C min™'

decrease in the X.. Similar phenomena had been observed in
other blend systems, such as PBS/cellulose triacetate (CT) and
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P34HB)/PBS
[50, 51].

Isothermal crystallization behavior and kinetics

Isothermal crystallization behavior and kinetics were studied
in order to further explore the effect of PVAc on the
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Fig. 6 a Variation of relative crystallinity with crystallization time for
isothermal melt crystallization of neat PBS and its blends and b Avrami
plots at 90 °C
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Table 3

Kinetics parameters of isothermal melt crystallization of neat

PBS and its blends at 90 °C

PBS/PVAc

t1/> (min) n k (min ™) R?

100/0
90/10
80/20
70/30

4.44
1.71
1.48
115

1.7
24
23
23

0.0773
0.1993
0.2952
0.5199

0.9911
0.9986
0.9985
0.9983

G'Pa)

G'(Pa)

PBS/PVA:

—=— 100/0
—e— 90/10
—A— 80,20
—¥— 70/30
—<4— 0/100

T T T
10°
Angulbr frequency (@d/s)

1

10

PBS/PVic

—=&— 100/0
—e— 90/10
—A— 80,20
—v— 70/30
—<4— 0/100

10°
Angukr frequency (@d/s)

PBS /PVAC

—=&— 100/0
—e— 90/10
—4A— 80/20
—¥— 70/30
—<4— 0/100

T T T
2 3 4

10 10
G'' (Pa)

crystallization process of PBS in the blends. Figure 6 a shows
the curves of relative crystallinity versus crystallization time
of neat PBS and its blends at crystallization temperatures of
90 °C. Obviously, the crystallization time decreased with in-
creasing PVAc content. The Avrami equation was used to
analyze the isothermal crystallization process of PBS/PVAc
blend system. Figure 6 b shows the Avrami plots for neat PBS
and PBS/PVAc blends at temperatures of 90 °C. The isother-
mal crystallization kinetic parameters obtained from Fig. 6,

PBS /PVAC

—=&— 100/0
—e— 90/10
—A— 80,20
—v— 70/30
—<4— 0/100

10°
Angulbr frequency (ad/s)

PBS /PVAC

—=—100/0
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—¥— 7030
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0.1

1 10
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Fig. 7 Plots of a storage modulus (G"), b loss modulus (G"), ¢ complex viscosity (|n*[) and d loss tangent (tan 0) as functions of angular frequency, and e
Han plots of G’ vs. G" for PBS/PVAc blends containing different PVAc concentrations
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PBS /PVAC
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Fig. 8 Stress-strain curves of neat PBS and its blends with various PVAc
contents

t . 1, and k, are listed in Table 3. The ¢, values of blends
decreased compared with neat PBS. Moreover, the #,, values
of’blends decreased with increasing PV Ac content, suggesting
that the entire isothermal crystallization rate was increased
with an increase in the PVAc loading. This was consistent
with the results of non-isothermal crystallization process,
and once again illustrated the heterogeneous nucleation of
PVAc. The n values varied slightly between 1.7 and 2.4 for
neat PBS and PBS/PV Ac blends, implying that neat PBS and
its blends crystallized through the same mechanism. In other
words, the addition of PVAc and the content of PVAc did not
change the mechanism of isothermal crystallization of PBS.
Furthermore, the crystallization rate constant, &, was found to
increase with an increase in the PVAc content. It could be seen
that the introduction of PVAc increased both non-isothermal
crystallization and isothermal crystallization rate of PBS in the
blends due to heterogeneous nucleation of PVAc, but it had
almost no effect on the crystallization mechanism.

Rheological properties

Rheological properties can well characterize the structure
and interaction of polymers because of their sensitivity to
rheological properties. To check the effect of PVAc on
the rheological properties of the blends, oscillatory shear
rheological tests were conducted at 150 °C. The influence

of PVAc content on the storage modulus (G'), loss mod-
ulus (G"), complex viscosity (|n*]), loss tangent (tan J),
and Han plots of PBS in the blends is shown in Fig. 7.

It was seen that neat PBS demonstrated an obvious
liquid-like behavior at low-frequency zone with logarith-
mic G' and G" versus logarithmic angular frequency
showed a good linear relationship of G' co 1.40 and G
"o (.79, respectively. Neat PVAc showed a significant
pseudo-solid-like behavior, due to the slopes of logarith-
mic G' and G" versus logarithmic angular frequency
were 0.28 and 0.42, respectively [52]. This was mainly
because of the high viscosity of PVAc in the melt state.
For the blends, on the one hand, the slopes of G’ curves
at low-frequency zone decreased with increasing PVAc
content, on the other hand, both G' and G" increased
monotonically within the test frequency range with an
increase in the PVAc content. These results indicated
that PVAc possessing high viscosity in the melt could
improve the melt strength of PBS matrix.

It could be observed from Fig. 7 c¢ that the |n* of
neat PBS showed a Newtonian liquid behavior; in con-
trast, the |[n* of neat PVAc exhibited non-Newtonian
shear-thinning behavior. In terms of blends, the |n*|
gradually increased with increasing PVAc content, and
Newtonian plateau appeared in the low-frequency re-
gion, and the non-Newtonian shear thinning in the
high-frequency region. At the same time, for the blends
with a higher concentration of PVAc, the Newtonian
plateau in the low-frequency region narrowed even dis-
appeared. It was due to the fact that the measurement
frequency range was not low enough for the blends
with higher content of PVAc. Moreover, the loss tan-
gent (tan 0 = G'"/G'), the ratio of dissipated energy to
stored energy, is considered to be a more sensitive pa-
rameter to the relaxation variation of polymer than G’ or
G" [52]. Figure 7 d illustrates the loss tangent of all
samples as a function of frequency. The tan & of neat
PBS decreased with increasing frequency, which was
consistent with the behavior of typical viscoelastic lig-
uids. As the PVAc concentration was increased, tan 6 of
the blends gradually decreased, indicating the larger in-
creasing ratio of storage modulus than the increasing
ratio of viscosity. Han plots of G' ~ G" [53] showed
in Fig. 7 e can be used to determine the miscibility of

Table 4 Mechanical properties of

neat PBS and PBS/PAVc blends PBS/PVAc Young’s modulus Yield strength Breaking strength Elongation at break
tested at room temperature (MPa) (MPa) (MPa) (%)

100/0 345+ 13 327+1.6 40.8 2.1 505 =19

90/10 357 +9 30.7 +0.8 472+ 1.5 724 + 22

80/20 362 £ 11 305+1.2 466 £ 1.2 701 + 21

70/30 372+ 15 303+ 0.6 433+19 655 + 18
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the blends. If the slopes of the Han curves of the blends
are similar in the low-frequency region, the compatibil-
ity between the components is good; otherwise, they are
not miscible [54]. It can be seen from the Fig. 7 e that
as the content of PVAc increased, the slopes of the Han
curves of PBS/PVAc blends in the low-frequency region
did not change much, indicating a good miscibility be-
tween PBS and PVAc, which was consistent with the
DSC results. In short, the addition of PVAc significant-
ly enhanced the rheological properties of PBS, which
was helpful to improve the relative difficulty of process-
ability for PBS caused by its low viscosity in the melt,
making major thermoplastic processing methods possi-
ble, such as injection molding, blow molding, extrusion
molding, and compression molding.

Tensile mechanical property

Figure 8 shows the tensile stress-strain curves of neat
PBS and PBS/PVAc blends and Table 4 lists the rele-
vant mechanical properties. Neat PBS was a soft poly-
mer, exhibiting modulus and breaking strength of 345
and 40.8 MPa, respectively, as well as a high elonga-
tion at break of 505%. Moreover, neat PBS showed a
distinct yield point with yield strength of 32.7 MPa,
followed by a neck growth, strain hardening, and finally
fracture. All PBS/PVAc blends displayed clear yielding,
more stable neck growth, and greater stress hardening,
compared to neat PBS. Therefore, the elongation at
break of blends drastically increased with increasing
PVAc content. Surprisingly, it was found the breaking
strength and modulus of blends were also higher than
those of neat PBS. Especially for the blend constituting
10 wt% PVAc, the modulus, breaking strength, and
elongation at break arose up to 357 MPa, 47.2 MPa,
and 724%, respectively, which increased by 3.5%,
15.7%, and 43.4% compared to pure PBS. In other
words, the incorporation of PVAc played a role in
strengthening and toughening PBS at the same time.
Hemsri et al. [55] prepared PBS/acrylonitrile butadiene
rubber (NBR) blends by using dicumyl peroxide (DCP)
as a vulcanizing agent, and found that although the
elongation at break of blend with 30 wt% NBR in-
creased by about 1300%, the tensile strength reduced
from 44.8 to 29.5 MPa. For PBS/thermoplastic starch
(TPS) blends with glycerol as plasticizers, both the ten-
sile strength and elongation at break decreased with in-
creasing TPS content [56]. Ostrowska et al. [57] report-
ed that the elongation at break of PBS/PLA blend with
30 wt% PLA reduced by 17% and tensile strength re-
duced by 13%. In our study, the unexpected combina-
tion of enhanced toughness and strength was obtained
by incorporation of PVAc. The modulus of the blends
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was higher than that of pure PBS due to a relatively
high hardness of PVAc at room temperature caused by
its higher 7, than PBS, and a strong interaction between
PBS and PVAc chains as DMA result aforementioned.
Moreover, from the above DSC results, it could be seen
that the addition of PVAc reduced the X, of PBS.
Therefore, during stretching, the more amorphous region
of PBS matrix in the blends could be easily oriented
and hardened to a greater extent, resulting in an in-
crease in breaking strength and elongation at break.

Conclusions

In this study, PBS blends incorporating PVAc were pre-
pared by using melt mixing at various PVAc loading.
Based on DMA measurements, it was found that the
blends were partial miscibility due to the strong interac-
tion between PBS phase and PVAc phase. The effect of
PVAc on the storage modulus of blends was different in
various temperature ranges, depending on the physical
states of PVAc and PBS. On the basis of morphological
observations, it demonstrated that the blends exhibited a
well dispersion of PVAc minor phase in the PBS ma-
trix. The size of PVAc phase increased with increasing
PVAc content. The crystallization behavior analysis sug-
gested that the introduction of PVAc accelerated both
non-isothermal crystallization and isothermal crystalliza-
tion rates of PBS in the blends due to heterogeneous
nucleation of PVAc, but it had almost no effect on the
crystallization mechanism. However, the present of
PVAc decreased the X, of PBS. Rheological properties
tests showed that the storage modulus, loss modulus,
and complex viscosity of PBS/PVAc blends were in-
creased with the increase in the PVAc content due to
the higher viscosity of PVAc, which was beneficial to
the thermoplastic processing of PBS. Unexpectedly, the
incorporation of PVAc simultaneously improved the
elongation at break, modulus, and breaking strength of
blends.
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