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ABSTRACT

In this paper, poly(butylene succinate) (PBS)/hollow glass microsphere (HGM) composites were prepared with
three HGM - K25, S60 and S15. The true density of K25, S60 and S15 were 0.248, 0.604, 0.153 g cm?, while their
average particle size (D50) were 55, 30, 55 um, respectively. PBS/HGM composites were prepared by a twin screw
extruder and an injection molding machine. The melting and crystallization behaviors, mechanical properties, as well
as morphology were investigated. Thermal and crystallization behavior test results indicated that the degree of crystal-
linity of PBS increased by at least 1.7 times with the addition of HGM at all types. Microscopic observation indicated
some agglomerations and the pulled-out HGM particles. These restricted the HGM-polymer matrix stress transfer
and reduced the tensile strength of the composites. Moreover, some broken HGM particles were clearly observed at
7.5 and 10 wt. %, especially for the HGM with K25 and S15. The density of the PBS/HGM composites were all re-
duced with the concentration. Minimum density reduction by 17 % was observed when S60 was applied at 10 wt. %.

Keywords: biodegradable polymers, hollow glass microsphere, crystallization behavior, mechanical properties,
polymer composites.

INTRODUCTION

Poly(butylene succinate) (PBS) is one of biodegrad-
able polymers, which has drawn much attention due to its
interesting properties such as high ductility, commercial
availability and biodegradability [1 - 4]. However, its
low strength, low thermal stability (around 90°C) and
high density have limited the PBS products for com-
mercialization. To obtain PBS with superior properties,
several types of additives were applied especially for
accelerating the crystallization and reducing weight
of PBS. The mechanical properties of semicrystalline
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polymer like PBS is mainly deepened on the crystal
structure [5]. The grafted graphene oxide showed a great
nucleating effect on PBS crystallization. Differential
scanning calorimetry (DSC) test result showed that the
melting temperature of PBS was improved by around
14°C with addition of functionalized carbon nanotubes
[6]. With graphene oxide, the crystallization temperature
was significantly improved together with the spherules
size reduction [7]. Under fast scanning calorimetry
(FSC), the crystallization at high cooling and heating
rates of PBS was significantly improved in the presence
of graphene sheet [8]. The significant improvement of
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the crystallization was also found in the PBS/cellulose
nanocrystals composites [9]. The nonisothermal crystal-
lization result indicated that the silica nanoparticles had
a good nucleation effect on PBS crystallization [10].

In recent years, hollow glass microsphere has been
involved in the modification of polymers due to its
unique structure and its superior characteristics such as
light weight, low thermal conductivity and good sound
insulation[11 - 16]. HGM has been used in the modifi-
cation of polymer composite for different applications.
In epoxy, the dielectric constant and dielectric loss of
the composites decreased simultaneously, with the in-
creased HGM content[12]. The thermal conductivity in
polypropylene (PP)/HGM composites linearly decreased
with HGM content. Further modification HGM with
silane coupling agent was found to have higher thermal
conductivity than the unmodified HGM [14]. Moreover,
the dielectric constant at | MHz was found to decrease
with increasing HGM content or reducing HGM den-
sity. Adding HGM to epoxy exhibited the strong strain
rate effect. The sensitivity factor was found to decrease
with increasing of the volume fraction [15]. Thermal
conductivity and compressive strength of the epoxy/
HGM composites was found to reduce with the addition
of HGM as well [16].

Literature review indicated that most of research
focused on the observation the electrical properties i.e.,
dielectric constant, electrical conductivity and mechani-
cal properties of polymer/HGM composites. To extend
these studies, this paper focused on studying the effect
of particle size, content and the density of HGM on the
crystallization behavior, mechanical, morphological and
physical properties of PBS.

EXPERIMENTAL
Raw materials

A blown film grade bio-PBS (FZ91PM) was used
as a polymer matrix. It was produced by PTT MccBio-
chem Company Ltd. It has a density of 1.26 g cm™ and
a melting point of 115°C. Three types of HGM parti-
cles (K25, S60 and S15) were kindly donated from 3M
(Thailand) Company Ltd. Further information of the
HGM used in the current research is listed in Table 1
and the appearance of the HGM is clearly presented in

Fig. 1. S60 shows the smallest particle size and highest
true density. The true density of K25, S60 and S15 were
0.248, 0.604, 0.153 g cm™, while their average particle
size (D50) were 55, 30, 55 um, respectively.

20 pm

Fig. 1. Visual appearance of HGMs.
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Table 1. Properties of HGM used in the current research.

Trade True density Average particle size by volume (um)
name
(g cm™) D10 D50 D90
K25 0.248 25 55 90
S60 0.604 15 30 55
S15 0.153 25 55 90

Preparation of PBS/HGM composites

Firstly, PBS and HGM were dried in a vacuum oven
at 65°C for 12 h and then they were dry-mixed with
each type of HGM at 2.5, 5.0, 7.5 and 10 wt. %. The
dry-blended compositions were compounded by using
a twin-screw extruder (Chareon TUT, CTE-D16L512)
and then palletized to obtain the PBS/HGM compound
pellets. The screw speed of the extruder was 60 rpm
and the temperatures along the barrel were 120°C to
155°C. The pelletized PBS/HGM compositions were
then fabricated by using an injection molding machine
(Chareon TUT, INJ101T) for subsequence testing and
characterizations.

Testing and characterizations

The visual appearance of HGMs was observed by us-
ing a polarized optical microscope (Nikon LVI00POL).
The fractured surfaces of the PBS/HGM composites were
studied by a scanning electron microscopy (FE-SEM
Model, HITACHI-S4700), all specimens were sputter
coated with 30 Angstrom of gold prior to examination.

Differential scanning calorimetry analysis was
carried out to observe the thermal and crystallization
behaviors of PBS composites by using a Perkin Elmer
DSC6000 under nitrogen gas atmosphere. The test was
performed on 10 mg sample by heating the sample from
room temperature to 150°C, and then they were held for
5 min to remove previous thermal history. They were
cooled down to 0°C and held for 5 min. Finally, the
samples were re-heated to 150°C. All the samples were
run at various heating rate of 5, 10 and 30°C min™'. The
crystallization and melting thermograms were observed
by reporting the glass transition temperature (Tg), melt-
ing temperature (T ) and crystallization temperature (T).
Further estimation of the degree of crystallinity (X ) was
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made following Equation (1)[17,18]:
X, = 100 x——2_ M
xpx AH

where AH , AH_and x_are the enthalpy of melting,
enthalpy of the crystallization and the weight fraction of
the PBS, respectively. AH' is the heat of fusion, defined
as the melting enthalpy of 100 % crystalline PBS, which
is 200 J g'[17, 18].

Tensile properties were performed on a Universal
Testing Machine (Instron, 5966) in accordance with
ASTM D 638 at a crosshead speed of 5 mm min™'. The
gauge length was set at 1 in. The notched Izod impact
test was carried out by using a pendulum impact tester
(TINIUS OLSEN, 92TD) following the procedure de-
scribed in ASTM D 256 standard. The density of the
PBS/HGM composites was measured by using a den-
simeter following the Archimedes principle.

RESULTS AND DISCUSSION
Thermal properties

Figs. 2 to 7 illustrate the second heating and cool-
ing DSC thermograms of PBS/HGM composites with
various heating rates i.e., 5, 10 and 30°C min’'. Further
peaks identification and X calculations were made
and summarized in Table 2. Figs. 2 to 4 illustrate the
crystallization behavior of the PBS composites with
various HGM types of K25, S15 and S60, respectively.
Overall, the composites showed the identical crystalli-
zation behavior at all HGM types and cooling rates. At
high heating rates, the T_shifted to lower temperature
by 10°C - 15°C. In this case, the polymer chains did not
have enough time to transfer from the melt to the crys-
tals, so crystallization took place at lower temperature
[19]. However, there was a slight difference between the
HGM types and contents added. This was commonly
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Fig. 2. Crystallization curves of PBS/K25 HGM composites with various heating rates.

(a) $15, 5°C/min

endo>

10wt%

5.0wt%

2.5wt%

neat PBS

Heat flow (mW/mg)

{b) S15 10°C/min

(c) $15, 30°C/min

60 &0 100
Temperature (°C)

120860 80
Temperature (°C)

100 120 80 80 100 120
Temperature (°C)

Fig. 3. Crystallization curves of PBS/S15 HGM composites with various heating rates.

observed in the PBS/inorganic fillers composites [11,
20]. In this case, adding high content HGM allowed the
agglomeration and limited the nucleation ability.

Figs. 5 to 7 show the melting endotherms of the PBS
composites. The samples were all melted at different
heating rates from 5 to 30°C min™'. With increasing the
heating rate, the height of the samples baseline increased

and the T_shifted to higher position by 4°C - 5°C. The
high heating rate accelerated the PBS chain mobility,
facilitated the crystallization and shifted the melting
point. In Table 2, the area under T_ peaks or AH_was
found to increase with the addition of HGM by around
20Jg'-40J g'. Compared to neat PBS, maximum AH__
around 70 J g was found when S60 was applied at 10
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Fig. 4. Crystallization curves of PBS/S60 HGM composites with various heating rates.
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Fig. 5. Second heating thermograms of PBS/K25 HGM composites with various heating rates.

wt. %. This suggested that all the HGMs served as the
nucleating agent and increased the crystallization rate
of PBS [21, 22]. The degree of crystallinity (X ) was
employed to evaluate the efficiency of HGM on PBS
crystal. Also in Table 2, the X_of neat PBS was varied
around 16 % - 18 % due to the heating rate. Adding HGM
to PBS significantly played an active role in PBS crystal
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nucleation. The X of PBS increased by at least 1.7 times
with the presence of HGM at least 2.5 wt. %. Maximum
X, 0f39.18 % were observed when S60 was added at 10
wt. %. In comparison, there was a slight difference of the
X, with various HGM contents. This was believed to be
the resulted of the agglomerated HGM, which possibly
brought them less effective in crystal nucleation[11].
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Fig. 6. Second heating thermograms of PBS/S15 HGM composites with various heating rates.
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Fig. 7. Second heating thermograms of PBS/S60 HGM composites with various heating rates.

Microscopic observation and mechanical properties

Fig. 8 illustrates the SEM micrograph of the PBS
modified with S15, S60 and K25 HGM. Based on the data
in Table 1, S60 had the highest density. The S15 and K25
had lower density, which made them much more brittle
and less tolerance to the pressure and shearing force [23].
In Fig. 8(b - m), HGB was found to uniformly disperse in
PBS matrix only at 2.5 wt. % and 5.0 wt. %, but it seemed

agglomerated at 7.5 wt. % and 10 wt. %. This agglomer-
ated HGM particles were difficult to disperse as separated
particles in steady shear flow, which could be found in
the conventional extruder [24]. Moreover, there are some
pulled-out HGM particles at all concentrations, which
indicated the poor interfacial adhesion between PBS and
HGM. The broken HGM were generally observed at 7.5
wt. % and 10 wt. % for PBS with S15 and K25. For S60,
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Table 2. Thermal properties of PBS/HGM composites,

PBS and HGM content  Heating rate Tt AHc T AHn, Xe
HGM type  (wt. %) (°C min™) (°0) Jgh (0 dgh )
Neat PBS 0 5 92.84 4256 117.6 36.58 18.29
10 88.62 40.88 1182 35.26 17.63
30 79.19 39.17 1219 33.27 16.64
K25 2.5 5 91.89 7227  116.1 65.97 33.83
10 86.66 6522 1172 65.28 33.48
30 79.36 65.61 1204 64.38 33.02
5.0 5 92.91 5464 1173 57.68 30.36
10 90.43 5491 1182 57.67 30.35
30 82.12 52.15 1200 52.68 27.73
7.5 5 91.87 61.07 116.1 64.37 34.79
10 89.35 6139 117.0 61.15 33.05
30 81.35 60.04 1188 59.93 32.39
10 5 93.36 5542  117.8 62.77 34.87
10 90.69 64.77  118.0 60.75 33.75
30 82.29 61.89 1204 58.66 32.59
S60 2.5 5 92.29 61.01 116.5 58.55 30.03
10 88.52 60.15 116.7 60.00 30.77
30 80.80 59.95 119.8 51.72 26.52
5.0 5 92.52 59.76  117.1 59.19 31.15
10 89.03 61.84 116.8 59.34 31.23
30 80.83 59.45 118.3 56.27 29.62
7.5 5 92.70 5845 117.1 58.01 31.36
10 89.38 64.25 116.8 62.33 33.69
30 83.73 58.29 118.8 57.09 30.86
10 5 92.69 58.67 117.4 70.53 39.18
10 89.00 60.03 117.3 60.07 33.37
30 81.32 61.35 118.8 57.03 31.68
S15 2.5 5 91.75 5381 117.0 52.67 27.01
10 88.48 5592 1183 52.67 27.01
30 79.84 5442 1214 49.29 2528
5.0 5 92.40 6487 116.1 70.32 37.01
10 89.58 70.74 1168 66.94 35.23
30 81.93 6497 1182 61.73 32.49
7.5 5 92.04 5726 116.6 59.43 32.12
10 89.00 5746 1175 55.32 20.9()
30 80.27 5424 1204 51.34 27.75
10 5 91.75 5438 117.0 54.55 30.31
10 88.48 5540 1183 52.47 2015
30 79.84 5437 1213 50.11 27.84
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Neat PBS

K25 560 515

2.5wit%

5.0wt%

T.5w1%

10wi%s

Fig. 8. SEM micrograph of PBS composites with various HGM types.

it did only at 10 wt. %. These HGM fractures were pos- to the data presented in Table 1, which informed that the
sibly due to 1) the high shearing force and high pressure K25 and S15 HGM have lower density, larger particle
of twin-screw extrusion and injection molding processes size and thinner glass wall than S60, which made them
and 1ii) the propagation of the crack during the fracture less durable to high shearing force, high pressure and
process of the SEM sample preparation. This correlated crack propagation. The poor interfacial bonding between
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Fig. 9. Impact strength of PBS composites with various
HGM types.

the polymer matrices and some fractured HGM particles
were also found in the PBS/HGM [11] and thermoplastic
polyurethane composites [24].

The addition of HGM brought the brittleness to PBS
at all concentrations and HGM types (Fig. 9). However,
S60 exhibited higher impact strength than that of K25
and S15. These reductions were mainly due to the poor
interfacial bonding between PBS and HGM, and the
brittle nature of HGM which easily fracture during crack
propagation. In Fig. 10, the tensile strength slightly de-
creased with increasing HGM content especially at 7.5
wt. % and 10 wt. %. These were due to i) some pulled-
out HGM particles, ii) the broken HGM particles and iii)
theagglomeration of the HGM particles, which limited
the filler-matrix stress transfer [24]. In comparison, S15
and K25 exhibited lower tensile strength than that of
S60. This was mainly caused by the broken HGM mostly
observed in S15 and K25. This directly decreased the
effectiveness of reinforcement [24]. The elongation at
break (Fig. 11) was significantly reduced from around
18 % to less than 5 % at all compositions. Reduction of
the elongation at break was caused by the restriction of
PBS chain entanglement induced by HGM [25]. These
reductions of all the impact strength, tensile strength
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Fig. 10. Tensile strength of PBS composites with vari-
ous HGM types.

and the elongation at break were previously reported
by many researchers. Both the tensile strength and the
elongation at break of thermoplastic polyurethane/HGM
composites reduced with increasing the HGM loading
[24]. The impact strength of the PBS/HGM composites

25

—&—S60 —=— K25 —&— 515

Tensile elongation at break (%)

0 I 1 | 1 | |

0 2 4 6 8 10
HGM content (wt%)

Fig. 11 Tensile elongation at break of PBS composites
with various HGM types.
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Fig. 12. Density of PBS composites with various HGM
types.

was lower than neat PBS when HGM was added at 10
wt. %. However, adding more HGM up to 15 wt. % was
found to increase the impact strength due to complete
stress transfer path [11].

Density

The density of neat PBS and PBS/HGM composites
measured by a densimeter is graphically presented in Fig.
12. Overall, the density of the composite decreased with
the increase of HGM content. The lowest density of 1.05
g cm~ was observed in the PBS with 10 wt. % S60. For
S15 and K15, the densities were higher than S60. This
was mainly due to the broken HGM as evidenced in SEM
micrographs.This density reduction was in agreement
with other polymers/HGM composites [11,15].

CONCLUSIONS

Three types of HGMs were employed as nucleat-
ing agents in PBS namely K25, S60 and S15. Overall,
the smaller HGM particles tended to exhibite better
mechanical, thermal properties and density reduction
than the larger ones. Thermal test results indicated that
the X_of PBS increased with the addition of HGM by
at least 1.7 times. However, there was a slight differ-

ence in the crystallization behavior among the HGM
types and contents studied. SEM micrographs showed
some agglomerations and broken particles at high HGM
contents. Moreover, there are some pulled-out HGM
particles at all concentrations. These restricted the HGM-
matrix stress transfer and reduced the tensile strength.
The density of PBS/HGM composites were all reduced
with the concentration. The lowest density of 1.05 g
cm™ was observed in the PBS with 10 wt. % S60. For
S15 and K15, the densities were both higher than S60.
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