J Polym Res (2017) 24: 102
DOI 10.1007/s10965-017-1253-0

@ CrossMark

ORIGINAL PAPER

Miscibility and toughness improvement of poly(lactic acid)
/poly(3-Hydroxybutyrate) blends using a melt-induced

degradation approach

Sun-Mou Lai' - Yi-Hsun Liu? - Chao-Tsai Huang” - Trong-Ming Don?

Received: 2 February 2017 / Accepted: 15 May 2017 /Published online: 3 June 2017

© Springer Science+Business Media Dordrecht 2017

Abstract Biodegradable polymer blends of high-molecular-
weight poly(3-hydroxybutyrate) (PHB) and poly(lactic acid)
(PLA) are not miscible in general. Yet, by decreasing the mo-
lecular weight of PHB, the low-molecular-weight PHB could
have improved miscibility with the PLA. In this study, a melt-
induced degradation process of PLA/PHB blends was there-
fore implemented, termed the in-situ self-compatibilization
approach, to produce low-molecular-weight PHB during melt
blending process. The solution blends of PLA and oligomer
PHB (PLA/OPHB) were also prepared as a basis to under-
stand the role of low-molecular-weight PHB to improve its
miscibility with PLA in PLA/PHB blends. Only one single
glass transition temperature (T,) was found for the resulting
PLA/PHB blends at compositions of 95/05 to 80/20, proving
that the miscibility was greatly improved by decreasing mo-
lecular weight of PHB. Because the degraded PHB had a
relatively lower Ty, it thus provided plasticization effect to
the PLA and resulted in the decreased crystallization temper-
ature. Moreover, with increasing PHB content to 20% in the
blend, the elongation at break increased significantly from
7.2% to 227%, more than 30-fold. The extensive shear yield-
ing and necking behavior were observed during tensile testing
for the blend of 80/20. The localized plasticization within
PLA/PHB matrix with the reduction of local yield stress and
the well-dispersed PHB crystallites were the major contribut-
ing factors to trigger shear yielding phenomenon. Moreover,
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initial modulus decreased only 20%, from 1.68 to 1.35 GPa. A
common problem of severely reduced stiffness from the added
plasticizer encountered in the plasticized PLA blends was
therefore not perceived here.
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Introduction

Owing to a growing environmental concern toward a sustain-
able society, biodegradable polymers have received great at-
tention over the years. There are several types of biodegrad-
able polymers available in the commercial market, including
poly(lactic acid) (PLA), polycaprolactone (PCL),
poly(butylene succinate) (PBS) and its copolymers, etc. In
particular, biodegradable polymers derived from natural re-
newable resources, such as starch, cellulose, chitosan, PLA,
and poly(hydroxyalkanoates) (PHAs), feature the merit of low
carbon footprint through the green characteristics of “from
cradle-to-cradle” concept. Among those polymers, poly(lactic
acid) (PLA) synthesized via the ring opening polymerization
of lactide derived from starch fermentation is considered as
the one of most widely used bio-based polymers in the envi-
ronmental and biomedical applications in light of its biode-
gradability, biocompatibility, and non-toxicity [1, 2]. In addi-
tion to PLA, PHAs are directly produced by fermentation of a
variety of bacteria, such as Ralstonia eutropha, Alcaligenes
latus, Azotobacter vinelandii, and pseudomonads, under a
special condition of nutrient deficiencies and excess carbon
source [3, 4]. They are also highly potential biodegradable
polymers, as more than 100 types of PHAs with different
monomeric units have been identified, depending on the bac-
terial strains, carbon sources, and fermentation conditions.
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Among PHAs, poly[(R)-3-hydroxybutyrate] (PHB) is the
most common PHA available in the market. However, the
high price of PHB inevitably limits its application in compar-
ison with commodity polymers, despite of its bio-resourced
advantage with a low environmental impact.

Even though PLA is gaining popularity in recent years, yet
neat PLA is often limited to specific applications due to its
brittleness. In order to further expand its applications, the
blending of PLA with other polymers to endow PLA with high
ductility or toughness provides a feasible and practical method
[5-16]. In addition, several types of plasticizers have been
investigated to improve the ductility of PLA, such as citrate
esters, glycerol, poly(ethylene glycol) (PEG), lactic acid olig-
omers, oligoesters and oligoesteramides [17-20]. Among all
the above-mentioned additives, it would be desirable to blend
PLA with other biodegradable polymers to retain biodegrad-
ability. However, the immiscibility of PLA with most biode-
gradable polymers often requires additional compatibilizers to
better improve their miscibility. Also, for the plasticized PLA,
the stiffness is often reduced greatly. Therefore, there is still a
room for improvement to those blending approaches.

To combine the merit of PLA and PHB, some efforts have
been made to investigate the miscibility and properties of
PLA/PHB blends in the literature [21-28], in which most
blends were prepared by a solution blending method using a
co-solvent. Most literature has shown that high-molecular-
weight PHB and PLA are not miscible over the whole com-
position range. For example, Zhang et al. [21] prepared PLA/
PHB blends by dissolving the binary polymers in chloroform
and casting films. They concluded that PLA and PHB were
immiscible in the amorphous state. In another study, Zhang
and Thomas [22] adopted a melt blending process to prepare
the blends of an amorphous PLA with PHB. They also con-
firmed the PLA was not miscible with the PHB and the pres-
ence of amorphous PLA significantly reduced the crystallinity
of the quenched PLA/PHB samples as well as the size of the
PHB spherulites. In addition, these PHB spherulites could be
well dispersed in the amorphous PLA phase. In principle, the
miscibility of different polymers depends on their chemical
structures, molecular weights, concentrations, and the temper-
ature. Koyama and Doi [25] found that the miscibility of bi-
nary blends of PHB with PLA was strongly dependent on the
molecular weight of the PLA component. They showed that
the PHB was only miscible with low-molecular-weight PLA.
This was further studied by Zhang et al. [26]. Likewise, the
miscibility of the binary PLA/PHB blends could also depend
on the molecular weight of the PHB component. However,
only a few studies could be found on the PLA blends with
low-molecular-weight PHB. For example, Focarete et al. [27]
synthesized an atactic poly[(R,S)-3-hydroxybutyrate)] (a-
PHB) having a number-average molecular weight (M,,) of
31 kg/mol by bulk polymerization of (R,S)-(-butyrolactone.
Unlike natural PHB which was produced by bacteria, this
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atactic a-PHB was amorphous and could not be biodegradable.
It was then blended with crystalline poly(e-caprolactone) (PCL)
or poly-L-lactic acid (PLLA) for the purpose that the crystalline
region could induce the biodegradation of a-PHB. Additionally,
they found that this atactic a-PHB could be miscible with the
PLLA. Yet, when using a high-molecular-weight a-PHB of
93 kg/mol, Ohkoshi et al. [28] found that the binary blend was
still immiscible in the melt. Nonetheless, the effect of molecular
weight of natural bacteria-produced PHB on its miscibility with
the PLLA has not been studied in detail. In this work, the misci-
bility of the PLA blends with PHB having various molecular
weights was first studied. Moreover, a novel melt-blending ap-
proach without solvent impact was adopted to mix the PLA and
PHB, in which PHB would undergo degradation to form PHB
oligomer owing to its easily thermal degradation. We expect this
would be advantageous for improving the miscibility of PLA
with PHB due to decreasing molecular weight, termed the in-
situ self-compatibilization approach. This in-situ self-
compatibilization approach via a melt-induced degradation pro-
cess was a facile method to improve the miscibility of PLA and
PHB. Moreover, the results shown in this study indicated that the
PHB oligomer could enhance the ductility of PLA without se-
verely reducing material’s stiffness as generally found in the
systems of plasticized PLA. Through this approach, the subtle
balance between ductility and stiffness was expected to greatly
expand the application of PLA. Besides the characterization of
mechanical properties, both structural and thermal characteriza-
tions on the blends were also investigated, for better understand-
ing the detailed role of the PHB oligomer to pave the way for the
development of new bio-based polymer blends.

Experimental
Materials

The major materials used were poly(lactic acid) (PLA) and
bacterially synthesized poly[(R)-3-hydroxybutyrate] (PHB).
PLA with a D-lactide content of 4-5% and a density of
1.24 g/em® was supplied from NatureWorks LLC under the
trade name of 2003D. The PLA had a glass transition temper-
ature (T,) of 58.7 °C and a melting temperature (T,,,) of
151.8 °C determined from differential scanning calorimeter
(DSC), and a molecular weight (M,,) of 156 kg/mol measured
from gel permeation chromatography (GPC). PHB was sup-
plied from TianAn Biopolymer Co., Ningbo, China. It was
suspected that the residual bacteria strains and enzymes po-
tentially left in the as-received PHB would affect its physical
and thermal properties. The PHB was thus purified by dissolv-
ing it into anhydrous chloroform (5%, w/v) at 80 °C for 1 h
under nitrogen atmosphere. It was filtered and the filtrate was
then precipitated to obtain purified PHB using excess metha-
nol. After purification, it had a glass transition temperature



J Polym Res (2017) 24: 102

Page3 of 12 102

(Tg) of 2.4 °C and a melting temperature (T,,) of 168 °C. Its
molecular weight (M,,) was 110.2 kg/mol with a polydisper-
sity index (PDI) of 1.4 based on polystyrene standards. The
purified PHB was then thermally degraded in nitrogen-filled
glass tubes immersed in oil-bath at 190 °C following the pro-
cedure reported by Marchessault et al. [29]. It was degraded
for 10 min to 2 h to obtain various PHB oligomers (OPHB)
with different molecular weights.

Preparation of PLA/OPHB and m-PLA/PHB blends

To preliminarily test the miscibility between PLA and PHB
oligomers, PLA/OPHB blends were prepared using a solution
casting method. PLA and OPHB at various compositions
were dissolved in anhydrous chloroform at 70 °C for
40 min. The total solid content was 5% (w/v). Most chloro-
form was then evaporated at room temperature and the obtain-
ed PLA/OPHB film was further dried in vacuo at 80 °C for
2 h. Their miscibility was then examined.

After the confirmation of improved miscibility between
PLA and OPHB oligomers, a novel melt-induced degrada-
tion approach was implemented. PLA and high-molecular-
weight PHB at various compositions of 100/0, 95/05, 90/
10, 85/15, and 80/20 were melt-blended at 180 °C with a
rotor speed of 80 rpm for 20 min in an internal mixer
(Plasti-corder PL2000, Brabender, Germany) to prepare the
m-PLA/PHB blends. The prepared batch was pelletized,
followed by hot-pressing to form a thin sheet in a com-
pression molding machine at 180 °C. The sample was pre-
heated in the mold for 3 min and then pressed at a pres-
sure of 100 kgg/em? for 1 min during which the pressure
was released every 10 s for degassing.

Structure and morphological characterizations

Gel permeation chromatography (GPC) using an isocratic
pump (Waters model 1515, USA), a RI detector (Waters
2414, USA) and two serial styragel HR columns was applied
to characterize the molecular weights of the neat PLA and
PHB, OPHB oligomers, and melt blended m-PLA/PHB.
Both PLA and PHB could be dissolved in chloroform which
was therefore used as eluent solvent with a flow rate of
0.8 mL/min. The temperature of columns in oven and detector
was set at 40 °C. The chromatographic peak of the m-PLA/
PHB sample after melt-blending could be resolved into the
respective PLA and PHB components by curve-fitting meth-
od, and their molecular weights were thus determined based
on polystyrene standards. Fourier transform infrared (FTIR)
spectroscopy (iS10, ThermoFisher, USA) coupled with atten-
uated total reflectance (ATR) was performed to characterize
the functional groups of PLA and PHB in the blends. Sample
films were scanned for 32 times from 4000 cm ™' to 400 cm ™

at a resolution of 4 cm '. A scanning electron

microscope (FESEM, Leol1530, Germany) was used to
observe the morphology on cryo-fractured and also
tensile-fractured surface of samples. All specimens were
sputtered with gold before observation.

Thermal properties

A differential scanning calorimeter (Diamond DSC, Perkin
Elmer, USA) was used to record the transition temperatures
of samples in the nitrogen environment. Samples were heated
from —20 °C to 180 °C at a rate of 10 °C/min and then held at
180 °C for 20 s to erase the thermal history. Afterwards, they
were cooled down rapidly to —20 °C at a rate of 100 °C/min,
and then heated to 180 °C again at the same rate of 10 °C/min
for the second heating run. The glass transition temperature
(Ty), cold crystallization temperature (T.), and melting tem-
perature (T,,) of the blends were then determined from the
second heating curve. The crystallinities (X, %) of the PLA
and PHB in the blends were determined from the differential
values of their respective melting heats (AH,,,) and crystalli-
zation heats (AH,) by the following equation:

X = ((AH,-AH)/AH, ") + (wt.% of PLA or PHB)
x 100 (1)

where the AH,,,° is the specific melting enthalpy of 100%
crystalline PLA taken as 93 J/g [30] or 100% crystalline
PHB taken as 146 J/g [31].

Thermal degradation behavior was investigated using a ther-
mal gravimetric analyzer (TGA, Hi-Res TA2950, TA, USA).
The sample was heated from room temperature to 500 °C at a
rate of 10 °C/min under a nitrogen environment. The onset
degradation temperature (T,,s at 5 wt.% loss) and maximum-
rate degradation temperature (T .., the differential peak temper-
ature) were also recorded from the thermal degradation curves.

Mechanical properties

A universal testing machine (AGS-J, Shimadzu, Japan) was
used to conduct the tensile test at a crosshead speed of 5 mm/
min. The gauge length of 0.2 mm thick sample was about
16.0 mm. Tensile mechanical properties including Young’s
modulus, yield strength, ultimate tensile strength, and elonga-
tion at break were all recorded.

Results and discussion
Miscibility of PLA with OPHB oligomers

The most important factor that determines the miscibility be-
tween two polymers is naturally their chemical structures.
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Another key factor that would affect their miscibility is mo-
lecular weight. High-molecular-weight PHB has been proved
to be immiscible with the PLA [21-24]. Yet, it is possible that
when the molecular weight is decreased to some extent, the
resulting PHB oligomer might become miscible with the PLA.
To confirm this argument, the purified PHB was thus thermal-
ly degraded to obtain low-molecular-weight PHB oligomers,
following the procedure reported by Marchessault et al. [29].
They studied the thermal degradation of PHB and its copoly-
mer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
at moderate low temperatures (170-200 °C); and indicated
that during the first few hours of reaction, the thermal degra-
dation of PHB followed a kinetic model of random scission
and the main product was a well-defined oligomer, which
contained one unsaturated group and one carboxylic acid
group at each end. Following the same procedure with the
degradation temperature at 190 °C at various periods, we ob-
tained several PHB oligomers with different molecular
weights, termed as OPHBs. Their molecular weights (M,,)
and glass transition temperatures (T,) measured by respective
GPC and DSC are summarized in Table 1. The degradation
caused a significant decrement from its original molecular
weight of 110.2 kg/mol; and the T, decreased with molecular
weight decrement as expected. Among them, the OPHB-20
and OPHB-30, representing 20-min and 30-min degraded
products, were selected to prepare the PLA/OPHB blends
for the miscibility evaluation. A simple way to determine the
miscibility of two polymers in the blend is measuring their
glass transition temperatures. If two T,s corresponding to the
two individual polymers are found in the blend, these two
polymers are immiscible. If two T,s are observed but shift
toward each other, they are partially miscible. If there is only
one T, observed in between, it indicates that they are miscible.
Figure 1 shows the DSC thermograms of PLA/PHB, PLA/
OPHB-20, and PLA/OPHB-30 blends prepared by a solution
blending method. With increasing the PHB composition, the
thermal transition temperatures of the PHB component

Table 1 Molecular weights and glass transition temperatures (T,s) of
the PHB oligomers (OPHB) obtained at various degradation times
Degradation Time (min) M, (kg/mol)* M,, (kg/mol) PDI T, (C’C)b
0 110.2 1543 140 24

10 439 55.8 1.27 -0.7

20 7.4 11.0 149 -2.6

30 4.5 6.3 141 -5.6

60 23 3.7 1.61 -9.8

120 1.6 2.0 125 -13.6

#Number-average and weight-average molecular weights (M,,, M,,) as
well as polydispersity index (PDI) were determined from GPC

® Glass transition temperatures were measured by DSC at a heating rate of
10 °C/min
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became more evident, as can be seen in Fig. 1a. The Tgs of
the neat PLA and purified high-molecular-weight PHB were
found at 58.7 °C and 2.4 °C, respectively, which did not
change for the PLA/PHB blends at three compositions of 90/
10, 70/30, and 50/50. This indicated the immiscibility be-
tween the PLA and high-molecular-weight PHB, in agreement
with previous findings in the literature [21-24]. As for the
PLA/OPHB-20 blends with the compositions investigated in
this study, only the blend at 90/10 had only one single dis-
cernable T, at 50.1 °C, indicating a miscible blend at this
composition. When the OPHB-20 content was increased to
30 wt.%, two T,s were visible at —0.8 °C and 42.8 °C for this
blend as shown in Fig. 1b. This implied that the PLA and the
OPHB-20 were only partially miscible. The miscibility was
improved by decreasing the molecular weight of OPHB as
shown in Fig. lc¢ in which each of the PLA/OPHB-30 blends
at 90/10 and 70/30 had only one single T,. In other words, the
miscibility window became wider when the molecular weight
of OPHB was lower. The T,s of all the blends are summarized
in Table 2. Noteworthy, only a tiny melting peak was observed
for the neat PLA, indicating poor crystallization ability for this
particular PLA with a D-isomer content of 4-5%. Yet, the
addition of PHB oligomer could enhance the crystallization
ability of PLA. The cold crystallization temperature peak (T.)
started to appear at the composition of 70/30 for both PLA/
OPHB-20 and PLA/OPHB-30 blends. Moreover, the peak
shifted to lower temperature with increasing peak area, as
the OPHB content was further increased. The enhancement
of the recrystallization ability of PLA by the addition of low-
molecular-weight PHB was also observed in the melt-blended
PLA/PHB samples which will be discussed further in the fol-
lowing section. In addition, multiple melting peaks with lower
melting temperatures (T,,) were clearly observed for the de-
graded OPHB, when compared to the high-molecular-weight
PHB. The observed lower melting temperature was due to the
decreased molecular weight; and the phenomenon of multiple
melting peaks was generally attributed to melting-
crystallization-remelting of original crystals [32, 33]. The first
melting peak became more evident and occurred at lower
temperature with the decrease of molecular weight. Liu et al.
[33] also found the same behavior for the PHBV oligomers.
They suggested the higher concentration of the end groups
would produce more dislocations in the lamellar thickening
process, resulting in less perfect crystals. Consequently, the
number of the imperfect crystals increased and thus decreased
the melting temperature. Yet, it could not be excluded that the
co-existence of different lamellar thicknesses could also be the
reason for the multiple melting peaks.

Miscibility of m-PLA/PHB blends from melt-blending

By using a solution blending process, not only the PLA and
the high-molecular-weight PHB are immiscible, but the use of
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Fig. 1 DSC thermograms of (a) PLA/PHB, (b) PLA/OPHB-20, and (c)
PLA/OPHB-30 solution blends. Number-average molecular weight of
PHB: 110.2 kg/mol, OPHB-20: 7.4 kg/mol, OPHB-30: 4.5 kg/mol.
Samples were heated at a rate of 10 °C/min under a nitrogen atmosphere

solvent is also unfavorable. To reduce the solvent impact on
the environment, a melt blending process is preferred for the
preparation of PLA/PHB blends. The solution blends of PLA
and oligomer PHB (PLA/OPHB) discussed previously could
serve as a basis to understand the role of low-molecular-
weight PHB to improve its miscibility with PLA in PLA/
PHB blends. Therefore, we intended to test the feasibility of
miscibility improvement by employing this concept on the
melting process. It is known that the PHB easily undergoes
thermal degradation at high temperatures just above its melt-
ing temperature [29]. Therefore, during the melt-blending

Table2  Glass transition temperatures (T,s) of PLA/PHB, PLA/OPHB-
20 and PLA/OPHB-30 blends prepared by a solution blending method

PLA/PHB (wt/wt) T, (°C)

PLA/PHB®  PLA/OPHB-20  PLA/OPHB-30
100/0 58.7 583 58.1
90/10 586/23  50.1 49.9
70/30 586/23  42.8/08 33.1
50/50 584/23 b2 32.2/-5.7
0/100 2.4 2.6 -5.6

#Number-average molecular weight of PHB: 110.2 kg/mol, OPHB-20:
7.4 kg/mol, OPHB-30: 4.5 kg/mol.

®undiscernible

process at high temperatures, PHB could undergo degradation
to form low-molecular-weight polymers, which is facilitated
by high shear force. This is actually advantageous for
improving the miscibility with the PLA, termed the in-
situ self-compatibilization approach. This in-situ self-
compatibilization approach via a melt-induced degradation
process is a facile method to improve the miscibility of PLA
and PHB. By doing so, no additional compatibilizer is needed.
Therefore, the PLA and PHB were thus blended at 180 °C for
20 min to form m-PLA/PHB blends. As expected, the
number-average molecular weight of PHB within the blend
at the composition of PLA/PHB = 95/5, decreased substan-
tially from 110.2 kg/mol for the neat PHB to 8.7 kg/mol.
Further increase of the PHB content in the blend did not sig-
nificantly affect the degradation extent of PHB under the same
melt-blending process. The measured molecular weights of
PHB were in the range of 8.4 to 8.9 kg/mol for the blends at
the compositions of 95/5 to 80/20. On the other hand, the
decrease in the molecular weight for the PLA after the melt-
blending was not as notable as found in the PHB. The pure
PLA had a number-average molecular weight of 156 kg/mol,
and its molecular weight slightly decreased to 132 kg/mol for
the m-PLA/PHB (95/5) blend and further to 102 kg/mol for
the m-PLA/PHB (8/20) blend. For comparison, the neat PLA
was also subjected to the same thermal treatment and shear
force in the mixer; and it was interesting to find that similar
decrement in the molecular weight was observed. The molec-
ular weight of the neat PLA being treated in the mixer slightly
decreased to 134 kg/mol.

To evaluate the miscibility of blends, a DSC for measuring
transition temperatures of the blends was used. Figure 2 shows
the second heating curves of the melt-blended samples at var-
ious PHB contents in which the T, T, Ty, and crystallinity
(X,) are determined. The previous thermal history of samples
was erased by first heating to 180 °C above their melting
temperatures. The results are summarized in Table 3. The pure
PLA after being treated in the melt mixer had a T, of 58.3 °C,
slightly lower than the pristine untreated PLA. It underwent

@ Springer
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Fig. 2 DSC thermograms of m-PLA/PHB blends prepared by melt-

blending at 180 °C for 20 min. The second heating curves obtained at a
rate of 10 °C/min under a nitrogen atmosphere
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cold crystallization with the peak temperature (T,) at 127 °C,
followed by melting (T,,) at 152 °C. It was noticed that the
melting heat of the PLA was only slightly larger than its crys-
tallization heat. As determined by the differential value of the
melting and crystallization heats as shown in Eq. 1, the crys-
tallinity (X,) of pure PLA was only 3.3%. This shows that the
PLA could hardly undergo crystallization during the cooling
process and was basically amorphous as already mentioned in
the previous section. After melt-blending with the PHB, it can
be seen that only single T,s were visible for all the blends at
compositions of 95/05, 90/10, 85/15, and 80/20. This indicat-
ed an improved miscibility between the PLA and the degraded
PHB using this melt-induced degradation approach, in com-
parison with the previous results shown in Fig. 1. The T, of
the blend decreased with increasing the PHB content, reaching
a low value of 39.8 °C for the blend at PLA/PHB = 80/20. In
addition, the cold crystallization temperature of the blends
assigned to the PLA component (T, pr ») also decreased with
increasing the PHB content as already found in the previous
solution-blended PLA/OPHB blend. The T.prs of the m-

PLA/PHB blend at 80/20 was nearly 12 °C lower than that
of the pure PLA. This was ascribed to the plasticization effect
from the degraded PHB. Moreover, the crystallization heat
increased greatly as the PHB content increased to above
10 wt.% in the blend. It increased from 8.8 J/g for the neat
PLA to 34.1 J/g for the PLA component in the blend of 80/20.
The low-molecular-weight PHB could enhance the crystalli-
zation ability of PLA upon heating. Zhang and Thomas [22]
also showed that the addition of PHB can recrystallize PLA
and ascribed the strong recrystallization peak of the PLA com-
ponent to the small finely dispersed PHB crystals acting as
nucleating agents. Yet, we believed that the miscible, amor-
phous PHB counterpart acted as plasticizer that also promoted
the crystal growth of the PLA due to the enhanced chain
mobility. On further heating, Fig. 2 shows that with increasing
the recrystallization ability of the PLA component, the follow-
ing melting peak became larger as well. The double melting
peaks at around 146-155 °C were assigned to the melting of
the PLA component in the blends, in comparison with the
melting point at 152 °C for the pure PLA as shown in
Table 3. The lower melting peak indicated the presence of
small and imperfect crystals, most probably caused by the
PHB-induced crystallization. They immediately crystallized
to become more perfect and larger crystals with higher melting
temperature. Similar to the pure PLA, the melting heat of the
PLA component was only slightly larger than its crystalliza-
tion heat upon heating the samples. In other words, the PLA
component in the blends had also little crystallinity before
heating, as indicated in Table 3. Still, by adding PHB to
20 wt.%, the initial crystallinity of PLA in the blend could
be increased to 7.8%. Surprisingly, the PHB component in
the blends did not have high crystallinity in the blends as
expected, even though most literatures have shown that pure
PHB can crystallize readily to comparatively large crystals
with high crystallinity upon cooling from the melt [21-23,
31, 34]. Yet, Fig. 2 shows that a discernible melting peak of

Table 3  Thermal transition properties of m-PLA/PHB blends prepared by melt-blending

PLA/ T, Tepra AHcpra Tnpra Tonprn AHmpra AHp, prp Xepta' XepHB

PHB °O °O) (/g (°O °O (J/g-PLA) (/g (%) (%)

(Wt/wt) PLA) PHB)

100/0 58.3 126.6 8.8 151.8 - 11.9 - 33 -

95/05 53.2 126.5 10.9 151.2/ - 12.5 - 1.8 -
1554

90/10 47.4 119.9 213 146.3/ 162.1 259 2.6 5.5 1.8
154.8

85/15 437 112.5 30.3 145.8/ 162.0 343 10.4 5.1 7.1
154.7

80/20 39.8 114.7 34.1 147.1/ 163.2 39.9 11.0 7.8 7.5
155.0

*X. = ((AHp, - AH.)/AH,,°) + (Wt.% of PLA or PHB) x 100, where the AH,,,° is the specific melting enthalpy of 100% crystalline PLA taken as 93 J/g
[30] or 100% crystalline PHB taken as 146 J/g [31]. The thermal transition properties were acquired from the second heating scan at a rate of 10 °C/min

under a nitrogen atmosphere
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the PHB crystallites appeared at about 162 °C only when the
PHB content was increased to more than 10 wt.%. The pres-
ence of amorphous PLA thus significantly reduced the crys-
tallinity of the PHB component in the blends, which was also
observed by Zhang and Thomas [22]. This decreased chain
mobility in the PHB was mainly due to the presence of the
miscible PLA component. Interestingly, the tiny PHB crystal-
lites formed during the cooling process could then serve as
nucleation agents to induce recrystallization of the PLA com-
ponent during the subsequent heating process.

Structural characterizations

Besides the previous evaluation on the miscibility, other struc-
tural characterizations were reported here. Figure 3 shows

FTIR spectra of m-PLA/PHB blends. Characteristic absorp-
tion bands of the neat PLA included absorption peaks of C=0O
stretching (1748 cm '), —CH,4 bending (1451, 1380 and
1361 cm™ "), and C-O-C stretching (1268, 1181, and
1081 cm ') [22, 23]. Generally, the amorphous and crystalline
carbonyl vibration peaks of PLA were assigned at 1745 and
1755 cm™', respectively. On the other hand, those absorption
bands of neat PHB were C = O ester bonding (1719 cmfl),
—CH; (1452, 1378 cmfl), and C-O-C stretching (1275, 1226,
1180, 1129, and 1099 cmfl) [23, 34, 35]. Among them, it was
reported that the absorption peaks at 1719, 1275, and
1226 cm ™" were related to the PHB crystalline phase. As the
PLA was blended with PHB, most peaks in the spectra were
similar to those of the neat PLA as shown in Fig. 3b. This was
because the PLA was the main component and also PLA and

Fig. 3 FTIR spectra of the (a) a
neat PLA and PHB, (b) m-PLA/ _
PHB blends at different PLA £
compositions —
0
>
=
[
=
—
(=]
z >
2 — <
2 PHB & S
2200 2000 1800 1600 1400 1200 1000 800
Wavenumber (cm!)
b 1082
m-PLA/PHB 1747 1180
100/0 1451
1180 1082
1747 1273
95/5 W
S 2
g uso A
_E 1747 1273
s | 90110 1451y
=
< 1150 1082
1747 1273
85/15 21718 1451 g
1747
80/20 e 1718
2200 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm!)
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PHB had similar polyester structures. Still, for a close look,
weak absorption peaks of ester bonding (1718 and 1273 cm ™)
for the m-PLA/PHB at higher PHB contents were observed.
These peaks were essentially contributed from the PHB com-
ponent in the m-PLA/PHB blends, and most importantly, they
confirmed the existence of the PHB crystallites, though the
crystallinity was very low as revealed from the previous DSC
results shown in Table 3.

Thermal stability of m-PLA/PHB blends

The thermal degradation curves of the prepared m-PLA/PHB
blends at various compositions are illustrated in Fig. 4 from
which the onset degradation temperature (Ty,se) and
maximum-rate degradation temperatures (T,,.,) were deter-
mined. Table 4 lists these degradation temperatures of the m-
PLA/PHB blends for better comparison. Both neat PLA and
PHB exhibited one-stage degradation behavior, and the PLA
apparently showed higher thermal stability than the PHB.

a
__ 100
S
g m-PLA/PHB
& 80 ——1000
5 L = = 95/05
5 gL —-—o010
= —--—85/15
E,, ......... 80/20
g 40F - 0/100
E
=
=
'z 20
&
0 -
1 I 1 I 1 I 1 I
100 200 300 400 500
Temperature (°C)
b 4
[
m-PLA/PHB H
_ 3} ——1000 i
O - = 95/05 '
3 —-=90/10 Li
E ---=85/15 i :
) 2F 80/20 i i
s | - 0/100 Iy
= !
Z ;
21r i
.
.”"..’
0 .’}1,

1 1 1 1
100 200 300 400 500
Temperature (°C)
Fig. 4 Thermal degradation curves of m-PLA/PHB blends, a Residual

weight-temperature curves; b derivative of weight-loss curves. Samples
were heated at a rate of 10 °C/min under a nitrogen atmosphere

@ Springer

Table 4 Thermal degradation temperatures of m-PLA/PHB blends

m-PLA/PHB (wt/wt) Tonset °C)°* Tinax (°C)°
100/0 322 363

95/05 287 360, 288
90/10 273 358, 282
85/15 261 356,278
80/20 253 354,274
0/100 219 255

* Tonset 18 the temperature at which 5 wt% weight loss

® Tonax is the differential peak temperature of the weight-loss curve

Both Tysec and Tax of the PLA were nearly 100 °C higher
than the respective values of the PHB. A similar order of the
thermal stability for PLA on the Tgpe; and Tyay in Table 4 has
been reported in the literature with only a slight difference,
depending on the heating rates [5, 8, 14, 15, 19, 23]. After melt
blending the PLA with the PHB to prepare the blends, a two-
stage degradation behavior was observed for all the blends as
shown in Fig. 4. The first degradation stage was contributed
from the degradation of PHB component, whereas the second
degradation stage was from the PLA component. It also can be
seen that these degradation curves of the blends lie between
those of the individual PLA and PHB. And as the PHB con-
tent was increased, the degradation curve became closer to
that of the neat PHB. An interesting result thus arose that the
degradation temperatures of the PHB component in the pre-
pared blends were higher than that of the neat PHB with
higher molecular weight. This might be attributed to their
good compatibility with the PLA serving as a shielding barrier
to delay the degradation process of the PHB component. A
similar situation of reduced thermal stability was observed on
the second degradation stage with a minor decrement. The
Tmax Was decreased from 363 °C originally for the neat PLA
to 354 °C for the m-PLA/PHB blend of 80/20. Although the
addition of PHB appeared to decrease the thermal stability of
PLA, yet the decrement was still not so intense regarding the
complex thermal degradation process.

Tensile mechanical properties of m-PLA/PHB blends

As discussed in the earlier section, the low-molecular-weight
PHB produced during melt-induced degradation process
could be miscible with the PLA. It is interesting to see how
the content of PHB affects the tensile mechanical properties of
the prepared blends. The tensile stress-strain curves of the
prepared PLA/PHB blends are shown in Fig. 5. The results
of initial modulus, yield strength, tensile strength at break, and
elongation at break for each composition are summarized in
Table 5. PLA was well-known to exhibit brittle failure with
low extensibility. A yielding behavior could still be observed
for the thin film sample, even though its crystalline degree was
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Fig. 5 Tensile stress-strain curves of m-PLA/PHB blends at different
compositions prepared by melt-blending

limited. Moreover, with increasing PHB content in the blend,
the elongation at break was gradually increased. The most
prominent feature was that this increase was not substantial
until PHB content reached 20%, in which the elongation at
break increased significantly from 7.2% to 227%, more than
30-fold. Interestingly, the decrease in initial modulus was not
significant. According to most literature work, the plasticiza-
tion effect often caused a significant increase in the ductility
accompanying with a significant reduction in stiffness. For
instance, Focarete et al. [36] reported an increase of elongation
at break of poly(DL-lactide) (D/L = 50/50, PDLLA) with the
addition of low-molecular-weight atactic PHB of 13 kg/mol
up to 50 wt.% by more than 40-fold from 7% to over 300%.
However, the modulus correspondingly decreased from
1.8 GPa to only 0.1 GPa. In our case, the initial modulus
decreased only 20%, from 1.68 to 1.35 GPa for the blend with
20 wt.% PHB. In addition to the presence of the amorphous
PHB oligomers which were miscible with the PLA, the exis-
tence of PHB crystallites as discussed in the previous section
would contribute to the modulus of the blends to some extent.
In other words, the plasticization effect from the miscible and
amorphous PHB was suggested to be balanced by the stiffness
effect from the PHB crystalline domains. Besides the im-
provement in ductility, both yield strength and tensile strength
at break decreased gradually with increasing PHB content,
especially for 20 wt.% PHB content. The decrease in yield
strength could be ascribed to the plasticization effect of the
degraded PHB oligomers produced during the melt-blending
process. On the other hand, the PHB crystalline domains were

expected to serve as stress concentrators. This stress concen-
tration led to the development of a triaxial stress in the PHB
domains and/or the amorphous/crystalline interfaces; and the
stress was then relieved by multi-shear banding in these thin
samples. The stress concentration increased with increasing
PHB content, and thus decreasing the yield strength. All sam-
ples yielded before break and more visually noticeable stress-
whiting regions were observed with increasing PHB content.
A detail analysis on the fracture morphology was discussed in
the following section.

Morphology of the m-PLA/PHB blends

The cryo-fractured and tensile-fractured surface mor-
phologies of blend samples were examined by SEM.
Figure 6 shows a relatively smooth surface for the
cryo-fractured PLA. On the other hand, slightly rough
surface with white zones was visible for the m-PLA/
PHB blends. In addition, some tiny PHB crystallites
well-dispersed in the matrix were observed on the frac-
ture surface especially for the m-PLA/PHB of 80/20 as
indicated in the picture. The largest spherulites we
found in the PLA/PHB blend of 80/20 were about
2 um. Note that the modulus decrement in our case
was not substantial, which implied that some PHB crys-
tallites developed during the cooling stage after
compression-molding could help to increase the rigidity
of samples. In order to better envisage this phenomena,
SEM pictures of tensile-fractured surface of samples are
shown in Fig. 7. The neat PLA shows some plastic
deformation behavior, but basically on a smooth frac-
tured surface. With increasing PHB content, some rough
surfaces with fractured ligaments were observed. At
20% PHB content, extensive shear yielding and necking
behavior were observed during tensile testing. The lo-
calized plasticization within PLA/PHB matrix with the
reduction of local yield stress and the well-dispersed
PHB crystallites were the major contributing factors to
trigger shear yielding phenomenon. The highly plasti-
cized region around the PHB crystallites was easily de-
formed under tensile deformation. In other words, the
stress was relieved by multi-shear banding effect to en-
dow high extensibility without a brittle failure for the

Table 5 Tensile mechanical

properties of m-PLA/PHB blends m-PLA/PHB Initial modulus Yield Strength Tensile strength at break ~ Elongation at break
(Wt/wt) (GPa) (MPa) (MPa) (%)
100/0 1.68 (£0.04) 64.1 (£1.7) 55.4 (%1.8) 7.2 (£14)
95/5 1.66 (£0.05) 62.2 (£1.6) 51.8 (+0.7) 8.2 (+0.9)
90/10 1.63 (£0.04) 57.3 (x1.5) 48.0 (£1.3) 11.6 (£1.8)
85/15 1.60 (+0.05) 55.4 (x1.4) 43.8 (x0.9) 15.3 (£2.1)
80/20 1.35 (£0.06) 46.7 (£2.1) 28.3 (x0.7) 227 (£23)
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Fig. 6 SEM pictures of cryo-fractured surface of tensile specimens: a

PLA, b m-PLA/PHB (90/10), and (¢) m-PLA/PHB (80/20). scale
bar =2 um

m-PLA/PHB blend (80/20) sample. This would occur
only at a sufficient amount of PHB oligomers present
within the PLA matrix to assist a good dispersion of
PHB crystallites within the matrix. If the amount of
PHB oligomers was limited, then an extensive elonga-
tion would not be expected due to a limited plasticiza-
tion. This suggests that well-dispersed PHB crystallites
also served as major stress reliever to inhibit crack
propagation.

@ Springer

Fig.7 SEM pictures of tensile-fractured surface of (a) PLA, (b) m-PLA/
PHB (90/10), and (¢) m-PLA/PHB (80/20). scale bar = 2 um

Conclusions

The solution blends of PLA and oligomer PHB (PLA/OPHB)
was prepared as a basis to understand the role of low-
molecular-weight PHB to improve its miscibility with PLA
in PLA/PHB blends. With decreasing its molecular weight,
improved miscibility was observed for the PHB with the
PLA. Only one single glass transition was found for the
PLA/PHB blend when the molecular weight of the PHB was
low enough. A novel melt-induced degradation process was
thus developed to improve the miscibility between the
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PLA and PHB, in which the PHB would in-situ degrade
to form low-molecular-weight PHB, termed the in-situ
self-compatibilization approach. After melt-blending process
at 180 °C, the measured molecular weights of the degraded
PHB in the blends of 95/5 to 80/20 were in the range of 8.4 to
8.9 kg/mol. Owing to the presence of the miscible PHB olig-
omers with a relative lower Ty, the crystallization temperature
of the PLA component appeared at lower temperature, and it
decreased with increasing the PHB content. The plasticization
effect from the miscible PHB oligomers also caused a sub-
stantial increase in the elongation at break, from 7.2% for the
neat PLA to 227% for the melt-blended PLA/PHB (80/20).
Yet, the initial modulus decreased only 20%, from 1.68 to
1.35 GPa. The plasticization effect from the amorphous
PHB was thus balanced to some extent by the stiffness effect
from the PHB crystalline domains. Moreover, extensive shear
yielding and necking behavior were observed during tensile
testing for the melt-blended PLA/PHB (80/20). This would
occur only at a sufficient amount of PHB oligomers present
within the PLA matrix to assist a good dispersion of PHB
crystallites within the PLA matrix. These PHB crystallites
were expected to serve as stress concentrators, leading to the
development of a triaxial stress state. And the stress was then
relieved by multi-shear banding in these thin samples. The
current melt-induced degradation approach leading to the in-
crease of free volume and molecular chain mobility was con-
sidered an efficient way to improve ductility without signifi-
cantly sacrificing the stiffness of PLA/PHB blends.
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