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Abstract. The inherent brittleness of poly(lactic acid) (PLA) limited its practical applications, so toughening modification
was necessary. Poly(4-hydroxybutyrate) (P4HB) is fully biosourced and biodegradable polyester with the advantages of
high strength and good toughness. In this study, PAHB was used to toughen PLA. The effects of composition, molecular
weight, and processing method on the toughening of PLA were investigated. Tensile testing showed the elongation at failure
of the PLA/P4HB composites increased with the increased PAHB content while the ultimate tensile strength gradually de-
creased. The composite containing 30% P4HB can offer a 40 times increase in elongation at failure compared with neat
PLA. In the meantime, the ultimate tensile strength remained 48 MPa. Furthermore, the particle size and distribution of
P4HB in PLA were tailored by changing the molecular weight and processing method to obtain a higher impact toughness.
Importantly, there was a peak in impact strength (27 kJ/m?) of the PLA/P4HB composites when the particle size of PAHB
was in the range of 1.1-1.3 um. This study provides not only a new toughener to prepare fully degradable PLA with high
toughness and high strength but also sets up a universal framework for designing high-performance PLA products with suit-

able toughener particle sizes.
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1. Introduction

Poly(lactic acid) (PLA) has attracted extensive at-
tention in recent years for its potential substitution
of petroleum-based polymers [ 1-4]. Owing to its ex-
cellent renewability, biocompatibility, and process-
ability, PLA displayed extensive applications, such
as biomedical devices, packaging, and automotive
industries [5, 6]. However, the inherent brittleness
of PLA limited its practical applications, so toughing
modification was necessary [6, 7]. Several types of
toughener were applied to tough PLA, including plas-
ticizers, nanoparticles, and polymers. For plasticiz-
ers, there was polyethylene glycol (PEG), citrate es-
ters, etc. [8, 9]. However, this method will result in
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plasticizers migrating to the surface and a significant
reduction in the strength of PLA. For nanoparticles,
there was graphene oxide, silicon dioxide, ezc. [10, 11].
However, the toughening of nanoparticles generally
required grafting modification, so it was costly and
unsuitable for large-scale production. For polymers,
there were non-degradable polymers and degradable
polymers. The use of compound poly(lactic acid)
with non-degradable polymers, such as Polyethylene
(PE), Polyolefin elastomer (POE), Nitrile-butadiene
rubber (NBR), and Thermoplastic urethanes (TPU),
could reduce brittleness at the expense of the degrad-
ability of the blend [12—15]. The ideal method would
use a degradable flexible polymer to toughen PLA
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to create of fully degradable composite. Recently,
poly(lactic acid) blended with other degradable flex-
ible resins, such as Poly(butylene adipate-co-tereph-
thalate) (PBAT), Polybutylene succinate (PBS), and
Polycaprolactone (PCL), has been extensively stud-
ied [16—18]. These degradable polyesters have a low
glass transition temperature and act like rubber at
room temperature. The polyester particles dispersed
in PLA cause stress concentration and cavitation when
impacted [19, 20]. This cavitation initiates shear
yielding, or crazing further develops to cause large
plastic deformation of the matrix to dissipate a large
amount of fracture energy [21]. Unfortunately, these
degradable polymers also have problems such as low
mechanical strength, high price, and poor compati-
bility with poly(lactic acid). Therefore, it is important
to develop a high-performance degradable polymer
to toughen PLA.

Polyhydroxyalkanoate (PHA) is a general term for a
special class of aliphatic polyesters [22, 23]. Polyhy-
droxybutyrate (PHB) is the most common PHA; it has
good biocompatibility, biodegradability, and non-tox-
icity. And it has a high degree of crystallinity (50—
70%), its melting point is about 180 °C, and the glass
transition temperature (7}) is about 4 °C. Its mechan-
ical properties are similar to those of polypropylene,
the tensile strength is 25~35 MPa, and it also has good
gas barrier properties. However, it also has many
shortcomings, such as brittleness (elongation at break
is less than 5—7%), poor thermal stability, high pro-
duction cost, and low melt viscosity [22, 24-26].
Many researchers have also studied the PLA/PHB
composites. For example, Zhang and Thomas [27]
prepared PLA/PHB composites with different ratios
by melt blending to investigate whether PHB could
improve the heat distortion temperature and toughness
of PLA. Olejnik et al. [28] also tried to study
PLA/PHB composites with different ratios and found
that with the increase of PHB content, the maximum
tensile strength of the composites decreased continu-
ously, while the elongation at break increased. In order
to obtain high-performance composites, many re-
searchers have adopted various modification methods,
such as adding plasticizers [29, 30]. However, there
are still many problems with this system for large-
scale commercial applications. Poly(4-hydroxybu-
tyrate) (P4HB) is a new generation product with good
comprehensive performance and degradability among
Polyhydroxyalkanoates (PHAs) materials, produced
through microbial fermentation [31, 32]. PAHB can

also be synthesized using a chemical method. The raw
material y-butyrolactone (y-BL) can be obtained from
biosource (e.g., sugars). Our team used a self-devel-
oped binary catalytic system, overcoming the chal-
lenge of the ring-opening polymerization of five-
membered ring lactones, to synthesize high molecular
weight poly(y-butyrolactone) that has mechanical
properties similar to those of PAHB obtained by bio-
logical fermentation [33, 34] Chemical synthesis has
been thought to be the most economical and effective
route, as it can greatly reduce the cost of PAHB, pro-
moting the application of P4HB in traditional plastic
products. This biosourced PAHB is a thermoplastic
semi-crystalline material with good mechanical prop-
erties: high strength (Tensile strength is 50-60 MPa)
and good toughness (Elongation at break is 600—800%
and Izod notched impact strength is about 60 kJ/m?),
indicating the promise in toughening PLA. This study
mainly focuses on the structure and performance of
the fully degradable PLA/P4HB composites affected
by miscibility, composition, molecular weight, and
processing. It is expected that the high toughness and
strength of PAHB can be used to improve the brittle
behavior of the PLA matrix while maintaining the high
mechanical strength of the composites.

2. Experiments

2.1. Materials

The PLA (LX175, TotalEnergies Corbion, Nether-
lands) used in this study had a melt flow rate of
3 2/10 min (190°C/2.16 kg). PAHB samples were
synthesized via ROP of y-BL with different weight-
averaged molecular weights (M,,) of 158 kDa
(P4HB-1), 109 kDa (P4HB-2), and 72.4kDa
(P4HB-3), the SEC traces of different PAHB were
shown in Figure 1. Directly synthesized P4HB is an
inhomogeneous lump. The bulk PAHB was hot-
pressed at 80 °C into sheets and then cut to particles.
Because many researchers have studied the PLA/PCL
system and have obtained composite materials with
high impact performance through various methods,
and the structure of PCL is similar to that of PAHB,
so PCL is selected as a reference object. Polycapro-
lactone (PCL) (1000C, Shenzhen Esun Industrial
Co., China) was used in this study with a melt flow
rate of 6 g/10 min (100°C/2.16 kg).

2.2. Preparation of PLA/P4HB composites
PLA and P4HB granules with different viscosity
(P4HB-1, P4AHB-2, P4HB-3) were dried at 80 and
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Figure 1. SEC traces of different PAHB, THF was used as
the eluent at a flow rate of 1.0 ml/min at 40 °C.

45°C for 4 and 8 h, respectively. Pure PLA and dif-
ferent PLA/P4HB-2 composites (90/10, 80/20, 70/30,
and 60/40 mass ratio) were prepared using a torque
rheometer RM-2000 (60 ml) (Harbin Harp Electrical
Technology Co., Ltd., Harbin, China ) blending for
10 min at 165 °C and a speed of 60 rpm. Tensile and
impact samples were prepared by a Plate-press (BP-
8170-A, Baopin Precision Instrument Co., Ltd.,
DongGuan, China) at 160 °C for 3 min and then
pressed at 10 MPa for 5 min under the same temper-
ature. The effect of the blending process on the struc-
ture and performance of PLA/P4HB-2 composites
was investigated at three different torque speeds. To
study the influence of the pressure and time of the
molding process, PLA/P4HB-1, PLA/PAHB-2, PLA/
P4HB-3 were prepared using a torque rheometer
RM-2000 (60 ml) blending for 10 min at 165 °C, and
a speed of 60 rpm and five different molding meth-
ods were adopted, four pressed with different pres-
sures and time.

The injection samples were prepared by a miniature
injection molding machine (WZS10D, Shanghai
Xinshuo Precision Machinery Co., Ltd., China). The
source material is held at a barrel temperature of
190 °C and then injected at a pressure of 0.4 MPa
into the mold held at 30 °C. The pressure is held for

Table 1. Different molding methods.

60 s to make sure the mold is filled. Table 1 summa-
rizes the different molding methods.

2.3. Size exclusion chromatography (SEC)
Size exclusion chromatography (SEC) experiments
were performed on an Agilent HPLC system (1260,
Agilent, US) equipped with a Hip degasser (1260,
Agilent, US), an Iso pump (1260, Agilent, US), and
differential refractometer detector (1260, Agilent,
US) with using tetrahydrofuran (THF) as mobile phase
at a flow rate of 1.0 ml/min at 40 °C. One PLgel 5 um
guard column and three Mz-Gel SDplus columns
(10>~10* and 10° A, the linear range of M,, = 1000—
2-10° Da) were connected in series. The molecular
weight and dispersity were calculated using 6 poly-
styrene standards with narrow molecular weight dis-
tribution as references. The sample concentration
used for SEC analyses was 5—-10 mg/ml.

2.4. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) measure-
ments were performed on a differential scanning
calorimeter (DSC 25,TA Instruments, US) under a
N, atmosphere with a flow rate of 50 ml/min. Each
sample weighed between 5~10 mg and was sealed in-
dividually in aluminum pans. The PLA/P4HB sam-
ples were heated from -80 to 200 °C for 2 cycles, and
the P4AHB samples were heated from —80 to 100°C
for 2 cycles. The heating and cooling rates were
10 °C/min.

2.5. Dynamic mechanical testing (DMA)
Dynamic mechanical analysis (DMA) was con-
ducted to measure the evolution of the storage mod-
ulus (G") and the damping factor (tan d) using a dy-
namic thermomechanical analysis (Q800,TA
Instruments, US). Samples with a size of 40 mmx
10 mmx=4 mm were subjected to a temperature pro-
gram from —80 to 150 °C at a constant heating rate
of 3°C/min during a single cantilever mode me-
chanical test using a frequency of 1 Hz and an am-
plitude of 10 pm. The glass transition temperature

Method Forming method P{:;;‘;;e Teml[):z‘ilture E:::;
Method 1 (M1) Compression 10.0 160 5
Method 2 (M2) Compression 5.0 160 10
Method 3 (M3) Compression 2.5 160 10
Method 4 (M4) Compression 2.5 160 5
Method 5 (M5) Injection 0.4 190 1
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(T) was determined by the peak maximum of the
damping factor curve.

2.6. Tensile testing

Tensile property measurements were conducted using
a tensile tester (GF-HV2000A, GOTECH Testing
Machines Inc., China )with a 1 kN load cell and a
crosshead speed of 50 mm/min according to
ISO 527. The testing specimens are SA type (overall
length /3 = 75 mm, width at narrow portion b; =
4 mm, and thickness # = 2 mm) and were prepared
by a plate-press as described in Section 2.2.

2.7. Notch impact testing

Notch impact testing was conducted according to
ISO 180 using an Izod impact tester (GT-2045-MDN,
GOTECH Testing Machines Inc., China ). The pen-
dulum work capacity is 1 J. The testing specimens
(length L = 80 mm, width =10 mm, and thickness
B =4 mm) were prepared by a plate-press as de-
scribed in Section 2.2. The notches (type A) with a
depth of 2 mm and a tip radius of 250 um were pre-
pared using a V-knife.

2.8. Scanning electron microscope (SEM)

The morphologies of the fracture surfaces were ob-
served by a scanning electron microscope (Quanta
FEG 250, FEI, US). All samples were coated with a
thin layer of gold (2—3 nm) prior to imaging. Cryo-
genic fracture surface samples were created after im-
mersion in liquid nitrogen for 30 min. The impact
fracture surface was also observed from notch impact
tests. The Image-Pro Plus software was used to quan-
tify the particle size of PAHB phase dispersed in the
PLA matrix; for each specimen, at least 300 particles

—— P4HB-2
T — 60:40
o — 70:30
k<] — 80:20
& 90:10
——PLA
3 J
5 ﬁ/\
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T
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a) Temperature [°C]

from several different SEM micrographs were meas-
ured, neglecting those particles with diameters
smaller than 50 nm [35] The particle size distribution
of PAHB domains was characterized by the weight-
average particle size (dy,) and the particle size distri-
bution parameter (). These two parameters can be
expressed by Equations (1) and (2), where #; is the
number of P4HB particles with the apparent diame-
ter of d. The parameter ¢ was used to characterize
the dispersity (¢ =1 for the monodisperse system
and ¢ > 1 for the polydisperse system) [35]:

nldl
d, :Z+ (1)
—1 n l

an'—\/z lllnd lnd) @

1*1 1 l

3. Results and discussion

3.1. Miscibility of PLA with P4HB

The miscibility of PLA and PAHB-2 was investigat-
ed using DSC and DMA analyses. The heating and
cooling DSC traces are shown in Figure 2. The
P4HB-2 homopolymer displayed a crystallization
peak (7¢) at 17.5 °C during cooling curve and a melt-
ing peak (7},) at 60 °C during heating curve. The
PLA homopolymer displayed a melting peak at
150°C in the heating curve. In the composites, with
the addition of P4HB, the cold crystallization peak
temperature (7T¢.) of PLA shifted to a high tempera-
ture (The 7t of pure PLA is 114.9 °C when the con-
tent of P4AHB is 40%, and the 1. of PLA is 120.8 °C),
which indicated that PAHB would hinder the molec-
ular chain movement of PLA. Simultaneously, PLA

— P4HB-2
— 60:40
— 70:30
— 80:20
90:10
PLA

Heat flow [a. u.] Endo —

0 50 100 150 200
b) Temperature [°C]

Figure 2. DSC cooling curves (a) and second heating curves (b) of PLA/P4HB-2 composites.
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Figure 3. Tand (a) and storage modulus (b) of PLA/P4HB-2 composites.

inhibited the crystallization of PAHB-2. With the ad-
dition of PLA, the crystallization peak of PAHB
broadened, and 7 shifted to a lower temperature (the
T, of pure P4HB is 17.5°C, while the T, of P4HB in
the system of PLA/P4HB (90/10) is —8.0°C). The
DMA results in Figure 3 show two tano peaks that
represent the glass transition temperature (7). The T,
of P4HB-2 was -30°C, and the 7, of PLA was 70°C.
In the composites, the two peaks did not change sig-
nificantly, indicating that they were incompatible.
The curve of storage modulus versus temperature
shows that PAHB-2 had a very high modulus when
the temperature was lower than its 7, and decreased
significantly above T,. In the composites, this phe-
nomenon was less pronounced, and the modulus of
the composites was relatively stable below 60 °C.

3.2. Effect of composition of PLA/P4HB on
the toughness

A series of PLA/P4HB composites with different

compositions were prepared to explore the influence

70 70
PLA/P4HB-2
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of P4HB content on the toughening of PLA. The ten-
sile properties of PLA/P4HB-2 composites are
shown in Figure 4 and Table 2. PLA exhibits brittle
fracture. After adding PAHB-2, the composites ex-
hibit obvious yield behavior and transform into a
ductile fracture. The elongation at failure of the com-
posites continued to increase with the increase in
P4HB-2 content, with the ultimate tensile strength
gradually decreasing. A 40 times increase in exten-
sion to failure was achieved with 30% P4HB-2
(165%) compared with PLA (4%) while retaining an
ultimate tensile strength of 48 MPa.

Table 2. Young’s modulus of PLA/P4HB-2 composites.

Component PLA/P4HB-2 Y“““g[;;l',';‘]’d“lus
100:0 15.8
90:10 132
80:20 122
70:30 116
60:40 6.2

b)

Figure 4. Stress—strain curves (a) and tensile samples of PLA/P4HB-2 composites (b).
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Figure 5. Impact strengths of PLA/P4HB-2 composites with
different compositions.

Figure 5 shows the impact properties of PLA/P4HB-2
composites. The impact strength of composites in-
creases with P4HB-2 content up to 30%; beyond that,
it decreases slightly. This peak strength (P4HB-2
30%) of the composite was 6.8 kJ/m?, double that of
PLA.

These toughness improvements compared with PLA
are less than those seen in other studies. The study of
Bai et al. [35] suggests that the toughening effect was
dependent on the particle size. If the particle size was
too small, it would instigate crazing but not be able
to arrest it and form cavities at the particle interface
that develop into unstable cracks, both resulting in
poor toughness. If the particle size was too large, the
cracks would merge in the early stage of the impact
test, leading to premature crack propagation and brit-
tle fracture. All this suggests there is a window of par-
ticle sizes that maximizes the toughening effect by

a)

causing distributed crazing. The optimal particle size
range of PCL toughened PLA has been reported as
1 um [36, 37] Figure 6 shows the cryo-fracture sur-
face of the 30% P4HB-2 sample illustrating the par-
ticles dispersed in the PLA phase. The particle size
is measured from these images, with the data shown
as a histogram in Figure 6. In the 30% P4HB-2 sam-
ple, the particle size was not uniform with particle
size distribution parameter (o) of 3.1 um and the
weight-average particle size (dy,) of 1.36 um. This
broad particle size distribution is suggested to be the
limiting factor in the improvement in impact per-
formance for the PLA/P4HB-2 composites. SEM
images suggest that PAHB is more compatible with
PLA than PCL. The interface between PAHB and
PLA was less clear than that in the PLA/PCL case.
Toughening PLA with PCL has been studied by
many researchers [36-39] The molecular structures
of P4HB and PCL are similar, indicating the promise
of PAHB in toughening PLA.

Further, the particle size and distribution of P4HB in
PLA would be tailored by changing the molecular
weight and processing to obtain a higher impact
toughness.

3.3. Effect of molecular weight of PAHB on
the toughening of PLA

The viscosity of PAHB with different molecular
weights is shown in Figure 7. The viscosity has an
important impact on the particle size distribution of
the composites during melt processing, which, in turn,
affects the mechanical properties of the composites.
Therefore, high (P4HB-1), medium (P4HB-2), and
low (P4HB-3) molecular weights were selected. The

20

I PLA/P4HB-2 = 70:30
d, 1.36
c:3.10
15
£
>
g 10t
3
o
2
w
5F
0 1 1 1 1 L
0 1 2 3 4 5 6 7

b) Equivalent diameter [um]

Figure 6. (a) SEM images of cryo-fractured surface morphology and (b) particle size distribution diagram of PLA/P4HB-2

(70/30).
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Figure 7. The shear viscosity of PAHB and PLA samples at
165 °C as a function of angular frequency.

impact strengths of the three composites are shown
in Figure 8. The impact strength of PLA/P4HB-1
was up to 12 kJ/m? with a large standard deviation.
The authors suggest this was related to the high vis-
cosity of PAHB-1, leading to uneven blending. The
impact strengths of PLA/P4HB-2 and PLA/P4HB-3
were similar, approximately 6 kJ/m?. The influence
of different molecular weights on the phase morphol-
ogy of the composites is shown in the cryo-fracture
surfaces and particle size of the composites. Figure 9
shows that the average particle size (dy,) of PAHB-1
in the composite was 1.62 um with a narrow distri-
bution index (o), leading to high impact toughness.
The d,, of PAHB-2 in the composite was 1.36 um with
a wide o, leading to a small improvement in the im-

20

15

1zod notched impact strength [kJ/m?]

P4HB-1 P4HB-2 P4HB-3
Effect of molecular weight of PAHB

Figure 8. Impact strengths of PLA/P4HB (70/30) compos-
ites with different molecular weights.

was attributed to the large d, of 2.62 um. This is be-
cause the viscosity of PAHB-3 was low, and the dis-
persed phase aggregated during the molding process.
All this shows that different molecular weights of
P4HB have different effects on the toughening of
PLA due to the influence of the particle size and dis-
tribution of the dispersed phase.

We removed the SEM brittle fracture map in Figure 9
of the original manuscript and only retained the par-
ticle size distribution map.

3.4. Effect of processing on the toughening of
PLA

To tailor the particle size and distribution of PAHB-2
in PLA, three different blending conditions were used

(torque speeds of 40, 60, and 100 rpm). The particle

= : 2

— 5:1.87 — 3:3.10 — 3239
3 30 3 301 3 30}
c = =
[ [0 [}
3 = =]
g 20 g 20t g 20t
I I w
i || ol ||
[ Ut . il g,
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
a) Equivalent diameter [um] b) Equivalent diameter [um] c) Equivalent diameter [um]

Figure 9. Particle size distribution diagram of PLA/P4HB (70/30) composites with different molecular weights.

a) PLA/P4HB-1, b) PLA/P4HB-2, ¢) PLA/P4HB-3.
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Figure 10. Particle size distribution diagram of PLA/P4HB (70/30) composites under different blending conditions.

a) 40 rpm, b) 60 rpm, ¢) 100 rpm.

size distribution is shown in Figure 10. The d,, of
P4HB-2 were similar during different torque speeds,
and the o for all were high. This led to little differ-
ence in the impact toughness (6.9, 6.8, and 6.7 kJ/m?).
The possible reason for no observed change in micro-
structure or toughness is due to the dominant effect
of the molding pressure and time. The following sec-
tion focuses on the influence of the molding process
on the size and distribution of the dispersed phase.
We removed the SEM brittle fracture map in Figure 10
of the original manuscript and only retained the par-
ticle size distribution map.

An example of the change in the sample micro-
morphology during the molding process is shown in
Figure 11. The dy (0.36 um) and o (1.38 um) of
P4HB obtained before molding was small and uni-
form, respectively. The change during the molding
is an increase in the particle size and a broadening

a)

of the distribution due to the external pressure and
self-aggregation. This means that tailoring the mold-
ing pressure and time will result in composites with
different P4HB particle sizes.

The impact strength and impact fracture surfaces of
a series of composites prepared under the five mold-
ing conditions are shown in Figure 12 and Figure 13,
respectively. This shows the impact strength of the
PLA/ P4HB composites is significantly affected by
the molding conditions. With the increase in the im-
pact strength, the stress whitening phenomenon of
the impact fracture surface became apparent, and the
roughness of the fracture surface was increased. This
was supported by the SEM images in Figure 13,
showing that the cracks on the impact fracture sur-
face were denser for samples with high impact
strengths. The highest impact strength (27 kJ/m?) was
obtained using Method 3 (2.5 MPa, 10 min) and is

*‘. /7 ” £ » ‘ N @ e o
o % - 4 6]
. w2 Vo o _o

Figure 11. Schematic of the particle size change of PLA/ PAHB (70/30) composite a) before and b) after molding.
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Figure 12. The Izod notched impact strengths of different
molding processes for PLA/P4HB-2 (70/30) com-
posites.

9 times greater than that of pure PLA. The second-
highest impact strength was from Method 2 (5 MPa,
10 min) at 19 kJ/m?.

The particle size distribution of P4HB under differ-
ent molding conditions is obviously different, as
shown in Figure 14. In Method 1, the PAHB aggre-
gated seriously owing to the high molding pressure
(10 MPa) and short molding time (5 min), leading to
an uneven particle size of the dispersed phase and
poor impact strength. Methods 2 and 3 reduced the
molding pressure (5 and 2.5 MPa) and prolonged the
molding time (10 min), giving d,, of 1.43 and 1.14 pum,
respectively (both with small o), leading to higher
impact toughness. In Method 4, the molding pressure

-

was 2.5 MPa with a reduced molding time (5 min).
This reduces the dy, and 6 to 0.97 and 1.37 um, re-
spectively. The impact strength for this method was
12 kJ/m?, with a large standard deviation attributed
to the short molding time. The d, of the P4AHB ob-
tained in Method 5 was 0.47 pum, and the ¢ was
1.39 um. This is because the injection pressure was
low, and the molding time was short, meaning there
was little self-aggregation of PAHB. In this case, the
dispersed phase was too small to achieve a toughen-
ing effect. For all samples, a decrease in the molding
pressure reduced the particle size and distribution of
P4HB in the composites. Prolonging the molding
time has been shown to make the particle size larger
while narrowing the distribution. Urquijo et al. [40]
also found similar results in the PLA/PCL system,
but they did not obtain high-impact composites,
which may be related to the too-small particle size
of the PCL they obtained.

We removed the SEM brittle fracture map in Figure 14
of the original manuscript and only retained the par-
ticle size distribution map.

To explore the universality of these findings, the role
of molding pressure and time were applied to the
higher and lower molecular weight P4HB particles.
The impact strengths for PLA/P4HB-1 and PLA/
P4HB-3 under different molding conditions are
shown in Figure 15. PLA/P4HB-1 using Method 1
gives an impact strength of 12 kJ/m? with Methods 4
and 5 as 9.8 and 4.1 kJ/m?, respectively. The particle
size distribution shown in Figure 16 illustrates that

Figure 13. SEM images of impact fracture surfaces of different molding processes for PLA/P4HB-2 (70/30) composites.
(a) Method 1, (b) Method 2, (¢c) Method 3, (d) Method 4, (¢) Method 5.
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Figure 14. Particle size distribution diagram of PLA/P4HB-2 (70/30) composites under different molding processes.
(a) Method 1, (b) Method 2, (c) Method 3, (d) Method 4, (¢) Method 5.
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Figure 15. The 1zod notched impact strengths of different molding conditions for a) PLA/P4HB-1 and b) PLA/P4HB-3

(70/30) composites.

the two different molding pressures of Methods 1
and 4 produced similar measures of dw, with ¢ being
larger under the low pressure (Method 4 — 2.5MPa).
This is because the viscosity of PAHB-1 is large,
meaning the molding pressure in this range has little
effect on phase structures. That is also why M2 and
M3 were not included in this study. PLA/P4HB-3
had the greatest impact strength (24 kJ/m?) using
Method 4. The impact strengths prepared by
Method 1, 3, and 5 were 7.2, 7.1, and 5.5 kJ/m?, re-
spectively. The P4HB particle size and distribution
shown in Figure 17 suggest that the molding pressure
had a significant influence on the particle size of the
dispersed phase due to the low viscosity of PAHB-3.

Method 1 "/ Method 4

Prolonging the molding time (Method 4 — 5 min and
Method 3 — 10 min) under the same pressure signifi-
cantly increased the particle size of the dispersed
phase (1.33 and 2.22 pm), leading to a non-uniform
particle size distribution. Comparing the structure and
performance of PLA/P4HB composites with different
viscosities suggests that PAHB-2 performed best. The
viscosity of P4AHB-2 being slightly lower than that of
PLA allowed for the smallest particle size of the dis-
persed phase and controlled size within a wide range
via changing molding pressure and molding time.
We removed the SEM brittle fracture map in Figures 16
and 17 of the original manuscript and only retained
the particle size distribution map.
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Figure 16. Particle size distribution diagram of PLA/P4HB-1 (70/30) composites prepared by different molding processes.

a) Method 1, b) Method 4, ¢) Method 5.
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Figure 17. Particle size distribution diagram of PLA/P4HB-3 (70/30) composites under different molding processes.
a) Method 1, b) Method 3, ¢) Method 4, d) Method 5.

3.5. Toughening mechanism

Combining the results above by taking the particle
size of PAHB as the abscissa and the impact strengths
of the composites as the ordinate, the relationship
curve between particle size and impact strength was
drawn and is shown in Figure 18. This illustrates that
there is a peak in [zod notched impact strength of the
PLA/P4AHB composites when the particle size of
P4HB was in the range of 1.1-1.3 pm. The authors

suggest that this relationship with the particle size is
owing to the mechanism of P4AHB toughening PLA.
With a smaller size, the particles will be subsumed
by the crazing of the matrix around them and will
not be able to stop the crazing from progressing
through the material. This gives a low impact strength
of the composite when the particle size of PAHB is
less than 1.1 pm. When the particle size of PAHB is
larger, it will cause unstable cracks. These cracks are
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Figure 18. a) Relationship between P4HB particle size and impact strength and b) the mechanism of different particle sizes

of P4HB in toughening PLA.

difficult to terminate and lead to rapid fracture of the
matrix. This explains the rapid drop in impact per-
formance when the particle size of P4HB is larger
than 1.3 um. When the P4HB particle size is in the
range of 1.1-1.3 pm, it causes a mixture of failure
mechanisms that interact and compete (Figure 18),
thereby achieving a good toughening effect.

4. Conclusions

This study concludes that the PLA/P4HB composite
has the highest tensile strength and elongation at fail-
ure and excellent impact performance when the
P4HB content is 30%. We have shown that the mold-
ing process has a significant effect on the toughening
of PLA, as it tailors the particle size and distribution
of P4HB in PLA/P4HB composites. Due to the uni-
formly dispersed small PAHB particles in melt blend-
ing, they continue to agglomerate in the melt form
during the molding process. With the extension of the
molding time and the increase of the pressure, the ag-
glomeration effect is continuously enhanced, and the
particles of PAHB in the composite material continue
to increase. These are easiest to adjust through the
molding process when the viscosity of P4HB is slight-
ly lower than that of PLA. A dispersed phase particle
size ranging from 0.47 to 2.62 pm has been demon-
strated by adjusting different molding processes. The
toughening effect is shown to be at maximum when
the particle size is in the range of 1.1-1.3 um. The
role of PAHB with different particle sizes in the tough-
ening mechanisms has been discussed, providing a
theoretical basis for the toughening of PLA by PAHB.
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