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ABSTRACT: Polylactide (PLA)-based wood-plastic com-
posites (WPCs) were successfully manufactured by extru-
sion blending followed by injection molding. The effects of
polyhydroxyanoates (PHAs) on the mechanical and ther-
mal properties and the morphologies of the PLA-based
WPCs were investigated with mechanical testing, thermal
analysis, and scanning electronic microscopy (SEM). The
inclusion of PHAs in the PLA-based WPCs produced an
increase in the impact resistance and a decrease in the ten-
sile strength. The brittle-ductile transition of the impact
strength for the PLA-based WPCs toughened with PHAs
was confirmed when the wood flour content was between
15 and 35 wt %. SEM images showed that the fracture
surfaces of the PLA-based WPCs toughened with PHAs
were rougher than that of their nontoughened counter-

parts. The ternary PLA-based WPCs exhibited ductile frac-
ture during mechanical testing. Differential scanning
calorimetry (DSC) showed that addition of PHAs into the
composites caused deviations of the cold crystallization
temperature and melting temperature of PLA. Thermogra-
vimetric analysis indicated that the PHAs reduced the
thermal stability of the PLA-based WPCs. PHAs can be a
green toughening agent for PLA-based WPCs. The specific
properties evidenced by the biocomposites may hint at
their potential application, for example, in the automotive
industry and civil engineering. © 2011 Wiley Periodicals, Inc.
] Appl Polym Sci 124: 1831-1839, 2012
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INTRODUCTION

In recent years, the application of ecofriendly poly-
mers has become more and more popular because of
the global economic and environmental issues result-
ing from the overuse of synthetic nondegradable
polymers.'™ Much attention has been paid to biode-
gradable polymers, most of which are biocompatible
and sustainable in nature.”> Among the numerous
kinds of biodegradable polymers, polylactide [PLA;
also called poly(lactic acid)] is a linear aliphatic ther-
moplastic polyester that is considered the most
promising representative of the ecofriendly poly-
mers.”® However, the inherent brittleness and high
cost of PLA impedes its large-scale commercial
application.”

The addition of various modifiers, such as some
rubbers? plasticizelrs,9 starches, '’ synthetic resins, 1113
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and various fibers,'*® into the PLA matrix have

been widely investigated to increase the impact re-
sistance of PLA. Among the PLA-based composites,
blends modified with wood flour (WF) or fibers [of-
ten called wood—plastic composites (WPCs)] hold the
greatest promise. WF has the advantages, over con-
ventional inorganic fillers, of having a lower cost,
lower dens1’9/ and lesser abrasiveness to processing
equipment. ” To reduce the costs of composites and
to tailor their properties, WF has been widely used
as the filler for these green PLA-based WPCs.'®2°
Nowadays, PLA-based WPCs have earned a grow-
ing share in the market because they are completely
biodegradable and renewable.!” 19 However, weak
interfacial adhesion between the hydrophilic WF
and the hydrophobic PLA and the uneven disper-
sion of WF in matrices usually lead to poor mechan-
ical properties, especially impact strength.'>'7?!"%3
Pilla et al.'”” modified recycled wood fiber (RWF)
with silane to increase the compatibility of PLA and
RWFEF. They found that the tensile strength of the
molded PLA-RWF composites was independent of
the RWF content, whereas the toughness and elonga-
tion at break decreased with RWEF content. To
improve the impact resistance of PLA-based WPCs,
the addition of some toughening agents into the
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Figure 1 Chemical structures of (a) poly(3-HB-co-4-HB)
(PHAs) and (b) PLA.

system is advisable. In our previous works, styrene—
butadiene—styrene block copolymer was used as the
toughening agent for PLA-based WPCs. However,
WPCs toughened with styrene-butadiene—styrene
are very difficult to degrade completely in the natu-
ral environment after they are transformed into
waste. To our best knowledge, very few efforts have
been made to improve the impact resistance of WE/
PLA composites with degradable toughening agents.

Polyhydroxyalkanoates (PHAs) are a class of ther-
moplastic polyesters produced by microorganisms.
PHAs share common assets with PLA in terms of
their renewability and environmental degradabil-
ity.** Takagi et al.*® added elastic PHAs to brittle
PLA to investigate the effects of PHAs on PLA.
They found that the impact strength increased, and
the blends were proven to be immiscible in the
amorphous state. This made PHAs the preferred
choice as the toughening agent in our PLA-based
WPCs.

Therefore, in this study, we aimed to prepare and
characterize completely biodegradable PLA-based
WPCs with better impact resistance and to investi-
gate the effects of PHAs on the mechanical and ther-
mal properties and morphologies of the biocomposites.

EXPERIMENTAL
Materials

All of the raw materials were commercial grade.
PLA (weight-average molecular weight = 100,000 g/
mol) was obtained from BrightChina Industrial Co.,
Ltd. (Shenzhen, China). The copolymer of 3-hydrox-
ybutyrate and 4-hydroxybutyrate [poly(3-HB-co-4-
HB); grade EM5400F] was supplied by Ecoman Bio-
technology Co., Ltd. (Shenzhen, China). The amount
of 4-hydroxybutyrate in the copolymer was 12 wt %.
Poly(3-HB-co-4-HB) (hereafter referred as PHAs) was
used as the toughening agent for the PLA-based
WPCs. The chemical structures of the PHAs and
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PLA are shown in Figure 1. Pine WF was obtained
from Beijiao Hanguo Timber Co., Ltd. (Shunde,
China).

Manufacture of the composites

The WF was dried at 110°C for 8 h in an oven to
remove the moisture before compounding. Both the
PLA and PHAs were dried at 80°C for 12 h. The
properties of PLA/PHA blends were investigated by
Noda et al.*® in their previous research. They found
that PHAs could be homogeneously dispersed in
these blends at a relatively low level (i.e., 20 wt %).
The content of PHAs in our PLA-based WPCs was
determined to be 25 wt % to obtain the optimum
impact resistance, on the basis of the results of Noda
et al.’s*® research. The four typical compositions of
the PLA-based WPCs are illustrated in Table I.

The mixture of the PLA, WF, and PHAs was done
by mechanical mixing method with a high-speed
mixer (SHR-50A, Huaming Machinery Co., Ltd.,
Zhangjiagang, Jiangsu, China) at 1500 rpm for 5
min. Then, the initial mixture was melt-mixed in an
extruder [TE-35, Coperion (Nanjing) Machinery Co.,
Ltd., Jiangsu, China] at a mixing speed of 400 rpm
with a temperature profile of 135, 140, and 145°C
and 140°C for the die. The extruder was equipped
with intermeshing conical twin screws, the length-
to-diameter ratio of which was 38. The molten com-
pounded strands were immediately cooled to room
temperature with water and were then cut into
grains with a granulator (QLJ-1, Mingsu Machinery
Co., Ltd., Zhangjiagang, Jiangsu, China).

The extrusive grains were dried at 110°C for 8 h
and were then fed into an injection-molding
machine (JM268-C?, Chenhsong Machinery Co., Ltd.,
Hong Kong) to mold test bars. The following tem-
peratures were set at respective zones for injection
molding: 140°C near the feeder, 145°C in the middle
zone(s), and 135°C for the nozzle. A pack/hold pres-
sure of 6.5 MPa was used during the injection mold-
ing. To ensure complete mold filling, the pack and
hold time were set as 15 and 5 s, respectively. The
mold was maintained at room temperature to allow
adequate cooling of the molded parts. A cooling
time of 30 s was provided to ensure that the parts
did not break during die separation. The tensile bars

TABLE I
Representative Compositions of the PLA-Based WPCs

Relative content (wt %)

Sample code PLA WF PHAs
Sample 1 80 20 0
Sample 2 65 10 25
Sample 3 55 20 25
Sample 4 45 30 25
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were tagged as type I, and the impact bars were
notched according to GB/T 16421-1996 and GB/T
16420-1996.

Mechanical behaviors

A universal tester (T-10A, Reger Instrument Co., Ltd.,
Shenzhen, China) and an impact tester (XJJD-5, Jinjian
Testing Instrument Co., Ltd., Chengde, China) were
used to test the tensile and Charpy impact strengths
of the injection-molded bars according to GB/T
16421-1996 and GB/T 16420-1996, respectively. The
injection-molded bars were conditioned at 50 = 10%
relative humidity and 23 * 2°C in a walk-in condi-
tioning room for 48 h before testing. Five valid tensile
and impact bars were tested for each composition,
and the averages of the tested samples was taken for
the results. The speed of the moving clamps was 50
mm/min during the tensile test.

Morphology of the fracture surface

The morphologies of the WF, PHAs, and cryofrac-
tured (by liquid nitrogen) surfaces of pure PLA and
their binary and ternary notched impact bars were
characterized by a 52700 scanning electron micro-
scope (Hitachi, Japan, Xi'an, China). All of the frac-
ture surfaces were observed after they were coated
with a layer of gold in an ion-sputtering coater (SBC
12, KYKY Technology Development Co., Ltd., Bei-
jing, China) to prevent charging during the scanning
electron microscopy (SEM) investigation.

Thermal characterization

The thermal properties of the test samples were
investigated with simultaneous thermogravimetric
analysis (TGA)/differential scanning calorimetry
(DSC; TA Instruments, SDT Q600, Xi’an, China),
which could simultaneously record the results of
DSC and TGA. We collected the data by heating the
specimen in a single step from 50 to 400°C in air at
a constant heating rate of 10°C/min. The number of
each investigated samples for thermal analysis was
3. The most typical one among the three curves was
selected to illustrate in the following section.

RESULTS AND DISCUSSION
Mechanical properties

Figure 2 shows the stress—strain curves of pure PLA
and the four typical PLA-based WPCs. The breaking
strength of pure PLA was 67.14 = 0.88 MPa, and its
stress—strain curve showed hard and brittle features
without evidence of plasticity; this confirmed its in-
herent brittleness. The elongation at break of sample
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Figure 2 Typical stress-strain curves of the pure PLA
and PLA-based WPCs. The number of each investigated
samples for the impact test was 5. The average value and
standard deviation of the respective yield strength and
elongation at break were 67.14 = 0.88 MPa and 11.1 *
1.2% for PLA, 45.03 + 1.34 MPa and 6.7 = 0.8% for sam-
ple 1, 29.97 = 0.75 MPa and 8.7 * 0.9% for sample 2, 30.11
+ 1.15 MPa and 8.1 = 1.1% for sample 3, and 32.10 * 0.68
MPa and 31.8 = 0.7% for sample 4, respectively.

1 was only 6.7 £ 0.8% (minimal among the five
investigated bars), and its breaking strength
decreased to 45.03 = 1.34 MPa; this suggested that
the interfacial adhesion between PLA and WF was
very weak. The elongations at break of samples 2
and 3 increased slightly compared with that of sam-
ple 1, but the samples still showed hard and brittle
features similar to those of pure PLA. It could be
seen that sample 4 showed distinct yielding and
necking phenomena during the tensile process. The
substantial plastic deformation revealed that sample
4 exhibited ductile fracture after yielding during the
tensile process. The elongation at break of sample 4
was three times that of pure PLA. These results sug-
gest that there were different types of deformation
mechanisms for sample 4 and sample 1-3. Obvi-
ously, the failure of sample 4 was highly localized
and did not result in catastrophic breakdown. The
fracture strengths of samples 2—4 decreased to about
45% of that of the pure PLA. The two-ordered poly-
nomial regression between the tensile strength and
the composition of the investigated samples was
conducted. It was found that the tensile strength (Y)
and the relative content of PLA (X) of the investi-
gated samples fit the following two-ordered polyno-
mial: Y = 173.32X* — 184.97X + 79.5 (R* = 0.9862).
The result shows that the tensile strength of the
PLA-based WPCs was mainly determined by the
PLA content.

The tensile properties for our PLA-based WPCs
were inconsistent with those of Pilla et al.'” This was
attributed to five factors: differences in the granular
shapes of PLA (pellet vs sphere), fillers [recycled
wood fiber (RWF) vs pine WF], WF pretreatments

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Impact strength of the PLA-based WPCs tough-
ened with and without PHAs. The number of each investi-
gated sample for the impact test was 5.

(treated with silane, coupling agent, and 0.5% RWF
content vs untreated), toughening agents (with vs
without PHAs), processing methods (kinetic mixing
and injection molding vs mechanical mixing and
extrusion blending followed by injection molding),
and temperatures of the injection-molding process
(average temperature of 204.3°C at respective zones
vs average temperature of 140°C).

Figure 3 shows the impact strength of the PLA-
based WPCs toughened with and without PHAs. The
impact strength of sample 2 was 105.31 *+ 6.64 k] /m?,
whereas that of sample 1 was only 94.69 = 7.98 k] /m*
(i.e., an 11.2% relative increase). It could be further
found that the impact resistance of the PLA-based
WPCs toughened with PHAs was higher than that of
their nontoughened counterpart. The better interfacial
adhesion between PLA and WF may have been
formed within the PHAs-toughened WPCs. The
improvement of the impact strength of the ternary
PLA-based WPCs was attributed to the toughening
agent PHAs. The inclusion of the elastic PHAs in the
binary PLA/WEF composites greatly improved their
impact resistance, which was similar to that of high-
impact polystyrene (PS) toughened with rubber.*®

Interestingly, the slopes of the impact resistance to
the WF content for the PLA-based WPCs toughened
with and without PHAs were different, although both
of them increased with WF content (see Fig. 3). The
impact strength of the nontoughened PLA-based
WPCs increased slowly, with approximately the same
slope when the amount of WF increased from 5 to 50
wt %. The impact strength of the PLA-based WPCs
toughened with PHAs also increased slowly, with
approximately the same slope when the content of
WF was less than 15 wt % or more than 35 wt %.
However, the slope of the curve increased signifi-
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cantly when the amount of WF was between 15 and
35 wt %. They manifested a brittle fracture when the
amount of WF was lower than 15 wt % and a ductile
fracture when it was above 35 wt %; this was further
confirmed by the following results from the morphol-
ogies of the fracture surfaces. That is, there was a brit-
tle-ductile transition (BDT) of the impact strength for
the PLA-based WPCs toughened with PHAs when
the amount of WF was between 15 and 35 wt %. The
curve of the impact resistance to the WF content is
called the master curve of BDT, which is the proof of
BDT for the mechanical properties of materials.

The percolation phenomenon is widely used to
describe the insulator-to-conductor transitions of
composites with conductive fillers and insulating
matrices.”” > Percolation theories have been applied
to describe the BDTs of composites modified with
elastomer.”>** The percolation model was used by
Margolina and Wu®* and Guo et al.”® to investigate
nylon/rubber blends and PS/polyolefin elastomer
(POE) blends, respectively. According to Guo
et al.,* the percolation threshold of the POE content
for BDT was 14 wt % in the PS/POE blends. In this
investigation, the percolation transition behavior of
the impact strength—-WF content for the PHAs-tough-
ened WPCs occurred when the amount of WF was
between 15 and 35 wt %. The percolation threshold
of the WF content for BDT in our PLA-based WPCs
toughened with PHAs was 15 wt %, which was
close to the POE content in the PS/POE blends.

Morphology

Figures 4 and 5 show the scanning electronic micro-
graphs of the WF, PHAs, and cryofractured surfaces
of the pure PLA, PHAs/PLA and WEF/PLA blends,
and sample 1; these provide a clue to the improve-
ments of the mechanical properties for the PLA-
based WPCs toughened with PHAs. The pine WF
was in particle form, and the particulate size was
about 10 pm, with an aspect ratio of about 1-4 [Fig.
4(a)]. The PHAs were in spherical form, and their
average dimensions were in the range 0.5-1 pm [Fig.
4(b)]. The injection-molded bars of pure PLA
showed the typical brittle fracture during the cryo-
fracturing process; this could be concluded from the
glossy and ordered morphologies of the fracture sur-
face. Moreover, there were some distinct river mark-
ings on the fracture surface of the pure PLA [Fig.
4(c)]. The cryofractured surface of the binary PHAs/
PLA blends had some spherical pores, with an aver-
age size of less than 0.5 pm; these were attributed to
the phase-separated PHAs [Fig. 5(a)]. This result
was consistent with Takagi et al.’s* research. The
relative content of PHAs in the PHAs/PLA blends
was 20 wt %. For the binary WF/PHAs blends, there
were some features of WF and its traces [Fig. 5(b)].
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Figure 4 SEM images of the (a) WF and (b) PHA, and (c)
the fracture surface of pure PLA. The arrows indicate the
WEF particles.

Pores with average size of about 0.5 um could be
observed all over the fracture surfaces. In these WF/
PHAs blends, the content of WF was 20 wt %.
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The fracture surface of sample 1 was rather
smooth [Fig. 5(c)], whereas those of samples 24
were rougher [Fig. 6(a—c), respectively]. Several WF
particles could be observed in the micrographs of
samples 2—4, some of which were pulled out from
the surface of the ternary WPCs during the cryofrac-
turing process. At the same time, the cross-sectional
surfaces of samples 2—4 [Fig. 6(a—c)] showed some
distinct characteristics compared to sample 1 [Fig.
5(c)]. The fracture interfaces of samples 2-4 were
fuzzier, and fewer traces of WF pullout were
observed. Moreover, we found that the traces of
sample 4 were fewest among samples 2—4, although
the content of WF was the highest. The cohesive sur-
face of sample 4 showed some features of ductile
fracture; this was further evidence that the PLA-
based WPCs toughened with PHAs had better
impact resistance.

The decrease in the pullout of WF from the WPCs
increased the mechanical properties of the compo-
sites when the content of WF was increased. At the
same time, there may have been mechanical inter-
locking between the PLA and WF. Good mechanical
interlocking between PLA and WF was attributed to
the surface roughness of WF by Shah et al.*® in their
previous study. However, Noda et al.* found that
PHAs could not crystallize fully when they were
finely dispersed in the PLA matrix at a low level
(i.e., 20 wt %). The SEM images showed that there
was phase separation in the binary PHAs/PLA
blends [Fig. 5(a)], which could partly explain the
unexpected increase in the effective toughness of
such PLA/PHAs blends. A comparison of the mor-
phologies of the fracture surfaces of the ternary com-
posites with those of the binary blends suggested
that our ternary PLA-based WPCs were similar to
the discussed PLA/PHAs blends. We deduced that
the good mechanical interlocking between PLA and
WEF in our PLA-based WPCs was due to the tough-
ening agent (i.e., PHAs). PHAs played an important
role in the microstructural evolution of the compo-
sites, which, in turn, improved the impact resistance
of our PLA-based WPCs.

Thermal stability

The thermal properties of the raw materials and the
PLA-based WPCs were studied with DSC. Figure 7
shows their DSC curves between 50 and 200°C. The
glass-transition temperature (Ty), cold crystallization
temperature (T.), melting temperature (T,), cold
crystallization enthalpy (AH,), and melting enthalpy
(AH,,) of pure PLA and the samples are summarized
in Table II. AH,, of PLA in the PLA-based WPCs
decreased compared to that of pure PLA. The
decreasing AH,, could be ascribed to the reduction
of PLA content in the samples. T,.. of sample 1 was

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 SEM images of the PHAs blends and WF/PLA
composites. For the samples containing WF, the arrows
indicate the WF particles, and the dotted arrows indicate
the pullout of WF: (a) PHAs/PLA blends (80% PLA +
20% PHAs), (b) WE/PHAs blends (80% PHAs + 20% WE),
and (c) sample 1 (80% PLA + 20% WF)
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Figure 6 SEM images of the PLA-based WPC toughened
with PHAs. The arrows indicate the WF particles, and the
dotted arrows indicate the pullout of WF: (a) sample 2
(65% PLA + 10% WF + 25% PHAs), (b) sample 3 (55%
PLA + 20% WEF + 25% PHAs), and (c) sample 4 (45% PLA
+ 30% WEF + 25% PHAs).
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Figure 7 Melting curves of the raw materials and the
PLA-based WPCs. The number of each investigated sam-
ple was 3. The most typical one among the three curves
was selected to illustrate here.

higher than that of pure PLA. However, the cold
crystallization peaks of samples 2—4 became less
obvious. This indicated that there was no more
amorphous region in these PLA-based WPCs that
had the ability to crystallize during the heating pro-
cess. As shown in Table II, the average T,, of the
samples was 149.7°C. T,, decreased by about 23.5°C
(i.e., a 13.6% relative decrease) for the PLA-based
WPCs compared with that of pure PLA. Addition-
ally, a double melting peak for sample 1 was
observed at 146.2 * 0.2 and 151.3 = 0.2°C. The dou-
ble-melting-peak behavior observed in sample 1 may
have been due to two different types of crystalline
structures obtained during the crystallization pro-
cess,”® which were due to the possible influence of
WE.

The thermal stabilities of the raw materials and
the PLA-based WPCs were investigated with TGA.
Figure 8 shows the thermogravimetry (TG) curves of
the raw materials and the samples between 200 and
400°C. The TG curves only illustrate above 200°C
because there were no distinct differences below
200°C for the tested samples. The thermal stability of
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the PLA, WF, and PHAs could be determined from
their TG curves. It could be seen that the 5, 25, 50,
and 75% weight loss temperatures (I, Tas, T50, and
T7s, respectively) for pure PLA were 321, 346, 357,
and 366°C, respectively. Moreover, the final decom-
position temperature of the PHAs was lower than
that of WF, although the onset decomposition tem-
perature of the PHAs was, indeed, higher than that
of WFE. The thermal decomposition rates of the PLA,
WE, and PHASs could also be obtained from their TG
curves. These showed that the thermal decomposi-
tion rate of the PHAs was the fastest and that of
PLA was the slowest among the three raw materials.

Ts, Tas, Tso, T7s, and the temperature at the maxi-
mum weight loss rate (T},) of the samples are listed
in Table III to illustrate the effect of the PHAs on the
thermal stability of the PLA-based WPCs. The Ts,
Ts, Tsp, and T7s values of samples 3 and 4 were
lower than those of sample 1. This indicated that the
thermal stabilities of samples 3 and 4 were inferior
to that of sample 1; this was due to the fastest
decomposition rate of the PHAs. The thermal stabil-
ity of sample 4 was worse than that of sample 3
because the relative content of WF in sample 4 (i.e.,
30 wt %) was higher than that of sample 3 (i.e., 20
wt %). The general trend was that the addition of
the PHAs to the PLA-based WPCs reduced the ther-
mal stability of the biocomposites.

However, sample 2 was an apparent exception to
the aforementioned rule. The Ts, Tos, Tso, and T
values of sample 2 were the highest among the sam-
ples; this suggested that the PHAs could increase
the thermal stability of the PLA-based WPCs when
the content of WF was about 10 wt %. The thermal
stability of sample 2 was even better than that of
sample 1; this may have been due to the homogene-
ous dispersion and low loading of WEF (i.e., 10 wt %)
in sample 2, which could be further confirmed from
the SEM images of samples 1 and 2 [Fig. 5(c) and
6(a)]. The low loading and homogeneous dispersion
of WF in the PLA-based WPCs may have accounted
for the improvement in their thermal stability."

It is interesting to note that there was one stage of
weight loss throughout the temperature range (i.e.,
200-400°C) for samples 1 and 2, whereas there were
two stages for samples 3 and 4. The weight loss

TABLE II
Thermal Characteristics of the Pure PLA and PLA-Based WPCs
T, (C)
Sample COde Tg (OC) TCC (OC) Tml Tm2 AHC (I/g) AI_Im (]/g)
PLA 61.3 = 0.3 106.7 = 0.1 1732 £ 0.2 289 = 0.6 36.6 = 0.5
Sample 1 595 = 0.2 111.1 = 0.2 146.2 = 0.2 151.3 = 0.2 125 = 0.3 332 +04
Sample 2 60.9 = 0.3 — 149.6 = 0.3 — 28.7 £ 0.2
Sample 3 60.3 = 0.4 — 150.0 = 0.2 — 26.8 = 0.2
Sample 4 59.6 = 0.2 — 1513 = 04 — 259 + 0.3

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 TG results of the raw materials and the PLA-
based WPCs. The number of each investigated sample was
3. The most typical one among the three TG curves was
selected to illustrate here.

peaks of samples 3 and 4 at about 285°C were simi-
lar to that of WF; this implied that excessive WF
(i.e., 20 and 30 wt % for samples 3 and 4, respec-
tively) was unfavorable for the thermal stability of
the PLA-based WPCs toughened with PHAs.

CONCLUSIONS

Biobased and biodegradable WPCs composed of
PLA (25-95 wt %), pine WF (5-50 wt %), and PHAs
(0-25 wt %) were successfully prepared by extrusion
blending followed by injection molding in this
study. The mechanical and thermal properties and
the morphologies of the composites were investi-
gated by mechanical testing, thermal analysis, and
observation of the fracture surfaces. The impact
strength of the PHAs-toughened WPCs was
improved at the cost of a reduction in the tensile
strength. The PLA-based WPCs toughened with
PHAs exhibited ductile fracture during tensile test-
ing when the amount of WF was greater than 30 wt
%,; this was further proven by the cryofractured fea-
tures from SEM. A BDT of the impact strength for

TABLE III
Ts, Tss, Tso, T75, and T, Values of the Pure PLA
and PLA-Based WPCs

Sample T5 T25 T50 T75 Tp ( C)

code O O (O (O TaCO T (O
PLA 321 346 357 366 365
Sample 1 284 330 348 362 357
Sample 2 303 337 354 367 359
Sample 3 261 291 334 358 285 351
Sample 4 267 288 322 351 284 345
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the PHAs-toughened WPCs was observed when the
content of WF was between 15 and 35 wt %. The
good mechanical interlocking between PLA and WF
was primarily attributed to PHAs; this implied that
PHAs was a good toughening agent for the PLA-
based WPCs. DSC showed that the PHAs caused the
deviations of T.. and T,, of PLA in the PLA-based
composites. TGA indicated that the addition of 25
wt % PHAs into the PLA-based WPCs reduced their
thermal stability. The results demonstrate that PHAs
can be used to tune the mechanical properties of the
PLA-based WPCs. Furthermore, our research broad-
ens the application of the percolation model in mate-
rial science.
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