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AbstractBiodegradable poly(lactic acid) (PLA)-based composites were prepared using PLA and basalt scale (BS) via
a solution-blending method. BS surfaces were treated using a silane coupling agent, and their surface properties were
characterized by high-resolution scanning electron microscopy, energy-dispersive X-ray spectrometry, and X-ray pho-
toelectron spectrometry. Moreover, the influence of BS content on the thermal properties, flexural properties, impact
strength, and morphology of the PLA/silane-coupling-agent-treated BS (KH-BS) composites was analyzed. The ther-
mal stability of the composites significantly increased due to the addition of KH-BS. Impact strength tests showed that
the impact strength of the PLA/KH-BS composite with 4 wt% KH-BS was 3.14 kJ/m2, which is 51% higher than that of
pristine PLA (2.07 kJ/m2). The analysis of the fracture surfaces of the composites after the impact strength tests revealed
a rough morphology with numerous river-like micro-cracks. The study results demonstrate that the addition of KH-BS
significantly improves the thermal stability and impact strength of PLA/KH-BS composites.
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INTRODUCTION

Poly(lactic acid) (PLA), a type of thermoplastic aliphatic polyes-
ter, exhibits biodegradability and biocompatibility and is conse-
quently considered as one of the most promising bioexplanatory
polymer materials in the medical field. It can be synthesized by the
direct condensation of lactic acid or ring-opening polymerization
of lactide [13]. Moreover, PLA can be degraded into carbon dioxide
and water under natural conditions. Furthermore, the rapid enzy-
matic hydrolysis of PLA can be induced at low temperatures using
current techniques. Therefore, PLA and its products are environ-
mentally friendly. PLA products exhibit a good virtuous cycle in
nature, without any environmental damage [4-6].

PLA possesses high strength, high hardness, good ductility, elec-
trical conductivity, thermal conductivity, and excellent degradation.
Additionally, it has good gloss and transparency that is equivalent
to those of polystyrene film. However, PLA has poor thermal sta-
bility, high brittleness, and low impact strength, causing serious
limitations in numerous application fields [7-10]. The most com-
mon strategy for overcoming these shortcomings is preparing PLA
composites. PLA composites in either macro or micro can afford
novel properties by using physical or chemical methods to form
new materials through various processing. PLA composites exhibit
superior properties compared to the pristine materials as they exhibit
the properties of the different materials in the composites [11-13].

Basalt scale (BS) was prepared through high-temperature melt-
ing, clarification, molding, and screening of natural basalt. It has a
transparent or bronze colored lamellar structure and is mainly
comprised of silicon dioxide, calcium oxide, and iron oxide. Silicon
dioxide is the most prominent component of BS, accounting for
45-60% of the total content. It maintains the bending, tensile, com-
pressive, and impact resistances of BS as well as the chemical sta-
bility. BS contains 6-12% calcium oxide, which mainly improves
the water corrosion resistance of BS, and BS contains 5-15% iron
oxide, which is the reason for its bronze color [14-17].

BS is a compact, acid and alkali resistant, with high chemical
stability, and inexpensive inorganic additive. It can be used with
inorganic adhesives to produce a heat-resistant, flame-retardant coat-
ing that can be used at 700 oC. As a new type of scale-like material,
BS is environmentally friendly and inexpensive and is employed as
an ecofriendly filler to improve the performance of polymers and
the wear resistance of polymer coatings [18,19].

Currently, few reports exist on BS-reinforced PLA composites;
they mainly focus on the effects of the basalt powder content and
basalt fiber length on the mechanical properties of the PLA/basalt
powder and PLA/basalt fiber composites, respectively [16,20]. To
improve the interfacial compatibility between the basalt powder/
fiber and PLA matrix, the surfaces of the basalt powder/fiber are gen-
erally treated using coupling agents, acid-base treatments, plasma
treatments, and surface coating modifications [21-23]. Herein, to
improve the impact strength of PLA, biodegradable PLA/BS com-
posites were prepared using BS as a reinforcing agent through a solu-
tion-blending method. Furthermore, BS surfaces were treated using
a silane coupling agent, and the surface properties of BS were charac-
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terized via high-resolution scanning electron microscopy (HR-SEM),
energy-dispersive X-ray spectrometry (EDX), and X-ray photoelec-
tron spectrometry (XPS). The effects of BS content on the thermal
properties, flexural properties, impact strength, and morphology of
PLA/BS composites were analyzed.

EXPERIMENTAL

1. Materials
PLA pellets with a weight-average molecular weight of 100,000

g/mol were obtained from NatureWorks Co. (USA). Jilin Jinshi New
Material Technology Co., Ltd. provided 2-6-m-thick BS. -meth-
acryloxy propyl trimethoxyl silane (KH-570) as a silane coupling
agent was purchased from Jinan Xingfeilong Chemical Co., Ltd.
Anhydrous ethanol and glacial acetic acid were obtained from
Tianjin Damao Chemical Reagent Factory.
2. Surface Treatment of BS

BS (20g) was dispersed in anhydrous ethanol (400mL) and gla-
cial acetic acid (80 g) and then ultrasonically treated at 30 oC for
2 h. KH-570 (10 g) and water (10 mL) were added to the mixture,
and the mixture was heated to 60 oC and maintained for 1.5 h.
Thereafter, the mixture was vacuum-filtered, washed to neutrality,
dried at 80 oC for 4 h in a vacuum oven, and ground to obtain sur-
face-treated BS. For convenience, the silane-coupling-agent-modi-
fied BS is denoted as KH-BS.
3. Preparation of the Composite Samples

Fig. 1 schematically shows the preparation of the PLA/KH-BS
composites. The KH-BS content was varied from 0 to 8 wt%. In a
typical procedure, specific amounts of PLA and KH-BS were added
to dichloromethane and the mixture was first stirred at 60 oC for
5 min, then stirred at 30 oC for 30 min using a spin stirrer. Subse-
quently, the mixture was heated to 145 oC in a vacuum oven and
injected into a mold sprayed with a mold-release agent. The mix-
ture was then compression-molded at 180 oC under a pressure of

4.5 MPa for 1 h.
4. Characterization and Measurements

The surface morphologies of BS and KH-BS were investigated
via HR-SEM (Hitachi, SU 8010). EDX and SEM were used to test
for the presence of silicon. The surface properties of BS and KH-
BS were evaluated using XPS (Thermo ESCALAB 250) with a
monochromatic Al Ka source and a passage energy of 20 eV.

The thermal stability of the PLA/KH-BS composites was evalu-
ated by thermogravimetric analysis (TGA; TA Instruments, Q50)
between 30 and 600 oC at a scanning rate of 10 oC/min under nitro-
gen atmosphere. The glass transition temperature (Tg) of the com-
posites was determined by thermal mechanical analysis (TMA;
TA Instruments, Q400) with an applied force of 0.05 N at a heat-
ing rate of 5 oC/min under nitrogen atmosphere; the sample size
was 5×5×5 mm3.

The flexural properties of the composites were investigated by
three-point bending tests using a mechanical testing apparatus
(WDW 3010) according to the GB/T 9341-2008 standard; the sam-
ple size was 5×10×80mm3. The impact strength of the composites
was measured using an Izod impact tester (TP04G-AS1) according
to the GB/T 1843-2008 standard; the sample size was 5×10×50
mm3.

The pristine PLA and PLA/KH-BS composite morphologies were
examined using ultrahigh-resolution field emission SEM (HRFE-
SEM; TESCAN, MAIA3).

RESULTS AND DISCUSSION

1. Surface Characterization of KH-BS
BS surfaces were treated using a silane coupling agent, and the

surface properties were characterized via HR-SEM, EDX, and XPS.
Fig. 2 shows the SEM images of pristine BS and KH-BS. BS exhib-
ited a sheet shape with thin thickness and long length and width.
The presence of Si on the BS surface after the surface treatment was

Fig. 1. Schematic illustration of the preparation of PLA/KH-BS composites.
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confirmed through EDX mapping, as shown in Fig. 3. The peaks
at about 0.27, 0.55, and 1.76 keV were ascribed to C, O, and Si,
respectively [24,25]. The peaks were afforded due to the reaction
of the silane coupling agent with hydroxyl group on the BS surface
and introduction of organic functional groups, such as C=O, C-O,
and Si-O, on the BS surface after the surface treatment.

The presence of Si on the KH-BS surface was further verified
by elemental analysis of the XPS spectra, as shown in Fig. 4. The

characteristic peak of C1s was observed at 284.6 eV, and the intensity
of the C1s peak increased after the surface treatment with the silane
coupling agent. The characteristic peaks of O1s and Si2p were observed
at 532.5 and 102.6 eV, respectively, and the intensity of the O1s and
Si2p peaks significantly increased after the surface treatment. These
results can be explained as follows: BS comprises silicon dioxide, alu-
minum oxide, iron oxide, calcium oxide, and magnesium oxide.
After the silane coupling agent modification, oxygen-containing
functional groups, such as C=O, C-O, and Si-O, were introduced
on the BS surface [26,27]. Thus, the intensity of the C1s, O1s, and
Si2p peaks increased.
2. Thermal Properties of PLA/KH-BS Composites

The thermal properties of pristine PLA and PLA/KH-BS com-
posites were analyzed by TGA and TMA. The thermal degrada-
tion of pristine PLA and PLA/KH-BS composites was investigated
by TGA, and Fig. 5 shows the results. Moreover, thermal stability
factors, such as the initial decomposition temperature (i.e., the
temperature of 5% weight loss (T5%)) and the amount of char for-
mation at 600 oC, were calculated using the TGA thermograms
[28-30], and Table 1 summarizes the results.

The pristine PLA and PLA/KH-BS composites exhibited ther-
mal degradation and significant weight loss with increasing tem-
perature. Table 1 shows that the T5% value of the composites in-
creased with the addition of KH-BS. In detail, the T5% value of the
composites was 28-38 oC higher than that of pristine PLA. Further-
more, the amount of char formation at 600 oC increased from 1.8%
to 7.5% with increasing KH-BS content from 0 to 8 wt%. This is
because BS is extremely thermally stable and has high residual mass
(approximately 90 wt%). Additionally, the BS sheets dispersed in
the PLA matrix act as a mass transport barrier and yield volatile
products during decomposition, increasing the thermal stability of
the composites [31,32].

Fig. 6 shows the dimensional changes of the PLA/KH-BS com-
posites measured using TMA under nitrogen atmosphere. Table 1
lists the Tg values determined from the TMA curves. The Tg values
of the composites increased with the KH-BS content up to 4 wt%.
This is because the introduction of organic functional groups on
the BS surface through the silane coupling agent modification in-
creased the interaction between the BS sheets and PLA matrix,

Fig. 2. SEM images of pristine BS (a) and KH-BS (b).

Fig. 3. EDX mapping of surface-treated BS.
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which consequently reduced the movement of the polymer chains
in the composites [31]. The Tg value of the composite with 8 wt%
KH-BS was lower than that of pristine PLA, because the disper-
sion state of the BS sheets in the PLA matrix deteriorated at high

KH-BS content [33].
3. Flexural Properties of PLA/KH-BS Composites

The flexural properties of the PLA/KH-BS composites were
investigated by measuring the flexural strength and modulus. Fig.
7 shows that the flexural strength of the composites decreased
with increasing KH-BS content. This indicates that the addition of
KH-BS negatively affects the flexural strength. Particularly, the
flexural strength of the composite at 8 wt% KH-BS was significantly
lower than that of pristine PLA as the BS dispersion state in the
PF matrix deteriorated with the addition of high BS contents [34].

Fig. 4. High-resolution XPS spectra of pristine BS and KH-BS.

Table 1. Thermal stability factors and Tg of PLA/KH-BS composites
KH-BS content

(wt%)
T5%

(oC)a
Char at 600 oC

(%)a
Tg

(oC)b

0 260.0 1.8 62.02
2 298.4 2.6 68.83
4 288.9 5.7 74.33
6 288.5 5.4 67.38
8 294.4 7.5 57.03

aT5% and char at 600 oC determined from TGA thermograms.
bTg determined from the TMA curves.

Fig. 5. TGA thermograms of PLA/KH-BS composites as a function
of KH-BS fraction.
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Fig. 7 demonstrates that the flexural modulus of the PLA/KH-
BS composites increased with the addition of KH-BS. Pristine PLA
exhibited a flexural modulus of 2.54 GPa. Moreover, the flexural
modulus of the composites with 4 wt% KH-BS was 4.37 GPa,
which is 72% higher than that of pristine PLA. These results can
be attributed to the increase in the stiffness of the composites with
the addition of KH-BS, which consequently increases the flexural
modulus of the PLA/KH-BS composites [35,36].
4. Impact Strength of PLA/KH-BS Composites

Fig. 8 displays the influence of KH-BS content on the impact
strength of the PLA/KH-BS composites. The figure shows that pris-
tine PLA, which is classified as a brittle material, has a low impact
strength of 2.07kJ/m2 at room temperature. As is known, low impact
strength is due to the weak interfacial adhesion between the inor-
ganic particles and polymer matrix. Furthermore, the impact strength
increases with the addition of KH-BS. In detail, the impact strength
of the composites increased from 2.07 to 2.91 kJ/m2 for 2 wt% KH-
BS (40% increase) and to 3.14 kJ/m2 for 4 wt% KH-BS (51% in-

crease). The impact strength increase can be attributed to the absorp-
tion of external energy by microcracks generated by the KH-BS
dispersed in the PLA matrix [37,38]. The impact strength of the
PLA/KH-BS composites decreased above 4 wt% KH-BS. More-
over, the impact strength of the PLA/KH-BS composites with 8 wt%
KH-BS was lower than that of pristine PLA, which was due to the
deterioration of the dispersion state of KH-BS at high KH-BS con-
tents [34].
5. Morphology of the PLA/KH-BS Composites

The fracture surface morphologies of pristine PLA and PLA/
KH-BS composites after the impact strength tests were investigated
via SEM, and the SEM images are shown in Fig. 9. Pristine PLA
exhibited a smooth and flat morphology with ordered cracking
behavior, which indicates brittle deformation prior to fracture [39],
as shown in Fig. 9(a). In contrast, the PLA/KH-BS composites con-
taining 2-6 wt% KH-BS exhibited rough morphology with many
river-like microcracks, indicating plastic deformation prior to frac-
ture [40,41], as shown in Figs. 9(b)-(d). When the KH-BS content
was increased to 8 wt%, the river-like microcracks decreased and
the size of fractured cross-section increased, which accounts for its
low impact strength, as revealed by the high resolution image in
Fig. 9(e).

CONCLUSIONS

Biodegradable PLA/KH-BS composites were prepared via a solu-
tion-blending method, and their thermal properties, flexural strength,
impact strength, and morphology were investigated. The PLA/
KH-BS composites with 4 wt% KH-BS exhibited an initial decom-
position temperature of 288.9, which is 11.1% higher than that of
pristine PLA; flexural strength of 97.6 MPa, which is 12.7% lower
than that of pristine PLA; flexural modulus of 4.37 GPa, which is
72% higher than that of pristine PLA; and an impact strength of
3.14 kJ/m2, which is 51% higher than that of pristine PLA. Addi-
tionally, the SEM results showed that the fracture surfaces of the
composites after the impact strength tests exhibited a rough mor-
phology with numerous river-like microcracks.

Fig. 6. Dimensional change of PLA/KH-BS composites as a func-
tion of KH-BS fraction.

Fig. 8. Impact strength of PLA/KH-BS composites as a function of
KH-BS fraction.

Fig. 7. Flexural strength and flexural modulus of PLA/KH-BS com-
posites.
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