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ABSTRACT: A series of the reinforced and toughened
polylactide (PLA) composites with different content of ba-
salt fibers (BF) were prepared by twin screw extruder. The
toughness of BF/PLA composites was improved further
by the addition of polyoxyethylene grafted with maleic an-
hydride (POE-g-MAH), ethylene-propylene-diene rubber
grafted with maleic anhydride (EPDM-g-MAH), and ethyl-
ene-acrylate-glycidyl methacrylate copolymer (EAGMA),
relatively. The mechanical properties, rheology, crystalliza-
tion, and morphology of BF/PLA composites were stud-
ied. The results showed that basalt fiber had significant
reinforcing and toughening effect in comparsion with glass
fiber. EAGMA was more effective in toughening BF/PLA
composites than POE-¢-MAH and EPDM-¢g-MAH. When

the content of EAGMA achieved to 20 wt %, the impact
strengzth of BF/PLA/EAGMA composite increased to 33.7
KJ/m*, meanwhile the value was improved by 71.1% com-
pared with pure PLA. According to dynamic rheometer
testing, the use of the three kinds of elastomers increased
the melt dynamic viscosity. Differential scanning calorime-
try analysis showed that POE-¢-MAH and EPDM-¢-MAH
can decrease the cold crystallization temperature (T.) to
approximately 20°C and dramatically improve crystallinity
(xc) of BE/PLA composites. © 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 1292-1301, 2012
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INTRODUCTION

Recently, demands for biodegradable polymers with
excellent material properties have been growing at a
rapid rate. In recent years, polylactide (PLA) has
been one of the most promising candidates because
of the possibility of producing from annually renew-
able resources and its degradability to natural sam-
ples in a short period of time in contrast with con-
ventional plastics." However, some problems of
PLA exist in applications such as the toughness and
thermal stability. For example, PLA can be synthe-
sized from direct condensation of lactic acid and by
ring-opening polymerization of the cyclic lactide
dimer. Of the two isomers available (D- and L-),
the polymer of the rL-enantiomorph is a hard, trans-
parent, and highly crystalline polymer. Relatively
large spherulites are achievable as a result of slow
crystallization and as a consequence, brittleness can
occur.
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To solve the problem of brittleness of PLA, a vari-
ety of fibers have been used with some success,
including natural fibers, man-made fibers based on
renewable raw materials.”"®> For example, Ochi®
investigated kenaf/PLA composites with the content
of different fiber, and found that tensile and bending
strength as well as Young’s modulus increased line-
arly up to a fiber content of 50%. Hu and Lim’
investigated the mechanical properties of compres-
sion molded composites with different volume frac-
tions and the effects of alkali treatment on the fiber
surface morphology of hemp. They found that the
best mechanical properties of composites were
obtained with 40% volume fraction of alkali-treated
fiber bundles. Oksman et al® studied the effect of
flax fiber on mechanical properties of flax/PLA com-
posites, and found that the stiffness of PLA
increased from 3.4 to 8.4 GPa with an addition of 30
wt % flax fibers. Tokoro et al.” examined three kinds
of injection molded bamboo fiber (short fiber bun-
dles, alkali-treated fiber bundles, and steam-
exploded fiber bundles) reinforced PLA, and found
that the highest bending strength was obtained with
steam-exploded fibers. Ganster and Fink'® investi-
gated injection molded Cordenka fiber-reinforced
PLA with a fiber mass content of 25%, and found
that stiffness and strength of the composites could
be approximately doubled compared with the pure
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matrix, and the impact strength could be tripled.
Although a lot of literatures reported the mechanical
behavior of various fiber/PLA composites in detail,
there are less articles systematically on the basalt
fiber reinforced PLA composites.

Basalt fiber extruded from melted basalt rock
reportedly possesses at least 16% higher modulus,
equivalent tensile strength, and higher alkaline re-
sistance compared with glass fiber, enhanced interfa-
cial adhesion and are available commercially.'®"®
Moreover, high heat resistance, high stability in
aggressive media, substantial sound absorption, and
enormous physical durability of basalt fiber results
in glass fiber replacement in fields of modified poly-
mers. For example, Milan et al.'® found that the
properties of recycled PET were significantly
enhanced by the 20 and 30% filling with basalt
fibers. Botev et al.'” investigated the basalt fiber rein-
forced the PP composites, and found that the impact
strength of the composites with different basalt con-
tent had the same value (25-26 J/m), which was
about four times higher than that of unfilled PP (6
J/m). Pierre et al.?® prepared the pressure piping by
basalt fiber reinforced polymer composite, and
found that basalt fiber reinforcement had improved
strength properties over contemporary E-glasses
fiber for a range of loading scenarios. From the
examples, one can see that the properties of polymer
were dramatically improved with basalt fiber. So it
is necessary to systematically study the properties of
basalt fiber reinforced PLA composites.

In this article, a series of the reinforced and tough-
ened BF/PLA composites were prepared by twin
screw extruder. We can systematically investigate
the effect of content of basalt fiber on the mechanical
properties, rheology, crystallization, and morphology
of BE/PLA composites. Meanwhile, three kinds of
elastomers such as ethylene—propylene—diene rubber
grafted with maleic anhydride (EPDM-¢g-MAH), pol-
yoxyethylene grafted with maleic anhydride (POE-g-
MAH), and ethylene-acrylate-glycidyl methacrylate
copolymer (EAGMA), were selected as the flexibil-
izer to further toughen BF/PLA composites.

EXPERIMENTAL
Materials and preparation

PLA resin (AL-1001, L/D was about 96.1/3.9) was
supplied by Shenzhen BrightChina Industrial Co.
Ltd., China. The weight-average (M,) molecular
weight of PLA was 122,398 g/mol, and M,,/M, was
equal to 1.4 by the measurement of waters 2414/
1515 gel permeation chromatography (USA). Basalt
fiber (GBF9-800) was supplied by Dongguan Russia
and Gold Basalt Fiber Co. Ltd., China. Glass fiber
(ECT5301HP-2200) was supplied by Chongqging
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Polymer Composite International, China. Silane resin
acceptor (KH550) was a commercial product of
Nanjing Yudeheng Fine Chemical Co. Ltd., China.
Ethylene—propylene-diene rubber grafted with ma-
leic anhydride (9802) and polyoxyethylene grafted
with maleic anhydride (9805) were supplied by
Shanghai Sunny New Technology Development Co.
Ltd., China. Ethylene-acrylate-glycidyl methacrylate
copolymer (AX 8900) was supplied by Arkema Inc,
France. Antioxygen (Irganox 168 and 1098) was sup-
plied by BASF chemical company, Germany.

The PLA resin was dried at 80°C for 6 h to
remove residual moisture. The PLA resin, silane
resin acceptor, elastomer, and antioxygen were
mixed in a high-speed blender for 1 min, and then
were processed in a PTW252 twin-screw extruder
(HAAKE, Germany) to give samples. The rotational
speed of the extruder was 90 rpm, and the tempera-
tures of its eight sections, from the charging hole to
the ram head, werel50, 150, 155, 160, 165, 160, 155,
and 150°C. The samples were dried at 80°C for 8 h
to remove moisture, and then were injected to stand-
ard testing samples (the length of the basalt fiber in
the samples was less than 1 mm by the blending
and injection-molding processes). The injection bar-
rel temperature profile was set to 165, 170, 170, and
175°C. The mold temperature was kept at 30°C.

Mechanical testing

The tensile and flexural properties of the samples
were carried out with a 5582-SP1376 Instron instru-
ment (USA) according to ISO 527 and ISO 178, rela-
tively. The crosshead speed was for tensile measure-
ments 5 mm/min, and the strain rate for tensile was
3.33 x 107° s7'. The crosshead speed for flexural
measurements 2 mm/min, and the strain rate for
flexural was 137 x 10* s ' The testing of
unnotched charpy impact of the samples were car-
ried out with ZBC1400-2 impact testing machine
(China) according to ISO 179/1eU. All tests were
carried out in an air-conditioned room (25°C).

Dynamic rheology analysis

Viscoelastic characterization of melt of the compo-
sites was conducted with RS600 rotational rheometer
(HAAKE). The linear viscoelastic range of deforma-
tion was obtained by a strain sweep test. The
response to applied oscillatory deformation at 170°C
was evaluated in the frequency range of 0.01 to
100 Hz.

Differential scanning calorimetry (DSC) analysis

The crystallization behavior of PLA and its compo-
sites were performed in a nitrogen atmosphere by
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use of a DSC-6 Perkin-Elmer differential scanning
calorimeter (DSC). The crystallization exotherm was
recorded when the samples (about 9 mg) were
heated from 20 to 200°C and were held at that tem-
perature for 5 min to erase the thermal history, and
then cooled to 20°C at the different rate of 10, 20, 50,
and 100°C/min. The samples were reheated to
200°C at a rate of 10°C/min.

Scanning electron microscope (SEM)

Samples were cryogenically fractured in liquid nitro-
gen and observed with a scanning KYKY 2800 scan-
ning electron microscope.

RESULTS AND DISCUSSION
Mechanical properties

Figure 1 shows the curves of the mechanical proper-
ties versus the content of fiber for the BF/PLA and
GF/PLA composites. As shown in Figure 1, the me-
chanical properties of BF/PLA composites are obvi-
ously higher than those of GF/PLA composites at
the same content of fiber. This implies that the basalt
fiber exhibits better tensile strength and modulus
than the glass fiber, so basalt fiber can act as better
excellent reinforcing effect. At the same time, the
tensile strength and flexural strength of BF/PLA
composites increase from 58.3 MPa to 110.2 MPa,
and from 90.4 MPa to 147.8 MPa as the content of
basalt fiber increased from 0 to 40 wt %, respec-
tively. The impact strength of BF/PLA composites
increases to the maximum value 24.6 KJ/m? and
then decreases to the minimum value 20.2 KJ/m?,
but the minimum value still exhibits higher impact
strength than that of pure PLA. So this proves that
the basalt fiber shows reinforcing and toughening
effects in the BF/PLA composites.

Three kinds of elastomers were selected as the
flexibilizer so that the toughness of BF/PLA compo-
sites were improved further. Figure 2 shows the
curves of the mechanical properties versus the con-
tent of elastomer for the BF/PLA /elastomer compo-
sites. We knew that the impact strength of BF/PLA
composites achieved the maximum value when the
content of basalt fiber got to 20 wt % from Figure 1.
Therefore, the content of basalt fiber was fixed at 20
wt % in this study. It is well known that with
increasing the content of elastomer, the brittle-duc-
tile transition temperature shifted to lower tempera-
tures promoting the toughness.”’ As expected there
is an increase in the toughening of BF/PLA compo-
sites after the addition of EAGMA, which is propor-
tional to the content of EAGMA as seen in Figure 2.
Impact strength of BF/PLA/EAGMA composites
achieve to the maximum value 33.7 KJ/m?with 20
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Figure 1 Curves of the mechanical properties versus the
content of fiber for BF/PLA and GF/PLA composites.

wt % EAGMA content, and the value is improved
by 37.0% compared with BE/PLA composites. This
is probably that EAGMA is a copolymer of core-
shell structure.** An elastomeric arcylate acts as
core, and glycidyl methacrylate acts as shell. The
carboxyl and hydroxyl groups in PLA react with the
epoxy group from glycidyle methacrylate in the melt
state,”® so the shell has a good reactive compatibility
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Figure 2 Curves of the mechanical properties versus the
content of elastomer for BF/PLA /elastomer composites.

with PLA, and the core toughens the PLA. However,
we expected that the situation that the toughness of
the BF/PLA/elastomer composites increased with
the growth of the content of EPDM-¢-MAH and
POE-g-MAH did not occur. Actually, BF/PLA/
EPDM-g-MAH and BF/PLA/POE-g¢-MAH compo-
sites with 2 wt % elastomer content exhibit the maxi-
mum impact strength. Especially, when the content
of EPDM-¢-MAH and POE-g-MAH are more than 10
wt %, impact strength dramatically decline. This is
probably that the influence of the particle size of
elastomers on the impact strength of BF/PLA/elas-
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tomer composites. Wu*® and Cho et al.*” concluded
that the optimum dimension range of the particle
size, to achieve maximum resistance to crack propa-
gation, must be some critical size. Larger rubber par-
ticles have a negative influence on the toughening.
With the growth of the content of EPDM-¢-MAH
and POE-g-MAH, the particle size of BF/PLA/elas-
tomer composites maybe increase, which leads to a
decrease of impact strength beyond elastomer con-
tent 2 wt %.

The tensile strength and flexural strength of BEF/
PLA/elastomer composites decline with the content
of elastomer, but the tensile strength and flexural
strength of BF/PLA/EAGMA composites with 20 wt
% EAGMA content still achieve 57.5 MPa and 90.7
MPa, respectively. These values are very approxi-
mate to the tensile strength and flexural strength of
pure PLA. So we conclude that EAGMA shows
much better toughening effects for the BF/PLA com-
posites than did POE-¢-MAH and EPDM-g-MAH,
relatively.

Rheologic behavior

Figure 3 shows the relationship of the dynamic vis-
cosity and frequency for BF/PLA and BF/PLA/elas-
tomer composites. As shown in Figure 3, the
dynamic viscosity of the BF/PLA and BF/PLA/elas-
tomer composites decrease with increasing fre-
quency. However, the addition of POE-g-MAH,
EPDM-¢g-MAH, and EAGAM increases the dynamic
viscosity of BF/PLA composite. POE-g-MAH,
EPDM-¢-MAH, and EAGAM are elastic with high
viscosity and good elasticity values, so the introduc-
tion of elastomers improves the melt strength and
dynamic viscosity of the BF/PLA composite. As
reported by Busse,?® the better the melt elasticity of
polymer is, the higher the melt strength is. Mean-
while, Figure 4 shows the curves of dynamic
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Figure 3 Curves of dynamic viscosity versus frequency
for BF/PLA and BF/PLA/elastomer composites.

Journal of Applied Polymer Science DOI 10.1002/app



1296

K
Kk
XStk

WEoaoos

10000 |

1000 |
—u—BF/PLA (20/80)

—o—BF/PLA/JEAGMA (20/75/5)
—A—BF/PLA/EAGMA (20/70/10)
—v—BF/PLA/JEAGMA (20/65/15)

100 —<—BF/PLA/EAGMA (20/60/20)

Dynamic viscosity (Pa- s)

0.01 0.1 1 10 100

Frequency (Hz)

Figure 4 Curves of dynamic viscosity versus frequency
for the different content of EAGMA in BF/PLA/EAGMA
composites.

viscosity versus frequency for the different content
of EAGMA in BF/PLA/EAGMA composites. From
the Figure 4 one can see that the dynamic viscosity
of the BF/PLA/EAGMA composites increase with
the growth of the content of EAGMA.

Figure 5 shows the storage modulus and loss
modulus with frequency for BE/PLA and BF/PLA/
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Figure 5 Curves of dynamic modulus versus frequency
for BF/PLA and BF/PLA/AEGMA composites.
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EAGMA for BF/PLA and BF/PLA/EAGMA composites.

EAGMA composites. The storage modulus G’ and
loss modulus G” [Fig. 5(A,B)] exhibits similar trend.
At low frequencies, the qualitative behavior of stor-
age modulus of BF/PLA/EAGMA composites
increases for presence of EAGMA which is related
to the melt elasticity enhancement. The stronger the
hydrodynamic effect in the melt, the more is the
upturn of modulus as evidenced by relevant graphs
in Figure 5(A),” whereas at high frequencies, the
qualitative behavior of storage modulus of BF/PLA/
EAGMA composites decreases when compared with
BF/PLA composite.

The restricted molecular mobility can also be
traced by crossover point characteristic at which the
values of G’ and G” are equal. By increasing the
angular frequencies, the crossover point indicates a
transition from a more viscous deformation to a
more elastic behavior. The shift in crossover fre-
quency represents the changes in molecular mobility
and relaxation time behavior. As seen in Figure 6,
the crossover frequency of composites decreases

BF+40%
BF+30%
BF+20%
BF+10%
Pure PLA

<—Endo

I

40 60 80 100 120 140 160 180 200 220

Temperature (°C)

Figure 7 DSC curves of PLA and BF/PLA composites in
heating process.



TOUGHNESS OF BF/PLA COMPOSITES

1297

TABLE I
DSC Characterization of PLA and BF/PLA Composites
Sample Tee (OC) AH. (J/g) T, (OC) AH,, (J/g) Xe (0/0)
Pure PLA 131.44 10.92 152.80 10.26 10.95
10 wt % BF 131.84 6.88 153.38 717 8.50
20 wt % BF 132.87 4.54 153.83 4.83 6.44
30 wt % BF 133.85 3.61 152.82 4.02 6.13
40 wt % BF 133.36 3.21 152.79 3.35 5.96

with the growth of content of EAGMA. This is
because the EAGMA affects the molecular mobility
of the PLA matrix. The molecular chain of PLA
grafted the EAGMA by reactivity of the carboxyl
and hydroxyl with the epoxy group.”> However,
EAGAM are elastic with high viscosity, which
causes the molecular chain of EAGMA to move rela-
tively slower than the molecular chain of PLA.
Therefore, addition of EAGMA restricts the mobility
of molecular chain of PLA. Meanwhile the restriction
in molecular mobility is more significant with the
increasing of content of EAGMA %

DSC analysis

Figure 7 shows the DSC curves of PLA and BF/PLA
composites in heating process, and the resulting pa-
rameters are shown in Table I. By considering the
melting enthalpy of 100% crystalline polylactide as
93.7 1/ g,31 the crystallinity (y.) is calculated accord-
ing to the following formula:

fe == él){: 557 < 100% @
where AH,, is the melting enthalpy of sample and ®
is the content of filler in PLA composites.

From Table I, a slightly increase of the cold crys-
tallization temperature (T..) of BE/PLA composites
can be observed with the increasing of content of ba-
salt fiber, whereas the melting enthalpy (AH,,), crys-
tallization enthalpy (AH.) and y. decreases. These
results indicate that basalt fiber affects the molecular
mobility of the PLA matrix. Furthermore, it is
obvious that the decrease of crystallinity contributes
to increasing the impact strength of the hybrid com-
posite, since the flexibility of molecular chains
declines for increasing the crystallinity.*

Figure 8 DSC curves of BF/PLA and BF/PLA/
elastomer composites in heating process, and the
resulting parameters are shown in Table II. As
shown in Table II, the addition of EAGMA, POE-g-
MAH, and EPDM-¢g-MAH shows the effects on the
crystallization behavior of BF/PLA composite. Com-
pared with the BF/PLA composite, the presence of
POE-g-MAH and EPDM-g-MAH results in the value
of T.. decreasing to an approximately 20°C, but the

values of y, is about more four times than its of BF/
PLA composite. These results indicate that the intro-
duction of POE-g-MAH and EPDM-¢g-MAH promote
the crystallization of BF/PLA composite. This is
because the elastic particles of POE-g-MAH and
EPDM-¢g-MAH act as nucleating agents for PLA in
its BF composites since there are obvious cold crys-
tallization exotherm peak, which results in brittle-
ness of the composites, so these two elastomers can
not improve the toughness of BF/PLA composites.
In contrast, EAGMA restricts the molecular mobility
of PLA and causes larger percentage of amorphous
phase to form, and the toughness of BF/PLA com-
posites is further improved. A similar result is found
in PBT/PC/EBAGMA and PBT/PC/POE blends by
Bai et al.®® It is reported that EBAGMA could inter-
fere with PBT crystallization and causes a greater
fraction of amorphous PBT in PBT/PC/EBAGMA
blends, whereas POE could promote the crystalliza-
tion of PBT in PBT/PC/POE blends. Meanwhile, the
melting curves of BF/PLA/POE-¢-MAH and BE/
PLA/EPDM-¢g-MAH composites change to the bi-
modal. The different of cooling rate of BF/PLA/
EPDM-¢g-MAH composites in DSC measurements
were done to research on the effect of the cooling
cycle of the thermal analysis on the melting curves.
As shown in Figure 9 and Table III, the peak shape
of the melting curves, T.. and y. of BF/PLA/EPDM-

-— Endo
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Figure 8 DSC curves of BF/PLA and BF/PLA/elastomer
composites in heating process. (A) BF/PLA (20/80), (B)
BF/PLA/EAGMA (20/70/10), (C) BF/PLA/POE-¢-MAH
(20/70/10), and (D) BE/PLA/EPDM-¢g-MAH (20/70/10).
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TABLE 1I
DSC Characterization of BF/PLA and BF/PLA/Elastomer Composites
Sample Tee C)  AH. (/g Tw(°C) AH, (/g  xc (%) BF (%)
None 132.87 454 153.83 4.83 6.44 20
10 wt % EAGMA 131.62 5.78 152.26 6.21 9.47 20
10 wt % POE-g-MAH 112.97 16.84 149.83 17.86 27.23 20
10 wt % EPDM-¢g-MAH 112.37 17.77 148.55 17.04 25.98 20

¢-MAH composites at the different of cooling rate
are nearly unchanged, which proves that the cooling
cycle of the thermal analysis is not direct reason that
the melting curves of BF/PLA/EPDM-¢g-MAH com-
posites change to the bimodal. This is probably that
the secondary crystallization occurs during the crys-
tallization of BF/PLA/EPDM-g-MAH composites.

Morphology

The mechanical properties of reinforced materials
are closely related to the intrinsic characteristics of
both the matrix and fiber and to the nature of the
fiber/matrix interface.>*>® Figure 10 displays the
overall SEM micrographs of the cryofracture surface
morphology of the BF/PLA and BF/PLA/elastomer
composites. As shown in Figure 10(A), the fractured
surface is flat, which is the evidence of brittle break.
On the other hand, the fiber surface is relatively
smooth, and no gap around the fibers was observed.
This indicates that the basalt fiber is strongly bonded
to the PLA matrix, which results from the reactivity
of the carboxyl group of PLA and the amine group
of the silane coupling agent coated on the basalt
fibers.” Even though the interface of fibers and PLA
matrix is good, the BF/PLA composite appears to be
brittle due to the very poor toughness of the PLA

<— Endo

1 " 1 " 1 . 1 . 1 " 1 . 1

matrix. Figure 10(B-D) shows the SEM micrographs
of the BF/PLA/POE-¢-MAH, BF/PLA/EPDM-g-
MAH, and BF/PLA/EAGMA composites, respec-
tively. As shown, not only do the BF/PLA/elasto-
mers composites fracture in tough manner but also
some similar spherical traces are also observed in
Figure 10(B,C). Ductile fracture indicates that the
incorporation of 10 wt % POE-¢-MAH, EPDM-g-
MAH, and EAGMA can improve the toughness of
the BF/PLA composites. But in actual mechanical
properties process, impact strength of BF/PLA/
POE-¢-MAH and BF/PLA/EPDM-¢-MAH compo-
sites have no obvious improvement in comparison
with BE/PLA composite. For this reason we exam-
ined the situation of the dispersed elastomer
phase.26’27 As shown in Figures 11 and 12, with the
growth of POE-g-MAH and EPDM-¢-MAH content,
the particle size obviously increased, which results
in the toughness of BF/PLA/POE-g-MAH and BE/
PLA/EPDM-¢-MAH composites decrease.

Figure 13 SEM micrographs of the cryofracture
surface morphology of the BF/PLA/EAGMA com-
posites. As shown in Figure 13, the more the content
of EAGMA is, the better the adhesion with basalt
fiber and PLA matrix is. A very thin polymer film
remains in fiber surface and no debonding is found.
On the contrary, with the increasing of content of
EAGMA, the fracture surfaces change markedly and
exhibited ductile fracture surface morphology, which
indicates that the EAGMA can act as the interlayer
between the PLA matrix and basalt fiber. This layer
relieves the triaxial stress imposed by the plane
strain constraint during the impact test. Further-
more, the elastic EAGMA interlayer could deflect
the propagation of cracks during impact loading.
Such deflections not only dissipate a large amount
of the fracture energy but also prevent brittle failure

TABLE III
DSC Characterization of BF/PLA/EPDM-g-MAH
Composites

40 60 80 100 120 140 160 180
Temperature °C)

Figure 9 DSC curves of BF/PLA/EPDM-¢-MAH for the

different cooling rate. (A) Cooling rate of 10°C/min, (B)

cooling rate of 20°C/min, (C) cooling rate of 50°C/min,
and (D) cooling rate of 100°C/min.
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Figure 10 SEM micrographs of the cryofracture surface morphology of the BF/PLA and BF/PLA/elastomer composites.
(A) BF/PLA(20/80), (B) BF/PLA/POE-¢-MAH (20/70/10), (C) BF/PLA/EPDM-g-MAH(20/70/10), and (D) BF/PLA/
EAGMA (20/70/10). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

for the basalt fiber and basalt fiber/PLA inter- CONCLUSIONS

face.”® The finding was in accordance with the A series of the reinforced and toughened polylactide
result of impact strength of BF/PLA/EAGMA  (PLA) composites with different content of basalt
composites. fibers (BF) are prepared by twin screw extruder.

100 um

Figure 11 SEM micrographs of the cryofracture surface morphology of the BF/PLA/EPDM-g-MAH composites. (A and
B) BF/PLA/EPDM-¢g-MAH (20/78/2) and (C and D) BF/PLA/EPDM-g-MAH (20/60/20). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12 SEM micrographs of the cryofracture surface morphology of the BF/PLA /POE-g-MAH composites. (A and B)
BF/PLA/POE-g-MAH (20/78/2) and (C and D) BF/PLA/POE-g¢-MAH (20/60/20). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

POE-¢g-MAH, EPDM-¢-MAH, and EAGMA are eval-
uated for toughening BF/PLA composites. The ba-
salt fiber shows reinforcing and toughening effects
in the BF/PLA composites. EAGMA is more effec-

tive in toughening BF/PLA composites than POE-g-
MAH and EPDM-¢-MAH, which results from its
better compatibility with PLA and the stronger ad-
hesion with basalt fiber and PLA. According to

Figure 13 SEM micrographs of the cryofracture surface morphology of the BF/PLA/EAGMA composites. (A) BE/PLA/
EAGMA (20/75/5), (B) BF/PLA/EAGMA (20/70/10), (C) BF/PLA/EAGMA(20/65/15), and (D) BF/PLA/EAGMA(20/
60/20). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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dynamic rheometer testing, the use of the three
kinds of elastomer increases the melt dynamic vis-
cosity. The shift in crossover frequency represents
the changes in molecular mobility and relaxation
time behavior. The crossover frequency of compo-
sites decreased with the growth of content of
EAGMA because of the restriction in molecular mo-
bility. Differential scanning calorimetry analysis
shows that POE-g-MAH and EPDM-¢g-MAH dramat-
ically promote the crystallization of BF/PLA com-
posite and lead to an increase in the crystallization
degree and a decrease in T.. SEM photographs
show EAGMA can enhance the adhesion basalt fiber
and PLA matrix, and the fracture surfaces change
markedly and exhibit ductile fracture surface mor-
phology with the increasing of content of EAGMA.
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