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ABSTRACT: Poly(r-lactide) (PLA) was melt-mixed with
micrometer-sized and nanosized calcium carbonate
(CaCO:;) particles before and after modification with cal-
cium stearate. Adhesion between the CaCOj; particles and
the PLA matrix was assessed qualitatively by scanning
electron microscopy observation of the fractured surface
morphology of the composites. The effect of the incorpo-
ration of the CaCOj; particles on the thermal stability of
the PLA-based composites was quantified by the tempera-
tures corresponding to 5 and 50% of weight loss and the

activation energy determined through thermogravimetric
analyses of the composites. The tensile strength and
modulus values of the composite were improved greatly
without a significant loss in the elongation at break
when the nanosized CaCO; was incorporated up to
30 wt %. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 109:
3087-3092, 2008
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INTRODUCTION

Poly(r-lactide) (PLA) is one of the most important
biobased polymers and is widely used in various
applications. It is degraded by the cleavage of ester
bonds to produce lactic acid and its oligomers,
which can be metabolized by many microorgan-
isms." PLA is highly biocompatible® and is used for
biomedical purposes, such as surgical sutures,®”
fractured bone fixation,®” tissue engineering,® and
drug-delivery systems.”'’ Recently, Cargill Dow"'
began to produce PLA on a commercial scale under
the trade name Nature Works, and the price
has been reduced greatly because of the combina-
tion of biological fermentation and polymerization
technologies.

Calcium carbonate (CaCQOj3) is one of the most
abundant materials on our planet and has been
used for various polymer composites. Recently,
nanosized CaCO; has received a lot of attention
because of its wide range of potential applications
and its low cost. Various methods, such as high-
gravity reactive precipitation, have been developed
to prepare nanosized CaCOj; particles with a narrow
size distribution.'?

The pulverization of CaCO; particles and treat-
ment with organic surfactants are needed to mini-
mize the deterioration of the mechanical properties
of the resulting polymer composites. Chen et al."®
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found that impact strength of polypropylene (PP)
could be increased from 55 to 133 J/m by the addi-
tion of 9.2 vol % of surfactant-treated 44 nm-sized
CaCO; particles. Wang et al.'* reported that the me-
chanical properties of PP, especially the ductility,
were effectively improved because of the incorpora-
tion of nanosized CaCOj; particles treated with ste-
aric acid by using an ultra-high-speed mixer. A
variety of surface modifiers, such as fatty acids,
phosphates, silanes, titanates, and zirconates, have
been used to reduce the high surface energy and, thus,
to avoid particle agglomeration.””™'® The coated or-
ganic layer situates itself at the interface between the
filler and the polymer matrix and, hence, influences
the wetting and adhesion properties of the two phases
involved to raise the particle-particle interactions.
Consequently, coating with organic surface modifiers
determines the final properties of the composite.'*!
Several studies on the influence of increasing volume
fractions of ground micrometer-sized CaCOj fillers
on the mechanical properties of polyolefins, espe-
cially on those of PP, have been reported.”**

In this study, attention was directed to the investi-
gation of the role of CaCO; particles as reinforcing
filler and as an extender for PLA composites. PLAN,
PLAC, and PLAH were prepared by melt-com-
pounding PLA with nanosized CaCOj pristine par-
ticles 2-5 pm in diameter, and CaCOj; particles 3—
4 pm in diameter coated with calcium stearate,
respectively. The thermal stability variation of the
PLA-based composites was monitored by the mea-
surement of the temperatures corresponding to 5
and 50% weight losses (Ts¢, and Tspo,, respectively)
and the activation energy determined through
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Figure 1 SEM micrographs of PLA and the PLA composites with 30 wt % loading of the solid fillers: (a) PLAC, (b)

PLAH, (c) PLAN, and (d) PLAN with a higher magnification.

thermogravimetric analysis (TGA). The morphology
of the fractured surface was examined with a scan-
ning electron microscope, and the tensile properties
of the composites were explored as a function of the
type and content of the CaCO; fillers.

EXPERIMENTAL
Materials

PLA was manufactured by Cargill Dow (Minneap-
olis, MN) with a weight-average molecular weight of
24 % 10° (g/mol). It was dried in a vacuum oven at
50°C for at least 2 days. CaCO; was purchased from
Wooryong (Kangwondo, Korea). Hipflex100 (Hipflex)
was purchased from Specialty Minerals Inc. (MA).
YH303 was obtained from Shanghua Yaohai Nano-
Tech (Shanghai, China). Both Hipflex and YH303
were coated with 1 wt % calcium stearate. The parti-
cle sizes of pristine CaCOj;, Hipflex, and YH303 were
2-5 pm, 34 pm, and 60-90 nm, respectively.

Preparation of the composites

The PLA/CaCO; composites with different fillers
were prepared by melt-compounding with a twin-

Journal of Applied Polymer Science DOI 10.1002/app

screw extruder [Twin Extruder BA-19 (length/diam-
eter = 40), Bautek, Korea] operated at a temperature
of 200°C and a screw rotation rate of 300 rpm.

Measurements

The dumbbell-shaped tensile bars were stamped out
of plaques extruded from the twin-screw extruder
with a cutting press according to ASTM D 638 for
the tensile tests. The tensile properties were meas-
ured on an Instron no. 4462 ultimate tensile testing
machine at 20°C and 30% humidity. The cross speed
was set at 10 mm/min. At least 10 specimens were
used, and the results were averaged to collect the
values of the tensile properties. The morphology of
the fractured surface of the specimens was examined
with a scanning electron microscope (5-4300, Hitachi,
Japan). The fracturing was performed while the
specimen was immersed in liquid nitrogen. The frac-
tured surfaces were coated with a Pt layer with an
ion sputter (E-1030, Hitachi). The scanning electron
microscopy (SEM) images were collected at an accel-
erating voltage of 15 kV. The thermal properties of
PLA and its composites were investigated by TGA
(Q50, Polymer Laboratories, United Kingdom). The
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Figure 2 TGA thermograms of the PLA, PLAC, PLAH,
and PLAN composites: (a) 10 and (b) 20 wt %.

samples were heated in the temperature range of
30-800°C at heating rates of 5, 10, 20, and 40°C/min

with a controlled flow rate of dry nitrogen at 60
cm?® /min.

RESULTS AND DISCUSSION

PLA was melt-compounded with nanosized CaCOs;,
YH303, which was made by coating 1 wt % of cal-
cium stearate on CaCO; particles 60-90 nm in diam-
eter to prepare PLAN. PLA was also compounded
with pristine CaCO; particles 2-5 pm in diameter
and with Hipflex, which was made by coating 1 wt %
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calcium stearate on CaCOj; particles 3-4 pm in
diameter, to synthesize PLAC and PLAH, respec-
tively.'?

The morphology of the fractured surfaces was
examined with SEM, as shown in Figure 1. The SEM
micrograph of the fractured surface of the PLA com-
posites filled with 30 wt % pristine CaCO; disclosed
that many CaCOj particles protruded out and exhib-
ited a sandlike morphology scattered on the frac-
tured surface. Figure 1(a) reveals that plastic flow
took place during the fracturing of PLAC and that
distorted holes were formed around the neat CaCOj
particles. This is a typical morphology of the breath-
able films prepared by the drawing of polyethylene
(PE)/CaCO;5; composite films. The incompatible na-
ture of CaCOj particles with respect to PE facilitates
the detachment of the PE matrix from the solid filler
and promotes the formation of distorted holes
around the solid filler particles.”> The numerous
holes are beneficial to the breathable films used for
diapers and pads.

In contrast to PLAC, the particles scattered on the
fractured surface of PLAH were much smaller in
number than those of PLAC, which indicated that
fewer cracks propagated during the fracturing
through the interface between the solid particles and
the PLA matrix than in the former composite. More-
over, the Hipflex particles looked glued to the PLA
matrix more evidently than the pristine CaCOj; par-
ticles, as exhibited in Figure 1(b). Tiny particles are
shown in Figure 1(c), which shows the fractured sur-
face morphology of PLAN, which were due to the
smaller particle size of YH303. A comparison of the
morphology in Figure 1(b) with that in Figure 1(d),
which is the 10X magnified image of Figure 1(c),
revealed that YH303 particles were less tightly glued
to the PLA matrix than the Hipflex particles, even
though both YH303 and Hipflex were coated with 1
wt % calcium stearate. This was, at least in part,
ascribed to the thinner coated calcium stearate layer
of YH303 as compared to that of Hipflex, which was
due to the larger specific surface area of the former
filler and thereby to the lower compatibility of
YH303 with PLA matrix.
TGA was performed for the composites, where the
weight loss due to the volatilization of the degra-
dation products was monitored as a function of

TABLE I
Tso, and Tspo, Values for PLA and the PLA/CaCOj; (10 wt %) Composites as Determined from the TGA Results
PLA PLAC PLAH PLAN
B ("C/min) Tso, (°C) Tso% (°C) Tso, (°C) Tso% (°C) Tsy, (°C) Tso% (°C) Tsy (°C) Tsov (°C)
5 305.4 332.1 280.2 3229 287.2 325.9 280.3 322.6
10 320.0 348.1 285.8 324.4 303.6 339.3 289.2 336.6
20 342.4 377.4 308.6 340.1 319.5 357.9 296.8 352.3
40 360.8 395.5 335.5 377.3 346.6 383.8 329.3 379.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Plots for the determination of the activation
energies for PLA, PLAC, PLAH, and PLAN according to
the Kissinger method with 10 wt % CaCO; particles.

temperature, as shown in Figure 2. Because CaCO;
particles began to lose weight, which was caused by
the dissipation of CO, gas due to the decomposition
of CaCOj;, at temperatures higher than 600°C, the
weight loss of the composites between 300 and
400°C was attributed mainly to the degradation of
the PLA matrix. The onset temperature of thermal
degradation significantly decreased as a result of
compounding with the solid fillers. Two parameters,
Tso, and Tsp, both measured at different heating
rates, are listed in Table I. Both Tse, and T5g9, of the
PLA composites were lowered because of the incor-
poration of Hipflex and YH303 as well as neat
CaCO:s.

The thermal stability of the polymers could be
quantified by the activation energy (E) of thermal
degradation, which was determined conveniently
from TGA with the equations proposed by Kis-
singer”® and Flynn-Wall-Ozawa.””*®

The Kissinger equation can be written as

B _ [, AR 3 1]\ E
In— _{1nE+1n[n(1 Ctmax) }} T

)

where B is the heating rate, T,y is the temperature
corresponding to the inflection point of the thermal
degradation curves at the maximum degradation
rate, A is the preexponential factor, aa.x is the maxi-
mum conversion, R is the gas constant, and # is the
reaction order. The peak temperature (Tmax) was
determined from the differential TGA curves. The
activation energy could be calculated from the slope
of IN(B/ Timax’) as a function of 1/ Tpax.

The Flynn-Wall-Ozawa method determines acti-
vation energy simply from the weight loss versus
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TABLE II
Activation Energies (kJ/mol) of the Thermal Degradation
of the PLA, PLAC, PLAH, and PLAN Composites at
10 wt % Loading of the Solid Fillers

Sample Kissinger’s method Ozawa’s method (mean value)
PLA 102.5 101.3
PLAC 89.4 78.1
PLAH 94.4 93.3
PLAN 91.7 86.0

temperature data obtained at different heating rates
with eq. (2):

AE E
2)

where a is temperature-independent function of the
conversion, that is: da/dt = Kf(a), where f(a)
depends on the mechanism of the degradation reac-
tion and T is the absolute temperature.”’

This is based on the integral method, and the acti-
vation energy can be determined without knowledge
of the reaction order. Activation energy at a given
conversion can be obtained from the plot of log B
versus 1/T.

The plot of In(B/ Tonax’) versus 1/Tmax according
to the Kissinger’s method is exemplified in Figure 3,
and the results are summarized in Table II. Least
squares fitting was performed on the plot of log B
versus 1/T at different conversions to adopt the
Flynn-Wall-Ozawa equation, as shown in Figure 4.
The average activation energies determined at con-
versions of 5, 10, 20, 30, 40, 50, and 60% are tabu-
lated in Table II. Not only the Kissinger’s equation
but also the Flynn-Wall-Ozawa method predicted
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Figure 4 Plots for the determination of the activation
energies for PLA according to Ozawa’s method.
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TABLE III
Tensile Properties of PLA and the PLA/CaCO3; Composites

Tensile modulus (GPa)

Tensile strength (MPa)

Elongation at break (%)

PLA 219 £ 0.5

PLAC (5 wt %) 234 + 02
PLAC (10 wt %) 273 0.3
PLAC (20 wt %) 264 + 0.3
PLAC (30 wt %) 244 + 02
PLAH (5 wt %) 238 * 0.2
PLAH (10 wt %) 334+ 0.3
PLAH (20 wt %) 297 + 0.4
PLAH (30 wt %) 2.66 = 0.4
PLAN (5 wt %) 254 * 0.2
PLAN (10 wt %) 3.89 * 0.6
PLAN (20 wt %) 325+ 04
PLAN (30 wt %) 262 * 0.5

515 * 1.4 40 =05
55.3 = 2.1 27 02
58.3 = 1.8 24 02
533+ 13 1.8 =02
423 + 18 19 =03
654 + 0.7 48 0.3
60.0 = 0.5 45 *02
492 * 0.4 3.0=x02
45.0 = 0.7 26 0.2
57.6 £ 0.7 63 * 04
63.0 = 0.8 55 *0.2
553 * 1.0 40*04
51.6 = 0.6 3.6 £0.2

that the activation energy increased in the order
PLAC < PLAN < PLAH < PLA, which indicated
that the incorporation of the solid fillers reduced the
thermal stability of the PLA matrix. The basic nature
of CaCO; may have catalyzed the depolymerization
of the ester bonds of PLA, and thus, it was thought
to be responsible for the reduced thermal stability.
The higher activation energy of the PLAH compo-
sites in comparison to that of PLAC was attributed
to the fact that the hydrophobic moiety of calcium
stearate coated on CaCO; particles of Hipflex
reduced the direct contact between the PLA matrix
and the CaCO; moiety.

The catalytic effect on the degradation of PLA by
the alkaline CaCO; moiety was more probable in
PLAN than in PLAH, which led to the lower activa-
tion energy of PLAN compared to that of PLAH
because YH303 was less thickly coated with calcium
stearate than Hipflex at the same content of calcium
stearate and because the former filler had a much
larger surface area than the latter. The decreasing
order of the activation energy in Table II matched
the decreasing order of Tsq, and Tsgy, in Table 1.

The tensile modulus of the PLA composites filled
with 5, 10, 20, and 30 wt % solid filler was higher
than that of the neat PLA, as shown in Table III. The
tensile strength rose initially and then decreased
monotonously after showing a maximum as the pris-
tine CaCOj; content increased. The increase in the
tensile modulus was more pronounced, and the
maximum value of the tensile strength was higher
when YH303 was incorporated as compared to
CaCOj; and Hipflex. Not only the tensile modulus
but also the tensile strength of PLAN was improved
without a significant loss in the elongation at break
up to a YH303 content of 30 wt %.

Therefore, it can be said that the modification of
CaCOj particles with calcium stearate raised the me-
chanical properties of the PLA-based composites.
The smaller the particle size of the calcium stearate

coated CaCO; was, the more pronounced the
enhancement of the mechanical properties was.

CONCLUSIONS

PLA was melt-mixed with micrometer-sized pristine
CaCOj; particles and those coated with 1 wt %
calcium stearate to prepare PLAC and PLAH, respec-
tively. PLA was also melt-compounded with nano-
sized CaCQOj; particles coated with 1 wt % calcium
stearate to synthesize PLAN. The coating of CaCOj;
with calcium stearate discernibly improved the adhe-
sion between CaCOj; and PLA. The thermal stability
of PLA, as evaluated by Ts¢, Tso%, and the activation
energy determined through TGA of the PLA/CaCO;
composites decreased in the order PLA > PLAH >
PLAN > PLAC because of the basic nature of CaCOs.
The modification of CaCOj particles with calcium ste-
arate enhanced the mechanical properties of the PLA-
based composites. The incorporation of nanosized
CaCO; improved the mechanical properties more sig-
nificantly than that of micrometer-sized CaCO;, even
though that adhesion between the filler and the ma-
trix was stronger in the composites with the latter
CaCOs than in those with the former CaCO; at the
same content of calcium stearate.
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