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Abstract

The influence of talc incorporation by melt compounding on a commercial grade of poly (lactic acid) (PLA), and the
choice of the optimal compounding conditions were investigated. Two types of talc, having micrometric and
submicrometric distribution, were adopted. Since the compounding itself has a dramatic influence on the properties of
PLA, a study was carried out aimed at assessing the effect of processing on this resin and choosing the most suitable
processing conditions. It was found that the incorporation of talc increases the viscosity during the compounding and
helps the stability of the viscosity during the mixing. Furthermore the talc, acting as a nucleating agent, enhances
crystallization kinetics, so that crystallization half time can be reduced by one order of magnitude with respect to the

pure PLA processed in the same way.
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1. Introduction

Polylactide or poly(lactic acid) (PLA) is a thermoplastic aliphatic polyester obtained by ring-opening polymerization of
lactide derived from the fermentation of sugar feed stocks such as corn. Recent development of the continuous process
of production of this resin has lowered the price of polylactide to the point where it is now competitive with other
degradable polymers and potentially competitive with petroleum derived plastics [1, 2].

PLA has found applications in the medical and packaging fields due to its promising mechanical properties, its potential
for biodegradability and biocompatibility [3-8].

Its biocompatibility and bioresorbability had made it a suitable choice for applications such as drug delivery systems [9],
sutures, blood vessels, etc [10]. Recent work has shown the efficacy of using electrospun PLA/silk—gelatin fibers as
tubular scaffolds to support cell growth [11].

The academic attention on PLA is increased in the last ten years, and biomaterials are experiencing an even stronger

growth. In particular performing the query in the Web Of Science search engine (https://webofknowledge.com:

Thomson Reuters database indexing the scientific journals) of these topics, produces 20000 and 15000 published items

in the last 20 years, about biomaterials and PLA respectively.
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Figure 1. The articles published in the latest 20 years, on the topics “PLA”, “Biomaterials” on the left axis, on the
topic “PLA” AND “Biomaterials” on the right axis.

Therefore, as shown in Figure 1, looking for both topics in Web Of Science database the result reveals a similar
increasing trend, with 90 papers during 2014 in this more specific target.

The main drawbacks of PLA are related to its “slow” crystallization kinetics [10], if it is compared to the most common
polymers like polypropylene or polyethylene, the processing window, limited by thermomechanical degradation [12],
and last but not the least the mechanical properties when the parts are heated or exposed to humidity [13, 14].

To overcome some of these problems, in general, several additives to polymeric materials can be adopted: plasticizers,

lubricants, pigments and coloring agents, expanders, and in particular nucleating agents [15, 16].



The addition of a nucleating agent generally increases the stiffness of the material, and reduces the cycle time of
molding because of the effect on the rate of crystallization.

Some studies have been carried out for improving the crystallization rate of PLA by mixing it with nucleating agents
such as talc [1, 17-19]. Shakoor and Thomas [11] found that talc acted as a nucleating agent and increased the
crystallinity of the PLA with significant improvement in Young's modulus of the composites with increasing talc
addition. Liu et al. [20] found that the melting blending led to homogeneous distribution of the inorganic filler within
the PLA matrix but could decrease the molecular weight of PLA. In processing, on adding small percentage of talc to
PLA it was possible to obtain foamed parts with a much better morphology, both with physical [21] and chemical
blowing agents [22]. Moreover, as far as the specific use of talc is concerned in biomaterials, according to Najmunnisa
et al. [21], talc is known to increase the production of endostatins which may have an anti-angiogenic effect. Thus, there
is strong motivation for this study of the preparation and characterization of PLA composites containing talc [23].

In this work the effect of the compounding of PLA with two types of talc, having micrometric and submicrometric
distribution, is investigated. In particular the mechanical behavior with melt compounding and the crystallization

kinetics with different percentage of nucleating agent will be explored.



2. Materials and Methods
2.1 Polylactic acid

The polylactic acid (PLA), supplied by NatureWorks LLC (USA), is a commercial grade tradename, PLA 2002D [24],
comprising D% comonomer of up to 4.25 £ 0.55% [25-27].

PLA 2002D is specifically designed for extrusion/thermoforming applications, with a melt flow index equal to 6. The
weight average molecular weight and polydispersity are 215x10° g/mol and 1.9 [28], respectively.

The Mettler DSC 822 instrument differential scanning calorimeter was employed to detect melting temperature (7,),
and glass transition temperature (7,) of PLA 2002D, 58°C and 153°C respectively [29, 15].

The pellets were predried at 60°C for 24 h in a vacuum oven, before any characterization or processing, to prevent
degradation [30]. The crystallization kinetics and nucleation of the neat resin were previously investigated [29], from

the molten and glassy state.
2.2 Talc

Talc is a natural material, a mineral composed of hydrated magnesium silicate with the chemical formula
Mg3SisO10(OH)s. In loose form, it is the widely used substance known as talc powder.

The main characteristics of talc are:

. It is naturally hydrophobic and organophilic

. It is inert and resist very well to acids and alkalis
. It is the softest mineral in the world

. It is a good electric and thermal insulator

. It is neither inflammable nor explosive

Thanks to these characteristics, talc is a mineral of choice in many industrial uses.

The talc powder was kindly supplied by IMI Fabi S.p.A. (Milan, Italy) in highly pure and highly lamellar grades, even
at the finest particle size distributions. Two talc powders, with the same chemical composition [31] showed in Table 1,
with grade names HTP1 and HTPultra5 were used in this work, with particle size distribution having a median diameter,

Dso, of 1.88 um and 0.65 pm, respectively.



Table 1. Talc Chemical Analysis - Atomic Absorption Spectrometry [31]

Si0; 61.0%
MgO 32.0%
Ca0O 0.2 %
Fe 05 0.4 %
AlLO; 0.4 %
Loss on Ignition at 1050 °C 6.0 %

2.3 The melt compounding

PLA and talc were mixed by melt compounding in a counter-rotating twin-screw microcompounder (HAAKE MiniLab
II Micro Compounder, by Thermo Scientific) with an integrated backflow channel, as shown in Figure 2. Thanks to the
backflow channel and the bypass valve, it is possible to define the residence time. The materials were mixed at 180 °C

and 100 rpm, resulting in volumetric flow rate of 80 cm®/min.

Figure 2. Detail of HAAKE MiniLab II Micro Compounder.

The microcompounder can monitor torque, pressure in the backflow channel, by the sensors shown in Figure 2. Thus,
apparent viscosity can be monitored and it can be used to characterize the material during mixing.

Extruded ribbon samples of PLA were produced with backflow time of 0 min (without backflow), 5 min, 10 min, 30
min, 60 min, and 360 min, in order to determine the effect of processing condition. The extrusion for each residence

time condition is repeated three times, to check reproducibility.
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Figure 3. Normalized torque and apparent viscosity monitoring during the tests with 30 min of backflow time, for the

neat PLA.

As shown in Figure 3, with a maximum torque Mmax of about 2 N m, during 30 minutes the torque reduces of about
40%, revealing a thermomechanical degradation. Also the apparent viscosity, calculated from pressure drop in the
backflow channel, is reported in Figure 3. It follows a similar decreasing trend, and the three repeated runs show a
reproducibility within a factor of 2.

A backflow of 10 min minimizes results in acceptable value of viscosity reduction and thus of PLA degradation [32].
Similar tests were performed, mixing the PLA with 1%, 3% and 10% of talc (as percentage by weight, wt%).

As an example the measured torque during the mixing of PLA with 1% of HTP1 and HTPultra5 talc are shown in
Figure 4 and in Figure 5, respectively.

For both the composite materials the trend is similar to the neat PLA, but the talc improves the reproducibility of the
tests, probably because it preserves the PLA matrix from degradation. The apparent viscosity of the materials with talc,

measured in the backflow channel during the mixing, is always slightly higher than the PLA.
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Figure 4. Normalized torque and apparent viscosity monitoring during the test with 30 min of backflow time, for PLA+
1% HTPI talc.
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Figure 5. Normalized torque and apparent viscosity monitoring during the test with 30 min of backflow time, for PLA+

19%HTPultra5 talc



2.4 Injection molding

As the microcompounder, the injection molding machine, Haake MiniJet II by Thermo Scientific, is not a conventional
processing device. It has a pneumatic piston that pushes the material from the hot cylinder to the mold for the
production of test specimens from as little as few grams. All processing parameters such as temperature (separate for
injection cylinder and mold), injection pressure and duration, and post-pressure can be controlled. Strict management of

the post-pressure during sample creation enables optimum compensation for material shrinkage due to the cooling of

the sample.

Figure 6. Dog bone mold, for mechanical test samples.

In Table 2 the processing conditions adopted to obtain dog bone bars for tensile characterization (type IV according to

standard ASTM D638, with thickness equal to 3mm), using the mold shown in Figure 6, are summarized.

Table 2. Processing conditions for the injection molding of dog-bone shaped tensile bars

Injection pressure [bar] | 600
Holding pressure [bar] |200
Injection time [s] 30
Holding time [s] 5
Injection temperature [°C] | 200
Mold temperature [°C] 30




2.5 Mechanical analysis

The tensile tests were performed with ATS Faar TC 1000 dynamometer at room temperature, with a traction velocity of
10 mm/min. From recorded data of engineering stress-strain the elasticity modulus, in the linear part, is calculated, with

at least 5 dog-bone shaped tensile bars for each sample obtained by injection molding of neat and compounded material.
2.6 Differential scanning calorimetry (DSC)

A differential scanning calorimeter DSC 822™ from Mettler Toledo Inc. was used for determination and measurement
of the transition behavior of PLA. The calibration of the temperature was performed with the onset extrapolated
temperature of the melting transition of indium (156.6 °C, calibration standard, purity > 99.999 %). The samples with a
weight of about 10 mg were placed into an aluminum pan and hermetically sealed. All the experiments were conducted
in nitrogen (flow rate 50 mL/min), in order to prevent thermo-oxidative degradation.

The melting behavior of the materials was investigated, heating the sample from 25 °C to 200 °C.

In order to study melt isothermal crystallization, the sample was then cooled from 200 °C directly to isothermal test
temperature (crystallization temperature), with a cooling rate of 10 K/min [29].

Because of the slow crystallization rate of neat PLA, the results of the isothermal step at 110 °C from the molten state
show that crystallization develops on time scale of the order of 10’000 s [29]. In the case of lower or higher temperature
during isothermal test the heat flow plot is almost flat.

The uncertainty related to these tests, for example in the choice of the correct baseline, was got around by performing
several tests at the same temperature with increasing isothermal crystallization times, analyzing the subsequent melting
by heating up at 10 K/min the partially crystallized sample. This procedure, previously reported [29], is obviously time
consuming, and at each isothermal temperature the time is increased until crystallization at that temperature is complete.
This protocol overcomes the problems related to the slow crystallization of this material increasing significantly the

confidence to the experimental data, as explained in the results.
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3 Results and Discussion

3.1 Characterization of molded samples

The results of the tensile tests on dog-bone shaped molded samples of PLA at room temperature are shown in Figure 7

as function of the processing time.
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Figure 7. Modulus of elasticity, for neat and compounded PLA.

The mechanical properties, namely the modulus, do not exhibit significant changes, it is possible to observe just a slight
growth in the elasticity modulus with the compounding time, in Figure 7 possibly due to the thermomechanical

degradation which reduces the molecular weight of the material and increases its stiffness.

3.2 Crystallization kinetics

In order to evaluate the kinetic behavior, all the isothermal tests, performed from partial to complete crystallization, or
rather the subsequent melting peaks were analyzed, as shown in Figure 8 for the isothermal test at 110 °C, from the
molten state of compounded PLA without backflow. Time integration of the melting peaks, obtained during heating
ramps performed at 10 K/min after isothermal crystallization, allows to evaluate indirectly the enthalpy associated to

each crystallization time.
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Figure 8. Melting peaks, from the molten state of compounded PLA without backflow, following crystallization at

110 °C changing isothermal crystallization time.

The result of these calculations are shown in Figure 9, for crystallizations at 110 °C of neat PLA. At this temperature
the maximum crystallization rate is reached in the neat material, without compounding or processing, from the molten

state [29].
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Figure 9. Crystallization half time, ti2, from the molten state of compounded PLA, following crystallization at 110 °C

changing isothermal crystallization time. The crystallization half time of the same neat resin is also reported, from [29].
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The crystallization kinetics is faster just for the effect of the compounding: even without backflow the crystallization
half time is halved. But with the backflow time of 30 minutes, a minimum in crystallization half time is observed, so

that this condition seems to be the best to improve crystallization kinetics.
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Figure 10. Crystallization half time, t1, from the molten state of compounded PLA and with different percentage of
HTPI talc, with a backflow of 30 minutes.

The crystallization half times at each temperature, as reported in Figure 10, were evaluated for PLA compounded with
different percentages of HTP1 talc. The crystallization half time has a similar trend for all the explored amount of talc,
so that it seems that already at 1% it saturates its nucleating effect. On the other hand, the comparison with compounded
PLA without talc, reported in Figure 9 at 110 °C, shows that the talc can decrease one order of magnitude the

crystallization half time.
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Figure 11. Crystallization half time, t1, from the molten state of compounded PLA and with different percentage of

HTPultra$5 talc, with a backflow of 30 minutes.

The crystallization half time at each temperature, as reported in Figure 11, were evaluated for PLA compounded with
different percentage of HTPultra5 talc, checking, if possible, the coherence with crystallization peak during isothermal
step. The result shown in Figure 11 is similar to the HTP1 talc, and the comparison with compounded PLA, without talc
reported in Figure 9 at 110 °C, shows that also the submicrometric talc has an effect of one order of magnitude on the
crystallization kinetics.

Finally, among the three compounded materials, the one with 1% of talc seems to be the most promising: with the
minimum quantity talc the enthalpy observed during isothermal solidification or subsequent melting is almost constant
but the crystallization kinetics is faster comparing with the compounded PLA at 110 °C, as summarized in Figure 12.

Furthermore the torque observed during the mixing is more regular.
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The behavior of the two kinds of talc is very similar: the micrometric talc, HTP1 shows a slightly stronger effect on
crystallization rate than submicrometric talc, HTPultra5, , as shown in Figure 12 where the effects on crystallization
half time of the addition of 1% of talc are reported. Probably, the particles of HTPultra tend to form agglomerates
during the compounding, thus reducing the nucleating effect.

In dispersive mixing, a solid component needs to be broken down, but breakdown only occurs after a certain minimum
stress (yield stress) has been exceeded. This is true if considering a mixture composed by a polymer (in molten phase)
and a filler (in powder form, uncompacted). For fine and ultrafine talc, it is practically necessary to consider only
compacted powder and in case of compacted talc the dispersion can be a critical issue, when a small amount of powder

is added (the case of nucleating agent, for example).
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Conclusions

In this work, the influence of melt compounding and incorporation of talc on a commercial grade of poly(lactic acid)
was studied. The neat material was mixed, for different backflow times, to monitor the effect of processing on this resin.
The apparent viscosity of the PLA decreases with compounding time, as the material is subject to thermo mechanical
degradation. The elastic modulus of neat PLA, was measured on injection molded dog shape tensile bars. The elastic
modulus slightly increases with compounding time, probably because of the molecular weight reduction due to
degradation. Concerning the incorporation of talc, it was found that it increases the viscosity measured during the
compounding but it also enhances the stability of the material viscosity during the mixing. Furthermore the talc, acting
as a nucleating agent, has a strong effect on crystallization kinetics, so that by adding 1% of micrometric talc

crystallization half time reduces of one order of magnitude with. respect to the pure PLA processed in the same way.
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