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ABSTRACT

Environmental, global warming, renewability, recyclability, and biodegradability issues
have encouraged scientists and engineers to partially substitute petrochemical-based
polymers with green polymers such as natural fibre polymer composites. A major
drawback in the development of natural fiber polymer composites is the incompatibility
between the matrix and fibre processing temperature, given the high temperature of the
matrix based on petroleum and the low degradation temperature for natural fibre. The
creation of poly lactic acid as a “green matrix” provides an alternative and a solution for
the development of natural fiber polymer composites. In this work, the physical, thermal
and mechanical properties of PLA tapioca resin biopolymer derived from industrial
grade tapioca were reported in order to determine the optimum processing temperature.
A drying process, injection moulding and hot press process are involved in sample
preparation. A density test, hardness test, thermogravimetric analysis, and differential
scanning calorimetry have been conducted. Afterwards, a tensile test was performed
with samples at five different injection temperatures of 160°C, 165°C, 170°C, 175°C
and 180°C in order to determine the optimum processing temperature. The sample at
165°C shows the highest result of ultimate tensile strength with 14.904 MPa, and
320.564 MPa for the elastic modulus result. As a conclusion, 165°C was finalized as the
optimum processing temperature of PLA tapioca resin biopolymer for future application
in the research and development of natural fibre reinforced tapioca resin biopolymer
composite.
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INTRODUCTION

Nowadays, a growing interest has been shown by scientists and engineers in fully bio-
based and biodegradable polymer because of the advantages that this provides over
conventional polymer material [1-3]. Recently, the development of biodegradable
polymer has focused on natural fibre reinforced polymer composite material [1-9].
However, one major shortcoming of polymer material development is the
manufacturing and processing temperature, where the natural fibre has a low
degradation temperature while major resins available in the market such as
polypropylene have higher melting temperatures [1, 4-6, 10-16]. The creation of poly
lactic acid (PLA) as a “green matrix” provides an alternative and a solution for the
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development of natural fibre polymer composites. PLA is a biodegradable polyester
derived from 100% annually renewable resources [1, 2, 17, 18]. PLA is a thermoplastic,
high-strength, high-modulus polymer that can be made from annually renewable
resources to yield articles for use in either the industrial packaging field or the
biocompatible medical device market [1, 2, 19]. PLA belongs to the family of aliphatic
polyesters commonly made from a-hydroxy acids, which include polyglycolic acid or
polymandelic acids that are considered biodegradable and compostable. Some products
of natural fibre reinforced PLA are already on the market for various
applications: automotive, mobile phone or plant pots [20]. This research was carried
out to study the properties of PLA tapioca resin biopolymer. It focused on the physical,
thermal and mechanical properties of tapioca resin through a density test, hardness test,
thermogravimetric analysis, differential scanning calorimetry and tensile test with
different injection temperatures in order to get the optimum processing temperature.

EXPERIMENTAL SETUP

Material

The tapioca resin biopolymer used for this research was CMX 4413 PLA tapioca resin
biopolymer manufactured by Indochine Bio Plastiques (ICBP) Sdn. Bhd, Johore. The
resin was an injection grade bio-resin available in pellet or powder form for convenient
use in conventional injection moulding or hot press equipment. The tapioca resin
biopolymer is derived from the “Ubi Gajah” industrial grade tapioca species. This
tapioca species does not belong in the food grade because it tastes very bitter. Figure 1
shows the tapioca resin in pellet form purchased for this research and Table 1 below
shows the properties of CMX 4413 tapioca resin provided by the manufacturer.
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Figure 1. PLA tapioca resin biopolymer in pellet type.

Preparation of Material

The first process is for the tapioca resin to undergo a drying process in an oven at 80°C
for 24 hours [1, 11, 20]. Then tensile test specimens were produced using the NS 20
Nissei injection moulding machine and specimen shapes based on ASTM D638 Type V
[21]. Samples were produced by using 5 different injection temperatures: 160°C, 165°C,
170°C, 180°C and 185°C with 10 MPa pressure. Density and hardness test samples
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were produced using a compression moulding machine at 165°C and 10 MPa pressure.
The sample shape for density and hardness test is 200 mm x 200 mm x 4 mm. However,
the density test samples also underwent an additional process to cut them to 10 mm x 10
mm. The vacuum oven, injection moulding and compression moulding machines used
for material preparation are shown in Figure 2.

(b)

Figure 2. Experimental setup for sample preparation: (a) vacuum oven; (b) injection
moulding; (c) compression molding machine.

Table 1. Properties of CMX 4413 tapioca resin prepared by the manufacturer.

Properties Unit Nominal value
Density g/lcm3 1.1
Melt index g/10min 36
Tensile strength MPa 14
Tensile elongation % 37
Flexural strength MPa 14
Flexural modulus MPa 565
Izod impact test J 38
Hardness Shore D 64
Melting temperature °C 170
Degradation temperature °C 185

Physical Properties Test

The two types of tests which were performed to analyse the physical properties of the
PLA tapioca resin biopolymer in this research were the material hardness test and
density analysis. The hardness test is generally employed to determine the resistance of
a material to surface indentation, scratching or marring. Softer plastic materials require
a less severe scale than the R scale and are tested by test method ASTM D2240 [22]. In
this research, the hardness test was carried out using a Shore D Sundoo LX-D
Durometer Hardness Tester in accordance with ASTM D2240-00 [23]. The
experimental setup for the hardness test is shown in Figure 3.

Density is a physical property of matter that expresses the ratio of mass to
volume. The density depends on the atomic mass of the element or compound [24].
Since different substances have different densities, density measurements are very
useful for the identification and characterization of different substances [25, 26]. The
Adam PGW 735e density kit was used according to ASTM D792 in order to obtain the
density value of the tapioca resin biopolymer [25]. Figure 4 shows the experimental
setup for density measurement.
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(b)

Figure 3. Hardness test experimental setup (a) before test and (b) during test.

Figure 4. Density measurement setup.

Thermal Properties Test

There are two tests used to analyse the thermal properties of PLA tapioca resin
biopolymer in this research, namely thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). TGA is a method of thermal analysis which can measure
the changes in the physical and chemical properties of materials as a function of
increasing temperature at a constant heating rate [10, 27]. The method of TGA used in
this research was according to ASTM D6370. The equipment used for TGA is TGA
Q500 V6.7, where a nitrogen inert compressed gas was utilized in this research with the
sample being heated from 25°C to 600°C at 10°C/min heat rate [27]. DSC is a thermo-
analytical technique in which the difference between the amount of heat required to
increase the temperature of a sample and a reference is measured as a function of
temperature. DSC has the capability of determining the melting point of natural fibre
composites. The equipment DSC Q1000 V9.9 TA Instrument was used for DSC
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analysis in this research. The method of DSC in this research was according to ASTM
D3418, where the sample should be heated from 25°C to 300°C at a 10°C/min heat rate
[10, 28]. The TGA apparatus and DSC equipment are displayed in Figure 5.

(a) (b)
Figure 5. Experimental setup: (a) TGA Q500 V6.7; (b) DSC Q1000 V9.9 TA instrument

Mechanical Properties Test

The tensile test was conducted based on ASTM D638 using an Instron 5967 universal
testing machine. A load cell of 3kN and crosshead speed of Imm/min was used in these
tests [21]. For each injection temperature, seven specimens were tested to failure while
the results obtained from five specimens were collected to derive the average value.
Figure 6 shows the machine used in the tensile test and the experimental setup for the
tensile test.

Figure 6. Experimental setup: (a) Instron 5637 universal testing machine 3kN;
(b) sample under tensile test.
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RESULTS AND DISCUSSION

Thermal and Physical Properties Test Result

The hardness test result of the PLA tapioca resin biopolymer was 60-61 Shore D and
1.005-1.006 g/cm3 for its density value. A previous study on high-molecular-weight
PLA by Cargill found a density value of 1.25 g/cm3 and 82-88 for Rockwell hardness.
The glass transition (Tg) of tapioca resin was at 128.76°C, while the melting point (Tm)
was at the temperature of 165.37°C. The DSC curve of the PLA tapioca resin
biopolymer is shown in Figure 7. The findings for another type of PLA which was
produced from corn starch by NatureWork, United States, showed that the glass
transition and melting point were at 60.7°C and 125.3°C respectively [1, 2, 19].
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Figure 7. DSC analysis of PLA tapioca resin polymer.

Thermal degradation can be studied through TGA. The thermal decomposition
of the PLA tapioca resin biopolymer under nitrogen atmosphere comprises a three-step
process. Figure 8 presents the TG curve of the PLA tapioca resin biopolymer. The first
step of the process, at temperatures from 28.76°C to 80.76°C, showed a weight loss of
2.0%. Previous studies have revealed that the loss of weight at this stage was due to the
evaporation of moisture from the material [10, 17]. The second stage of weight loss
occurred at 185°C to 278.15°C with 28.64% weight loss and the third stage of the
thermal decomposition of the PLA tapioca resin polymer was from 280°C to 385.41°C.
The overall results of the physical and thermal properties analysis of the PLA tapioca
resin biopolymer are tabulated in Table 2. Based on Table 2, the thermal properties are
finalized with 165°C as the melting temperature and 185°C as the degradation
temperature for the PLA tapioca resin biopolymer.
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Figure 8. TG curve of PLA tapioca resin biopolymer.

Table 2. Physical and thermal properties of PLA tapioca resin biopolymer.

Properties Unit Tapioca Resin
Density, p g/lcms3 1.005~1.006
Hardness Shore D 60~61
Melting temperature, Tm °C 165
Degradation temperature °C 185

Mechanical Properties Test Result

In this research, tensile test specimens were produced by using an injection molding
machine with six different injection temperatures: 160°C, 165°C, 170°C, 175°C, 180°C
and 185°C. The injection temperature was set based on the TGA and DSC results.
Figure 9 shows the tensile test specimens with different injection temperatures.
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Figure 9. PLA tapioca resin biopolymer tensile test samples produced by injection
moulding method.
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The 185°C sample can still be produced using injection moulding but has the
appearance of looking burnt, has a charred smell and with limitation in quantity. These
conditions prove the DSC test result that 185°C is the degradation temperature for PLA
tapioca resin. Therefore, only five types of samples with temperatures of 160°C, 165°C,
170°C, 175°C and 180°C are taken into account for the study. The comparative results
for the ultimate tensile strength for samples at different injection temperatures are
shown in Figure 10, with the mean value of ultimate tensile strength for each sample
displayed in a graph. Based on Figure 10, the sample at 165°C recorded the highest
ultimate tensile strength value of 14.904 MPa.
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Figure 10. Comparison of ultimate tensile strength for different injection temperatures
for PLA tapioca samples.
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Figure 11. Comparison of elastic modulus for different injection temperatures for
PLA tapioca samples.
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Meanwhile, comparison of the results for the elastic modulus is shown in
Figure 11. However, based on Figure 11, it is shown that there are no significant
differences in the elastic modulus values for the injection temperatures from 165°C to
180°C. In conclusion, the temperature of 165°C recorded is as the optimum processing
temperature, as the highest ultimate tensile stress value is produced by this sample.
Figure 12 shows the stress—strain curves of five samples from the 165°C injection
temperature and the overall mechanical properties of the PLA tapioca resin biopolymer
samples shown in Table 3. Based on Figure 12 and Table 3, the five samples from the
165°C injection temperature show the same pattern of stress—strain curve with a
standard deviation of 1.19 for the ultimate tensile strength value. All the samples failed
between 1.1 minute and 1.2 minute, which is within the specification of ASTM D638-
10 [21]. Table 4 shows a comparison of ultimate tensile strength and melting
temperature of PLA tapioca resin and other available resins in the market.

Table 3. Mechanical properties of PLA tapioca resin biopolymer.

Modulus Ultimate tensile Tensile strain Time at
Specimen [MPa] strength at break break
[MPa] [%] [min]
1 165 °C (1) 346.650 15.060 11.855 1.1
2 165 °C (2) 331.407 15.552 12.065 1.2
3 165 °C (3) 325.900 15.932 11.692 1.1
4 165 °C (4) 267.973 15.113 13.077 1.2
5 165 °C (5) 330.890 12.864 12.422 1.2
Mean 320.564 14.904 12.222 1.2
standard 30.41 1.19 0.55 0.05
deviation
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Figure 12. Stress—strain curve of PLA tapioca resin biopolymer.
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Table 4. Comparison of ultimate tensile strength and melting temperature of PLA
tapioca resin and other resins [29-34].

Resin Melting temperature, Ultimate tensile
Tm (°C) strength, UTS (MPa)

PLA tapioca resin, ICBP 165 14.904

PLA corn starch, Nature Work, USA 200 58.9
Polyethylene 210 30

HDPE 190 23.9

Nylon 6 221 44

ABS 190 29.3

Based on Table 4, the major shortcoming of the PLA tapioca resin is its low
tensile strength compared with petroleum-based polymer resin, and also its lower tensile
strength compared with PLA corn starch from NatureWork, USA. However, the lower
melting temperature of tapioca resin provides an opportunity for the PLA to be
improved by natural fibre reinforcement and the material is still able to maintain its
edge as a degradable material.

CONCLUSIONS

The mechanical properties of CMX 4413 tapioca resin biopolymer have been
investigated. Based on thermogravimetric analysis and differential scanning calorimetry,
the optimum processing temperature of tapioca resin biopolymer was finalized with
165°C as the melting temperature and 185°C as the degradation temperature. Generally,
the majority of natural fibres have processing temperatures less than 200°C. By virtue of
having a processing temperature between 165°C and 185°C, tapioca resin PLA can
provide a solution for the issue of the incompatibility between the matrix and natural
fibre processing temperatures. In conclusion, a temperature of 165°C is recorded as the
optimum processing temperature due to the highest ultimate tensile stress value produced
by this sample, which is 14.904 MPa. The physical, thermal and mechanical properties
recorded in this research mean that PLA tapioca resin biopolymer can be a catalyst for
the development of fully bio-based and biodegradable polymer composites for
engineering applications as a substitute for petrochemical-based polymers.
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