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1. Introduction
The role of the ordinary, petrol based plastics during the XX. Century in developed
countries grew more and more, and this trend is still actual in the XXI. Century. The ordinary
plastics are made of petrochemical products, thus nowadays, when the decrease in oil supply
pictures its effect day by day, the production, usage and the not full extent of recycling of
mass plastics are accused more and more. The oil consumption of plastic industry (7% of total
oil consumption) is almost negligibly small compared to the energetic usage of petrol in
thermal power stations and in car engines (80% of total oil consumption). Due to the mass
decreasing effect of polymer composites mainly used in automobile industry, the plastic
industry spares more amount of oil through the decreased consumption of vehicles, than it is
necessary for producing these plastics and composites. The composites used mainly in the
vehicles are designed to sustain high stresses and must be durable, because human life might
depend on their safe operation, at the same time the recycling of these composites after sage is
to be cared of. From the point of view of recycling, the packaging products, bottles and
disposable or short life cycle products (for example cutleries) indicate another group of
designing for life cycle, namely, the usage time of these products are much shorter than
structural plastics or composites. 20-30% of the processing of plastics is for the producing of
disposable products made of mass plastics, which are similarly stable materials, thus they
resist environmental effects like structural plastics. The recycling of mass plastics is not
economical due to their low price, thus nowadays they still increase of landfills in large
extent. The engineers who are also responsible for their environment had to face the problems
of shrinking oil supply, the recycling of petrol based plastics and the waste accumulation
caused by disposable plastic products already before the millennium. From this train of
thoughts comes that the material of disposable, short life cycled and even the structural
products have to be replaced by such polymers which are not made of crude oil, but
renewable resources – like from starch – and are biodegradable after the usage time, thus they
can fit into the recycling process of nature. The biodegradable and compostable polymers (or
biopolymers) which can be degraded by bacteria, fungi or algae, mean the highest degree of
recycling, the biological degree of recycling, because the humus produced by the
biodegradation process can be further used for the next generation of plants, and thus for
renewable resources. For the time being, the production cost of the biodegradable polymers
retards its widespread industrial usage. High amount of ordinary plastics are processed by
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injection moulding, which is another retarding effects for the widespread usage of
biopolymers, because at the moment, the experience available for processing, injection
moulding of biodegradable polymers and for the designing and usage of a biodegradable
polymer product is low. In the near future these materials might replace the material of
disposable or short life cycled products, and appear as a material for engineering products, or
even might gain new applications like temporary, biodegradable implants in human body.
In my PhD thesis, my goal was to examine the properties of renewable resource based
biodegradable products made of starch and poly(lactic acid). Another goal of mine was to
investigate the effect of the blending of the above mentioned materials, and the effect of the
injection moulding technology parameters on the properties and usage of the final product.

2. Analysing of literature, aims of the PhD thesis
By analysing the literature my aim was to get to know the properties, and the
processing of renewable resource based biodegradable polymers. From the renewable
resource based biodegradable polymers, the starch and the starch based thermoplastic starch
(TPS) together with the poly(lactic acid) (PLA) materials were investigated extensively. The
petrol based biodegradable polyesters like polycaprolactone (PCL) or polyesteramide (PEA)
were investigated in lesser extent.
Starch can be found in numerous literatures dealing with its structure, properties, and
also the structure and properties of starch based TPS. Independent from the fact that starch
was processed into TPS or it was used as a filler, the pre-process drying temperature and time
interval of starch was not uniform in the literature. After drying, native starch can be
processed into TPS by destructuring its granules with the help of plasticizers and high
shearing action. The TPS has high moisture uptake, it is water solvable, its mechanical
properties change in time (ageing) and has high shrinkage after it is processed by injection
moulding. Although there are numerous literatures dealing with the investigation of TPS,
there is almost no information about the effect of the high plasticizer content of TPS on the
processing, and also there is no information about the effect of the holding pressure – like a
shrinkage decreasing parameter – on the high shrinkage of TPS.
There is also numerous literature dealing with the properties and processing of starch
based, by starch fermentation and polymerization produced PLA. The researchers agree that
by the fact that it is produced by renewable resources and by its excellent mechanical
properties PLA can gain widespread industrial usage and by decreasing its production costs it

Tábi Tamás

2

PhD Thesis Booklet
can even revolutionize polymer industry in near future. Although PLA is thermoplastic and so
one of its main processing technologies is injection moulding, there is only a little amount of
information about the shrinkage and warpage characteristics of PLA, which data is
indispensable for designing an injection moulding product. The direct recycling of PLA
products, which in industrial environment it is done by the shredding and reprocessing of the
pellets, is not much investigated field either. Without the usage of nucleating agents, the
originally semi-crystalline PLA becomes amorphous after injection moulding, thus its
reprocessing may differ from the processing of the original semi-crystalline PLA pellets.
There is also much literature about the blending of PLA. As filler PLA was blended in
most cases with native starch or with TPS. By bending PLA with starch, the degradation time
decreased, however mechanical properties also decreased due to lack of affinity between the
two phases despite both strongly polar. After the literature investigation it was obvious, that
the residual moisture content of starch has enormous effect on the properties of the final
product, because PLA may heavily degrade by hydrolysis due to both moisture and heat in the
blending stage.In the literature the pre-process drying temperature and time interval of starch
was not uniform. At 70°C for 24 hours, at 100°C for 24 hours, and at 130°C for 2 hours
drying temperatures and time intervals were mainly used. By using native starch as filler, in
all cases it decreased the strength and the strain of the final product despite both phases are
polar, at the same time it increased the moisture uptake compared to pure PLA, due to the
strongly hydrophilic feature of starch. Although the moisture uptake of starch filled PLA
products was analysed extensively in the literature, the effect of moisture uptake on the
mechanical properties, deformation and availability of the products was not. In the case of
starch filled PLA it was possible to increase the adhesion between the phases with coupling
agents, however the effect of these coupling agents on the environment is not known.
Finally the properties of PLA reinforced with natural fibres were also extensively
investigated in the literature. After the literature investigation of natural fibre reinforced PLA
composites it can be concluded that the bigger was the reinforcing effect of the natural fibres
the lower the number of the technology steps was to produce the composite. Typically a PLA
based composite made by extrusion, pelletizing and injection moulding, weak or no
reinforcing effect was measured, while by a one step composite producing technology like
film-stacking, the mechanical properties of the composites were 30-50% higher than the
mechanical properties of the pure PLA. Although the PLA and the natural fires are both
strongly polar, the researchers have not experienced strong adhesion between the phases.
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Unlike the mechanical properties, the shrinkage, deformation, and the effect of he natural
fibres on the degradation time was not investigated extensively in the literature.
By knowing the literature, my aims are as follows:
I.

Investigation of the effect of main drying parameters (temperature, time) on the
moisture content, and on the moisture content decrease rate of native starch.

II. Examination of shrinkage and warpage properties of injection moulded TPS and PLA.
III. Analysis of direct reprocessing of PLA products and the analysis of processing
differences of original PLA and recycled PLA pellets.
IV. Increasing the mechanical properties and the availability of starch filled PLA blends.
V. Examination of availability of starch filled PLA in water. The analysis of the effect of
moisture uptake on the mechanical properties and deformation of the blend.
VI. Investigation of degradation properties of TPS, PLA, starch filled PLA and cellulose
filled PLA by using various degradation environments.
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3. Materials and methods
During my research I produced TPS from native starch, and PLA based filled and
reinforced materials using PLA, native starch, cellulose and sisal fibres. The accurate
designation of the applied materials can be seen in Table 1. and their pre-process drying
conditions can be seen in Table 2.
Designation

Name, type

Maize sarch

Meritena 100

Glycerol (99,5%)
(plasticizer)
Magnesium-stearate
(MgST) (lubricating
agent)

Producer, dealer
Brenntag Hungária
Kereskedelmi Kft.

(C 6 H 10 O5 )n

-

Csepp Bt.

C 3 H 8 O3

-

ICC Chemol
Kereskedelmi és
Forgalmazó Kft.

C 36 H 70 MgO4

NatureWorks LLC.

(C 3 H 4 O2 )n

Ecolac Kft.

(C 3 H 4 O2 )n

Micro cellulose

Ingeo 3051D, injection
moulding grade (Amount
of D-isomer is <5%)
Injection moulding grade
(Amount of D-isomer is
<5%)
Arbocel BWW40

Sisal fibre

-

Starch degrading enzyme
with alpha amylase
content

Termamyl SC

PLA

PLA

Formula

JRS GmbH.
National Sisal Marketing
Comitee
Novozymes

-

Table 1. The applied materials during the research

Material
PLA
Starch
Cellulose
Sisal

Drying conditions
[temperature, time interval]
85°C for 6 hours
or 120°C for 24 hours
130°C for 8 hours
130°C for 8 hours
130°C for 8 hours

Table 2. The applied drying conditions for the various materials

The processing of starch into TPS always began with its pre-process drying at 130°C
for 8 hours. Based on the literature, the 70weight% (wt%) starch, 16wt% glycerol and 14wt%
water content compound was chosen for further research. The starch-glycerol-water mixture
with added lubricating agent content (Magnesium-stearate, MgST) was extruded using a
Brabender Plasti-Corder PL 2100 (screw diameter 25 mm, L/D ratio 20) double screw
extruder. The produced TPS was pelletized, conditioned, and ISO 3167A standard dumbbell
shaped specimens (Figure 1.) were injection moulded with an Arburg Allrounder
320C 600-250 injection moulding machine (screw diameter 35 mm) (Table 3).
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a

b

Figure 1. (a) ISO 3176A standard dumbbell shaped specimen
and (b) same type injection moulded TPS specimen
Injection moulding parameter
Volume [cm3]
Injection rate [cm3/s]
Injection pressure [bar]
Switch over point [cm3]
Holding pressure [bar]
Holding time [s]
Residual cooling time [s]
Screw rotational speed [m/min]
Backpressure [bar]
Decompression volume [cm3]
Decompression rate [cm3/s]
Temperature of the 1. zone [°C]
Temperature of the 2. zone [°C]
Temperature of the 3. zone [°C]
Temperature of the 4. zone [°C]
Temperature of the 5. zone [°C]
Temperature of the mould [°C]

Value
44
50
1300
10
800
20
15
15
20
5
5
110
115
120
125
130
20

Table 3. The applied injection moulding parameters of Arburg Allrounder 320C 600-250 (screw diameter
35 mm) type injection moulding machine for injecting dumbbell shaped TPS specimens

The processing of PLA always began with its pre-process drying at 85°C for 6 hours
(recommended dying conditions from the producer), while for the fillers, the pre-process
drying conditions in Table 2. were used. Pure PLA was directly injection moulded, while the
processing of filled PLA materials always began with a melt-mixing extrusion step. In case of
blended materials, extruded PLA was also produced for reference. 10-20-30wt% starch,
5-10-15wt% cellulose and 1-2-3wt% sisal fibre content PLA based filled materials were
produced using a Brabender Plasti-Corder PL 2100 (screw diameter 25 mm, L/D ratio 20)
double screw extruder. The filler and reinforcing material contents were chosen by right of the
literature and by the maximum available momentum of the extruder. The extrudate was
pelletized and annealed at 120°C for 1 hour in order to be processable with injection
moulding. Specimens were injection moulded with an Arburg Allrounder 320C 600-250
injection moulding machine (screw diameter 35 mm). Two kind of specimens were injection
Tábi Tamás
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moulded: ISO 3167B standard Charpy specimens, and 80x80 mm area, 2 mm thick so called
flat specimens (Figure 2.) (Table 4).

a

b

c

Figure 2. (a) Charpy, (b) flat and (c) same type 0-10-20-30wt% starch content PLA based specimens
Injection moulding parameter
Volume [cm3]
Injection rate [cm3/s]
Injection pressure [bar]
Switch over point [cm3]
Holding pressure [bar]
Holding time [s]
Residual cooling time [s]
Screw rotational speed [m/min]
Backpressure [bar]
Decompression volume [cm3]
Decompression rate [cm3/s]
Temperature of the 1. zone [°C]
Temperature of the 2. zone [°C]
Temperature of the 3. zone [°C]
Temperature of the 4. zone [°C]
Temperature of the 5. zone [°C]
Temperature of the mould [°C]

Value
50
50
varying
12
600 bar
20
30
15
30
5
5
165
175
180
185
190
20

Table 4. The applied injection moulding parameters of Arburg Allrounder 320C 600-250 (screw diameter
35 mm) type injection moulding machine for injecting flat PLA specimens

Because the wall thickness of a typical injection moulded product is 1-2 mm, thus instead of
the standard dumbbell shaped specimen, 2 mm thick flat specimens were injection moulded
which better characterizes the melt-flow in a cavity. By the help of a mill, small dumbbell
specimens were machined (Figure 3) in order to analyse the in-flow and cross-flow
mechanical properties.

Figure 3. The dumbbell specimen machined from the injection moulded flat specimen
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During my research the mechanical properties (tensile, bendind, Charpy), shrinkage
characteristics, the microstructure (Scanning Electrone Microscopy, SEM, Wide Angle X-Ray
Diffraction, WAXD), the thermo- and thermomechanical analysis (Differential Scanning
Calorimetry, DSC, Dynamic Mechanical Analysis, DMA) and the biodegradation feature of
the injection moulded specimens were analysed.
Tensile testing was performed by right of MSZ EN ISO 527-1:1999 standard.
Zwick Z020 universal tensile testing machine was used equipped with a type
Zwick BZ 020/TN2S force measuring cell (the measuring error of the cell is 30 N below 4 kN
load). For the tensile test small dumbbell specimens were machined from the injection
moulded flat specimens as mentioned before. Test speed was 5 mm/min, the initial distance
between grips was 50 mm. Measurements were performed at room temperature. From the
force-extension curves tensile strength (σhúzó [MPa]), tensile modulus (Ehúzó [GPa]), and strain
at maximum force (εhúzó [%]) were calculated.
Bending test was performed by right of MSZ EN ISO 178:2003 standard. Zwick Z020
universal tensile testing machine was used equipped with a type Zwick BZ 020/TN2S force
measuring cell (the measuring error of the cell is 30 N below 4 kN load). For the bending test
2 mm thick, 25 mm wide specimens were machined from the injection moulded flat
specimens. Test speed was 5 mm/min, the length of span between supports was 32 mm.
Measurements were performed at room temperature. From the force-extension curves bending
strength (σhajlító [MPa]), bending modulus (Ehajlító [GPa]), and strain at maximum force (εhajlító
[%]) were calculated.
Charpy impact test was performed by right of MSZ EN ISO 179:2000 standard. For
the test 4x10 mm area, 2 mm thick specimens were used and the length of span between
supports was 62 mm. 15 J hammer was used with an initial angle of 65°, thus the impact
energy was 6,21 J, an the speed of the hammer was 2,38 m/s. Measurements were performed
at room temperature. From the absorbed energy Charpy type impact strength (αcN [kJ/m2] was
calculated.
Shrinkage test was performed by right of MSZ EN ISO 294-4:2003 standard at room
temperature from time to time after injection moulding. Based on the PhD thesis and
publications of Kovács, the dimensions of the injection moulded flat specimens were
measured with digital calliper and the shrinkages were calculated with equation (1) in view of
the mould dimensions:

S=
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where S [%] is the shrinkage of the specimen in a certain direction, LSZ [mm] is the dimension
of the cavity, and LP [mm] is the dimension of the specimen in a certain direction. Figure 4.
demonstrates the measured dimensions, from which shrinkage values were calculated with the
same abbreviations using equation (1).

Figure 4. The dimensions measured for shrinkage calculation

Meaning of the dimension: H0 [%] – in-flow, at the middle, H1 and H2 [%] – in-flow, at the
side, KE [%] – cross-flow, near the gate, KH [%] – cross-flow, at the end of the flow
measured shrinkage value. As an average of H1 and H2 HSZ [%] – average in-flow, at the
side was used. As a ratio of the shrinkage values, deformation factors were also applied:
H0/HSZ [-] as a ratio of in-flow at the middle and at the side, KE/KH [-] as a ratio of
cross-flow near the gate and at the end of the flow, Kátlag/Hátlag [-] as a ratio of average
cross-flow and average in-flow calculated deformation factors. The Kátlag [%] shrinkage value
was defined as the average of KE and KH, while Hátlag [%] was defined as the average of HSZ
and H0. The ideal value of these deformation factors is 1, which means uniform shrinkage and
thus deformation-free product. The deformation of the specimens was characterized by the
difference from this ideal value. By the help of the deformation factors planar deformation
can be characterized (Figure 5).

Figure 5. The planar deformations which can be characterized by the deformation factors
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The SEM observations were made using a Jeol JSM-638OLA scanning electron
microscope. The samples were coated with Au/Pd alloy by using a Jeol JFC-1200 gold
coating equipment to avoid electrostatic charging during the measurements. 15 kV of
accelerator voltage and a magnification of 300, 500, 1000 was used.
The moisture content of a sample was determined using MSZ EN ISO 1666:1996
standard. During measurement 20 g samples were placed in a vented oven at 60°C, 85°C,
105°C, and at 130°C and the moisture content decrease of starch was determined by the mass
loss of the samples from time to time by the help of equation (2):

N mért ,le =
where Nmért,

le

m sze − m sz (t )
⋅ 100 ,
msze

(2)

[%] is the measured moisture content decrease, msze [g] is the mass of the

sample before the drying and msz(t) [g] is the mass of the sample during drying at a defined
hour. By the help of equation (2) the moisture content according to the total mass can be
calculated, since in the denominator the mass of the sample before the drying can be found.
The WAXD analysis were made in the Hungarian Academy of Sciences, Chemical
Research Center, Department of X-ray Diffraction with a Philips model PW 3710 based PW
1050 Bragg-Brentano parafocusing goniometer using Cu Kα radiation (λ= 0.15418 nm). For
the WAXD measurements 15x15 mm area, 2 mm thick samples were cut off from the
injection moulded flat specimens. The angle between the diffraction plane and the X-ray was
varied in 5-30° range.
DSC measurements were done in Budapest University of Technology and Economics,
at the laboratory of Department of Physical Chemistry and Material Science with a
Perkin-Elmer Pyris type DSC equipment. The measurements were performed in the 0-200°C
temperature range. In case of amorphous PLA 1-2-5-10-15-20°C/min heat rate was used,
while in case of semi-crystalline PLA the heat rate was 5°C/min. Only the first heat up runs
were analysed, because the crystal structure created by annealing was examined, the crystal
structure created by very low cooling rate was not.
DMA measurements were performed in Budapest University of Technology and
Economics, at the laboratory of Department of Physical Chemistry and Material Science with
a Perkin-Elmer Diamond type DMA equipment. The measurements were done in the 0-200°C
temperature range using specimens with 2x6 mm cross section and 50 mm length cut off from
injection moulded flat specimens. In case of amorphous PLA 1-2-5-10-15-20°C/min heat rate
was used, while in case of semi-crystalline PLA the heat rate was 5°C/min. Bending setup
was used with 400 mN force amplitude and 1 Hz frequency.
Tábi Tamás
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The water uptake measurements were made using injection moulded flat specimens
placed in distilled water. The temperature was kept at a constant 30°C by using a
Memmert HCP 153 conditioning chamber. The water uptake of the samples was determined
by the mass increment from time to time by the help of equation (3):

N mért , fel =

mv (t ) − mve
⋅ 100
mv (t )

(3)

where Nmért, fel [%] is the measured moisture content increase, mve [g] is the mass of the sample
before the water uptake and mv(t) [g] is the mass of the sample during water uptake at a
defined hour. By the help of equation (3) the moisture content according to the total mass can
be calculated, since in the denominator the mass of the sample during water uptake at a
defined hour can be found.
The degradation test were performed in Budapest University of Technology and
Economics at the Faculty of Chemical Technology and Biotechnology, in the laboratory of
Department of Applied Biotechnology and Food Science. 15x15 mm area, 2 mm thick
specimens were placed in closed boxes filled with distilled water and with the mixture of
alpha amylase enzyme (3%) and distilled water. The specimens were kept under controlled
conditions at 60°C and at 80°C, and the mass of the specimens was measured from time to
time. According to equation (4) mass change was calculated:

B=

mb (t ) − mbe
⋅ 100 ,
mbe

(4)

where B [%] is the change of the mass of the specimen during degradation, mb(t) [g] is the
mass of the specimen during degradation at a defined hour and mbe [g] is the mass of the
specimen before the degradation test. The negative sign represents the degradation (mass loss)
of the samples while the positive sign represents the swelling.
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4. Thesis’s
My scientific results were concluded in the following thesis’s:
1.

A temperature and time dependent equation was established to describe the moisture
content decrease during drying:

N számolt ,le =

a1 + a m ⋅ T
,
b1 + bm ⋅ T + e −t ⋅( d1 + d m ⋅T )

where Nszámolt, le [%] is the calculated moisture content decrease, T [°C] is the drying
temperature. The statement was proven for type Meritena 100 maize starch at a
temperature range of 60-85-105-130°C, for 0,5-168 hours. The constants of the
equation were: a1=-1,20674%, am=0,05029 %/°C, b1=-0,00276%, bm=0,00296 %/°C,
d1=-0,63749 (ln%)/hour, and dm=0,01705 (ln%)/(°C·hour), and the correlation
coefficient was 0,98.

2.

It was demonstrated by injection moulding of thermoplastic starch (TPS) produced by
starch with the help of plasticizers and heat and shearing action, to reach the adequate
product quality, the holding phase has to be left. The statement was proven for TPS
produced by 70wt% starch, 16wt% glycerol, 14wt% water and by adding 10 g of
magnesium-stearate (MgST) for 1 kg mixture. It was proven by injection moulding the
TPS that in the injection phase the TPS fills the cavity due to high shearing action, at
the same time in the holding phase due to the lack of shearing action the flow
capability of TPS ends, thus the holding pressure has opposite, shrinkage increasing
effect on TPS than on ordinary thermoplastics. It was also proven that by injection
moulding of poly(lactic acid) produced by the fermentation and polymerisation of
starch, the holding phase effectively decreases its shrinkage similarly to ordinary
thermoplastics, at the same time the it increases the deformation of PLA caused by the
uneven shrinkage due to the pressure drop in the cavity during the injection phase.

3.

It was proven that the direct reprocessing of amorphous poly(lactic acid) (PLA)
products destabilizes the processing technology thereby it sticks to the feeding zone of
the screw during the plasticizing phase and blocks the way of further material. By joint
Wide Angle X-ray Diffraction (WAXD), DMA, DSC measurements and by electron
microscope observations it was shown that above 80°C simultaneously with the cold
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crystallization of the material its storage modulus increases and due to significant
crystallization exothermic heat (~25 J/g) the pellets melt locally. It was demonstrated
by DSC, SEM examinations and by the examination of the injection moulding
technology that there is close connection between the significant exothermic heat
during crystallization, the local melting of amorphous PLA and the destabilizing of the
processing technology. The annealing at 120°C for 10 minutes was successfully
applied to increase the injection moulding processing stability in case of starch filled
PLA previously melt mixed in extruder, in the course the PLA phase becomes
amorphous. The statement was proven with DSC examinations for 30wt% starch filled
PLA.

4.

The adhesion between starch and poly(lactic acid) (PLA) was significantly increased
without the usage of compatibilizer or a third phase only by using the adequate drying
temperature and time interval in starch filled injection moulded PLA products. The
statement was proven for the blend of 30wt% at 130°C for 8 hours dried starch and
70wt% at 120°C for 6 hours dried PLA melt mixed in extruder and by the mechanical
testing of injection moulded starch filled PLA products. By the usage of these drying
parameters, 30wt% starch content PLA blend was produced with almost as high
tensile strength as pure PLA, and also higher tensile strength (~60 MPa) compared to
the literature data (~50 MPa) in case no compatibilizer or third phase was used, thus
starch only represents a filler. The significant adhesion between the starch granules
and the PLA phase was demonstrated by electronmicroscope observations.

5.a It was proven that the explicit equation of Vas based on the Lucas-Washburn model is
not only suitable to describe the water uptake of fibrous structures, but it is also highly
suitable to describe both capillary and diffusion water upake of starch filled PLA
blends. By determining the parameters of the equation (p=3/2 és q=1/3), it was
transformed into a simpler form:
3

m(t ) = m∞ ⋅ 1 − e

− ( 2t ⋅

c 3
)
m∞

,

where m(t) [g] is the mass increment of the sample during water uptake at a defined
hour as compared to the mass of the sample before the water uptake, m∞ [g] is the total
water uptake of the sample, t [hour] is the defined hour of water uptake and c [g/s] is a
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constant for starch content. The statement was proven for water uptake of 5-30wt%
starch filled PLA at a water temperature of 30°C. The correlation coefficient was 0,99.

5.b It was found that independently from the starch content, the strength and strain of the
starch filled PLA after water uptake and drying can be described by a linear equation:

σ húzó = σ 0 − m szilárdság ⋅ t ,
ε húzó = ε 0 − mnyúlás ⋅ t ,
where σhúzó [MPa] and εhúzó [%] is the tensile strength and strain at maximum force of
the specimens, σ0 [MPa] and ε0 [%] is the strength and strain at maximum force of the
specimens before water uptake, mszilárdság [MPa/week] and mnyúlás [%/week] is the
tensile strength and strain at maximum force decrease rate of the specimens during
water uptake, and t [week] is the storage time in water. The statement was proven for
30°C temperature water, for 0-4 week time interval, and for 10-20-30wt% starch
content PLA blends. The average value of mszilárdság was 4,6 MPa/week (R2=0,95)
while the average value of mnyúlás was 0,07%/week (R2=0,87).
6.

It was demonstrated that the starch added to poly(lactic acid) PLA by melt mixing
increases while cellulose decreases degradation rate compared to pure PLA. It was
also proven that starch only increases the degradation of starch filled PLA proportional
to the filler content while cellulose decreases the degradation of cellulose filled PLA
in significantly higher extent than the filler content. The statement was proven for
30wt% starch and 15wt% cellulose filled PLA in the case of 80°C distilled water and
3% alpha amylase enzyme content distilled water as degrading environments for 216
hours.
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