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Abstract

In order to produce a completely bio-based and cost-effective filled polymer, PLA
and native potato starch as a filler were compounded by twin screw extrusion. Sub-
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sequently injection molded test specimens were manufactured and subjected to
artificial weathering as well as different storages (high temperature, high humidity,
freeze, water) for 504 h with a view to long-term resistance. Depending on the
starch content a significant reduction of up to 100% in tensile strength can be seen,

as the starch accelerates or inhibits the triggered aging effects. As a result of the
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influence of humidity and water as well as artificial weathering, stress cracks are
formed in starch-containing samples. Storage at an elevated temperature (70°C,
50% RH) leads to polymer degradation of the PLA. This degradation can be inhib-
ited by the addition of starch. Freezing storage has no significant influence on the
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1 | INTRODUCTION

Poly(lactic acid) (PLA) is one of the most important bio-
plastics on the global market and accounts for 20.5% of the
total amount of bioplastics produced annually.! Despite
good mechanical properties and high availability, the use
is inhibited by the high price compared to polyolefins. One
way to solve this problem is to add low-cost fillers such as
native starch.” The use of starch is accompanied by a
change in the mechanical, thermal, and structural proper-
ties, but also leads to an improvement in the carbon foot-
print.> By saving PLA, not only costs can be reduced, but
also the energy that must be expended for the synthesis.
Starch, on the other hand, already binds CO, during the
plant growth phase.>* Composites of starch types from dif-
ferent origins have already been produced. In addition to
potato starch, rice, tapioca and corn starch were also

mechanical and structural properties of the PLA starch composites.

aging, biopolymers, durability, hydrolysis, PLA, starch

used.”'® The addition of native starch to a PLA matrix
leads to an embrittlement and thus a decrease in tensile
strength and elongation at break, with an increasing effect
with rising starch content.>* Due to their properties, PLA
starch composites are suitable for a wide range of applica-
tions, which are currently mainly limited to plastic trays,
loose-fills, cutlery, and writing instruments.>"”

During use, components are exposed to numerous
environmental influences such as temperature, humidity,
and UV radiation. These influences, in turn, cause com-
plex aging phenomena, which become noticeable in the
properties of the composites. In particular, starch can
increase the causes of aging such as water absorption,
and therefore promote aging processes.”° This is based on
the polar groups of the starch, which lead to hydrogen
bondings and thus form the strongly hydrophilic character
of starch.? For PLA, which is known to be a material
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prone to hydrolysis, the increased water absorption is
accompanied by a change in properties.”’ > In 2003,
Wang et al.”® investigated the physical aging of composites
of PLA and starch and observed a deterioration of the
mechanical properties as a result of storage at 25°C and
50% humidity. In addition, the microstructure of the com-
posites also changed and showed an increasing ductility of
the matrix with continued physical aging and a simulta-
neous deterioration of the bond between the starch and
the matrix, which in turn caused a decrease in tensile
strength. Yew et al.”’” and Gdaspér et al.*® also showed a
reduction in mechanical properties as a result of humid
storage. Yew et al.”” showed a clearly stronger and acceler-
ated water absorption of PLA through the addition of
hygroscopic starch, whereby the samples with 20% starch
absorbed 5 times as much water as pure PLA samples. It is
assumed that the absorbed water leads on the one hand to
hydrolysis of the PLA and on the other hand to a deteriora-
tion of the adhesion between PLA and starch and thus to a
reduction in the mechanical properties. Similarly, artificial
weathering of PLA starch composites led to a reduction in
tensile strength, although the reduction was less for starch-
containing samples than for pure PLA. The reason for this
is the UV-shielding effect of the starch particles, which
slows down the UV-induced chain degradation.® In addi-
tion to starch-filled PLA, there are also numerous studies
on LDPE that have been filled with starch: Danjaji et al.*
showed a decrease in the tensile strength of starch-filled
LLDPE as a result of significantly increased water absorp-
tion. Furthermore, the thermal degradation of LDPE can
be inhibited by the addition of starch.*

Previous studies have made it clear that the addition
of starch on the one hand increases water absorption and
can thus reduce the mechanical properties of starch com-
posites, but on the other hand, can also slow down degra-
dation reactions. However, there is insufficient knowledge
about the exact degradation mechanisms of PLA potato
starch composites that are triggered by various and, in par-
ticular, combined environmental influences.

The aim of this work is therefore to carry out compre-
hensive investigations regarding the influence of environ-
mental conditions on the properties of PLA starch
composites with potato starch and in consequence
expand the areas of application. For this purpose, com-
posites with two different starch contents were subjected
to different environmental storage conditions in order to
initiate aging processes in them. Composites of PLA
with 40 wt.% and 50 wt.% potato starch were produced,
processed into test specimens, and aged under the

influence of varying environmental conditions. Subse-
quently, the properties of the aged composites were
characterized mechanically, structurally, and optically,
with a particular focus on the developing crack paths.

2 | MATERIALS AND METHODS
2.1 | PLA and potato starch

PLA Luminy® L130 provided by TotalEnergies Corbion
(NS Gorinchem, Netherlands) was used for the investiga-
tions. It is a semi-crystalline type, which therefore has a
higher temperature resistance than comparable PLA
types. The density is 1.24 g/cm’ and the melting tempera-
ture is 175°C.

Native potato starch type Superior from the company
Emsland Stirke (Emlichheim, Germany) was used as
filler. In order to assess the influence of the filler on the
blend properties, test specimen of unfilled PLA was
investigated for reference purposes to the specimen of
PLA filled with 40 and 50 wt% starch.

2.2 | Preparation of the composites

The PLA starch composites were compounded using a ZSE
18 HPe twin-screw extruder (Leistritz Extrusionstechnik
GmbH, Nuremberg, Germany) with a screw diameter of
18 mm and a process length of 40 D. Both PLA and starch
were pre-dried before processing. For the PLA, a tempera-
ture of 100°C was used in a Dry Jet Easy compressed air
oven (TORO-Systems, Igensdorf, Germany) for 6 h, while
the starch was dried in a convection oven at 105°C for also
6 h.> The PLA was fed to the extruder via the main feeding
section and melted up to the third zone, where kneading
elements are located. In zone 4, starch was added and
mixed with the PLA melt through mixing elements in
zones 6 and 7, followed by degassing in zone 7. A through-
put of 3 kg/h was achieved at a screw speed of 200 rpm.
To avoid (thermal) damage of the starch, a gentle screw
configuration and low temperatures were used.” The used
screw and temperature profile are shown in Figure 1.

2.3 | Injection molding

The test specimens of type 1A according to DIN EN ISO
527-2 were produced with a hydraulic injection molding
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machine Allrounder 320C (Arburg GmbH + Co. KG,
Lossburg, Germany). Test specimens were produced from
pure PLA and from 40 wt% and 50 wt.% starch-filled
PLA. To prevent hydrolytic degradation of the material
during processing, the PLA and the composites were
dried at 100°C for 6 h. The cycle time was approx. 98 s,
while the maximum injection pressure was 1040 bar
(filled material). The subsequent holding pressure was
carried out with a pressure drop from 700 bar to 500 bar
at a time of 25s. The set temperatures are shown in
Table 1.

2.4 | Environmental influences and
artificial weathering

In order to investigate the influence of different environ-
mental conditions on the properties of the composites,
both unfilled test specimens made of pure PLA and filled
with 40 wt.% and 50 wt.% starch were exposed to environ-
mental influences for 504 h each. Reference samples
from each material were stored in the standard climate

In addition, the test specimens were subjected to
504 h of cyclical artificial weathering (WE) to simulate
outdoor Both the 18-hour summer and
winter cycles, shown in Figure 2, were repeated
14 times each.

Following all aging processes of 504 h each, the test
specimens were conditioned for 168 h in a standard cli-
mate (23°C, 50% RH) prior to their testing and
characterization.

use.

2.5 | Differential scanning calorimetry

DSC analysis was used to determine the degree of crystal-
linity of the unaged test specimens in order to make pre-
dictions about their durability. The DSC module Q2000 f
(TA Instruments, New Castle, USA) was used for the
investigations. At a heating rate of 10°C/min, the test
specimens were heated from 0°C to 250°C. The crystallin-
ity of the PLA was determined using the enthalpy of
fusion (AHy), the enthalpy of crystallization (AH,), the
100% crystallinity value of PLA of 93.6 J/g (AH%), and

(S) according to DIN EN ISO 291 at 23°C and 50% RH. In  the mass fraction of the matrix (w),>*"** shown in
addition, aging took place at elevated humidity (H) at  equation 1.
23°C and 90% RH, at elevated temperature (T) at 70°C
and 50% RH, as well as in a water bath (W) at a tempera- X[%] = AHy—AH. 100 (1)
ture of 23°C and freezing at —18°C (F). w- AHJ? ’
TABLE 1  Temperature profile of Zone 1 2 3 4 5 Nozzle  Mold temperature
the injection molding process.
Temperaturein °C 200 205 210 215 215 215 30
Summer Cycle Winter Cycle
100 60+ 100 60+
901 59 Lsoo %7 50 } !
1 401 - — 40 ‘ J ‘ |
1 304 | | 0o 609 30 ; !
0] ] 20 ' /
o L 100 0] ] v
204 04 4 04
03 4 6 & to 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Time [h] Time [h]

temperature [°C]

- - - relative humidity [%]
UV radiation [W/m*2]
'rain [%]

FIGURE 2
wileyonlinelibrary.com]

Artificial weathering (WE) consisting of 14 summer cycles and 14 winter cycles. [Color figure can be viewed at
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2.6 | Tensile test

The aged and conditioned specimens were subjected to a
tensile test according to DIN EN ISO 527 on a UPM 1446
testing machine (Zwick Roell, Ulm, Germany). Five test
specimens were tested per batch at a test speed of 5 mm/
min and the Young's modulus, the tensile strength as
well as the elongation at break were determined. The sig-
nificance was determined using a t-test at a significance
level of 0.05.

2.7 | Scanning electron microscopy

The fracture surfaces of the specimens from the tensile
test were characterized using an MV2300 scanning elec-
tron microscope (SEM) from CamScan Electron Optics
Services (Ottawa, Canada), using only the unfilled speci-
mens and those filled with 50 wt.% starch. A 50x, a
500x, and a 1500x magnification used at an accelerating
voltage of 10 kV were used for the investigations. An
investigation of the sample surface did not take place and
can therefore not be excluded.

2.8 | X-ray microtomography
analysis (uCT)

In addition to the SEM analysis of the fracture surface,
the samples were examined with the aid of X-ray Microto-
mography Analysis. Therefore, an Xradia Versa 520 (Carl
Zeiss, Oberkochen, Germany) was used in order to make
statements about the crack paths inside the sample. For this
purpose, cube-shaped specimens with an edge length of
4 mm were sawed out of the center of the shoulder bars
from the aged tensile test specimen.

The measurements were carried out at a voltage of
60 kV and a current of 83.3 pA using the LE1 filter and a
4x objective. The voxel size was 1.55 pm and the exposure
time was 6 s for each image. The reconstruction was done
using the Zeiss XMReconstructor software.

2.9 | Particle measurement

The size distribution of dried and wet native potato
starch particles was analyzed using the dynamic image
analysis system QicPic (Sympatech, Clausthal-Zellerfeld,
Germany). Dried starch was dehydrated at 105°C for 6 h as
before processing. The wet starch was stored at water bath
at 23°C for 1, 2, or 4 h. The starch was fed to the QicPic via
the liquid dispersion unit MIXCEL with the carrier medium
water through an 0.5 mm cuvette past a high-speed camera

(M4 lens) and recorded at a frequency of 175 Hz. The subse-
quent evaluation via Sympatech's WINDOX software pro-
vides insights into the particle shape and mean particle size
as well as their distribution.

210 |
samples

Humidity absorption of aged

To determine the humidity absorption (o) of the samples
as a result of aging, the weight of each sample was deter-
mined before (mg) and after aging (my) and the increase
in humidity content was calculated according to DIN EN
13183-1, shown in Equation 2.

mx —mg
mg

w|%) = 100, (2)

211 | Gel permeation chromatography
In order to identify chemical aging as a result of exposure
to environmental influences on filled and unfiled PLA,
GPC analysis were performed. The measurement was
carried out at the Fraunhofer-Institute for Applied Poly-
mer Research (Potsdam-Golm, Germany) according to
DIN 55672-1. The eluent used was Trichlormethan
(TCM) at 25°C.

The number average molecular weight (M,,), weight
average molecular weight (Myw), and molecular
weight distributions were determined for all test samples.

3 | RESULTS AND DISCUSSION
3.1 | Prediction of resistance of
composites via differential scanning
calorimetry

With the use of the DSC measurements, the crystallinity
of the unaged material can be determined. As increased
crystallinity is expected to increase resistance, the unaged
test specimens were subjected to a DSC® whereby the cal-
culated crystallinities are shown in Table 2. With 15.0%,

TABLE 2 Calculated crystallinity of unaged, filled, and
unfilled PLA.
Mass fraction starch in % X.in %
0 15,0
40 40,2
50 78,5
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the unfilled samples show the lowest crystallinity. The
addition of starch as a filler leads to a significant increase
in crystallinity to 40.2% (40 wt.% starch) and 78.5%
(50 wt.% starch). An increase in crystallinity for starch
filled PLA was also observed in various investiga-
tions.>®”!7 It can be concluded, that starch acts as a
nucleating agent for PLA. Accordingly, it can be sug-
gested that the starch-containing samples show better
resistance than the pure PLA samples.

3.2 | Effect of environmental influences
on mechanical properties

The tensile strength as a function of the starch content is
shown in Figure 3. With increasing starch content, the
tensile strength decreases for the unaged and aged
samples. The pure PLA samples (0 wt.% starch) show
no significant decrease in tensile strength due to aging
in freeze (F), humidity (H) and water storage (W).
Weathered (WE) or temperature-stored (T) samples on
the other hand show a significant reduction in tensile
strength. Compared to the temperature-stored PLA
samples, the weathered PLA samples have a significant
increase in tensile strength of 9.5%, while the
temperature-stored PLA samples are severely damaged.

For the starch-containing samples, a significant
reduction in tensile strength is observed through all
ageings except freeze. Compared to the reference sam-
ples (S) with 40 and 50 wt.% starch, the humidity
(H) and water stored (w) samples show the strongest
reduction in tensile strength, with a decrease of 45.6%
(H) and 43.9% (W), respectively, at 40 wt.% starch and
52.1% (H) and 60.8% (W) at 50 wt.% starch. The weath-
ered (WE) and filled samples, which were exposed to a
cyclic load of varying humidity, temperature, and UV
radiation, show a slightly but significantly lower

FIGURE 3
aged starch filled and unfilled samples

Tensile Strenght [MPa]

Tensile strength of the

as a function of starch content and
aging (* - significant change in tensile

reduction of 30.3% (40 wt.%) and 25.9% (50 wt.%). Yew
et al.?” and Géspar et al.>® also observed a reduced ten-
sile strength for starch containing samples after humid
or wet storage and related this to hydrolytic degrada-
tion. Since the decrease in tensile strength only occurs
for the starch-containing samples, it can be assumed
that there is no hydrolytic degradation and the starch
is causal for the water-induced changes in the material
properties, which can be described as physical aging. A
possible reason could be the swelling effects of the
hydrophilic starch particles, which damage the sur-
rounding matrix, as is already known for the use of
various natural fibers.>*” This swelling effect could
also lead to damage for the weathered samples,
whereby it can be assumed that a minor cross-linking
of the PLA matrix by the UV radiation takes place
simultaneously, as it was also observed by Lv, Gu
et al..° DSC analysis would suggest improved resistance
for the starch-containing samples due to increased
crystallinity. However, since the reduced mechanical
properties can be attributed to physical damage caused
by swelling starch, crystallinity cannot have a signifi-
cant effect on resistance to humidity and water-
induced physical aging.

The test specimens that were stored for 504 h at ele-
vated temperature were so severely damaged due to the
aging that they could not be subjected to a tensile test.
In order to nevertheless be able to evaluate the effect of
temperature storage, test specimens were taken after
168 h of aging and tested accordingly, although it
should be noted that they are not comparable with
504 h of aging. The temperature stored (T) samples
show a different relationship between tensile strength
and starch content compared to other ageings. Both
unfilled and filled samples show significantly reduced
tensile strength (100% for unfilled PLA; 87.9% for
40 wt.% starch; 85.5% for 50 wt.% starch), which

—e— standard climate (504 h)
—e— weathering (504 h)
--e—-temperature (168 h)
- @ -freeze (504 h)

humidity (504 h)
--@-- water storage (504 h)

* significant to standard climate
n=5

strength compared with reference (S)).
[Color figure can be viewed at
wileyonlinelibrary.com]

Starch Content [wt.%]
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increases with increasing starch content. The effect
expected from DSC, that is, improved durability with
the addition of a nucleating filler such as starch, was
found. Since a significant reduction of the tensile
strengths, especially for the pure PLA sample, is never-
theless observed as a result of the temperature storage,
it can be assumed that a degradation of the polymer
has taken place. Both Hydrolysis*****” and thermal-

oxidative degradation®® can be considered.

The characterizations carried out in addition were
intended to test the hypotheses made and so find the
causes for the aging-related changes in the mechanical
properties.

SEM MAG: 500 x
200 um
Institut fur Werkstofftechnik, Universitat Kasse

SEM MAG: 500 x
200 um
Institut fur Werkstofftechnik, Universitat Kasse

SEM MAG: 500 x

SEM MAG: 500 x
200 um
Institut fur Werkstofftechnik, Universitat Kasse
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3.3 | Fracture surface

The analysis of the fracture surface with the aid of the
scanning electron microscope provides insights into
the bonding between starch particles and PLA, as well as
failure mechanisms. Figure 4 shows exemplary images of
the fracture surfaces (test specimen centre) of unfilled
PLA specimens (a), (c), () and specimens filled with
50 wt.% starch (b), (d), (f) as a function of aging (refer-
ence (S) - (a), (b)), humidity (H) - (c), (d)), temperature
(T) - (e), (f)). For the filled standard climate sample (b) a
clear demarcation between starch particles and PLA can
be observed, as also observed by Yew et al..”” There is no

200 um

200 um

Institut fir Werkstofftechnik, Universitat Kasst

FIGURE 4 SEM images
(magnification 500x) of aged
unfilled and starch filled

(50 wt.%) PLA fracture surfaces:
(a) unfilled PLA after standard
climate (s); (b) PLA starch
composite after standard
climate (S); (c) unfilled PLA
after humidity (H); (d) PLA
starch composite after humidity
(H); (e) unfilled PLA after
temperature (t); (f) PLA starch
composite after temperature (T).

200 um
Institut far Werkstofftechnik, Universitat Kasst
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residue of the matrix on the starch particles, which
indicates insufficient bonding. Due to the influence of
humidity, only a slightly increased ductile behavior can
be observed in the pure PLA sample (c) compared to
standard PLA (a), which is noticeable in the formation of
narrow threads.”” For the filled sample (d), on the other
hand, some large gaps between starch particles and the
matrix can be identified. The number and size of the gaps
increase significantly in the near surface regions of the
sample. Furthermore, a more ductile material behavior of
the matrix can be concluded due to the torn out matrix
surface. These observations were also made for the water-
stored samples. Both the unfilled (e) and the filled (f) sam-
ple show clear crack paths in the entire cross-sectional
area of the sample after temperature storage. The pure
sample (e) also shows a very rough fracture surface.

Considering water-aged samples, shown in Figure 5,
the clear formation of cracks, which are already wide
open (b), in the surface near area is noticeable (c). Espe-
cially in this edge area, very large gaps between starch
particles and PLA matrix can be observed (a). The gaps
between starch and PLA remaining after water and
humidity storage speak for the presumed swelling effects
of the starch particles. Gemmeke et al.,*® Kahl et al.** and
Falkenreck et al.>® observed similar effects when using cel-
lulose fibers in a thermoplastic matrix and also showed a
reduced tensile strength. In addition, the also by Yew
et al.”” observed more ductile behavior of the matrix can
be seen as a result of the influence of water (b).

Figure 6 shows the 1500x magnification of the frac-
ture surface of the temperature-aged PLA sample. It can
be seen that the mentioned structural change of the frac-
ture surface (compared to the standard sample) is due to
the formation of spherulites, whereby the cracks often
propagates along the spherulite boundaries. The

SEM MAG: 1.00 kx

100 um
Institut far Werkstofftechnik, Univers

() (b)

FIGURE 5

formation of a spherulitic structure can be an indication
of degradation as a result of hydrolysis and therefore sup-
ports the hypothesis of polymer degradation.*

3.4 | X-ray microtomography
analysis (uCT)

In order to evaluate the crack structure also in mechani-
cally unloaded test specimens, X-ray Microtomography
images of the filled specimens were taken. Figure 7
shows cross-sectional images of the test specimens in the
middle of the test area of the shoulder bars. For reference
specimen (a), which were stored in a standard climate, a
homogeneous distribution of starch particles and no
cracks can be seen. Both humidity- and water-stored

FIGURE 6
PLA fracture surfaces after temperature (T). [Color figure can be

SEM image (magnification 1500x ) of aged unfilled

viewed at wileyonlinelibrary.com|

SEM MAG: 25 x
100 um 5mm

Institut far Werkstofftechnik, Univers Institut fur Werkstofftechnik, Univers

(©

SEM images of aged, starch filled (50 wt.%) PLA fracture surfaces after water storage (W): (a) edge area (magnification

1000); (b) crack structure in edge area (magnification 1000); (c) crack structure overview (magnification 25).
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(a) (b)

FIGURE 7

(©

pCT-images of aged, starch filled (50 wt.%) PLA: (a) PLA starch composite after standard climate (S); (b) PLA starch

composite after humidity (H); (c) PLA starch composite after temperature (T). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8
2 h, and 4 h) native potato starch. [Color figure can be viewed at

Particle number distribution of dry and wet (1 h,

wileyonlinelibrary.com]

(b) samples show a clear crack structure in the edge area.
These cracks propagate through the entire edge area of
the sample where water could penetrate the most or the
fastest, as Yew et al.?’ already observed. This observation
also clearly speaks for the swelling effects of the starch
particles, which increase their volume by absorbing water
or humidity and introducing tension into the matrix. The
one-week conditioning in the standard climate following
storage causes the starch to release humidity or water
again, reduces its volume, and leaves gaping cracks like
the ones seen here. Since the water can penetrate better
and faster in the edge area, cracks are found especially in
this area.”’ In comparison, the temperature-aged samples
(c) show a much finer crack structure, which not only
extends to the edge area but runs through the entire test

10
I standard climate
freeze
[ weathering
8 4 I humidity
—= I water storage
>
o, I temperature
o
-g 6 - Starch Content [wt.%]
S N
s | e
2
n=20
>4
=
S
1S
>
I 24
O_ ______
o [ so [ o J s [ o 50 [ o [ so J o Jso [ o 50
standard climate | freeze | weathering [ humidity | waterstorage | temperature

FIGURE 9
unfilled samples. [Color figure can be viewed at
wileyonlinelibrary.com]

Humidity absorption of the aged starch filled and

specimen. The cracks are colored red for better visibility.
The developed crack paths, which are also present in the
sample centre, indicate a degradation of the polymer and
so go hand in hand with the results of the tensile test
and the SEM images.”' For all cracks, it is noticeable that
they propagate along the interfaces between starch parti-
cles and PLA matrix, which indicates a low adhesion
between starch and PLA, as observed in SEM pictures.

3.5 | Particle and humidity
measurements

To investigate the physical behavior of native potato
starch under the influence of water, both dried and wet
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FIGURE 10 Molar mass of 15- 0 wt.% starch 15- 50 wt.% starch
unfilled and filled (50 wt% starch)
PLA samples after 504 h aging. _ )
[Color figure can be viewed at i 107 101
. I o
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starch (water bath, 23°C) were measured. The measure-  volume of starch particles. Figure 8 shows the number
ment should provide information on whether the influ- distribution of the particle size of the starch. With

ence of water leads to swelling and the change in the increasing storage time in the water bath, the size of
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starch particles increases. There are fewer particles smal-
ler than 50 pm and more particles bigger than 50 pm
after 2 and 4 h. The reason for this is the swelling effect
of the starch particles, which increase their volume under
the influence of water or humidity.*>'~>* The diffusion of
water and humidity into the composite can therefore be
assumed to cause swelling of the starch, which in turn
creates tension in the surrounding matrix, which ulti-
mately leads to failure or formation of cracks.”

In addition, the humidity content of the samples
before and after aging was analyzed to detect an
increased humidity content, especially in filled humidity
and water storage samples. Figure 9 shows the increase
in humidity of the samples because of aging. All filled
samples show significantly higher humidity absorption
than the identically stored unfilled samples. It can there-
fore be concluded that almost all the humidity is
absorbed by the starch particles.

The lowest humidity uptake of the filled samples is
shown by the freeze samples, as they do not have any
humidity available to be absorbed. In the standard cli-
mate (50% RH) the filled samples absorb 1.8% moisture,
during temperature storage (50% RH) 2.5%. This is due to
the higher absolute humidity due to the increased tem-
perature. Weathering leads to an increase in humidity of
3.7% for the filled samples. As a result of humidity and
water storage, the highest increase of 7.4% (H) and 8.7%
(W) can be observed.

36 | GPC
GPC analyses were carried out to identify possible degra-
dation processes triggered by aging. Figure 10 shows the
average molecular weight distribution of the unfilled
and aged test specimens. The molar mass distribution
does not change after 504 h of aging. Only for the
temperature-aged samples, a strong significant reduc-
tion of the mean molar mass from 164 kg/mol (S) to
9 kg/mol (T) can be observed. Furthermore, the distri-
bution becomes more homogeneous, that is, the width
of the distribution decreases can be seen that degrada-
tion of the PLA takes place due to the temperature stor-
age, which can be attributed to hydrolysis with the
previous findings, especially from the SEM images.*”
Looking at the molar mass distribution of the PLA
matrix of the starch-containing samples (50 wt%), shown
in Figure 10, very similar correlations can be seen. Only
the temperature-aged samples show a significantly lower
mean molar mass than the other aged, filled samples,
with a reduction of 87.8% compared to the standard cli-
mate sample which is due to the hydrolytic degradation
of the PLA. For the unfilled sample, on the other hand,

Applied Polymer_wiLEy_| 2

there is a greater reduction of 94.5% in the mean molar
mass. Furthermore, all filled samples, except for the tem-
perature aged sample, show a lower mean molar mass
compared to the identically aged unfilled samples. This
decrease in molecular weight is caused by the additional
processing step of compounding.

4 | CONCLUSION

In the course of the work carried out, two fundamental
influencing factors on the properties of the starch-filled
and unfilled PLA can be identified. Storage at elevated
humidity (H) or in a water bath (W) leads to a significant
decrease in tensile strength for starch-filled samples, as
also observed by Yew et al.*’ and Géspar et al..*® The
water penetrating the sample does not trigger any degra-
dation processes and so no decrease in the molar mass of
the matrix material. Consequently, the change in the
mechanical properties of the filled samples is due to
the starch. The particle measurements show an increase
in particle size and the well-known swelling behavior of
starch.>® This swelling in turn leads to the formation
of the crack structure, which was observed both in the
pCT and in the SEM. The formation of such cracks as a
result of swelling and shrinkage effects and the resulting
stresses is already known for numerous polymers.”’ The
conditioning of the test specimens in a standard climate
following storage results in a decrease in humidity and
thus shrinkage of the starch particles. If the swelling and
the resulting stresses are too great, stress cracks appear in
the matrix. Due to the greater influence of humidity/
water in the specimens edge area, cracks appear espe-
cially in the edge structure.

Storage of the unfilled and filled specimens at ele-
vated temperature (T) also leads to a significant reduction
of the tensile strength up to complete damage of the test
specimens, whereby the damage decreases with increas-
ing starch content. At this point, it can be concluded that
the aging-related changes in matrix material are the
cause of this change. The GPC investigations show a
clear degradation of the PLA as a result of temperature
storage. Two mechanisms known for PLA can be
considered for the degradation: Hydrolysis*****” and
thermal-oxidative degradation.® Within the scope of the
conducted SEM analyses, the formation of spherulites
can be observed after temperature storage, which can
suggest a hydrolytic degradation of the PLA.*° As a result
of this degradation, an extensive crack structure is
formed, which can be observed in the pCT as well as in
the SEM images. The increasing crystallinity of the PLA
starch composites with increasing starch content high-
lights the nucleating effect of the filler. This increased
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crystallinity is in turn accompanied by improved resis-
tance, especially to hydrolysis, as hydrolytic reactions
occur predominantly in amorphous regions.>> Thus, the
increased crystallinity provides an explanation for the
reduced decrease in tensile strength of the starch-
containing samples as a result of temperature storage.

The weathering (WE) of the test specimens represents
a combination of different aging mechanisms, whereby
no aging in the form of polymer degradation occurs.
Instead, it can be assumed that the alternating effects of
varying humidity and temperature as well as sprinkling
and UV radiation lead to physical aging, which mainly
manifests itself in the formation of stress cracks.’’ As a
result of these cracks, the tensile strength is reduced.
Similar to samples stored in humidity (H) and water (W),
this effect only occurs for samples containing starch.

Storage in freeze (F) does not show any change in the
mechanical properties of the samples, which is why it
can be assumed that no aging processes were triggered
within the loading period of 504 h.

Overall, physical aging processes are caused by
humidity and water (swelling) through the addition of
native starch to PLA. A chemical degradation of the PLA
in the form of hydrolysis occurs at the temperature stor-
age (T) and can be reduced by the addition of the starch
which leads to a reduction in degradation processes on
the one hand. On the other hand, it leads to the initiation
of stress cracks in damp or wet environments due to its
swelling and shrinkage behavior.

The investigations carried out show that the addition
of 50 wt% starch to PLA is accompanied by a significant
reduction in the mechanical properties. Nevertheless, the
addition of starch can lead to an improvement in resis-
tance to degradation processes such as hydrolysis and
therefore make an important contribution to the use of
these composites in durable applications. A prerequisite
for this is hydrophobisation of the starch to avoid the
effects of physical aging due to swelling of the starch.
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