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Abstract

In this work the effects of testing temperature and drawing orientation on the fracture behaviour of biobased and biode-
gradable thermoplastic starch based films, currently applied in the food packaging field, were investigated. At this aim, the
Essential Work of Fracture (EWF) approach was applied on samples tested at 0 °C, 25 °C and 50 °C both in machine (MD)
and in cross (CD) directions. The specific essential work of fracture (w,) values strongly decreased with the testing tempera-
ture, and w, values of CD samples were systematically higher than those of the corresponding MD samples. Considering
that photograms of the CD samples taken during the EWF tests highlighted that the yielding zone became progressively
opaque as an effect of the strain induced crystallization, it was hypothesized that in CD specimens part of the tensile energy
applied during the straining process was utilized for the orientation of the macromolecules along the strain direction, rather
than for the propagation of the crack in the ligament zone. Tensile tests under quasi-static conditions on dumbbell specimens
highlighted that, regardless to the drawing direction, the stiffness and the resistance at yield and at break decreased with
the temperature, while the strain at break was considerably enhanced. Moreover, because of the strong anisotropy induced
by the molecular orientation in the drawing direction, MD tested samples had higher elastic modulus, yield resistance, and
stress at break compared to CD samples.
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L Ligament length W. Essential work of fracture
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like good mechanical strength, lightness, flexibility, chemi-
cally inertness and durability. These peculiar features,
combined with a limited cost and the capability to replace
products made from other materials (i.e. paper, glass, and
metals), could explain their success in industrial applications
[3]. For all these reasons, the worldwide plastic production
has steadily increased over the past 50 years, with an aver-
age growth rate of about 9% per year [4]. In 2016, global
plastic productions reached 335 million tonnes per year, with
Europe alone producing 60 million tonnes, and in the next
20 years it is expected to double [5].

Moreover, the packaging field is one of the most impor-
tant applicative sectors for polymers, as it represents nearly
26% of the total worldwide volume of plastic consumption.
Considering that plastic packaging generally has a shorter
life in comparison to plastics used in other applications, like
building and automotive, it represents the majority of the
waste production. Plastic producers and transformers are
keen to highlight the benefits deriving from plastic packag-
ing in order to enhance their profits and reduce the plastic
and food waste as far as possible [5]. Currently, one of the
main problems in the packaging field is the short usage time
(i.e. time that the packaging is effectively useful), which is in
the range of some days to one month. Even if some of these
plastic products are re-used, they inevitably become waste
at the end of their life cycle, with a consequently strong
environmental impact [6]. A considerable fraction of the
plastic waste (up to 43%) ends up in landfills, causing the
soil to lose its fertility. This phenomenon is due to the fact
that most of the plastic wastes are non-biodegradable and,
even if they are chemically inert, they contain small amounts
of toxic additives that can be released in the environment [7].

In order to reduce the environmental impact of plastic
packaging, many research efforts have been made in the
development of novel reusable or recyclable plastics [8].
According to the EU 2015/720 European Commission
Directive, by 2030 all plastic packaging in the EU should
be reusable or recyclable in a cost-effective manner, and
more than one half of all plastic waste generated in Europe
must be recycled. Because of these reasons, a great interest
has recently emerged towards the use of bioplastics. As a
general definition, bioplastics can be made of biodegrad-
able petroleum-based polymers, like poly(e-caprolactone)
(PCL), or they can be produced from renewable materials
that are non-biodegradable, like polyamide 11 (PA11) [9,
10]. Bioplastics can also derive from renewable resources
and could be even biodegradable, like polylactic acid (PLA)
[11, 12], starch, cellulose, chitosan, lignin, and proteins [13,
14]. According to the ASTM D6002 standard, a polymer
is compostable if at least 90% of it will degrade within
180 days in a controlled humidity environment, at a tempera-
ture of 60 °C and in presence of bacteria or algae [15]. The
biodegradability of a polymeric material strongly depends

on several factors such as its chemical structure, melting
temperature, crystallinity [16] and molecular weight [17].
One of the major advantages of bioplastics is that they can
significantly reduce carbon dioxide production and, if they
are biodegradable or compostable, they can also reduce the
total amount of waste sent to landfilling or incineration [18].
Even if the current bioplastics market represents less than
1% of the entire plastic packaging market, the total bioplastic
production will increase from 2.11 million tonnes in 2018 to
nearly 2.62 million tonnes in 2023 [19]. One of the leading
biopolymers is PLA, a commercially successful biodegrad-
able thermoplastic polyester that could potentially replace
low density polyethylene (LDPE), high density polyethylene
(HDPE), polystyrene (PS), polypropylene (PP) and acryloni-
trile butadiene styrene (ABS) [18-22]. Also, polyhydroxyal-
kanoates (PHAs) have recently attracted the attention of the
industries and of the researchers [23]. Production capacities
of PHAs and PLA are estimated to quadruple and to double
in the next 5 years, respectively [19]. Beside them, one of
the most interesting renewable resources for producing bio-
plastics is starch [24, 25]. Starch is one of the most abundant
biomolecules on earth and it is one of the most important
energy sources for human beings [26]. From a chemical
point of view, it is a carbohydrate composed of a large num-
ber of glucose units joined together by glycosidic bonds con-
taining, usually, 20-25% amylose, which is a mostly linear
alpha-p-(1-4)-glucan, and 75-80% amylopectin, which is
an alpha-p-(1-4)-glucan owning an alpha-p-(1-6) linkages
at the branch point. It is abundantly present in plants, like
rice, corn, and potatoes, it is relatively cheap and it is totally
biodegradable. In all these types of plants, starch is produced
in granules, differing in size and in composition, with rela-
tively high hydrophilicity [27]. The structure of starch is
strongly dependent on the relative amount of amylopectin
and amylose, as the branched amylopectin regions contain
crystalline areas while the linear amylose is mostly amor-
phous. Granules of thermoplastic starch (TPS) can be also
incorporated into traditional plastics (like polyethylene [28])
in order to enhance their degradability or to increase their
stiffness, thanks to a particular process which involves the
gelatinization in water at low temperature in alkaline solu-
tion [29]. Nowadays, several bioplastic grades have been
produced starting from starch [30, 31], mainly because of
its capability to be blended with conventional polymers,
and the possibility to process the resulting blends through
conventional thermoplastic transformation technologies,
like extrusion and injection molding [32]. In order to over-
come the problem related to its elevated hydrophilicity, some
attempts have been made to modify the starch structure by
acetylation, while in other cases TPS was blended with other
biopolymers (like PCL or polyhydroxybutyrate-co-valerate
(PHBYV)), to retain the biodegradability of the blends [27,
33, 34]. Moreover, TPS can be also blended with other
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polymers (i.e. polyethylene, polypropylene and polystyrene),
in order to improve its processability and thermal stability
[35]. One of the most important starch-based commercial
materials is Mater-Bi®, produced by Novamont Spa in Italy
starting from 1989. Several classes of biodegradable Mater-
Bi®, containing different amounts of thermoplastic starch
and differing in their constituents, are nowadays produced
by this company [36, 37]. These films can be produced by
using the traditional film blowing and sealing technologies,
resulting in products with mechanical properties comparable
to those of petroleum-based polymers.

One of the main problems associated to the use of biode-
gradable materials in plastic bags is the marked sensitivity
of their fracture resistance from the temperature. In order to
face this problem, researchers focused their attention on the
addition of fillers that could increase the T, (glass transition
temperature), and thus their service life [38]. Moreover, the
mechanical properties of thermoplastic starch are strongly
dependent on temperature, as its T, is around 55 °C. At
room temperature it will therefore show a brittle behaviour
(without the addition of plasticizers), while at a temperature
close to T, it will manifest a marked viscoelastic behaviour
[39]. It is also clear that other environmental parameters
(like relative humidity) could strongly influence the frac-
ture behaviour of thermoplastics starch. In this sense, the
comprehension of the mechanisms that govern the transition
from a brittle to a viscoelastic behaviour is a key issue to
optimize the mechanical performances of these materials
in the packaging applications. Moreover during the produc-
tion of plastic shoppers through extrusion and film blow-
ing, the material will no longer possess isotropic mechani-
cal properties, as the material will be stretched along the
machine direction (MD), resulting in an increase in longitu-
dinal properties with respect to the orthogonal one [named
cross direction (CD)] [40]. Therefore, both the temperature
and the drawing conditions will strongly affect the fracture
resistance of thermoplastic starch based products. Consider-
ing that thermoplastic starch manifests a ductile behaviour
when it is used for thin products (i.e. films or sheets) [41,
42], an elasto-plastic fracture mechanics approach, based
on the essential work of fracture (EWF) concept, could be
applied to characterize the material fracture toughness under
plane-stress conditions. In fact, the EWF method has gained
a wide interest for the evaluation of the fracture toughness of
highly ductile polymers, like thermoplastic starch, low den-
sity polyethylene (LDPE) and polyamide 66 (PA66) [43-45].

On the basis of these considerations, in the present paper
the attention was focused on the effect of the temperature
and of the drawing direction on the tensile and fracture prop-
erties of thermoplastic starch based materials, produced by
film extrusion. This matrix was selected as a model polymer
to investigate the fracture behaviour under different environ-
mental and processing conditions of biobased plastic films
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for food packaging applications. Therefore, tensile tests
were carried out at different temperatures on samples cut
out both along MD and CD, while their fracture behaviour
was investigated applying the EWF approach.

Experimental Part
Materials

The material investigated in the present work was a com-
mercial grade of Mater-Bi® EF51V (density = 1.22 g/cm?,
MFT at 190 °C and 2.16 kg=4 g/10 min, T,=55 °C), kindly
supplied by Novamont Spa (Novara, Italy) in form of opaque
extruded films with an average thickness of 100 pm. Accord-
ing to the technical datasheet provided by the supplier, this
particular type of Mater-Bi® is biodegradable, compostable
and soluble. Its biodegradability and compostability have
been certified by several different accreditation systems fol-
lowing the EN 13430, EN 13431, EN 13432 standards. It
had a starch content higher than 85% and, for this reason, it
can be defined as thermoplastic plasticized starch.

Preparation of the Samples

Quasi-static mechanical tests were performed on ISO 527
type 1BA specimens, having a gage length of 30 mm, punch-
cut from the supplied films both in MD and CD direction.

Double edge notched tension (DENT) specimens for the
EWF tests were cut from the supplied films both in MD and
CD direction, following the ESIS-TC4 protocol [46]. Even
if the EWF approach has not been yet standardized, test-
ing protocols have been developed by ESIS TC4 committee
and proposed to ensure the reliability of this approach [43].
DENT specimens had a length of 50 mm, a width of 30 mm
and a thickness of about 100 um. Notches were produced
on thermoplastic starch strips by using a razor blade (notch
radius of 5 pm), in order to obtain a very sharp crack tip and
to generate DENT specimens with ligament length of 5, 7,
9, 11, 13 and 15 mm. In order to perform a correct statistical
evaluation of the obtained data, at least 6 specimens for each
ligament length have been tested.

Experimental Techniques
Quasi-Static Tensile Tests

Quasi-static uniaxial tensile tests were performed by using
an Instron® 5969 electromechanical testing machine (Nor-
wood, MA, USA) equipped with a 50 kN load cell and an
Instron® 3119-409 thermostatic chamber. The tests were
performed on ISO 527 type 1BA specimens. According to
this standard, the elastic modulus was evaluated as secant
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modulus between deformation levels of 0.05% and 0.25%,
while the tensile properties at break were determined setting
a crosshead speed of 10 mm/min. This testing speed was the
same utilized for the EWF tests. The tests were performed
on samples cut both along MD and CD, at three different
temperatures (0 °C, 25 °C, 50 °C). At least five specimens
were tested for each sample.

Essential Work of Fracture (EWF) Approach

Since the matrix selected for this study is a polymer hav-
ing a relatively high ductility, suitable for the production
of thin sheets or films, an elasto-plastic fracture mechan-
ics approach was applied to characterize its fracture resist-
ance under plane-stress conditions. To achieve this aim, the
essential work of fracture (EWF) protocol has been adopted
[43, 44, 47]. This approach is based on the hypothesis that
the total work of fracture (Wy) of notched specimen results
from the summation of two different contributes. The first
contribution is given by the work expended in the fracture
process zone (W,) which is considered to be essential for
the generation of new fracture surfaces, while the second
contribution is the work associated to the plastic deformation
outside the fracture zone (Wp) [48, 49]. Figure 1 shows the
fracture process zone in a DENT specimen, while in Fig. 2a
representative load—displacement curve obtained in a tensile
test on a DENT specimen is reported. In Fig. 2 it is also
indicated u,,;;, which is the displacement corresponding to
the initiation of the crack, at which corresponds F,,, (i.e. the
maximum sustained load) and also u,,,,, which is the maxi-
mum displacement measured during the test. As explained
in the ESIS-TC4 protocol, under plane-stress conditions, the
essential work for creating new fracture surfaces, which is
also known as work of fracture (W), is proportional to the
ligament cross-section (L,), and the work associated to the
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Fig.2 Representative curve of a tensile test performed at 25 °C on a
MD DENT thermoplastic starch specimen with L=13 mm

plastic deformation outside the fracture zone is proportional
to the outer plastic volume (BL?), as reported in Eq. (1):

W, = w,Lt + w,pL*t (1

where t is the specimen thickness,  is a shape factor
for the outer plastic zone and it changes with the shape of
the plastic zone. For circular, elliptical and diamond-type
zones f is given by n/4, m h/4L, and h/2L, respectively [50].
Normalizing Eq. (1) by the cross-section of the samples,
the specific total work of fracture (wy) can be obtained, as
reported in Eq. (2):

wr=w, + wpﬁL )

where w, and w,, are the specific essential and specific non-
essential work of fracture terms.

The specimen’s dimensions were selected following
the indications reported in the paper of Williams and Rink
regarding the standardization of the EWF approach [43].
In principle, the specimens should have a thickness lower
than 1 mm, the ligament length should range between 5
and 15 mm, while their width and length should be at least
30 mm. With the aim to obtain a standard deviation over the
mean value of w, lower than 1%, as the ESIS-TC4 protocol
states, at least five specimens should be tested for each liga-
ment length. In agreement with these indications, DENT
specimens dimensions were selected as follows: W =30 mm,
H =30 mm, total length=50 mm, S mm<L <15 mm. In
order to correctly apply the EWF approach, a complete
yielding of the ligament zone must be obtained before the
initiation of the crack propagation. A way to ensure that the
fracture process occurred only after a complete yielding of
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the ligament zone is to compare the maximum stress (6,,,,)
acting on the ligament, obtained dividing the maximum load
(F,ax) by the ligament cross-section, with the tensile yield
stress (o), determined at the same crosshead speed in quasi-
static conditions on 1BA specimens. By considering that the
ligament is constrained laterally, the value of 6,,,,, would be
expected to be equal to 1.15 o, and it should be independ-
ent on the ligament length [45]. Therefore, the results of
the EWF tests are assumed to be valid if the value of the
maximum stress of each sample is between 0.9-1.1 times the
average value of 6,,,. Subsequently, the total specific work
of fracture (w;) can be calculated from the load—displace-
ment curves, and the w; values can be then plotted against
the ligament length, to be then subjected to a linear regres-
sion procedure. During this fitting procedure the parameters
reported in Eqgs. (3)—(7) can be computed:

Su= 2, (=)’ ©)
Sp=Y <Li - Z)2 @)
Sia =) (ws— ;) <Li - Z) ®)
=31, ©)
vy = 3w )
where the total summation is taken over i = n — 1, being

n the number of specimens. Thereafter, the determination
of w, and pw,, is possible, as expressed in Egs. (8) and (9):

w, =W, — o2 8)
TSy
512
- (22) 9
r= 5, ®

The standard deviation S of w, is defined as reported in
Eqgs. (10) and (11):

1 L) 1 S}
= -+ = | —(s5, -2 10
(n S22>(n—2)<” S5, (10)
S2
R2: 12 11
(&%) (v

A second verification should be performed to ensure that
if a data point is laying outside the interval +S, where S is
the standard deviation of the w; values evaluated from the
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linear regression procedure, then it will be excluded and the
linear regression line will be recalculated. The value of S can
be calculated as expressed in Eq. (12):

< 1 S?z
S_(Vlj(S”_S_zz (12)

All the different exclusion criteria were systematically
utilized to assess the quality of the data in this analysis,
and eventually, a final least squares regression line was per-
formed. Its intercept represents the specific work of frac-
ture (w,), while its slope is the non-specific work of fracture
(Bw,). Furthermore, as reported in several papers on the
EWF approach [51, 52], it was also possible to calculate the
total work of fracture initiation (W;,;) by performing integra-
tion of load—displacement curves from zero to the maximum
load reached. By the fact that W,; is proportional to the
ligament cross-section, the specific essential work of crack
initiation (w;,;) was computed following the same proce-
dure used for determining the specific work of fracture. It is
also possible to evaluate the specific essential work of crack

propagation (W) by subtracting the value of w;,; from w.

Results and Discussion
Quasi-Static Tensile Tests

It is well known in literature that both the mechanical and
thermal properties of TPS products are significantly affected
by the processing parameters, the plasticizer concentration
and the moisture content [53]. Therefore, quasi-static ten-
sile tests have been performed on the investigated material.
Representative stress—strain curves from quasi-static tensile
tests at break performed at different temperatures on TPS
specimens and tested along machine direction and cross
direction are reported in Fig. 3a, b, while the most important
results are summarized in Tables 1 and 2. Regardless to the
temperature and the testing direction, the elastic region at
low deformation level is followed by the yielding and by an
extended plasticization zone, until the breakage of the sam-
ples. This trend is typical of polymeric materials having an
elasto-plastic behaviour, and it can be therefore inferred that
the EWF could be successfully applied to characterize these
materials. It could be interesting to notice that in the samples
tested in MD a slight decrease of the stress can be detected
immediately after the yield point, and only at deformation
levels higher than 25% the stress starts to increase. In the
materials tested in CD, a sudden increase of the sustained
stress can be noticed immediately after the yield point. This
different behaviour can be probably described to the strong
orientation of the macromolecules in MD during the pro-
duction process [54]. Considering the samples tested both



Journal of Polymers and the Environment (2020) 28:3244-3255

3249

(a) 40
35 0°C

30- M"'

k 1%\'1“‘“\“
AT

N
v

50°C

Stress [MPa]
53

-
o
1

0 T ‘ T ! ‘ ‘ ‘
0 50 100 150 200 250 300 350 400 450

Strain [%)]

(b) 40

w
wn

0°C

w
o

N
w

25°C

n
o

=i
o

\ AN

Stress [MPa]

50°C

0 50 100 150 200 250 300 350 400 450
Strain [%]1

Fig.3 Representative stress—strain curves from quasi-static tensile tests on thermoplastic starch samples tested along different orientations. a

Machine direction (MD) and b cross direction (CD)

Table 1 Results of quasi-static tensile tests on thermoplastic starch
samples tested at different temperatures along the machine direc-
tion (MD)

T(CC) E(MPa) o,(MPa) o, (MPa) &, (%)

0 1083+2.6  274+04  360+40  213.7+38.8
25 99.8+1.5  195+03  268+23  284.4+375
50 713425  103+02  187+02  410.7+4.4

Table 2 Results of quasi-static tensile tests on thermoplastic starch
samples tested at different temperatures along the cross direc-
tion (CD)

T(CC)  E(MPa) o, (MPa) o, (MPa) &, (%)

0 450424  184+0.6  304+3.8  229.1+27.1
25 380+14 121402  169+14  231.7+185
50 133+13 6.5+0.4 6.9+2.0  305.9+25.7

in machine and in cross direction, it can be noticed that by
increasing the temperature from O to 50 °C the elastic modu-
lus (E), the yield stress (cy) and the stress at break (o) tend
to decrease, while the deformation at break (e,,) increases
significantly. It could be important to underline that it was
not possible to test the samples at higher temperatures (i.e.
above the T, of the material) because the tensile properties
of the material were too low to be detected. Comparing the
elastic and failure properties of these materials in MD and
CD (see Tables 1 and 2, respectively), it is immediately evi-
dent that samples tested in MD are stiffer and have higher o,
and oy, values in comparison to the specimens tested along
the CD. By looking at the g, data of CD specimens tested at

25 °C, a slightly lower value with respect to the correspond-
ing MD samples has been detected, and this difference is
even more evident at 50 °C. However, considering the stand-
ard deviation values associated to these measurements and
that the defomation at break in thin plastic films is strongly
affected by the presence of defects within the samples, it can
be seen that the observed differences are not so pronounced.
These results can be explained considering that the molecu-
lar orientation induced by the drawing during the production
of the films led to a strong anisotropy of the material and to
an increase of the elastic properties and of the yield resist-
ance, regardless to the testing temperature [41].

The dependency of the mechanical propertie on the pro-
cessing conditions can be ascribed to the fact that they are
directly dependent on the combined interaction of polymer
crystallized and amorphous phases during the elongational
flow [55]. In fact, when the full plasticization of the mate-
rial occurs (i.e. at high strain level), the original orientation
of the macromolecules is completely lost and the MD and
CD samples show similar g, values. Therefore, quasi-static
tensile tests indicate that both the temperature and the draw-
ing conditions strongly influence the mechanical properties
of the material.

Essential Work of Fracture (EWF) Approach

The evaluation of the fracture behaviour through a specific
elasto-plastic fracture mechanics approach is of utmost
importance. EWF tests have been performed with the pur-
pose of understanding the elasto-plastic fracture behaviour
of thermoplastic starch as a function of the temperature and
of the molecular orientation induced by the drawing opera-
tions. Therefore, EWF analysis was carried out on DENT
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specimens conditioned at different temperatures (0 °C, 25 °C
and 50 °C) and tested along machine direction and cross
direction. DENT geometry was selected in order to correctly
fullfill the standardized procedure and also because, thank to
this particular geometry, the non-essential work of fracture
is lower in comparison to other specimens geometries [56].
Even for EWF tests it was impossible to test the samples
at temperatures above the T, of the thermoplastic starch,
because the mechanical properties were too low to obtain
reliable results. Representative load—displacement curves
from EWF tests performed at various ligament length on
samples tested at different temperatures and both in MD
and CD are reported in Fig. 4a—f. In all the curves the load
tends to increase reaching a maximum value (F,, ). This
point is generally associated with the full yielding of the
cross-section and to the initiation of the fracture propaga-
tion stage. The load then progressively decreases until the
breakage of the samples. Therefore, it can be concluded
that all the tested specimens display a typical elasto-plastic
load—displacement curve, in which a stable crack propaga-
tion takes place after the complete yielding of the ligament
zone. It is interesting to notice that samples tested in MD
(see Fig. 4a, c, e) manifest a sharp decrease of the load after
F x> While in the CD samples (see Fig. 4b, d, f) the drop of
the load after F_,, is less pronounced, especially at elevated
temperatures. Once again, this different behaviour can be
related to the different molecular orientation induced by the
drawing procedure which tends to induce anisotropy in the
material [41]. In particular, the behaviour of MD specimens
can be explained considering that the structure of the mate-
rial, during the extrusion process, can be transformed from
a semicrystalline structure with some amorphous region
into a much more ordered structure, with the majority of
the crystalline domains oriented along the strain direction
and a lower amorphous phase content [57]. As it could be
expected, the sustained load strongly increases with the
ligament length for all the samples, increasing thus the total
(Wy) and the specific (w;) work of fracture. Regardless to
the drawing orientation, rising the testing temperature the
material tends to become more and more ductile, increasing
thus its tendency to an elasto-plastic fracture behaviour. In
fact, as temperature rises from 0 to 50 °C, the maximum
displacement (u,,,,) tends to increase and the maximum load
(F.0) decreases. Once again, F,, values of samples tested
in MD are systematically higher than those detected for CD
samples, because of the enhancement of the yield resistance
due to the molecular orientation induced by the drawing.

It is also interesting to directly compare the obtained
load—displacement curves at the same ligament length and
at different temperatures, in order to better highlight the role
played by the temperature on the fracture behaviour of the
tested materials. Figure 5a—f report representative load—dis-
placement curves of DENT specimens with ligament length
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equal to 5, 9, and 13 mm, tested along machine and cross
direction. A direct comparison between MD and CD samples
is possible through these plots, and it is even more evident
that F,, values of MD samples are superior to those of
the corresponding CD specimens. Moreover, these images
clearly evidence the decrease of the sustained load with the
testing temperature, associated to an increase of the u,,,,
values.

Figure 6 reports photograms of DENT specimens taken
during EWF tests, after the complete yielding of the liga-
ment length. It demonstrates that the full yielding of the
ligament zone occurs for all the samples, and an elliptical-
shaped zone can be seen, regardless to the testing tempera-
ture and/or the drawing conditions. Moreover, by increasing
the temperature the volume of the plastic deformation zone
tends to increase, independently from the testing direction. It
is worhtwhile to observe that MD samples present a trans-
parent yielding zone at 25 °C, and it becomes translucid
only at elevated testing temperature (i.e. 50 °C). This is due
to the fact that the thickness of the samples is progressively
reduced in the ligament area during the tests. Moreover,
the macromolecules are already oriented along the strain-
ing direction, and further crystallization of the material is
not possible. Only at temperatures near the T, of TPS (i.e.
50 °C) a further crystallization could be favoured by the
higher mobility of the macromolecules, and the ligament
zone becomes translucid. Interestingly, in CD specimens
the plastic deformation zone does not appear transparent
neither at 25 °C. It is probable that in CD samples the ori-
entation of the macromolecules along the strain direction
is possible, with a sudden crystallization of the ligament
zone. It is generally known that during the stretching of TPS
samples, either during processing or testing, some new crys-
tal forms could be generated, the kinetics of crystallization
are strongly accelerated, and even crystalline morphology
could change from spherulite type to shish-kebab or row-
nuclei structures [58, 59]. The crystalline morphology of the
shish-kebab is composed of a long central fiber core, named
shish, surrounded by lamellar crystalline structures, named
kebab, periodically attached along the shish. This particular
morphology can be generated by nuclei aligned parallel to
the flow direction, and then lamellar crystals can be formed
and grow in transversal direction [60, 61]. In this particu-
lar case study, as stated before, a further orientation of the
macromolecule along MD occurs at a temperature close or
above 50 °C, leading to higher strength and a lower haze. On
the contrary, in CD samples there is not a decrease in haze
and also there is an increase in the maximum displacement
and a decrease in the maximum load. This last sentence is
in agreement with the fact that, during the application of
a strain along CD, the macromolecules are able to move
with greater mobility, because the whole system is trying
to move towards a thermodynamically stable configuration.
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Fig.4 Representative load—displacement curves from EWF tests on DENT specimens tested at various temperatures and along different orienta-
tion: aMD 0 °C, b CD 0 °C, ¢ MD 25 °C, d CD 25 °C, e MD 50 °C, f CD 50 °C

This greater mobility leads thus to a further crystallization
along CD [62]. However, DSC tests on the material taken
from the yielding zone should be performed in the future to
have a better explanation of these mechanisms.

Figure 7a, b report the plots of specific work of fracture
(wy) versus ligament length (L) of thermoplastic starch

specimens tested at different temperature and along differ-
ent orientation. The most important results of this analysis
for MD and CD samples are summarized in Tables 3 and 4,
respectively. The reported data have been already selected
according to the exclusion criteria reported in the Experi-
mental Techniques section. First of all, it is important to
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Fig.5 Representative load—displacement curves from EWF tests on DENT specimens tested at various temperature and along different orienta-
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underline that w; values follow a linear trend with the liga-
ment length at all the testing conditions, meaning that care-
ful preparation of the samples and a rigid application of
the testing procedure suggested by the ESIS-TC4 protocol
was carried out. In fact, from Tables 3 and 4 it is evident

@ Springer

that R? values associated to the linear regression opera-
tions are higher than 0.95 for all the samples. An R? value
close to 1 is a requisite for the applicability of the methods,
as reported by Williams and Rink in their paper concern-
ing the EWF approach standardization [43]. In agreement
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MD, T=0°C CD,T=0°C

MD, T=25°C

CD, T=50°C

Fig.6 Representative images collected during the EWF tests on
DENT specimens with ligament length L=13 mm at different tem-
peratures and along different orientation

with quasi-static tensile tests on un-notched specimens, it
is proven that both the temperature and the testing orien-
tation significantly influence the essential work of fracture
(w,) values. The value of w, tends to strongly decrease
by increasing the temperature, passing from 36.0 down to
16.0 kJ/m? for the MD samples, and from 42.5 down to
19.5 kJ/m? for the CD samples. This means that at 50 °C
the resistance offered by the material against the propaga-
tion of the fracture within the ligament zone is about one
half than that detected at O °C. It is important to underline
that the obtained w, results are considerably higher than
those obtained by Chaleat et al. on a plasticised starch/high
molecular weight polyol blend tested at ambient temperature

and different moisture contents (i.e. from 3 to 11 kJ/m?) [63].
This discrepancy could be explained by the fact that the TPS
grade utilized in the present paper has a negliglible water
content at ambient temperature, as detected through ther-
mogravimetric tests reported in our previous work on this
matrix [25]. However, it has to be considered that a direct
comparison between the fracture behaviour of different TPS
systems is very difficult, because there are too many factors
(like type of plasticizer, molecular weight and crystallinity
of TPS, etc.) that could strongly affect the resistance to crack
propagation of the material.

A less clear dependency can be detected in fw), values,
even they seem to slightly decrease with the testing tem-
perature. Quite surprisingly, w, values of CD samples are
systematically higher than those observed in MD samples
at all the temperature levels, while comparable results can
be seen in pw,, values. The higher w, values observed for
CD samples could be explained considering that along cross
direction no molecular orientation occurred during the pro-
duction process. During the tests, the macromolecules tend
to orient themselves along the strain direction, promoting
thus the crystallization of the material. Therefore, part of the
tensile energy applied during the tests is utilized to orient
the molecules rather than to propagate the crack within the
material. This hypothesis is supported by the photograms
of the CD samples reported in Fig. 6, in which the yielding
zone becomes opaque during the tests.

As reported in Tables 3 and 4, both the essential work
of crack initiation (w,,;) and the essential work of crack
propagation (w,,,,) are considerably affected by the testing
temperature, and they tend to considerably decrease pass-
ing from 0 to 50 °C, regardless to the testing orientation.
Accordingly to the w, results, w,,.,, values of CD samples are
systematically higher that those detected for MD samples,
probably because during the fracture propagation process
part of the energy is utilized to orient the macromolecules
along the strain direction. It is therefore demonstrated that in
the design of biodegradable plastic packaging products par-
ticular attention should be taken to the in-service conditions
of the materials, especially at temperatures approaching the
T,, and that anisotropy of plastic bags deriving from the
drawing operation can have an important effect of the elasto-
plastic fracture mechanisms of the produced materials.

Conclusions

The aim of this paper is to shed some light over the influ-
ence of the temperature and of the drawing conditions on
the elasto-plastic fracture behaviour of thermoplastic starch
based films for food packaging application. At this aim,
quasi-static tensile tests and the essential work of fracture
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Fig.7 Specific total work of fracture as a function of the ligament length from EWF tests on DENT specimens tested at various temperatures

and along different orientation. a Machine direction and b cross direction

Table 3 Results of EWF tests on DENT samples tested in machine
direction (MD)

T (O w, (kI/m’) pw,(MJ/ R’ Wini (KI/m%) - w,,o (kI/m?)
m3)

0 36.0+25 6.7+03 09566 7.5+0.7  28.5+2.3

25 264+09 62+0.1 09954 7.1+08  194x1.1

50 160+23 7.0+02 09783 35+03  125+2.1

Table 4 Results of EWF tests on DENT samples tested in cross direc-
tion (CD)

T(C) w, (kI/m*) pw,(MJ/ R? Wini (KI/m?) - i, (kI/m?)
m3)

0 425+15 84+0.1 09942 88+12  33.7+18

25 326+12 79+0.1 09953 4.7+06 279+14

50 195410 6.1+£02 09942 12403 18.3+1.0

(EWF) approach have been considered, testing samples from
0 up to 50 °C and both in machine and in cross direction.
Quasi-static tensile tests highlighted that the elastic mod-
ulus (E), the yield stress (Gy) and the stress at break (c)
considerably decreased at elevated temperature (i.e. 50 °C),
while the deformation at break (g,) was noticeably enhanced,
regardless to the testing direction. Moreover, samples tested
in MD were stiffer and presented higher stress at yield and
at break with respect to the CD tested specimens, probably
because of the strong anisotropy induced by the molecular
orientation along the drawing direction. EWF tests demon-
strated that both the temperature and the testing orientation
significantly influenced the essential work of fracture (w,)

@ Springer

values, as w, values tended to strongly decrease with the
temperature. Moreover, w, values of CD samples were sys-
tematically higher than those detected in MD samples, prob-
ably because part of the tensile energy applied during these
tests was utilized to orient the molecules along the strain
direction rather than to propagate the crack within the mate-
rial. This hypothesis was supported by the photograms of
the CD samples taken during the tests, in which the yielding
zone became progressively opaque due to the strain induced
crystallization. Therefore, both the exercise conditions and
the structural anisotropy induced by the material process-
ing strongly affect the fracture behaviour of these materials,
and EWF could be successfully applied to investigate the
elasto-plastic mechanisms that govern the fracture process
of these materials.
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