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Abstract

In the context of polymer-based composites, the knowledge of the correlations between
the processing conditions, the microstructure, and the final properties is essential to tailor
polymeric systems for specific applications. Specifically concerning the extrusion process,
an accurate design of the screw profile allows for achieving composites with modulable
microstructures, according to the specific properties required by the intended application.
In this work, films of polylactic acid-based composites with 5 wt.% of talc were obtained by
means of a single-screw extruder equipped with a flat die and a calender unit. Three differ-
ent screw profiles, namely a general-purpose compression screw, a screw with a reverse
flow zone, and a barrier screw, were employed for the production of films. The ability of
the screw profile in varying the degree of filler dispersion and distribution was assessed
through morphological and rheological analyses, demonstrating that the barrier screw is
more able in disaggregating the talc lamellae. Due to the achieved microstructures, films
produced using this screw profile exhibited superior barrier properties, with a decrease of
about 27% in the oxygen permeability as compared to unfilled PLA. However, a concurrent
decrease in material ductility as compared to the other films was observed. Finally, the
thermoformability of the composites was assessed; also in this case, trays with more precise
edges and corners were obtained for the film formulated through the barrier screw.

Keywords: single-screw extruder; screw profile; cast extrusion; oxygen permeability;
thermoforming

1. Introduction

In the field of plastic packaging, polylactic acid (PLA) is the most widely used biopoly-
mer, owing to its biodegradability, non-toxicity when in contact with food, and adaptability
to different processing technologies for the production of different plastic goods and
items [1-3]. Moreover, by introducing different types of fillers, several specific properties
can be achieved in PLA-based composites, such as high oxygen permeability or increased
mechanical performances [4,5]. However, in polymer-based composites, the achievement
of a homogeneous dispersion and distribution of the embedded fillers, leading to the
establishment of a great polymer/filler interfacial region, is a mandatory requirement for
obtaining materials endowed with superior properties [6,7]. When polymer-based compos-
ites are formulated through melt-compounding technologies, the conditions selected for
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the processing (namely, temperature profile, screw design, feed rate, and screw rotation
speed) play a key role in determining the extent of dispersion and/or distribution of the
embedded fillers [8]. For this reason, the co-rotating twin-screw extruder (TSE) is the
most widely exploited equipment for the effective compounding of thermoplastics-based
systems, including blends, composites, and nanocomposites. In fact, in TSE, both dispersive
and distributive mixing are applied, with the design of the screws enabling the balancing
of these two effects depending on the desired morphology of the compounded materials.
However, at the industrial level, the most widespread types of equipment for the production
of plastic goods are single-screw extruders (SSE), which constitute the fundamental part of
different technologies, such as blow molding and the formulation of pipes, profiles, flat
films, and coated wires, among a few to mention. Moreover, single-screw extruders enable
large throughputs, despite their generally low mixing efficiency due to the non-uniform
shear rate and melt temperature distribution generally observed in such equipment [9,10].
This limitation severely restricts the effective use of single-screw extruders in large-scale
compounding and blending operations. In order to overcome this intrinsic limitation,
several screw designs have been proposed for enhancing mixing efficiency in SSE [11,12].
Furthermore, the effects of screw geometries on output rate, melting, and pressure profile
have been extensively studied, and several models to predict the processing features have
been developed [13,14].

From a general point of view, the control of the final microstructure of a polymer-based
composite (governed by the processing conditions), including filler dispersion, distribution,
and interfacial bonding between the matrix and the reinforcement, is a crucial factor
in determining the ultimate properties of the material [15]. In particular, considering
applications such as packaging, oxygen permeability represents a critical property. As
widely reported in the literature, lamellar fillers or nanofillers (such as talc and nanoclays,
respectively) are very effective in increasing the diffusion path of the gas through the
material, causing a decrease in the oxygen transmission rate as compared to the unfilled
polymer [16-18]. In this context, it has been demonstrated that talc particles are able to
reduce permeability in packaging composites [19-21]. In particular, the materials’ final
performances are strictly affected by some inherent filler characteristics, such as particle
size, aspect ratio, and superficial area [19].

Nevertheless, also in this case, the microstructure of the composite plays a significant
role in controlling the barrier properties, since the diffusion of gases within the material
depends on both the degree of dispersion of the fillers and the crystallinity degree of the
system [16].

Although some studies focused on correlating the final properties with the changes in
the processing parameters [22-24], few works are dedicated to exploring the correlation
between the morphology and the properties when varying the screw design employed in
single-screw extrusion processes.

In this work, three different screw configurations were exploited for formulating
PLA-based films containing 5 wt.% of talc, aiming at evaluating the possible effect of
the different screw designs on the material morphology and related properties, while
maintaining unchanged the processing parameters. Rheological, thermal, mechanical, and
barrier properties were assessed as a function of the screw configuration, demonstrating
the ability of the screw profile to affect the final morphology and thus the final properties.
Moreover, the thermoforming ability of the PLA-based composites processed with the
three different screw profiles was evaluated by shaping the films into a typical tray for
packaging applications.
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2. Materials and Methods
2.1. Materials

Film Grade PLA 4042D (92% L-lactide and 8% D-lactide units, polydispersity index = 2,
density = 1.25 g/cm3) produced by NatureWorks® Ingeo™ was used as a matrix, while IMI
Fabi HTP1 talc was employed as a filler (D5 = 1.9 um, Dgg = 8.0 um, density = 2.8 g/cm?,
specific surface area (SSA) = 10 m?/g).

2.2. Processing

Both PLA and talc have been dried at 80 and 100 °C overnight, respectively. First,
a masterbatch of PLA-based composite containing 25 wt.% of talc was obtained through
a corotating twin-screw extruder LEISTRITZ (Niirnberg, Germany) ZSE 18 HP (screw
diameter 18 mm, barrel length 720 mm, L/D = 40). The barrel temperature and screw speed
have been set at 190 °C and 150 rpm, respectively, with a flow rate equal to 700 g/h.

The so-obtained PLA-based masterbatch has been then diluted and extruded as films
using an EUR.EX.MA Srl (Varese, Italy) single-screw extruder (D = 25 mm, L/D = 32)
equipped with a flat die and a calender unit (three rolls, d1 = 150 mm, d2,3 = 220 mm).
Films of PLA + 5 wt.% talc (hereinafter named as PLA + T) with a thickness ranging
from 150 to 250 um were achieved and used for further characterization. Three different
screw configurations (reported in Figure S1 in Supplementary Materials) were exploited
for formulating the films: a conventional three-compression-zone screw, a screw with a
reverse flow zone, and a barrier screw, hereinafter named C-screw, R-screw, and B-screw,
respectively. Regardless of the type of screw used, the barrel temperature during the
extrusion was set to 190 °C and the screw speed to 40 rpm. The rolls of the calender unit
were cooled to 25 °C.

In order to obtain trays, a micro thermoforming machine (TFM) (EUR.EX.MA Srl,
Varese, Italy) equipped with a squared mold was used (mold geometry reported in
Figure S2). The thermoforming machine is heated through an infrared oven, which al-
lows temperatures up to 250 °C with a maximum working time limit of 200 s.

2.3. Characterization Techniques

An ARES (TA Instruments, New Castle, DE, USA) rotational plate—plate rheometer
was employed to perform frequency sweep tests at 190 °C, at frequencies ranging from 100
to 0.1 rad/s in a nitrogen atmosphere. Rheological measurements were carried out within
the linear viscoelastic range of each sample (preliminarily determined through strain sweep

tests). The complex viscosity curves as a function of the frequency have been fitted by using
the Cross model (Equation (1)) [25]:

. B 1
n*(w) =np: {1—!—(1«1))“‘} 1)
where 1) is the zero-shear viscosity, w is the frequency, k is the average relaxation time,
and m is an exponent describing the level of non-Newtonian behavior.

A Zeiss (Oberkochen, Germany) EVO 15 Scanning Electron Microscope (SEM) (20 kV
beam voltage and 8.5 mm working distance) was used for morphological inspections of
films preliminarily covered with a sputtered gold layer, after achieving brittle fracture of
the samples through immersion in liquid nitrogen. Image] (Version 1.54p, Bethesda, MD,
USA) image analysis software was used to elaborate SEM micrographs.

The thermal tests were performed with a DSC (Differential Scanning Calorimetry)
TA Q20 (TA Instruments, New Castle, DE, USA). Three runs (heating—cooling-heating)
were performed from 0 °C to 250 °C with a heating/cooling rate of 10 °C/min in a con-
tinuous nitrogen flow. The glass transition temperature (Tg), crystallization temperature



J. Compos. Sci. 2025, 9, 483

40f12

(Tc), cold crystallization temperature (Tcc), melting temperature (Tyg), crystallization en-
thalpy (AHc), cold crystallization enthalpy (AHcc), and melting enthalpy (AHy) were
evaluated. The crystallinity degree of PLA and PLA + 5 wt% talc was assessed by using
Equation (2) [26]:
re= (AHOA.HPLA) e @
M P
where AH = AHy; — AHce, AHY,; is the melting enthalpy of 100% crystalline PLA
(93]/g [22]), and @PLA is the polymer content.

To assess the oxygen transmission rate (OTR), used to obtain oxygen permeability
(OP) normalized by the thickness of the films, the Multiperm Extra Solution (Master Lab,
Milano, Italy) instrument was employed. The permeability tests were carried out at 23 °C
with relative humidity equal to 0%, a film area of 50 cm?, and an initial conditioning time
of one hour for every 10 um of film thickness. The test was concluded when the collected
data achieved an OTR accuracy within 0.5%. OTR and OP values were calculated by using
Equations (3) and (4) [27]:

OTR — volume Oy 3)
area * day * pressure
OP = OTR x film thickness 4)

Finally, tensile testing was carried out by using a 5966 Instron (Norwood, MA, USA)
dynamometer equipped with a 2 kN load cell and 250 N clamps on die-cut rectangular-
shaped specimens (90 x 10 mm), with the speed set at 1 mm/min. Tensile tests were
performed on at least 5 specimens for each material, and the results were averaged.

3. Results and Discussion
3.1. Effect of the Screw Profile on the Morphology of PLA + T Films

Figure 1 depicts the SEM micrographs of PLA + T films formulated by using the screw
characterized by the three-compression zone (Figure 1a), reverse flow zone (Figure 1b), and
barrier zone (Figure 1c). The processing with the C-screw and the R-screw results in both
quite good dispersion and distribution of talc. Furthermore, the embedded fillers are well-
oriented along the flow direction, owing to the application of the elongational flow during
the processing for the production of the films [28]. The average length of talc lamellae (both
individually dispersed and stacked) reported in Table 1 is almost comparable for the films
obtained with both screw profiles. A noticeably better distribution of talc within the matrix
occurs when the B-screw is used for the processing. In particular, as testified by the lower
value of the average dimension reported in Table 1, lamellae (and/or stacks) with smaller
equivalent diameters are observed as compared to the films produced with the other two
screw profiles. This result is in agreement with what was already demonstrated by the
work of Arifio et al. [29], in which the better efficiency of the barrier screw in disaggregating
filler clusters is highlighted. However, the processing of the PLA + T composite with
the B-screw leads to a loss of filler orientation, resulting in smaller, well-dispersed but
disordered talc lamellae.

Table 1. Average dimension of talc lamellae in PLA-based composite films.

Sample Average Dimension [um]
PLA + T_C-screw 3.2+ 098
PLA + T_R-screw 27 +1.26

PLA + T_B-screw 1.4 +0.75
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Figure 1. SEM micrographs of PLA + T_C-screw (a), PLA + T_R-screw (b), and PLA + T_B-screw (c).

Figure 2 reports the complex viscosity curves of all produced films, including unfilled
PLA and composites. From a general point of view, the rheological behavior of PLA is
affected by the presence of talc but also by the screw profile.
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Figure 2. Complex viscosity curves of neat PLA and PLA + T composites processed with C-screw,
R-screw, and B-screw.

Regardless of the screw profile employed for the extrusion, the complex viscosity
curves of the pristine PLA are characterized by a Newtonian plateau at low frequencies
and a mild shear thinning behavior in the high-frequency region, as anticipated by other
authors [30]. Concerning the effect of the screw geometry on the unfilled matrix, some
differences can be noticed. In particular, pristine PLA processed with both B- and R-screws
exhibits lower values of complex viscosity over the entire frequency range with respect
to PLA_C-screw. This result can be explained by considering that during the processing
the polymer is subjected to relatively high thermal and shear stresses, inducing some
degradation phenomena that cause a decrease in the polymer molecular weight [31]. To
further investigate this issue, the values of the zero-shear viscosity (1y) of the samples were
derived by fitting the experimental data with the Cross model (Equation (1)). In fact, it has
been widely reported [31,32] that a decrease in 1y may indicate the occurrence of chain
scission reactions, resulting in a decrease in the molecular weight. The obtained values of
1 (reported in Table 2) clearly depend on the screw type: the highest 1y was obtained for
the C-screw, followed by the B-screw and R-screw, respectively.
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Table 2. Zero-shear viscosity values for unfilled PLA films.

Sample ng [Pa*s]
PLA_C-screw 2507
PLA_R-screw 1427
PLA_B-screw 1839

Therefore, there is a pronounced effect of the screw design on the structural degra-
dation of PLA, which suffers a decrease in the molecular weight and, thus, more intense
degradation phenomena when the melt processing is carried out with the barrier screw
and even more with the R-screw if compared to the standard compression screw. The
reason behind this phenomenon likely lies in the high residence time when the B-screw and
R-screw are exploited, due to the sections containing the reverse flow and barrier elements
that delay the advancing of the polymer melt.

Considering the PLA-based composites, irrespective of the screw design, the incorpo-
ration of talc results in an overall increase in the complex viscosity as compared to unfilled
PLA, according to the literature [31,33].

Nevertheless, some interesting differences emerge when comparing the behavior of
the composites produced using the different screws.

In particular, for the composites obtained through C-screw and R-screw, very similar
values of the complex viscosity were obtained. However, considering the viscosities of the
corresponding unfilled matrices, the processing with the R-screw led to an amplification of
the effect of talc on the complex viscosity values as compared to the C-screw. This behavior
is better highlighted in Figure 3, where the ratio between the complex viscosity of the
talc-containing films and that of the unfilled PLA processed with the same screw profile
is reported.

40 T T R | T R | T LR |
A ®  PLA+T_C-screw
35 ® PLA+T_R-screw
' A A  PLA+T_B-screw
< °
330 _
o °
= A
—
o ° A
<+t 25 E
-
o
=
20 o
15 =m L] [ ] .
1 1 1 1
107 10° 10" 10?

Frequency, rad/s

Figure 3. Ratio between the complex viscosity of the talc-containing films and that of the unfilled
PLA processed with the same screw profile as a function of the frequency.

As clearly observed, in the whole tested frequency interval, the increment of the
viscosity induced by the introduction of talc is higher for the R-screw-processed material,
indicating the better efficiency of this screw profile (likely due to the presence of the
reverse flow zone) in promoting the dispersion and distribution of the embedded fillers as
compared to the C-screw.

On the other hand, considering the B-screw, the processing with this screw profile
involves an even more remarkable growth of the complex viscosity of the composite
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with respect to the unfilled PLA_B-screw. In fact, the increase in the complex viscosity
when talc is added within PLA is the highest among the three investigated systems. This
phenomenon can be ascribed to the impact of the barrier screw profile on the filler disper-
sion/distribution, leading to talc lamellae with smaller dimensions and better distribution,
as already highlighted by SEM observations.

Furthermore, looking at the data reported in Figure 3, it is evident that in the com-
posites processed through the R- and B-screws, the ratio between the viscosities of the
composite and of the matrix tends to increase with decreasing frequency, while for the mate-
rials obtained through the C-screw, the behavior is practically constant over the frequency.

This result further confirms what was inferred about the enhanced degree of dispersion
of the embedded filler in R- and B-screw processed films. In fact, the more pronounced
non-Newtonian behavior in the low-frequency region for these materials, as compared to
the respective unfilled matrices, can be associated with a restriction of chain relaxation
dynamics due to the well-dispersed talc lamellae that are able to establish some interactions
with the polymer macromolecules [34].

3.2. Thermal, Mechanical, and Oxygen Permeability Properties of PLA + T Films

Table 3 displays the thermal properties evaluated from the DSC thermograms recorded
during the first heating (reported in Figure S3) and the cooling for the unfilled PLA and
the composites extruded with the three different screws. Although the final crystallinity
content and the characteristic temperatures are poorly affected by both the introduction of
talc and the screw geometry, some interesting effects can be highlighted.

Table 3. Main thermal properties for all investigated PLA and PLA + T films.

. o AHcc T Tm2 AHpm 0 AHc
Specimen Ts €O (lg) ¢C) ) (I/g) Xe 00 (/g)
PLA_C-screw 60.0 - 152.7 - 6.9 7.4 -
PLA_R-screw 55.5 - 152.2 - 7.8 8.4 -
PLA_B-screw 59.4 - 151.9 - 8.4 8.9 -
PLA + T_C-screw 58.9 20.4 147.3 153.2 24.9 5.1 1.6
PLA + T_R-screw 59.3 21.6 148.2 154.3 26.2 52 1.7
PLA + T_B-screw 59.9 21.1 146.9 152.9 27.2 6.8 19

More specifically, the glass transition temperature of unfilled PLAs processed with the
different screws shows some differences, with the lowest value obtained with the R-screw.
This result confirms what has already been inferred through rheological analysis about
possible degradation phenomena taking place during the processing. In fact, according
to the Fox-Flory theory [31,35], the decrease in Tg could be ascribed to a decrease in the
molecular weight of PLA_R-screw due to the chain scission reactions occurring during the
processing, as already demonstrated by the decrease in the zero-shear viscosity for this
sample. However, this difference is no longer observable in the talc-containing films, which
exhibit comparable T, regardless of the screw designs.

Differently, the incorporation of talc influences either the cold crystallization phe-
nomenon or the melting transition. In particular, differently from the unfilled PLA samples,
all the composite films exhibit cold crystallization, likely due to the nucleation effect of
the embedded talc, as widely documented in the literature [36,37]. Moreover, for the
talc-containing films, a crystallization peak, which is not present in the unfilled PLA ther-
mogram, was observed during the cooling cycle. On the other hand, during the first heating
ramp, a secondary endothermic peak appears at lower temperatures with respect to the
melting peak of unfilled PLAs. The presence of this multiple melting peak can be attributed



J. Compos. Sci. 2025, 9, 483

8of 12

to heterogeneous nucleation phenomena and the consequent formation of two different
crystalline species [38]. Concerning the crystallinity content, the introduction of talc causes
a slight decrease as compared to pristine PLAs, likely due to some disruption phenomena
occurring within the matrix, which are caused by the finely dispersed lamellae [39].

The effects of the screw geometry on the mechanical properties and oxygen permeabil-
ity have been investigated as well.

The tensile stress—strain curves of PLA-based films processed with the three different
screws are plotted in Figure 4, while the main mechanical properties (mean values and
standard deviations of elastic modulus, maximum tensile strength, and elongation at break)
are listed in Table 4, alongside those of the unfilled PLA.

T T T T T
60 |- —— PLA+T_C-screw
—— PLA+T_R-screw |
50 L —— PLA+T_B-screw i
S a0 .
=
@ 301 i
o
-]
(22}
20 -
10 E
0+ .
1 1 1 1 1
0 4 8 12 16 20
Strain, %

Figure 4. Stress—strain curves for all investigated PLA + T films.

Table 4. Main mechanical properties for all investigated PLA + T films (the properties of a representa-
tive PLA film sample are also reported).

Specimen Elastic Modulus Tensile Strength Elongation at Break
(MPa) (MPa) (%)
PLA + T_C-screw 2102 4+ 100 492 £0.8 95+13
PLA + T_R-screw 2133 + 153 46.7+1.0 141 £33
PLA + T_B-screw 2341 + 190 471+£12 6.1+09
PLA 2042 + 103 453 +11 116+ 19

As far as the pristine matrix is concerned, the screw profile does not affect the me-
chanical behavior, and all three samples exhibit practically unchanged values of the main
tensile properties. In fact, in Table 4 the properties of a representative PLA film sample are
reported. According to the literature [37,40], the introduction of talc causes an increase in
the elastic modulus and a slight rise of the tensile stress values as compared to the unfilled
PLA. Among the different PLA + T films, the sample processed through the B-screw shows
a more brittle behavior; in fact, it presents the highest value of elastic modulus and reduced
deformability. The increased rigidity can be explained considering that the evaluation of
the material morphology highlighted for this sample the achievement of smaller talc lamel-
lae and better filler distribution with respect to the other films. As a result, an increased
filler /matrix interfacial area is expected to develop in this material, guaranteeing a more
efficient stress transfer mechanism from the matrix to the talc particles during external
loading [40].

The higher deformability of the PLA + T_R-screw sample with respect to unfilled
PLA is quite surprising. In fact, usually the introduction of talc results in a decrease in
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the matrix elongation at break, as for instance documented in the literature for injection-
molded PLA /talc composites [41]. The results obtained in this work could be explained by
considering that, due to the application of the elongational flow during the film production,
either the PLA macromolecules or the talc particles show a preferential orientation along
the stretching direction. This phenomenon, as already demonstrated for polymer-based
nanocomposites, alleviates the stress concentration around the embedded fillers, thereby
facilitating the material deformation [42].

Concerning the barrier properties of the formulated films (see the values of oxygen
permeability reported in Table 5), as expected, the introduction of talc induced a decrease
in the oxygen permeability as compared to the unfilled PLA, due to the more tortuous
pathway for the gas diffusion in the presence of the filler [16]. Looking at the results
obtained for the talc-containing materials, the PLA + T_B-screw sample presents slightly
decreased oxygen permeability compared to the other two films. As before demonstrated
by morphological and rheological analyses, for this composite, smaller, well-dispersed but
disordered talc lamellae were obtained. As reported by Bharadwaj [43], in polymer-based
composites and nanocomposites, the gas permeability strictly depends on the extent of
dispersion and distribution of the embedded fillers. In fact, better filler disaggregation and
their more homogeneous distribution within the polymeric matrix promote an increasing
ability in delaying the diffusion of the oxygen molecules through the film. On the other
hand, it has been shown that also the orientation of high aspect ratio fillers affects the
tortuosity of the gas pathway through the film; in particular, lower permeability values
are usually obtained when the embedded particles have a random orientation within the
polymer matrix [44]. Therefore, the obtained results can be associated with the composite
morphology, which in turn has been demonstrated to be strictly governed by the processing
conditions imposed during the film preparation.

Table 5. Oxygen transmission rate (OTR) and oxygen permeability (OP) for all investigated PLA + T
films (the properties of a representative PLA film sample are also reported).

Specimen Film Thickness OTR or
(um) (cc/(m? x 24 h)) (cc/(m? x 24 h) x mm)

PLA_C-screw 220 75.6 16.6

PLA_R-screw 180 86.5 15.6

PLA_B-screw 160 90.9 14.5

PLA 160 123.6 19.8

3.3. Thermoformability Assessment

Several trials have been performed on composite films processed with the three differ-
ent screw profiles in order to evaluate their thermoformability. For all the films, initially the
lamp of the thermoforming apparatus was warmed up for 90 s; subsequently, four trays in
sequence have been obtained for each sample. Figures S4-S6 report some representative
pictures of the produced items. Overall, it can be noticed that all PLA + T films showed
adequate thermoformability, notwithstanding some defects in the final trays, especially for
the films processed with C- and R-screws. Figure 5 reports some representative pictures
of one of the most critical points of the thermoformed item, namely the edges and sides,
which tend to deform after the demolding step. It can be noticed that more satisfactory
results were achieved with the PLA + T_B-screw film, which allowed for achieving more
defined angles, while the other thermoformed items are characterized by less sharply
defined edges.
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Figure 5. Representative pictures of a detail of the thermoformed trays obtained using
(A) PLA + T_C-screw, (B) PLA + T_R-screw, and (C) PLA + T_B-screw.

4. Conclusions

Aiming at disclosing fundamental relationships between the processing conditions,
the material morphology, and the resulting properties, PLA + T films were produced
through a single-screw extruder equipped with a flat die and a calender unit by employing
three different screw profiles. The analysis of the films’ microstructure revealed that the
barrier screw was more effective in disaggregating the talc lamellae and in achieving a
more disordered arrangement of the fillers within the polymer matrix. Otherwise, the
films produced using C-screw and, especially, R-screw exhibited a well-recognizable pref-
erential orientation of the talc particles along the film direction. The different observed
morphologies impacted the final properties of the films in different ways. More specifically,
the increased talc disaggregation and the formation of a disordered filler arrangement in
the PLA + T_B-screw sample promoted the achievement of lower oxygen permeability
values for this sample (namely, 14.5 cc/(m?-24 h)-mm), likely due to the formation of
more tortuous pathways for the gas diffusion. On the other hand, the good extent of filler
dispersion and distribution obtained by using the R-screw and, especially, the preferential
orientation of the talc lamellae along the film production direction induced an increase
of about 21% of the deformability for the composite film formulated with this screw as
compared to unfilled PLA.

Finally, all the investigated PLA + T films demonstrated adequate thermoformability.
In fact, trays with a low level of defects were obtained with all the materials, despite the
slightly superior quality of the items produced starting from the B-screw processed films.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcs9090483 /s1. Figure S1. Screw profiles; Figure S2. Tray mold
design; Figure S3. DSC thermograms recorded during the first heating scan for PLA and talc-
containing composites processed with the different screw profiles; Figure S4. Pictures of the trays
thermoformed using the film PLA + T_C-screw; Figure S5. Pictures of the trays thermoformed
using the film PLA + T_R-screw; Figure S6. Pictures of the trays thermoformed using the film
PLA + T_B-screw.
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