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Abstract: In this work, the authors aimed to identify a potential correlation between the printability
and crucial rheological characteristics of materials involved in fused deposition modeling (FDM)
technology. In this regard, three different poly(lactide) acid (PLA)-based filaments (two commercially
available (here called V-PLA and R-PLA) and one processed in a lab-scale extruder (here called
L-PLA)) have been considered. Dynamic rheological testing, in terms of frequency sweep at five
different temperatures (130, 150, 170, 190, and 210 ◦C), was performed. Rheological properties
expressed in terms of viscoelastic moduli and complex viscosity curves vs. frequency, characteristic
relaxation times, activation energy (Ea), zero shear viscosity (η0) and shear thinning index (n) were
derived for each material. A characteristic relaxation time of around 0.243 s was found for V-PLA, a
similar value (0.295 s) was calculated for R-PLA filaments, and a lower value of about an order of
magnitude was calculated for L-PLA filament (~0.0303 s). The activation energy and shear thinning
index resulted to be very comparable for all the filaments. On the contrary, V-PLA and R-PLA
possessed a zero-shear viscosity (~104 Pa*s at 170 ◦C) much higher than L-PLA (~103 Pa*s). All the
filaments were processed in a 3D printer, by attesting the effect of nozzle temperature (180, 190, and
210 ◦C, respectively) on printing process, and macroscopic shaping defects in printed objects. Final
considerations allowed us to conclude that polymer relaxation time, zero-shear viscosity, and melt
viscosity (affected by printing temperature) were critical parameters affecting the printing quality.

Keywords: 3D printing; poly(lactide) acid; rheological measurement; processing temperature;
warpage

1. Introduction

Firstly, developed by Stratasys, the fused deposition modeling (FDM) process allows
for the fabrication of complex geometrical parts. This technology uses a wide range of
materials, such as thermoplastics [1], composites [2], ceramics [3], metal particles [4], and
also recycled [5] and filled polymers [6], to promote sustainable development. A wide range
of applications are covered by FDM technology, such as in the aerospace [7], automotive [8],
biomedical [9], and textile [10] industries.

The FDM method consists of the melting of a solid filament and forming it to produce a
new shape. The filament is pushed through a drive wheel into a heated nozzle head, where
it is transformed in liquid phase. Then, it comes out of the nozzle and is directed according
to a specific geometry through a CAD drawing, to form ultra-thin layers, deposited one
after the other [11].

Materials constituting the filament, structural parameters (i.e., raster angle, infill
density, printing orientation, and stacking sequence), and manufacturing variables (i.e.,
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printing speed, extrusion temperature and rate, layer thickness, nozzle transverse speed,
and bed temperature) can play an important role in affecting the mechanical properties of
FDM printed parts [12].

However, acting on printing parameters did not always allow us to eliminate defects
that negatively affect the strength and appearance of the printed parts. These defects are
represented by shape distortion (shrinkage, wrinkles, warping), internal micro/macro
voids, poor bonding between layers, and surface roughness [13].

Perez er al. [14] demonstrated that the most important factors for controlling surface
roughness are layer height and wall thickness in samples made from polylactic acid (PLA).
On the contrary, no clear influence on surface roughness was verified by changing design
pattern, printing speed, and temperature. Larger nozzle size and thicker layer height
were found to decrease the micro voids space and quantity per unit area in the potential
crack path by leading to a higher fatigue resistance in acrylonitrile butadiene styrene
(ABS) printed specimens [15]. Simultaneous higher values of layer height and raster
width increased the void formation by leading to a lower tensile strength in PLA-based
3D-printed components [16]. Distortion in 3D printed parts, made from PLA polymer,
produced through the FDM method, as a function of layer thickness, nozzle temperature
and scan, was investigated in [17]. The authors concluded that the lower the layer thickness,
the higher the distortion of 3D objects due to an increased shrinkage effect. Then, the
lower the nozzle temperature, in terms of difference in temperature between the nozzle
and the surroundings, the lower the distortion. Distortion of printed pieces through
the digital light processing (DLS) was mostly ascribed to material and stiffness of the
structure [18]. Based on engineering experiences, this conclusion was extended to the
most techniques belonging to the additive manufacturing (so also to the FDM). A detailed
analysis, based on quantitative and qualitative models, to decrease the distortion in most
additive manufacturing techniques, has been discussed in [19]. Here, the distortion of
3D objects was mainly attributed to the shrinkage tendency of each constituting layer of
the 3D structure. The shrinkage of n layers was attributed to the stiffness of structures
(deposited layers and support bed) and to the constraining force (magnitude and direction).
This latter parameter was found to be dependent on constrain coefficient (influenced
by heat source, the cooling conditions, the thermal physical properties of the material),
coefficient of thermal expansion, temperature differences, shrinkage caused by phase
transformation, modulus of deposited material, and cross-sectional area of the n layers.
Finally, the part was deformed due to the inconsistent shrinkage, which was built from all
layers’ temporary shrinkage.

Successful bonding between two adjacent layers involves three phases: (1) surface
contact, (2) neck growth driven by surface tension, and (3) molecular diffusion and entan-
glement across the inter-filament interface [20]. High print temperatures significantly speed
up the diffusion [21], but can lead to polymer thermal aging and thermo-oxidative degra-
dation [22], and can determine too-low viscosity of polymer melt that could be responsible
of bubble formation and flow instability. Finally, high print temperatures also affect the
dimensional accuracy of 3D printed parts. By increasing the polymer fluidity, higher devia-
tion from the standard nominal size is proved [22]. Defects such as shrinkage and warpage
have been considered to be caused by thermally induced stresses and strongly impact both
dimensional accuracy and stability [23]. On the contrary, low processing temperatures can
determine incomplete polymer melting and, consequently, points of failure, especially in
the direction perpendicular to printing [24]. By decreasing the extruder temperatures, the
production of organic volatile release in the atmosphere was also decreased [25]. Finally,
too-low print temperatures can determine defects such as delamination and large gaps
between raster lines [22]. The correct choice of the nozzle temperature and printing speed
was found to significantly reduce the warping defects in 3D FDM parts [26].

According to the work by Jain et al. [27], the assessment of filament printability is
based on different aspects. First, the melted material should be extruded from the nozzle
with a stable flow. Then, once deposited on the heated platform, it should be able to
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maintain the shape and to resist under the weight of multilayers deposited on it without
deforming.

The viscoelastic properties of the molten polymer could be considered a useful help to
control all these aspects. Specific viscosity values should be required to extrude melted poly-
mer through the print nozzle (shear rate in the range of 30–500 s−1 s) and during consolida-
tion process upon deposition on the print bed (shear rate in the range of 0.01–0.1 s−1) [28,29].
Appropriate material’s characteristics, in terms of rheological features, have been consid-
ered essential to develop chosen geometry and performance in extrusion-based 3D printing
process [29].

This study aims to investigate the printability of three different PLA-based filaments,
two commercial materials and one produced in our laboratory. Polylactide acid is an
aliphatic polyester, 100% coming from renewable sources such as corn starch and sug-
arcane. This polymer is a common thermoplastic often used in FDM process given the
biodegradable features together with excellent mechanical properties [30]. Then, even if
semicrystalline, PLA polymer possesses a low crystallization rate [31]. This is an important
aspect to favor interlayer adhesion in 3D printed parts [32]. The designing of the printing
temperature has been proposed through a better understanding of the processing-property
relationships. In this regard, the rheological characteristics of three materials have been
investigated over a range of temperature from 130 to 210 ◦C, and by applying the time-
temperature superposition (TTS). This method was used to extend the frequency scale
from 0.01 to 1000 rad/s, i.e., beyond that achievable with the experimental instrumentation
(0.1–100 rad/s), so as to accomplish the typical shear rate encountered by the melted poly-
mer during the printing process. Then, by fixing all the other printing parameters, various
temperature conditions were chosen to extrude each material. The impact of processing
temperatures on the printability of chosen filaments was based on the final appearance
of 3D objects, and eventual defects perceptible to the naked eye. Experimental evidence
related to printing defects were finally correlated to rheological properties

2. Materials and Methods
2.1. Materials

Three PLA-based filaments have been considered in this investigation: two commer-
cially available filaments, supplied by EUMAKERS (Barletta, Italy), and one lab-made
filament obtained by extruding a commercial-grade resin (cod. Ingeo™ Biopolymer 4032D,
specific gravity 1.24 g/cm3) provided by Natureworks (Minnetonka, MN, USA). An ex-
truder endowed with two intermeshing, co-rotating screws (mod. KETSE 20/40 D by
Brabender, Duisburg, Germany) was used to process the PLA pellets. A filament, with a
nominal appropriate size, for the available 3D printer (diameter of 1.75 mm), was realized.
The extruder was operated with a motor speed equal to 30 rpm. Temperatures in the range
from 180 to 210 ◦C were established for feed zone, the adapter and the die, and the melting
zone, respectively. The melted material, coming out from extruder, was elongated and
chilled in air by passing through the roller system. The first and second stretching speed of
the motor drive were fixed at 1.5 and 2.5 rpm, respectively.

According to the manufacturer datasheet, the first commercial filament is made from
PLA pellets (cod. Ingeo™ 4043D, density of 1.24 g/cm3 ASTM D792, MFR of 6 g/10 min
ASTM D1238), produced by NatureWorks LLC, while the second one is realized by recover-
ing the waste products from the filament manufacturing itself.

Preliminary characterization [33] allowed us to attest thermal properties (melting
point, glass transition, an onset of thermal degradation) for three materials, summarized in
Table 1.



ChemEngineering 2023, 7, 1 4 of 13

Table 1. Thermal properties of three filaments: melting temperature (Tm), glass transition tempera-
ture (Tg), and initial decomposition temperature (Tdec5%) in correspondence of 5% in mass loss.

Material Name
Abbreviation Tg (◦C) Tm (◦C) Tdec5% (◦C)

Virgin PLA filament V-PLA ~60 150 313
Recycled PLA filament R-PLA ~60 150 320
Lab-made PLA filament L-PLA 65 170 267

2.2. Printing Process

The filaments were managed in printer (mod. M200) manufactured from Zortax
(Olsztyn, Poland) through fused deposition modeling (FDM) technology. The set of the
used printing parameters is summarized in Table 2. Prior to being further processed, the
filaments were dried in an oven at temperature of 80 ◦C under vacuum for 10 h to remove
moisture. Attempts to print 3D objects (Lego-type bricks) have been made at 180, 190 and
210 ◦C.

Table 2. Processing conditions to 3D printer.

Printing Parameters

Layer thickness 0.09 mm
Infill density 100%

Design Pattern Linear
Bed temperature 70 ◦C

First layer gap 0.30 mm
Printing speed 100 mm/s

Retraction distance 2.7 mm

2.3. Rotational Rheology

The linear viscoelastic properties of the (melted) filaments were measured by using
a rotational rheometer (model ARES), produced by TA Instruments (New Castle, DE,
USA). A geometry of parallel plate with nominal diameter of 25 mm was adopted. The
heated chamber by forced convection was operated with gaseous nitrogen in order to
prevent oxidation of the materials during the tests. Prior to the rheological experiments,
all the materials were dried in a vacuum oven at 80 ◦C for 10 h. Furthermore, the thermal
stability of the three materials was verified at temperatures up to 210 ◦C [33], and the
linear viscoelastic regime was identified by strain amplitude sweep tests. The viscoelastic
characterization was conducted by performing a series of tests (dynamic frequency sweep)
in the frequency range from 0.1 to 100 rad/s at the temperatures of 130, 150, 170, 190, and
210 ◦C.

The time-temperature superposition (TTS) principle—which states an equivalence
between changes in deformation rate and in temperature—was used to determine the
rheological behaviour of the materials in a wider frequency (or time) domain.

3. Results
3.1. Experimental Evidence from 3D Printing Process: Warping Defects

Attempts to print the three considered filaments in a 3D object (Lego-type bricks) were
conducted at distinct nozzle temperatures (180, 190, and 210 ◦C) and by maintaining the
other process parameters fixed at the values indicated in Table 2. Images of final objects are
reported in Figure 1.

In all cases, at a temperature of 180 ◦C, the printing process was never feasible. At this
temperature, the material emerged from the duct with irregularities, settling in segments on
the heated support and forming a non-continuous layer (as can be observed from Figure 1a).

By increasing the nozzle temperature at 190 ◦C, it was possible to extrude all the
filaments, but a satisfactory finished 3D piece was achieved only in the case of lab-made
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filament (L-PLA) while a significant warping (i.e., curling of the edges) can be noted for the
bricks realized with V-PLA and R-PLA filaments. Furthermore, the brick made of R-PLA
(Figure 1d) shows a higher degree of deformation compared to the one made from virgin
PLA (Figure 1b).
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Figure 1. Attempts to print: V-PLA filament at 180 ◦C (a), 190 ◦C (b), and 210 ◦C (c); R-PLA at 190 ◦C
(d) and 210 ◦C (e); L-PLA at 190 ◦C (f) and 210 ◦C (g).

The warping is a common defect in 3D objects, attributed to the internal thermal stress
due to rapid heating and cooling, deformation and curling of corners [34]. In fact, once the
filament is deposited on the heated platform (kept at a temperature lower than nozzle tem-
perature), the molten polymer layer solidifies to form 3D printed object. During the cooling
phase, phenomena such as volume contraction and shrinkage, could cause deformation in
the final object, and thus warpage. The “volume contraction” is intended as a reduction in
body volume, while “shrinkage” is associated to re-orientation, and relaxation of polymer
chains (at constant volume) [35]. If the cooling does not occur uniformly across the 3D piece,
differential shrinkage takes place, thus leading to wrapping [36]. Furthermore, residual
thermal stresses can arise in the printed parts due to the temperature changes during the
printing process, when the new melted filaments are deposited on previously deposited
filaments, and restrict the corresponding volumetric changes [34]. The temperature increase
in the printing chamber is often considered a practical solution to diminish the warping.
It was observed that keeping the chamber at a higher temperature allows for a slower
cooling of deposited layers and, consequently, determines fewer residual stresses and a
lower shrinkage [37]. Warping in 3D printed parts depends on many process parameters,
but it has been observed that a correct choice of nozzle temperature and printing speed
reduces the warping defects significantly [26].

In our case, at a temperature of 210 ◦C, no curling of edges can be detected for V-
PLA and R-PLA filaments (see Figure 1c,e, respectively), whereas a reduced dimensional
accuracy due to a significant material’s deburring on the edges can be noted for L-PLA
filament (see Figure 1g).

According to the literature of interest [38,39], warping deformation is evaluated as
difference between two lengths, H and Hmax (Figure 2). Warping deformation are calculated
for each edge of the 3D printed object and normalized with respect to the maximum height.
Data are summarized in Table 3.
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Table 3. Warping deformation (%) (W = Hmax−H
Hmax

∗ 100 ) for each edge (W1, W2, W3, W4) of 3D
printed object at printing temperatures of 190 and 210 ◦C, respectively. Measurements have been
conducted through the auxilium of a caliber.

V-PLA R-PLA L-PLA

190 ◦C 210 ◦C 190 ◦C 210 ◦C 190 ◦C 210 ◦C

W1 0% 0% 0% 0% 0% 0%

W2 4.8% 0.9% 8.5% 0.2% 2.4% 1.1%

W3 5.1% 1.1% 10.1% 0.6% 3.2% 2.9%

W4 4.6% 0% 8.0% 0% 0.8% 0.8%

Measurements of the curling of corners for each edge of the 3D printed object at
two printing temperatures (190 and 210 ◦C) confirmed evidence perceptible to the naked
eye. Specifically, at a temperature of 210 ◦C, the warping effect was never detectable in
each of the printed specimens, and lower height changes were recorded in R-PLA. On the
contrary, at a lower printing temperature (190 ◦C), the strongest deformation was verified
in correspondence of R-PLA (W2 = 10%).

3.2. Dynamic Rheological Measurements

The viscoelastic properties of all materials were assessed in the temperature range
130–210 ◦C. This constricted temperature range is mainly owing to the thermal instability
of materials above 210 ◦C. The linear viscoelastic data show a thermorheologically simple
behaviour that allows for the construction of master curves at a single reference temper-
ature [40]. The master curves for the viscoelastic moduli and the complex viscosity are
shown, at the reference temperature of 170 ◦C, in Figures 3 and 4, respectively.
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Figure 3 displayed the master curves of the storage (Figure 3a) and loss (Figure 3b)
moduli at the reference temperature of 170 ◦C, as calculated from a generalized Maxwell
spectrum. The linear viscoelastic behaviour of the three PLAs is typical of modestly
entangled, linear polymer melts, with terminal regions (where G’ is proportional toω2 and
G” to ω) clearly visible for both elastic and loss moduli in the low-frequency region. It
should be observed that V- and R-PLA’s have very similar moduli, while the L-PLA has
lower moduli over the entire frequency range. This was attributed to greater molecular
weight in V-PLA and R-PLA polymers compared to those possibly present in the L-PLA
macromolecules. Furthermore, it can be observed that over the entire frequency range the
materials show G” > G’, thus suggesting a liquid-like behaviour and, according to Calafel
et al. [41], feasibility of printing processes.

The experimentally determined dynamic moduli allow for the determination of a
discrete relaxation spectrum; a nonlinear regression (using the method in [42]) allows for
the calculation of a set of parameters to obtain a best fit of G’, G”. Discrete relaxation spectra
allow for the calculation of the zero-shear viscosity and the steady-state shear compliance
according to the following formulas:

η0 =
N

∑
i=1

giλi (1)

J0
e =

∑N
i=1 giλ

2
i(

∑N
i=1 giλi

)2 (2)

where gi and λi are the weighting modulus and the relaxation time corresponding to each
Maxwell element. The characteristic relaxation time, defined as:

λc = η0J0
e (3)

is considered as a reasonable approximation for the polymer’s terminal relaxation time.
Zero-shear viscosity, steady-state shear compliancy, and characteristic relaxation time are
reported in Table 4 for all investigated materials.

The master curves for the reduced complex viscosity (η*/aT) as a function of reduced
frequency (aT·ω*) at a reference temperature (T0) of 170 ◦C for all materials are reported in
Figure 4.

All the materials show a Newtonian plateau at low deformation rates and a shear
thinning behaviour at higher frequencies. In particular, V-PLA and R-PLA show very
similar viscosities for the entire frequency range with a Newtonian (or zero-shear) viscosity



ChemEngineering 2023, 7, 1 8 of 13

of about 104 Pa·s; L-PLA shows a lower Newtonian viscosity (about 1.5 × 103 Pa·s) and
a transition toward the shear thinning zone shifted to higher frequencies with respect to
V- and R-PLA. The reduced complex viscosity can be described using a Cross equation
(Equation (4)).

η = η∞ +
η0 − η∞

1 + (λω)1−n (4)

where η0 is the Newtonian (or zero-shear) viscosity, η∞ is the infinity viscosity assumed to
be equal to zero (as usually conducted for polymer melts), and λ is a relaxation time that
marks the transition to the shear-thinning regime.

Table 4. Viscoelastic parameters of the PLA’s filaments, as referred at temperature of 170 ◦C.

V-PLA R-PLA L-PLA

η0 [Pa·s] 8500 9710 1470

λc [s] 0.243 0.295 0.0303

J0
e [105/Pa] 2.86 3.04 2.07

Rheological parameters, in terms of η0, η∞, ω0, n, calculated through the Cross model
fitting of reduced viscosity curves, are summarized for all materials in Table 5. Data confirm
on the one hand that V-PLA and R-PLA have very similar viscous properties over the entire
deformation rates while, on the other hand, that L-PLA has a different behaviour with a
viscosity much lower at low deformation rates and similar at higher rates.

Table 5. Rheological parameters by Cross model fitting of viscosity curves.

η0 (Pa·s) λ (s) n

V-PLA 8620 0.0781 0.325

R-PLA 9460 0.0830 0.291

L-PLA 1480 0.0131 0.371

The shear thinning behaviour has been considered a useful property of involved
materials in the FDM technology since it helps the material flow in the nozzle at higher
shear rate during the printing, and the retaining of the shape once the melted filament is
deposited on the platform [43]. In this case, the shear-thinning index (n) was roughly similar
for three examined filaments, whereas the zero-shear viscosity was approximately an order
of magnitude greater for V-PLA and R-PLA than for L-PLA. This has been interpreted
as the three polymers behaving similarly at higher shear rates (i.e., during the extrusion
phase) and differently at lower shear rates (i.e., once deposited on the heated plate).

Variations in zero-shear viscosity can be linked to variations in molecular weight since
the zero-shear viscosity for linear flexible polymers grows with a 3.4 power of the molecular
weight [42] (as displayed in the Equation (5)). The observed differences in the rheological
response can be related in particular to different molecular weights. In the work by Najafi
et al. [44], the zero-shear viscosity (η0) has been used to evaluate the molecular weight
(Mw) of PLA polymer melts by using (Equation (5)):

η0 = 10−14M3.4
w (5)

The aforesaid correlation allowed us to evaluate a molecular weight equal to
1.88 × 105 g/mol for V-PLA, equal to 1.94 × 105 g/mol for R-PLA, and equal to
1.12 × 105 g/mol for L-PLA. These values confirm that the V- and the R-PLA have similar
molecular weight while the L-PLA possesses a lower molecular weight.

In particular, viscoelastic data suggest that the molecular weights of virgin and re-
cycled filament are very similar, with differences of the order of few percentages, while
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the L-PLA has a molecular weight about 40% lower. Furthermore, differences in terms of
characteristic relaxation are negligible when V- and R-PLA are compared but are remark-
able when the L-PLA is compared to the others with the L-PLA having a much shorter
relaxation time. In general, when the stress relaxation of the polymer chains is characterized
by slow dynamics, frozen-in flow-induced stresses are generated and, consequently, an
increase in warpage occurs [45]. In view of these considerations, it is possible to conclude
that the higher degree of warping experimentally detected in 3D printing of R- PLA- and
V-PLA-based objects at 190 ◦C compared to those made of L-PLA can be attributed to the
lower ability of these polymers to relax the stresses. It could be considered that at a lower
temperature (190 ◦C), a smaller zero-shear viscosity helped to relax thermal stress and
reduce the warping phenomena. On the contrary, when the temperature was increased,
the same parameter contributed to a slight loss of precision of fine details in shape (more
rounded edges). In another words, a high value in zero-shear viscosity could help to
maintain the shape of 3D objects, as the temperature was increased.

The activation energy represents the sensitivity of the material’s viscoelastic properties
to temperature changes (Figure 5). Small values of Ea, resulting in low sensitivity of viscos-
ity to temperature, led to minimize stress concentration, crack formation, and distortion in
the molded parts [46]. Materials with higher activation energy can show lower resistance
to thermal stress and higher propensity to aesthetic defects (edge curling and warping).
In the case of 3D printed parts, after layer deposition, a non-uniform cooling rate creates
a temperature gradient by inducing residual thermal stress [47]. Furthermore, significant
warpage was found in 3D printed parts made by materials with high crystallinity [48], and
can be controlled by processing conditions such as layer thickness, bed temperature, heated
chamber [49]. In our case, the activation energies of the three materials are very similar
and the possible presence of warping in 3D final printed parts cannot be attributed to the
different response of material’s viscosity or to the temperature changes.
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The temperature dependency of viscoelastic properties is described by the horizontal
shift factor (aT) that, for the explored temperature range, shows an Arrhenius-like behaviour
with an activation energy of 84 kJ/mol, evaluated through Equation (6):

aT = exp
[

Ea

R

(
1
T
− 1

T0

)]
(6)

in which Ea is the activation energy, R is the universal gas constant and T0 is the reference
temperature (here equal to 170 ◦C).

The assessed Ea value is in excellent agreement with values reported in literature
for PLA (Al-Itry et al. [50] report 90 kJ/mol calculated on a close temperature interval).
Furthermore, it should be mentioned that the three different PLAs show almost identical
temperature dependency of the viscoelastic properties (i.e., same aT’s and same vertical
shift factors, bT (the vertical shift factor is related to variations in the density and in our
case, as expected, is very close to unity)).
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According to rheometry (see for instance [51]), the apparent shear rate
.
γapp at the

nozzle is estimated using Equation (7):

.
γapp =

4Q
πR3 (7)

where Q is the volumetric flow rate evaluated as nozzle cross-section (A = πR2, R is the
nozzle radius) multiplied for the printing speed vprint.

For the true shear rate, the following equation can be used for a power law fluid:

.
γ =

.
γapp

(
3n + 1

4n

)
(8)

In our case, the nozzle diameter being equal to 0.4 mm and the printing speed left
to the default value (100 mm/s), the apparent shear rate at the nozzle is in the range of
2000 s−1. By considering the evaluated power index for each polymer, no strong difference
existed among the true shear rates (3000 s−1) and viscosity data (order of magnitude =
102 Pa*s) of three filaments.

On the other hand, the pressure drop (∆P) encountered by a non-Newtonian fluid
across the conduit (of radius R and length L) can roughly be estimated by the following
equation (Equation (9)):

∆P =
8Q η L
πR4

(
3n + 1

4n

)
(9)

According to this consideration, by fixing the 3D printer apparatus (i.e., diameter and
length, and maximum allowable pressure), to ensure a continuous material flow along the
conduit, the following condition should be respected (Equation (10)):

2QηL
πR4

(
3n + 1

n

)
≤ ∆Pmax (10)

and so (Equation (11)):

vprintη ≤ ∆PmaxR2

2 L

(
n

3n + 1

)
(11)

Finally, it can be concluded that, given the 3D printer set-up, the combination between
the material viscosity and the selected printing speed was the main technological parameter
to play an important role in guaranteeing a continuous flow of material during the printing.
Usually, too-low printing speed was never chosen so to avoid too-high processing time.

The residence time (τ) of polymer within a barrel of 35 mm length and 1 mm radius
(barrel volume: Vbarel) was estimated to be around 10 s (Equation (12)):

τ =
Vbarel

Q
(12)

Then, it can be taken as reference the following physical properties of PLA polymer:
thermal conductivity of 0.13 W/(m K), specific heat of 1800 J/(Kg K) and density of
1220 kg/m3 [52].

By unsteady thermal conduction in solid (cylindrical geometry), when the external
surface was kept at constant temperature (extrusion temperature) of 180 ◦C, the temperature
achieved in the centre was around 170 ◦C (sufficiently around polymer melting point).

Based on these findings, the residence time and thus the printing speed (also in terms
of volumetric flow rate) were deemed adequate to ensure that the polymer inside the barrel
was fully melted. As a result, in order to guarantee polymer printability, it occurred to act
on the viscoelastic properties of polymers via the printing temperature.
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4. Conclusions

This work aimed to investigate the processability of three different poly(lactide) acid
(PLA)-based filaments through fused deposition modeling (FDM). All systems were worked
in a 3D printing machine by changing the nozzle temperature (180, 190, and 210 ◦C, respec-
tively) and by observing aesthetic defects perceptible to the naked eye in printed parts.

Macroscopic defects (i.e., warping) were observed in 3D objects at a fixed extruder
temperature (190 ◦C), when the material possessed characteristic relaxation times of poly-
mer chains around 2 × 10−1 s, in combination with elevated η0 values of 104 Pa*s (i.e.,
molecular weight (Mw) of 1.94 × 105 g/mol). Even in the case of almost the same values in
Ea (~80–90 KJ/mol) (i.e., sensitivity of viscosity to temperature changes), if the polymer
chains possessed a lower relaxation time (around 10−2 s) and η0 values in the order of
magnitude of 103 Pa*s (i.e., Mw= 1.12 × 105 g/mol), the material’s response to thermal
stress was improved, and also at a lower nozzle temperature (190 ◦C) no signs of warpage
were observed.

Then, it was found that, once the physical characteristics of the printer had been
established (i.e., diameter and length of nozzle, and maximum allowable pressure drop), a
specific combination of materials’ viscosity (~102 Pa*s) and printing speed (i.e., 100 mm/s)
could lead to a discontinuous flow of molten polymer from the duct determining a failure
in the printing process. Calculations on the heat conduction in the solid as well as material
residence time of the polymer inside the barrel allowed us to rule out the possibility of not
thoroughly melting the polymer inside the barrel.

Therefore, it was concluded that polymer relaxation time and zero-shear viscosity
were considered two crucial aspects during the deposition of the material on the heated
support to limit deformation and warping defect into 3D printed structures, and the main
parameter to control the printability of filaments during the extrusion was material viscosity
(affected by printing temperature).
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