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Abstract

Although extensive research has been carried out on the effects of temperature on the properties of parts by fused filament
fabrication, no study considered the opportunity to use different temperatures and cooling strategies for the contour and
the infill region. The purpose of this investigation is to explore such an opportunity through an experimental campaign on
polylactic acid. Specifically, the variations in tensile properties and warping occurring with different infill temperatures and
cooling methods are documented. The results demonstrate that diversifying process parameters used for the contour and
infill of the part allow for significant improvements in mechanical properties without affecting the distortion of the manu-
factured samples. This result can be achieved by either increasing the nozzle temperature or switching off the cooling fan
during infilling.
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Abbreviations SaB Strain at break

3DP Three-dimensional printing UTS Ultimate tensile strength

AD Anderson—Darling

AM Additive manufacturing

ANOVA  Analysis of variance 1 Introduction

Adj SS Adjusted sum of squares

CDhP Contour deposition path Fused filament fabrication (FFF), also known as fused depo-
DoE Design of experiment sition modelling (FDM), is the most familiar additive manu-
DS Deposition speed facturing (AM) technology to the overwhelming majority
FDM Fused deposition modelling of three-dimensional printing (3DP) users [1]. The main
FFF Fused filament fabrication reasons behind this popularity are the low cost and easiness
FLIR Forward-looking infraRed of use of these machines [2—4].

FoV Field of view One of the main limitations to the industrial applications
ID Infill density of FFF is from the limited mechanical properties of manu-
IDP Infill deposition path factured parts, which are generally far below those of the
LT Layer thickness feedstock polymer [5]. For this reason, a number of experi-
MoE Modulus of elasticity mental studies have been conducted to identify the effect
NT Nozzle temperature of the process parameters on the resistance of 3D-printed
PBO Part build orientation artifacts [6—8]. Recent surveys of the literature in this field
PLA Polylactic acid [9-12] have emphasized several key parameters that can
RA Raster angle enhance the mechanical performance of parts produced by
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FFF. These parameters include the part build orientation
(PBO), layer thickness (LT), refill density (ID), raster angle
(RA), nozzle temperature (NT) and deposition speed (DS).
By manipulating these parameters, it is possible to improve
the mechanical properties of FFF parts.
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Among the materials used for FFF, polylactic acid (PLA)
is undoubtedly one the most widespread, thanks to its manu-
facturability, affordability and non-toxicity [13, 14]. As a
result, considerable effort has been put in by researchers to
identify the process parameters which most influence the
mechanical performance of 3D-printed PLA [15, 16].

The role of PBO means that parts by FFF are character-
ized by anisotropic properties, with a loss of resistance along
the layering direction (generally identified by the Z-axis)
[17, 18]. The selection of proper build orientation is thus
of paramount relevance to achieve the maximum mechani-
cal performances of the part. Several approaches have been
proposed in the literature to find the optimal PBO of parts
subjected to complex loads [19, 20].

LT presents a promising avenue for enhancing the
mechanical properties of components produced via FFF.
In general, decreasing the LT leads to an enhancement in
mechanical strength [16, 21, 22], although conflicting find-
ings have been reported in the literature [23]. It is important
to note that reducing the layer thickness also results in an
increase in printing time, which is a trade-off to consider.

Generally, the toolpath used to build each layer consists
of a contour deposition path (CDP) and an infill deposition
path (IDP). The role of CDP is to define the external shape
of the layer; therefore, maximum accuracy is desired in this
region. IDP is intended to provide the component with the
required resistance [24, 25].

The strategy used for IDP strongly affects the mechani-
cal properties of parts by FFF [26]. Particularly, the ID,
which determines the quantity of material deposited during
infilling, is of paramount relevance to determine the final
properties of parts. Maximum resistance is achieved when
using 100% ID [27, 28]. However, this approach results in
increased overall printing time [28]. Existing literature also
highlights the pivotal role of the angle between the orien-
tation of deposited lines and the principal stress direction,
also known as RA, which is crucial to determine the ulti-
mate tensile strength (UTS), modulus of elasticity (MoE)
and strain at break (SaB) of the manufactured parts [29].
Along the deposition direction, the material resistance keeps
its maximum value, i.e., that of the feedstock polymer. On
the contrary, orthogonally to the deposition direction, the
mechanical properties are governed by the adhesion force
between adjacent lines [30]. It is well established from a
variety of studies that the best mechanical properties are
obtained when the load is oriented as the deposited lines
(i.e., RA=0°), while minimum values are observed when
the load direction is normal to the deposition orientation
(i.e., RA=90°) [31-34]. This evidence confirms that the
polymer cohesion is always higher than or equal to the adhe-
sion between rasters. Ideally, the material should always be
deposited along the principal stress direction. Dedicated
algorithms have been proposed to try to adapt the deposition
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path to the stress map on non-trivial geometries and loading
conditions [35]. In traditional FFF, these approaches come
to a limit in the case of non-planar stresses since rasters are
deposited on a plane [36].

The research on the influence of the process parameters
in PLA FFF also highlighted the pivotal role of the NT [10,
37]. NT for PLA FFF can vary between 180 °C and 240 °C
[38]. The lower limit is to ensure a proper melting of the
polymer, and temperatures above 240 °C may lead to the
degradation of the material [39]. The experimental observa-
tions report that the UTS, MoE and SaB of PLA specimens
increase at higher NT [38, 40-43]. The main reason is that,
at higher temperatures, the chain dynamics of the polymer
melt are faster and more energy is transmitted to the previ-
ously deposited material, which results in a stronger adhe-
sion [39, 44, 45]. One major drawback of high extrusion
temperature can be the loss of accuracy due to the lower melt
viscosity [43]. The latter can also determine a non-uniform
morphology of the extruded material, especially in the case
of high feed rates [46].

It is worth highlighting that the non-isothermal nature
of the cross-section of the deposited bead is of significant
importance in the context of the chosen NT, primarily due to
the poor thermal conduction properties of the polymer mate-
rial. Consequently, this non-isothermal behavior gives rise to
a complex flow pattern of the extruded polymer melt, which
is heavily influenced by the deposition speed [47]. To predict
such intricate phenomena, numerous modeling approaches
have been proposed in the existing literature [48]. Addi-
tionally, accurate modeling of the deposition dynamics
necessitates a thorough characterization of the rheological
properties of the polymer, as these properties profoundly
impact heat transfer and chain diffusion between adjacent
deposition lines [49, 50]. These inter-line interactions, in
turn, dictate the adhesive force observed at the macro scale
between neighboring raster paths [51, 52]. Hence, an appro-
priate modeling of the rheological and thermal phenomena
is vital for intelligent process parameter selection and guid-
ing the development of novel materials [53]. Moreover, it
is crucial to note that the strength between adjacent deposi-
tion lines is not solely governed by the characteristics of the
polymer melt flow; it also depends on the thermal history of
the previously deposited material. The deposited material
undergoes multiple re-heating cycles, which are influenced
by factors such as part size, geometry, process parameters,
and deposition path [54, 55].

During the FFF of PLA, a cooling fan is often used to cool
the material in place after deposition. This is intended to limit
material leakage under the effect of gravity and drag [56, 57].
Results reported in the literature reveal that the speed of the
fan has a significant influence on the tensile properties of the
manufactured parts. Specifically, higher fan speed determines
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a loss in mechanical properties since it reduces the energy of
the polymer melt and, as a result, the adhesion forces [58, 59].

Since the CDP and IDP are characterized by different
requirements, the process parameters may be varied in these
regions. For instance, default printing profiles in slicing soft-
ware often prescribe a higher deposition speed for infill and
support structures, as the precision requirements for these
regions are typically considered to be of lesser importance.
While this approach enables time savings during printing, it
can have adverse effects on the mechanical properties of the
fabricated components [9].

To date, no research has explored the opportunity to use dif-
ferent extrusion temperatures in the CDP and IDP. The studies
presented in this section suggest that such an approach could
lead to benefits in terms of mechanical performance while pre-
serving the accuracy of manufactured parts.

A difference between contouring and infill NT could be
obtained by alternatively heating and cooling the nozzle head.
Nonetheless, this approach determines a relevant increase in
the overall printing time, as demonstrated by preliminary
tests presented in the following sections. A different solution
is using a dual-extrusion printer, whose nozzles are equipped
with the same material but set at different NTs. This approach
allows for considerable time-saving but requires a more com-
plex device and the setting of two profiles. When neither time
nor equipment costs are acceptable, a less efficient differentia-
tion of thermal conditions between the CDP and IDP can be
achieved by switching off the cooling fan during contouring.
This can be done by acting on the G-Code without affecting
the building time or adding complexity to the printing device.

It is also worth highlighting that these strategies are not
alternative to those previously reviewed in this section, but can
be combined to the optimization of other process parameters
to achieve the highest mechanical performances.

The present study investigates the effects of varying the IDP
temperatures and cooling strategies on the properties of PLA
parts produced via FFF. For the scope of this investigation,
benchmarks are manufactured varying the NTs and the cool-
ing fan speed used for infilling, while the process parameters
of the CDP are maintained constant. The tests are conducted
at different RAs to investigate the interactions between IDP
temperature and infill direction. The tensile, dimensional, geo-
metrical and mass properties of the manufactured parts are
measured and processed by statistical techniques to assess their
relations with the processing parameters.

2 Method
2.1 Materials and process

The experimental campaign was conducted on a two-noz-
zle TL-D3Pro printer by Tenlog ®. PLA filament from

Table 1 Factors of the DoE

Factor Notation  Levels  Values Unit
Infill direction a; 0,90 °
Nozzle temperature (IDP)  T; 200,230 °C
Cooling fan speed vy 0-100 %
Table 2 Summary of process parameters

Parameter Notation Unit Value
Infill density d; % 100
Extruder number (CDP) N,, - 1
Extruder number (IDP) N, - 2
Nozzle temperature (CDP) T, °C 200
Build plate temperature T, ° 70
Deposition speed (CDP) v, @ 30
Deposition speed (IDP) v; = 60
Layer height hy mm 0.2
Line width wp mm 0.4
Number of contour lines n, - 2

Makerbot®was used as a feedstock material. Slicing soft-
ware Ultimaker Cura 5.1.0®was used to prepare GCode
files. No support material was used. Table 1 highlights the
factors of the design of experiment (DoE), namely, the noz-
zle temperature used for infill (7;), the infill direction (a;)
and the cooling fan speed (v;). The other processing param-
eters used for printing are reported in Table 2.

The infill direction ¢ is defined as the angle between the
deposited line and the X-axis of the machine. For the sake of
clarity, in the following sections, this axis will be included
in the sketches of specimens used for testing.

As shown in Table 2, the CDP and IDP are deposited
using different extruders. In this way, the CDP and IDP can
be deposited at different temperatures without heating and
cooling the extruder at each layer. Two extruders are also
used when the same temperature applies to all the layers
(i.e., T; = T,)o make the results comparable.

The two levels of the parameter v, reposted in Table 2
correspond to the fan off and on (at the maximum speed). To
switch off the fan only in the IDP, the "search and replace"
post-processing function of Cura was used. Specifically,
the commands M107 (fan off) and M106 (fan on) were
inserted before the comment strings ";TYPE:FILL" and
";TYPE:CONTOUR", respectively.

A full-factorial DoE was used in both the tests presented
in Sects. 2.4 and 2.5. The factors of this DoE and related lev-
els are summarized in Table 3. Since the experiment consists
of three factors varying on 2 levels, eight combinations of
process parameters are used for each test. Each combination
is printed in a separate job comprising five replications. As
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a result, 40 specimens are printed for each test. Analysis
of variance (ANOVA) is then used to quantify the influ-
ence of each factor and related interactions on the observed
properties.

2.2 Printing time

Preliminary tests were carried out to investigate the effects
of printing parameters on the printing time. Specifically, a
tensile specimen as those described in Sect. 2.4 was printed
under different combinations of IDP NT (T;) and RA (a;).
The tests were replicated using one or two extruders. In the
case of one extruder with 7; = 230°C, the nozzle is heated
and cooled at each layer when moving from the CDP to the
IDP and vice versa.

2.3 Extrusion temperature

To observe the actual temperature of the extruded mate-
rial, forward-looking infrared (FLIR) images of the fila-
ment under different combinations of NT (7;) and fan
speed (v;) were acquired. A Lepton 3.5 camera with
160 x 120 pixels and 57 °© field of view (FoV) with thermal
sensitivity +0.05 °C was used. The thermal measurements
were carried out with a similar approach to that presented
by [58]. Specifically, the FLIR camera was blocked in a
fixed position with respect to the nozzle and the material
was extruded in air. The extrusion speed was set to 2 mm/s,
which corresponds to that used for IDP under the process

Table 3 Factors of the full-

parameters presented in Table 2. Tests were performed at
room temperature of 25 °C with 40% humidity.

It is worth highlighting that, as discussed in Sect. 1, the
material undergoes complex thermal phenomena during
deposition [60, 61]. Therefore, the free extrusion in air
does not represent the actual temperature of the deposited
polymer. Nonetheless, this measurement permits a com-
parison between different values of 7; and v, at the process-
ing parameters used for printing. A more precise modeling
of the polymer thermal history is out of the scope of this
paper and is left as an area for future studies.

2.4 Tensile tests

Tensile tests were carried out according to the ISO 527-
2:2012 standard [62]. This test method is widely adopted
in the literature to determine the mechanical properties of
parts by FFF. A specimen of Type A as the one shown in
Fig. 1 was used for testing. The coordinate system in the
figure shows the orientation of the specimen during print-
ing. For the sake of clarity, Fig. 1 includes also a detailed
view of the central region of the specimen representing the
IDP at different values of a;.

The width and height of the narrow section of
each specimen were measured by means of an Alpa
Metrology®digital calliper with an accuracy of +0.01 mm.
The mass of the specimens was measured using a Sartorius
AX6202®digital scale with an accuracy of +£0.01g.

Tensile tests were carried out on an Instron Universal
testing machine series 5966 equipped with a 10 kN load
cell. The strain was measured using an extensometer with

; - Factor Unit Levels Values a gauge length of 80 mm. The test speed was set to 1 mm/s.
factorial DoE (5 repetitions) .
. o 2 200,230 After testing, the fracture surfaces were observed
i O ’ through a ZEISS Stemi 508 stereo microscope.
@ e) 2 0,90
v %) 2 0, 100
Fig. 1 Tensile test specimen 1
Type A according to ISO 527- 7 < >
2:2012 [62] with a represen- A
tation of building direction L L L I =
and IDP. Nominal values: 1 X | 0
=170 mm, I, =75 mm, w = B d
10 mm, t =4 mm, r = 24 mm
TY 2 } {.
e L= .~
X \ /
,/‘-'\.\‘ ."—'\.\'
,"<"_“‘_‘_“_'_‘“_>_\ INTANIATATAN
Infill pattern [ —— > EEEEEREN
[P i : SIERIIRERE
--------------- > Sy tiinit ol i
Y \.|V|VI\/IVI.
0=0°S _ 7 e=90°N. T
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Fig.2 Specimen for warping

measurement [63] with a repre-
sentation of building direction

N
7'y

and IDP. Nominal values: [,

=150 mm, w,= 10 mm, .= X
4 mm
R
X
Infill pattern

_______________ >

Fig.3 Graphical representation
illustrating the dimensions /4,
h,, and ¢ that need to be meas-
ured to calculate the curling
factor f,

Reference plane

2.5 Warping measurement

The warping of printed parts was measured by means of the
method proposed by [63]. To this end, the specimen shown
in Fig. 2 is used. The printing orientation and infill pattern
are included also in this case to ease understanding.

To quantify the warpage, the printed part was first placed
on a flat surface. Then, a calliper was used to measure the
distances %, and £, of the short edges from the surface, and
the thickness 7, of the specimen in the central region. These
dimensions are schematically shown in Fig. 3. The Alpa
Metrology ®digital calliper presented in Sect. 2.4 was used
for measuring. The curling factor f, was finally calculated
according to Eq. 1 [63].

bty

. T I.. 1)

3 Results and discussion
3.1 Printing time
Table 4 reports the printing time required to print a sin-

gle tensile specimen under different combinations of raster
angle, printing temperature, and number of extruders.

Table 4 Printing time necessary to manufacture a tensile specimen as
shown in Fig. 1

T; a; Number of nozzles  Printing time
CO ©) - (min)

200 0 1 50

200 0 2 51

200 90 1 60

200 90 2 61

230 0 1 67

230 0 2 52

230 90 1 77

230 90 2 63

As shown in Table 4, the raster angle plays a crucial
role in the printing time, which is higher in the case of
a; = 90°. This is well known from previous studies and can
be explained considering the higher number of movements
[64]. It can also be observed that, in the case of 7; = 200 °C,
the use of two nozzles has a marginal effect on the printing
time, which is increased by one minute regardless of the
raster angle. In other words, the adoption of the second noz-
zle does not determine a significant decrease in the process
speed. When two nozzles are used, increasing the tempera-
ture of the second nozzle determines an additional building
time necessary to heat the extruder at the beginning of the
process. Nonetheless, being this time between 1 and 2 min,
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its effect on the overall process efficiency can be considered
negligible.

The results in Table 4 also show that increasing T; up to
230 °C when only one nozzle is used determines a rise of
22% and 29% in building time for, respectively, ¢; = 0° and
a; = 90°. As mentioned above, this is due to the time neces-
sary to heat and cool the nozzle when moving between the
contour and infill pattern. Such an increase was considered
unacceptable, so this strategy was not included in the fol-
lowing analyses.

3.2 Extrusion temperature

Figure 4 shows the FLIR images of the extrusion under dif-
ferent combinations of NT (7;) and fan speed (vy).

By observing Fig. 4, it can be seen that the actual extru-
sion temperature is remarkably lower than the NT due to the
poor thermal conductivity of the polymer. Furthermore, the
temperature rapidly decreases as the filament moves from
the nozzle. These observations are in line with the findings
reported by previous studies [58].

The comparison between Fig. 4a, b reveals that an
increase of 30 °C in NT corresponds to an increase of
approximately 14 °C in the temperature of the polymer at
the nozzle exit.

Figure 4c, d shows that the adoption of the cooling fan
determines a decrease in polymer temperature nearby the

Fig.4 FLIR images of

the extruded filament at a)

T; =200 °C and v, = 0%, b)
T; =230 °C and v; = 0%, c)

T; =200 °C and v, = 100%, d)
T; =230°Cand v, = 100%

@ Springer

nozzle slightly higher than 8 °C. This result confirms that the
variation of v, is less effective than that of 7; on the actual
temperature of the deposited material.

3.3 Tensile tests

Table 5 summarizes the dimensional and mass properties
of the specimens used for tensile tests. The raw data are
reported in Table Al in Appendix A.

Data in Table 5 shows that the average mass of printed
specimens varies between 11.55 and 11.89 g. Table 6 shows
the results of ANOVA on m measurements. Specifically, the
adjusted sum of squares (Adj SS), F value and p value are
reported [65]. To verify the hypothesis beneath ANOVA,
the Anderson—Darling (AD) test was performed to verify
the normality of standardized residuals. This test resulted
in a p value equal to 0.162, which allows for rejecting the
hypothesis of non-normal distribution and validating the
results of the ANOVA.

The results reported in Table 6 show that all p values
are less than 0.05, i.e., all the factors are significant for the
specimen mass. The influence of each factor can be seen in
the main effect plot shown in Fig. 5.

The infill orientation appears to be the most influential
factor. This finding can be explained if considering that, due
to the shape of the specimen (shown in Fig. 1) the hatch-
ing strategy determines a non-complete infill of the part.

T= 230°C
Vi =0%

T,=230°C
v,=100%
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Table 5 Mass and dimensional properties of tensile specimens

T; Q; Ve m t w

coO ) % (8 (mm) (mm)

200 0 0 11.55+0.02  3.95+0.02 10.30 + 0.09
200 0 100 11.55 +0.03 3.97+0.01 10.32 +0.10
200 90 0 11.72 £ 0.01 4.01+0.02 1045+0.13
200 90 100 11.72+0.02  4.06+0.03 10.41 +0.07
230 0 0 11.72 +0.01 4.03 +0.01 10.39 +0.12
230 0 100 11.66 +0.02  4.06+0.04 10.37 +0.10
230 90 0 11.81 +£0.02  3.99 +0.01 10.32 +0.02
230 90 100 11.79+£0.02  4.00+0.02 10.40+0.05
Table 6 Results of ANOVA for specimens’ mass (m)

Factor Adj SS F value p value
T,(°C) 0.121 273 <1073
a;(°) 0.196 442 <1073
ve(%) 0.004 9.02 0.005
T; X a;(°Cx°) 0.0084 18.96 <1073
T; xvp(°C) 0.006 14.09 0.001
v X a;(°) 0.00120 2.73 0.108
T; x vy X ,(°) 0.000999 2.35 0.1354

In particular, the 90° infill strategy allows for a more dense
volume infill at the fillet. This is confirmed by the nominal
volume of filament deposited for each specimen calculated
by the slicing software, which is equal to 9,758 mm? for
; = 0° and equal to 9,858 mm> when a; = 90°.

Table 6 also shows a relevant effect of the printing
temperature. As shown in Fig. 5, the higher temperature

Fig. 5 Main effect plots illus- 11.80

trating the influences of IDP T,

infill direction a; and cooling

fan speed v, on the mass of the

specimen m m (g)
11.72
11.68
11.64 -
11.60

200 T,(°C) 230

determines an increase in part mass. The same result was
reported, for example, by Kuznetsov et al. [59], who attrib-
uted the higher mass to the lower extrusion resistance at
higher temperatures, which yields a more efficient feeding
of the filament. Possibly, the fan speed determines a similar
phenomenon but with a less intense effect, as can be seen by
the higher p value (and lower F value) in Table 6.

As reported in Table 6, a significant influence of interac-
tions between T} and both other factors (namely v and @;) is
observed. These effects can be seen in the interaction plot
shown in Fig. 6.

As shown in Fig. 6, the increase in mass due to infill tem-
perature is more relevant when a; = 90°. This suggests that
the higher material flow, as an effect of incremented tem-
peratures, partially compensates for voids due to the radius
infilling discussed above. The plot of interactions between 7
and v, highlights that the effect of fan speed on the part mass
is significant at 230 °C, while it becomes almost negligible
at 200 °C.

No correlation between the varied factors and the dimen-
sions of the transversal section (w and s) can be observed.
This finding is of great relevance since it proves that the
variations in the infill temperature and cooling strategy do
not negatively affect the dimensional accuracy of the printed
parts.

The results of tensile tests are reported in Table 7. The
specimens exhibited a predominantly brittle fracture, in
line with the results presented by previous literature on this
material [46]. It is worth mentioning that several specimens
exhibited fracture at the limit of the gauge length. Argu-
ably, this is also due to the non-complete filling of the fillets
mentioned above. This limitation of the specimen used for
testing has been experienced also by previous studies [66]

11.80 11.80
m (g) ® m(
11.72 11.72
o

11.68 11.68 o
11.64 11.64

o
11.60 11.60

0 0; (°) 90 0 Vi(%) 100
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Fig.6 Interaction plots illustrat- 11.85 11.85
ing.the CO.Inbir.led effects of IDP
il oo 5 ne
specimen m 11.75 11.75
1170 g 11.70 "
11.65 1.6s 4 A
11.60 11.60
11.55 A '=' ii;ggg 11.55 ‘=' iiiggg
11.50 11.50
0 o (°) 90 0 Ve (%) 100
11.85
m (g)
1175 © O
11.70
1165 o
11.60 <o
11.55 -G
11.50 O «=%
0 Ve (%) 100

Table 7 Mechanical properties of tensile specimens

Table 8 Results of ANOVA for UTS (MPa)

T; a; vy UTS SaB MoE

o ¢ (B  (MPa (mm/mm) (MPa)

200 0 0 59.6+24  0.016+0.001 3439 +62
200 0 100 565+32  0.017+0.002 3397 + 159
200 9 0 546+12  0.024+0.001 3290 +97
200 90 100 53.1+14  0.022+0.001  3236+47
230 0 0 61.5+1.5 0.019+0.001  3273+40
230 0 100 60.1+1.8  0.023+0.002 3313 +68
230 9 0 59.6+£0.6  0.025+0.004 3312 +205
230 90 100 574+1.1  0.019+0001 3347 +57

and underlines the need for a specific standard for tensile
tests on polymers by FFF [17].

ANOVA was performed on the UTS data to investigate
the influence of each experimental factor. The results of this
analysis are reported in Table 8. AD test on standardized
residuals led to p-value=0.253, which allows for validat-
ing the results of ANOVA. The main effect plot shown in
Fig. 7 gives an insight into the effect of each factor on the
part resistance.

Firstly, it is possible to highlight the significant role of
the infill direction on the UTS. This expected result is in

@ Springer

Factor Adj SS F value p value
T,(°C) 136 33.6 <1073
a;(°) 1.07 x 10? 26.3 <1073
ve(%) 4.14x 10 10.2 0.003
T; X a;(°CXx°) 8.82 2.13 0.154
T; xvp(°C) 0.77 0.19 0.669
Ve X a;(°) 0.240 0.06 0.811
T; X vy X ;(°) 3.3145 0.80 0.379

accordance with the vast body of the literature on FFF. It is
well-established that the cohesive force within the polymer
is higher than the adhesive force between adjacent beads
[7, 16, 30].

Results in Table 8 show that the deposition tempera-
ture of the infill 7; is the most influential factor. Particu-
larly, as shown in Fig. 7, the UTS of specimens increases
when higher nozzle temperatures are used. This finding is
in line with results reported in the body of literature when
the deposition temperature of the whole part is varied [39,
59]. As mentioned in Sect. 1, this can be explained con-
sidering the different rheological behavior of the material,
which promotes the bonding between adjacent lines [53, 54].



Progress in Additive Manufacturing

Fig.7 Main effect plots illus- 60.00
trating the influences of IDP T, P
infill direction @; and cooling
fan speed v, on the UTS of the
specimen UTS
(MPa)

58.00

57.00

56.00 @

55.00

200 T, (°C) 230

It can also be observed that the decrease in polymer vis-
cosity at higher temperatures determines a better diffusion
of extruded PLA on the underlying layer and a reduction
of voids between rasters [45, 48, 67]. This is confirmed
by comparing the microscopical observations shown in
Fig. 8a, b, where the fracture region of specimens printed
atT; = 200 °C and T; = 230 °C, respectively, are shown. By
observing Fig. 8a, a clear separation between layers can be
observed in the case of T; = 200 °C. Moreover, it is pos-
sible to clearly distinguish the cross section of the different
deposition lines. On the other hand, when T; = 230 °C, the
fracture region appears as a compact surface, as can be seen
in Fig. 8b. It is worth remarking that, unlike in previous
studies, this result has been achieved by varying only the
temperature of the infill pattern.

It must be highlighted that the results of the ANOVA
in Table 8 yield a p value lower than 0.05 for v,. This

60.00 60.00

o
UTS UTS
(MPa) (MPa) @
58.00 58.00
57.00 57.00

o

56.00 ® 00
55.00 55.00

0 @) 90 0  Vi(%) 100

evidence, combined with the trend shown in Fig. 7, allows
for concluding that the switch-off of the cooling fan during
the infill has also a beneficial influence on the mechani-
cal resistance of manufactured parts. The reason behind
this phenomenon is analogous to that presented above dis-
cussing the influence of T;. The absence of forced cooling
leads to a higher temperature of the deposited material,
which in turn results in a more effective bonding between
layers and adjacent lines. This outcome can also be seen
by comparing the microscopic observation of the fracture
region shown in Fig. 9 (T; =200 °C, Ve = 0%, a; = 0°)
with the one in Fig. 8a (T; = 200 °C, vy = 100%, a; = 0°).
This comparison demonstrates that a more compact sur-
face is achieved without the use of cooling fan. On the
other hand, comparing Figs. 8b and 9, it is possible to
notice that the improvement in material adhesion is less

Fig. 8 Stereoscopic observation of the fracture region for specimen printed at a 7; = 200 °C and b 7; = 230 °C. (v, = 100%, ; = 0°)
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than that achieved by increasing the nozzle temperature.
This is confirmed by the lower F value reported in Table 8.

This result is consistent with the findings of Lee and Liu
[58]. It is worth remarking that, unlike in that work, in this
study, the improvement in mechanical resistance is achieved
by switching off the fan only during the infill. This allows
for better control of the contour lines, which directly affect
the accuracy of manufactured parts.

On the other hand, an opposite trend was observed by Tan
et al. [68] in the case of recycled PLA. As discussed by the
authors of that study, this is arguably due to the differences
in material properties between virgin and recycled feedstock
polymer.

The results of ANOVA presented in Table 8 show that
all the p values of second-order and third-order terms are
higher than 0.05. This finding highlights that the interactions
between experimental factors are not significant to UTS.
Consequently, the interaction plots of the ANOVA are not
reported. An important outcome is that the aforementioned
conclusions regarding the beneficial effects of infill deposi-
tion temperature and infill cooling fan switch-off keep valid
regardless of the selected infill pattern.

Fig.9 Stereoscopic observation of the fracture region for specimen
printed at 7; = 200 °C, v, = 0%, a; = 0°)

As far as the SaB is concerned, the results are affected
by the only infill direction, being higher when a; = 0°. This
result is consistent with findings in the literature [69]. On the
contrary, no statistically significant correlation between SaB
and T or v, was found. It is thus possible to conclude that the
strategies proposed in this study do not affect the elongation
at break of the printed parts.

3.4 Warping

Table 9 summarizes the result of measurements on the
warping specimens described in Sect. 2.5. The raw data are
reported in Table A2 in Appendix A. The height values A,
and h,, and the thickness ¢, (see Fig. 2) are reported. The
curling factor f, calculated as by Eq. 1 is also given.

An ANOVA was performed on f. values to determine the
influential factors. The results of this analysis are reported
in Table 10. The AD test of standardized residuals returned
a p value equal to 0.507, which allows for accepting the
analysis results.

The results of ANOVA suggest that the infill orientation
is the only relevant factor as far as warping is concerned.
Specifically, higher deformations are observed for a; = 0°.
This can be explained if considering that the internal stress
of the material is more severe within deposited lines due to
the higher material density.

No connection between the curling factor and the temper-
ature-related factors, namely 7; and Vs is observed. On the
other hand, a significant effect of interactions between 7; and
a;, and between T; and v, is observed.

The interaction plot in Fig. 10 shows a significant dif-
ference between the influence of the raster orientation at
T, =200 °C and T; = 230 °C. Specifically, the adoption of
a; = 90° leads to a sharp reduction in warping at a lower
temperature, while is almost negligible at 7; = 230 °C. A
possible explanation of this behavior is that lower infill tem-
peratures determine a worse adhesion between the building
plate and the specimen. This may magnify the effect of ori-
entation on internal stresses discussed above.

Table 9 Results of warping

T,(°C) @ v (%) h, h, ‘ f.
measurements
O ©) (%) (mm) (mm) (mm) (mm)
200 90 0 7.2 +0.01 3.96 + 0.01 3.95+0.01 3.95+0.01
200 0 0 7.1+0.03 3.99 +0.03 42 +0.06 423 +£0.04
200 0 100 7 +0.02 4.02 +0.02 478 £0.18 4.74 £ 0.09
200 90 100 72+0.02 4.03 +0.03 4+0.03 4+0.03
230 0 100 7.1+0.02 4.09 +0.03 413 £0.11 4.1+0.08
230 90 0 7.1+0.01 4.09 + 0.02 43+0.07 431 £0.02
230 0 0 7.1+0.02 4.05 +0.02 4.49 +0.06 4.47 +0.09
230 90 100 6.9 +0.08 3.96+0 4.06 +0.07 4.11+0.04
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Table 10 Results of ANOVA for curling factor f,

Factor Adj SS F-value p-value
T,(°C) 0.008 0.43 0.516
a;(°) 0.712 38.52 <1073
vp(%) 0.000 0.01 0.922
T; X a;(°CX°) 0.549 29.70 <1073
T, x v (°C) 0.530 28.70 <1073
v X a,(°) 0.0158 0.86 0.362
T, X v X ;(°) 0.00095 0.20 0.6561

A crossover strong interaction is observed between 7;
and v;. Specifically, at lower infill temperature, namely
T, = 200 °C, the forced cooling (vf = 100%) determines
an increase in the curling factor. This is probably due to
a worse adhesion of the material to the build plate, as
discussed above. On the other hand, when higher tem-
perature is considered, i.e., T; = 200 °C, the cooling fan
has a beneficial influence on the part warping. A possible
explanation is that, at this temperature, the linear thermal
contraction of the polymer is more relevant than adhesion.
Therefore, switching off the fan induces a higher thermal
gradient between the first and the last layer, which in turn
determines higher internal stress and distortion.

Fig. 10 Interaction plots illus- 4.55

4 Conclusions

This paper presented a novel approach to enhance the
mechanical properties of parts manufactured using fused
filament fabrication by manipulating the process parameters
of the infill deposition pattern. Specifically, the impact of
nozzle temperature and cooling fan speed on the printed
parts was investigated.

To vary the temperature of the infill lines, a second
extruder was employed in this study. Preliminary tests
revealed that this method resulted in a negligible increase
in printing time. However, it is important to note that this
technique can only be applied to machines equipped with
two extruders. Conversely, adjusting the speed of the cool-
ing fan during the infill deposition did not introduce any
additional complexity or processing time. Thermal analy-
sis demonstrated that deactivating the cooling fan led to a
substantial rise in the temperature of the extruded filament.

Tensile testing of the printed parts demonstrated that
using a higher temperature for the infill pattern significantly
increased the ultimate tensile strength of the components.
Moreover, improvements in mechanical properties were
observed when keeping the nozzle temperature constant
and varying the cooling fan speed during infill deposition.

Importantly, the enhancement in mechanical proper-
ties was achieved without compromising the dimensional

trating the combined effects of
£, (o

T, =200 °C
T, =230 °C

- A- T,=-200°C
-@- T,=230°C

IDP T, infill direction «; and
cooling fan speed v, on the curl-
ing factor f, 435
=
4.25
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4.05
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accuracy of the parts, which is primarily influenced by the
contouring process parameters. Warping tests revealed that
the out-of-plane deformation of the parts was predominantly
influenced by the raster orientation. The impact of the cool-
ing strategy on warping was found to be dependent on the
infill temperature, with build plate adhesion playing a sig-
nificant role in this regard.

Overall, the results of this study clearly demonstrate that
the ultimate tensile strength of PLA parts produced by fused
filament fabrication can be enhanced by adjusting the infill
processing parameters, while maintaining dimensional and

geometrical accuracy. This practical and easily applicable
strategy offers a means to improve the mechanical strength
of 3D-printed components. Future investigations will focus
on evaluating the effects of this deposition strategy on the
impact toughness of printed parts.

Appendix A: Raw data

See Tables 11 and 12.

Table 11 Results of tensile tests Test T, a; vy m . W UTS SaB MoE
0 ©) (%) (@ (mm) (mm) (MPa) (mm/mm) (MPa)
1 230 0 100 11.64 4.11 10.37 61.5 0.024 3296
2 230 0 100 11.68 4 10.41 61.9 0.023 3440
3 230 0 100 11.64 4.03 10.22 57.5 0.02 3310
4 230 0 100 11.67 4.06 10.53 58.4 0.022 3281
5 230 0 100 11.66 4.11 10.33 61.4 0.023 3237
6 230 90 100 11.82 4.02 10.49 57.4 0.02 3313
7 230 90 100 11.76 4 10.39 56.9 0.02 3342
8 230 90 100 11.78 3.98 10.41 55.8 0.017 3349
9 230 90 100 11.79 4.02 10.32 57.7 0.018 3279
10 230 90 100 11.8 3.97 10.38 59.2 0.02 3450
11 200 90 100 11.73 4.08 10.33 54.7 0.023 3255
12 200 90 100 11.72 4 10.5 51.2 0.021 3281
13 200 90 100 11.69 4.09 10.47 522 0.02 3245
14 200 90 100 11.74 4.08 10.4 52.5 0.022 3146
15 200 90 100 11.74 4.03 10.35 54.7 0.023 3255
16 200 0 100 11.55 3.96 10.41 60 0.021 3311
17 200 0 100 11.54 3.98 10.35 56.6 0.016 3226
18 200 0 100 11.56 3.98 10.13 58.5 0.016 3337
19 200 0 100 11.6 3.97 10.4 50.7 0.014 3687
20 200 0 100 11.52 3.98 10.29 57 0.018 3426
21 200 0 0 11.55 3.96 10.26 61.4 0.017 3414
22 200 0 0 11.56 3.94 10.42 60.5 0.018 3531
23 200 0 0 11.57 3.92 10.38 592 0.015 3429
24 200 0 0 11.55 3.98 10.16 55.1 0.015 3347
25 200 0 0 11.52 3.95 10.26 61.8 0.017 3476
26 230 0 0 11.72 4.04 10.44 62.9 0.02 3229
27 230 0 0 11.74 4.03 10.47 59.7 0.019 3310
28 230 0 0 11.72 4.02 10.34 63.5 0.019 3317
29 230 0 0 11.71 4.05 10.18 60.4 0.018 3287
30 230 0 0 11.73 4.02 10.54 60.9 0.019 3221
31 200 90 0 11.73 4.05 10.29 53.6 0.025 3282
32 200 90 0 11.71 3.99 10.43 56.7 0.026 3422
33 200 90 0 11.72 4.01 10.48 53.6 0.025 3357
34 200 90 0 11.7 4.01 10.37 54 0.023 3133
35 200 90 0 11.73 4.01 10.68 55.3 0.023 3257
36 230 90 0 11.85 4.01 10.31 60.1 0.021 3459
37 230 90 0 11.79 3.98 10.33 58.7 0.02 3560
38 230 90 0 11.8 4 10.35 59.8 0.033 3247
39 230 90 0 11.8 3.98 10.31 58.9 0.024 2963
40 230 90 0 11.83 4 10.29 60.2 0.025 3329
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Table 12 Results of warping

tosts Test T, @; vy t, h h, £
O ©) % (mm) (mm) (mm) (mm)

1 200 90 0 3.94 3.95 3.98 0.025
2 200 90 0 3.97 3.96 3.95 —0.015
3 200 90 0 3.97 3.96 3.94 —=0.02
4 200 90 0 3.97 3.95 3.99 0
5 200 90 0 3.96 3.94 3.92 —-0.03
6 200 0 0 4.02 4.18 4.28 0.21
7 200 0 0 3.94 4.25 4.24 0.305
8 200 0 0 3.99 4.23 4.25 0.25
9 200 0 0 4 4.1 4.23 0.165
10 200 0 0 4.02 4.24 4.33 0.265
11 200 0 100 3.99 4.54 5.15 0.855
12 200 0 100 4.05 4.99 4.47 0.68
13 200 0 100 4.02 5 4.67 0.815
14 200 0 100 4.03 4.73 4.55 0.61
15 200 0 100 4.01 4.65 4.64 0.635
16 200 90 100 4 4 3.96 -0.02
17 200 90 100 4.02 3.96 3.96 —=0.06
18 200 90 100 4.03 3.98 4.03 —=0.025
19 200 90 100 4.08 4.04 4.03 —0.045
20 200 90 100 4.04 4 4.02 —-0.03
21 230 0 100 4.1 4.33 4.19 0.16
22 230 0 100 4.08 4.08 4.08 0
23 230 0 100 4.12 4.05 4.01 —=0.09
24 230 0 100 4.04 4.07 4.11 0.05
25 230 0 100 4.12 4.05 4.06 —=0.06
26 230 90 0 4.09 4.33 4.34 0.245
27 230 90 0 4.09 4.31 4.32 0.225
28 230 90 0 4.07 4.33 4.26 0.225
29 230 90 0 4.12 4.36 4.27 0.195
30 230 90 0 4.09 4.17 4.37 0.18
31 230 0 0 4.04 442 4.53 0.435
32 230 0 0 4.06 4.49 4.29 0.33
33 230 0 0 4.06 4.44 4.31 0.315
34 230 0 0 4.07 4.6 4.65 0.555
35 230 0 0 4.01 4.51 4.45 0.47
36 230 90 100 3.96 4.08 4.16 0.16
37 230 90 100 3.96 4.17 4.16 0.205
38 230 90 100 3.95 4.08 4.17 0.175
39 230 90 100 3.95 3.99 4.15 0.12
40 230 90 100 3.96 3.99 4.15 0.11
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