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Abstract: The scientific literature regarding additive manufacturing, mainly the material extrusion
method, suggests that the mechanical characteristics of the parts obtained by this technology de-
pend on a number of the input factors specific to the printing process, such as printing temperature,
printing trajectory, layer height, etc., and also on the post-process operations for parts, which, un-
fortunately, requires supplementary setups, equipment, and multiple steps that raise the overall
costs. Therefore, this paper aims to investigate the influence of the printing direction, the thickness
of the deposited material layer, and the temperature of the previously deposited material layer on
the part tensile strength, hardness by means of Shore D and Martens hardness, and surface finish
by using an in-process annealing method. A Taguchi L9 DOE plan was developed for this purpose,
where the test specimens, with dimensions according to ISO 527-2 type B, were analysed. The re-
sults showed that the presented in-process treatment method is possible and could lead to sustain-
able and cost-effective manufacturing processes. The varied input factors influenced all the studied
parameters. Tensile strength tended to increase, up to 12.5%, when the in-process heat treatment
was applied, showed a positive linear variation with nozzle diameter, and presented considerable
variations with the printing direction. Shore D and Martens hardness had similar variations, and it
could be observed that by applying the mentioned in-process heat treatment, the overall values
tended to decrease. Printing direction had a negligible impact on the additively manufactured parts’
hardness. At the same time, the nozzle diameter presented considerable variations, up to 36% for
Martens hardness and 4% for Shore D, when higher diameter nozzles were used. The ANOVA anal-
ysis highlighted that the statistically significant factors were the nozzle diameter for the part’s hard-
ness and the printing direction for the tensile strength.

Keywords: additive manufacturing; PLA; annealing; surface quality; mechanical proprieties

1. Introduction

Recently, additive manufacturing technology has been gaining momentum both in
industry, with applications in the automotive, medical, aerospace, etc. industries [1], and
in academia, due to the possibility of manufacturing parts with complex surfaces [2] at
low costs, especially when using FDM (fused deposition modelling) [3].

In the FDM process, also known as the MEX (material extrusion) process [4], one of
the most widely used materials, at the expense of petroleum-based polymers [5,6], is pol-
ylactic acid (PLA), a polymer that has a semi-crystalline structure, is biodegradable, and
has good physical properties. Since the manufacturing process results in parts with low
mechanical and thermal properties [6-9], the literature also presents different methods to
improve these properties by reinforcing the polymer with other materials such as carbon
fibre [10], glass fibre [11], and natural fibre [12], and post-processing methods, such as
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heat treatment [13-15] or chemical treatment [16,17], which involve additional steps and
costs, thus also increasing the manufacturing time. Regarding the application of heat treat-
ment on parts made of PLA by the FDM method, several research studies have been car-
ried out [14,18-22], and it has been proven that the mechanical properties of the tested
specimens improved drastically when the obtained parts were subjected to heat treatment
post-processing. The results obtained by the authors showed that the mechanical properties
are enhanced by applying a heat treatment at an optimal temperature between the poly-
mer’s glass transition temperature and the cold crystallisation temperature [20], in the range
of 80-120 °C. The literature published on these issues [14] highlights that by applying heat
treatment, the material’s crystallinity level increases, which leads to an increase in mechan-
ical properties, by up to 49%, and thermal resistance, consequently raising the glass transi-
tion point. In addition, in the case of parts made of PLA polymers, the influence of heat
treatment at a temperature in the range of 65-95 °C leads to an improvement in the mechan-
ical properties by 11-17% and in the crystallinity level by about 25% [19].

Other research [23] addresses the problem of interlayer adhesion. When using a pre-
deposition heating method such as near-layer laser heating to increase the interlayer in-
terface temperature above the critical interpenetrating diffusion temperature, the inter-
layer bond strength is enhanced. Results obtained by the authors showed an increase of
up to 50% in the mechanical properties; the fracture behaviour of these interlayer inter-
faces becomes ductile, and plastic deformation is observed.

Regarding the surface hardness of additively manufactured parts, the literature pre-
sents several investigations for different types of materials used in the MEX process [24—
27], including Martens-type micro-hardness [28-30]. Several research studies have been
carried out on the influence of heat treatment on the hardness of PLA additively manu-
factured parts [31,32]. Following the experimental determinations in [31], the results ob-
tained by the authors showed that by applying heat treatment, the tensile strength in-
creased considerably, by up to 35%, while the hardness of the parts subjected to heat treat-
ment decreased, with the values fluctuating depending on the printing direction of the
specimens. Furthermore, the parts did not show plastic deformation when applying a heat
treatment at a temperature in the range of 55-80°C. Still, at a temperature of 95 °C, the
parts showed a degree of dimensional deviations and were not analysed further. How-
ever, regardless of the printing direction, applying a heat treatment with temperature val-
ues in the above-mentioned range increases the ultimate tensile strength (UTS). The same
trend was also observed in [32], where, by applying heat treatment in the range 70 °C-90
°C, authors observed a considerable improvement in UTS values. However, the values for
surface hardness showed an increased variability, which requires further studies on the
influence of heat treatment on hardness, as present in this paper.

Furthermore, in the research domain, the tendency to replace post-processing with
in-processing technologies was observed. The speciality literature offers a series of re-
search studies based on in-process applications meant to improve the mechanical proper-
ties, surface quality, or even colourisation of the parts [33-35]. However, related to the
influence of in-process heat treatment, the literature provides limited information, espe-
cially on Martens hardness, which represents a research opportunity and provides this
study the novelty of this research.

In this paper, the possibility of applying heat treatment with a hot air jet, at temper-
atures of 80 °C, locally, throughout the actual printing process is explored, reducing work-
ing time, manufacturing space, and the effects on the adhesion between the deposited
layers. In order to solve these objectives, a Taguchi DOE L9 design was developed, which
allowed the study of the influence of temperature, printing direction, and nozzle size on
the tensile strength, roughness, and surface micro-hardness of the printed parts. The tests
were carried out in accordance with the ISO 527 standard: Plastics — Determination of ten-
sile properties, Parts 1 and 2 [36,37].

In Section 2, the experimental design and equipment used to achieve the proposed
objectives are presented in detail, and in Section 3, the results are analysed and discussed.
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Tensile testing with a GUNTT

universal testing machine type WP

Results:

300

The experimental values obtained and included in the experimental design were analysed
using Minitab software, which allowed for the plotting of variation graphs of the mean
effects and Pareto graphs representing the degree of influence of each factor. At the same
time, by applying the Taguchi experimental design, it was possible to apply ANOVA-type
(analysis of variance) analyses to determine the statistically significant factors. The exper-
imental results revealed that when using the in-process local heat treatment method, the
values for UTS increased, and the values for hardness and surface roughness decreased.
However, as observed in the literature [26], the values obtained vary depending on the
printing direction and nozzle size.

2. Experimental Setup

To achieve the proposed objectives, a research plan shown in Figure 1 was created,
which graphically illustrates the steps of this article. The ISO 527 type 1B specimens were
printed according to the description in Section 2.1. They were then tested in terms of ten-
sile strength, hardness, micro-hardness, and surface roughness with the equipment de-
scribed in Section 2.2. The values obtained after the testing made in accordance with the
Taguchi L9 DOE plan are analysed and discussed in Section 3.

Specimen manufacturing with local heat treatment

Additively manufactured ISO 527 type

1B specimens in X, Y and Z orientations

Surface analysis by optical

Hardness testing profilometry with a Mahr CWM

100 confocal NC microscope

Martens hardness Results:
Shore D hardness

Tensile strength [MPa] testing with a Shimazu Surface roughness [um]

testing with a digital .
DUH-211S micro

hardness tester

Shore Durometer

Results: Results:
Shore D hardness [HD] Martens hardness [N/mm?]

Taguchi L9 DOE / Results analysis

Figure 1. The experimental program.

The proposed Taguchi design of experiments (DOE) is shown in Table 1. In order to
study the influence of the above-mentioned factors, three levels of variation were consid-
ered for the three factors (nozzle diameter, part temperature, and printing direction),
noted with 1, 2 and 3 in Table 1 and corresponding with the values presented in Table 2.



Polymers 2023, 15, 2367

4 of 21

Table 1. Taguchi L27 DOE.

Test Number  Nozzle Size Heat Temperature Printing Direction
1 1 1
2 1 2 2
3 3 3
4 1 2
5 2 2 3
6 3 1
7 1 3
8 3 2 1
9 3 2

Table 2. Levels of variation for the factors used in the Taguchi DOE design.

A B C
Levels Nozzle Size [mm] Part Temperature [°C] Printing Direction
1 0.5 mm No heat X
2 0.6 mm Heated build platform at 50 °C 'Y
3 0.8 mm Local heating at 80 °C Z

2.1. Sample Preparation and Materials

The specimens made according to ISO 527-2 type B [36] have the geometry shown in
Figure 2a. They were fabricated in all three directions (Figure 2b) using a Creality 3D printer,
type CR6-Se; a SUNLU filament dryer, where the filament was dried before and during use
at 40 °C; and a Wagner Furno 750 hot air gun, with the possibility of adjusting the tempera-
ture by 10 °C, in the range 50-630 °C (Figure 3). Furthermore, in the printing process, the Z
seam position was selected to be placed in the corners of the parts to remove the influence
of layer height shifting on the UTS of the specimens, as seen in the literature [13,38].

/ R60 mm

Z seam 0mm |
position 110 mm
150 mm
(b)

Figure 2. ISO 527 type 1B specimens: (a) printing directions; (b) specimen dimensions.

SUNLU dryer

Wagner Fumo 750
Heat Gun

Creality CR6-Se

Figure 3. 3D printer assembly.
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The tested material is PLA (polylactic acid) (produced by eSUN —Shenzhen Esun In-
dustrial Co., Ltd., based in Shenzhen, China), a biodegradable and bioactive thermoplastic
polymer that is commonly used in additive manufacturing due to its ease of use, low tox-
icity, and availability. The tested material’s chemical composition and properties accord-
ing to the technical and material safety data sheets [39,40] are shown in Table 3. The print-
ing parameters that were kept constant have the values shown in Table 4.

Table 3. Material properties.

Material (g/cm?)

Density Heat Distortion Temp Melt Flow Index Tensile Flexural Modu-

(°C, 0.45 MPa) (/10 min) Strength [MPa]  lus [MPa] Polylactic Acid

PLA 1.2

53 3.5 75 1915 99.8%

Table 4. Additive manufacturing constant parameters.

Parameter Values Parameter Values
Layer height 0.3 [mm] Print speed 50 [mm/s]
Infill 20% Travel speed 150 [mm/s]
Infill type Cubic Retraction distance 6.5 [mm]
Printing temperature 215 [°C] Cooling ON

FLIR X6540sc camera

Creality Cr6-Se

A FLIR X6540sc thermal imaging camera was used to study the temperature of the
printing area. It was found that the temperature of the printing area shows significant
variations during the printing process, with considerable decreases when new material is
deposited (Figure 4).

Statistic [units]

Mean ['C] < 46.1
Std. Dev. ['C] 0.4 28

Center ['C] (554.0, 335.0) < 46.5 (548.5, 381.0) < 60.2

Maximum [C] (551, 333) < 47.1 (568. 385) < 65.8

Minimum [*C] (506, 335) < 44.6 (518, 378) < 54.4

Number of Pixels 831

Single Pixel Area [cm3 N/A N/A

Area [emd N/A N/A

Length [cm] N/A N/A |
u  Emissivity 0.92 0.92

u Distance [m] 1 1

Figure 4. Temperature difference between printed layers.

In order to eliminate this problem, the deposition process was assisted by a hot air
heating system using a Wagner blower, which maintains a constant temperature (Figure
5) throughout the deposition process (80 °C).
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3.7 03

(300.0. 345.5) 514 (583.5, 326.5) 36.6
(310. 340) 633 (588, 331) 37.3
(320, 349) 473 (573.322)35.3
482 4396

N/A N/A

N/A N/A

N/A N/A

0.92 0.92

1 1

Figure 5. Local heating of the part.

2.2. Testing Equipment

To determine the tensile strength, a GUNT testing machine was used (Figure 6a),
assisted by a computer equipped with software for data processing. The values obtained
experimentally were analysed, and variation graphs were made.

[e=l@l= [x] EE=H @on <

Force-Elongation Diagram

F Force [kn]

0 S5 60 65 70 75 80 85 90 95 100

o 05 10 15 20 25 30 35 40 45
< Distance [mm]

(b)

Figure 6. GUNT universal testing unit: (a) testing machine; (b) obtained tensile strength result image.

The surface roughness study was carried out with a Mahr CWM 100 confocal micro-
scope and interferometer, without contact, and with NC positioning of the samples in the
central region of the specimen (Figure 7). The obtained surface topography was analysed
using the related MountainsLab 8.1 software, where it was possible to obtain the surface
texture parameter (Sq). This parameter is an (ISO 25178) equivalent to the standard devi-
ation of heights, which uses a predefined 0.8 mm robust Gaussian L-filter. Furthermore,
the surface roughness measurements were made in a 2 x 1.5 mm? area, and both directions
of the roughness were taken into consideration.
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ISO 25178

sq

Ssk
Sku
Sp
Sv
sz
Sa

smr
Sme

Height Parameters

0.087535
-0.91518
6.9027
0.45314
0.55921
1.0124
0.059649

Functional Parameters
0.00022028

0.095643

mm

X =193 mm
¥ = 144 mm
Z =49901pm

B Rt R o e B |

Figure 7. Mahr CWM 100 confocal microscope.

The hardness of the tested parts was considered from multiple points of view. Firstly,
the microhardness of test specimens was investigated and evaluated using the Shimadzu
DUH-211S microhardness tester (Figure 8 to obtain the Martens hardness (Figure 9), as
well as using a digital Shore D durometer to obtain the Shore hardness.

Shore D Durometer
0~100HD 0.5HD

OFF! | ZERO
ION

[ 1
(©)

Figure 8. Hardness testing: (a) Shimadzu DUH-211S microhardness tester (1), sample manual posi-
tioning system (2), footprint optical viewing system (3), image pickup video system CCD (4), hard-
ness measurement and footprint inspection software (5); (b) test specimen; (c) Shore D durometer.



Polymers 2023, 15, 2367

8 of 21

(b)

%
X =193 mm
Y = 144 mm

® Z = 1.1096 mm

(©

Figure 9. Hardness testing results: (a) optical image; (b) resulted graph; (c) indentation point.

Secondly, the tests were carried out according to ISO 868:2003 [41], where the inden-
tation position and specimen size parameters were repeated (Figure 10a) and the Shore D
tests were also repeated at the edge of the specimens (Figure 10b), in the area where the
part wall is created and can be considered 100% infill. The measuring tests were repeated
five times, and the average value was considered.

In this study, the surface on the build platform was not taken into consideration,
given that the part was printed on a tempered glass build platform and, therefore, the
surface roughness is much lower than that of the rest of the part surfaces. Even more, on
that specific surface, the hardness is higher. Usually, the first layers that coincide with that
surface have different printing conditions, of which the most relevant are lower layer
height and lower printing speeds. Therefore, the testing was made on the surfaces that
differed from the build platform, and the indentation point was at least 9 mm farther from
that specific surface.

Indentation

>9 mm point/zone
>9 mm
>9 mm
Shore D and Martens Shore D only

(a) (b)

Figure 10. Indentation position: (a) in accordance with ISO 969:2003; (b) on walls.
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3. Results and Discussions

Following the experimental determinations, the values obtained have been included
in Table 5, which coincides with the Taguchi L9 plan presented in Section 2, Table 1.

Table 5. Experimental values.

Test Number Tensile Strength Shore D Martens Hardness,  Printing Duration Rousglll::::: Sq
[MPa] Hardness [HD] HMV [N/mm?] [min] [um] ’
1 35.0 84.0 160.765 32 49.237
2 37.5 83.0 156.843 38 57.613
3 12.5 81.7 153.672 61 37.431
4 45.0 81.5 150.406 33 56.215
5 15.0 81.2 133.415 64 49.923
6 425 81.0 132.185 28 38.683
7 20.0 80.3 119.970 59 65.826
8 45.0 79.2 113.623 24 53.660
9 57.5 79.7 111.014 29 28.857
3.1. Tensile Strength

Obtained values for tensile strength ranged between 12.5 MPa and 57.5 MPa, which
is also observed in other research studies [20,24,42]. Compared with the values offered by
the manufacturer (Table 3), it can be seen that the results for the tensile strength from this
study are lower. However, this phenomenon can be explained by the manufacturer
providing the tensile strength for parts with 100% infill.

The experimental results obtained for the tensile strength allowed for drawing of de-
pendence curves for the mean effects of the three factors considered (Figure 11). It can be
seen that the tensile strength of the specimen increases substantially with increasing noz-
zle diameter (20.56% for 0.6 mm nozzle and 44.13% for 0.8 mm nozzle), decreases by 2.5%
with increasing build platform temperature and increases by 12.5% if the temperature is
kept constant at 80 °C during the printing process.

Nozzle size [mm] Part temperature [°C] Printing direction
50
45-
£
= 407
s
% * \/
”E 30
£ 2.
2
20
15+

05 0.6 0.8 0 50 80 1 2 3

Figure 11. Variation in mean effects for tensile strength.

By analysing the values obtained and the graphical representation in the above
graph, it was possible to draw up Table 6, where the symbols 1 and | represent growth
and decline, respectively.
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Table 6. Obtained results’ percentage variation for tensile strength.

Level Nozzle Size Part Temperature Printing Direction
Value  Variation Value Variation Value Variation

1 0.5 - 0 - X -

2 0.6 1 20.56% 50 12.5% Y 114.11%

3 0.8 1 44.13% 80 112.5% Z 1 61.35%

The results obtained confirm the conclusions presented in the works [19,43] concerning
the tensile strength and the influence of the nozzle size. An increase of 20.5% in the tensile
strength can be observed when using the 0.6 mm nozzle and 19.5% when using the 0.8 mm
nozzle. These values are explained by the reduction in the number of layers used for printing
the walls, but also in the interlayer contact dimension. Other explanations for this phenome-
non may be due to the increased adhesion between the layers due to the density changes of
the test specimens, proven in the literature [43,44], where the authors concluded that by in-
creasing the nozzle size, the density of the specimens also increases. Another explanation may
be the fact that the wider the nozzle diameter, the longer the layers stay at a maintenance tem-
perature that allows the material to settle better due to thermal convection [34].

Regarding the influence of the printing direction on the tensile strength, the experi-
mental tests showed an increase of 14.11% in the case of the Y-direction and 61.35% in the
case of the Z-direction, variations similar to those found in the literature [18].

However, compared to the X-direction, higher values for the tensile strength were
obtained when parts were printed in the Y-direction. This may also be due to changes in
the cross-section of the specimens. Due to the positioning and orientation of the lines of
the layers, the tensile strength varies considerably. Figure 12 shows the settings used for
printing in the X and Y directions.

+45°/ —45°

0°/90°

Figure 12. Test specimens: (a) flat specimen, printed in the X-direction; (b) specimen printed in Y-
direction.

The lines of the outer walls are different from one printing direction to another, which
influences the area of occurrence of the bottleneck where the material breaks and the mor-
phology of the apparent section of the specimen, and, therefore, the tensile strength. In
the present case, the high results of tensile strength for parts printed in the Y-direction are
due to the fact that the total volume of the upper and lower surfaces of the specimen is
kept constant by depositing material in the form of continuous, straight lines at 0-90°.

By applying the experimental design presented in subchapter 2.1, it was possible to
employ an ANOVA analysis (Table 7), from which resulted the level of statistical signifi-
cance (Figure 13).
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Table 7. ANOVA analysis for tensile strength.

Source DF Adj SS Adj MS F-Value p-Value

Regression 6 1887.50 314.583 64.71 0.015
Nozzle size 2 234.72 117.361 24.14 0.040
Part temperature 2 43.06 21.528 4.43 0.184
Printing direction 2 1609.72 804.861 165.57 0.006

Error 2 9.72 4.861

Total 8 1897.22

The results obtained from the ANOVA analysis showed an almost insignificant var-
iation in the tensile strength when only the temperature of the printing platform was used,
whereas when the heating method described in Section 2.1 was used, the values showed
an improvement of up to 12.5% in tensile strength. Given this, it can be concluded that by
applying local heating, the tensile strength increases, confirming other research studies
from the literature related to the application of heat treatment [31,32,45]. However, the
values obtained for the tensile strength have a smaller variation than those obtained by
other researchers between parts without annealing and parts with annealing. This may be
due to the duration of the treatment application. In most of the research studies, the ex-
periments involved increased treatment application times, whereas in this case, the expo-
sure time of the parts to local heat treatment depends on the part size and printing speed.
In this case, the duration of local heat treatment on the parts coincides with the printing
duration, calculated in the slicing software Cura 5.2.2, shown in Table 5. Of the factors
studied, the ANOVA analysis revealed that the statistically significant factors influencing
the tensile strength variation were printing direction with 65.2% influence, followed by
nozzle diameter with 24.68% influence, and finally, temperature with 10.12% influence.

Pareto Chart of the Standardized Effects

(response is Tensile Strength [MPa], @ = 0.05)
Term 430
‘ Predictor Name
A Nozzle size [mm]
= B Part temperature [°C]
G Printing direction
A .
i
]
B - :
i
T T ; T T T T T
0 2 4 6 8 10 12 14

Standardized Effect

Figure 13. Graphical illustration of the degree of influence of studied factors on tensile strength.

3.2. Hardness

The surface hardness results gave similar values regardless of indentation position.
For this reason, only the results of tests performed according to ISO 969:2003 were con-
sidered. Similarly, the variations in the type of test show the same trends. The graphs in
Figures 14 and 15 represent the variation in the mean effects of Shore D hardness and
Martens, respectively.
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- Nozzle size [mm] Part temperature [°C] Printing direction
82.5-
g s20-
c
2
£ 815
a N I
@
S 8104
=
v
80.5
80.0
05 06 0.8 0 50 80 1 2 3
Figure 14. Variation in mean effects for Shore D hardness.
160 MNozzle size [mm] Part temperature [°C] Printing direction
E
£
> 150
=
T
. 140
w
4 .
<
£ 130
=
5
& 1201
1]
=
1101 , , , , , : ; , ,
05 0.6 0.8 0 50 80 1 2 3
Figure 15. Variation in mean effects for Martens hardness.

Following the variation graphs shown above, it can be considered that the values
obtained for hardness are opposite to those for tensile strength. Comparing the results
obtained with those found in the literature, it is found that they fall within the range of
79-84 HD, values also obtained by other researchers [26,31], raising the degree of confi-
dence in the accuracy of the values obtained in this study.

The level of variation and direction of hardness trends for both types of tests are pre-
sented in Table 8.

Table 8. The level of variation and direction of hardness trends for both types of tests .
Level Nozzle Size Part Temperature Printing Direction
Value Variation Value  Variation Value Variation
1 0.5 - 0 - X -
ShoreD 2 0.6 1 2.05% 50 1 1.03% Y -0%
3 0.8 13.97% 80 1 1.44% V4 1 0.41%
Value Variation Value  Variation Value Variation
1 0.5 - 0 - X -
Martens 2 0.6 113.29% 50 16.75% Y 12.88%
3 0.8 1 36.76% 80 | 8.64% V4 1 0.08%

Contrary to the trends observed for the tensile tests, it can be seen that surface hard-
ness decreases with increasing nozzle diameter by up to 3.97% for Shore D hardness and
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36.76% for Martens hardness when nozzles larger than 0.5 mm in diameter were used.
Research in the field [43] has shown that in MEX fabrication, even when 100% infill was
used, air voids occur between the deposited layers due to improper adhesion. It was ob-
served that by increasing the nozzle diameter, the apparent density of the specimens
changes, and significant voids appear in the internal structure of the specimens with sizes
up to 254 um when using 0.8 mm diameter nozzles. Moreover, in some cases, the material
shows air pores due to nozzle wear or gas evacuation produced by filament moisture [34],
leading to morphological changes in the material and, consequently, to the size and ho-
mogeneity of the specimen’s apparent section (Figure 16).

In this sense, it can be concluded that the variation for hardness obtained with the
nozzle diameter is due to the thickness of the deposited material layer’s lines, which im-
plicitly leads to a larger volume of air pores between the layers, thus resulting in lower
values for the hardness of the material studied.

(b)

Figure 16. Surface analysis: (a) microscopical view; (b) surface topography [34].

By using the local heating method, the hardness trend is decreasing, an aspect also ob-
served by other researchers [31] who used conventional post-processing annealing methods.
The recorded values showed up to 1.44% variation for Shore hardness and 8.64% for Martens
hardness when 80 °C temperature was used. This trend, in addition to the morphological
changes of the semi-crystalline structure material, may also be due to the reduction in the in-
ternal stresses of the heat-treated material, as concluded by other researchers [15,18].

The hardness values as a function of printing direction have slight variations. How-
ever, their trend has also been observed in the literature [45], where it was deduced that
the highest hardness was obtained when the horizontal printing direction was used, and
the lowest values were recorded when the parts were printed in the Z-direction.

The ANOVA analysis revealed that, of all the factors studied for both types of hard-
ness, the statistically significant factor (p-value < 0.05) was nozzle diameter (Table 9 for
Shore hardness and Table 10 for Martens hardness).

Table 9. ANOVA analysis for Shore D hardness.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 16.6474 5.5491 14.13 0.007
Nozzle size 1 14.3353 14.3353 36.50 0.002
Part temperature 1 2.1454 2.1454 5.46 0.067
Printing direction 1 0.1667 0.1667 0.42 0.544

Error 5 1.9637 0.3927

Total 8 18.6111
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Table 10. ANOVA analysis for Martens hardness.

Source DF Adj SS Adj MS F-Value p-Value

Regression 6 2936.47 489.41 35.72 0.027
Nozzle size 2 2688.79 1344.39 98.12 0.010
Part temperature 2 218.52 109.26 7.97 0.111
Printing direction 2 29.16 14.58 1.06 0.484

Error 2 27.40 13.70

Total 8 2963.87

However, considering the Pareto charts in Figures 17 and 18, it can be seen that the
local heating application also has a high degree of influence. The significance levels for
both types of hardness have been listed in Table 10.

Pareto Chart of the Standardized Effects
(response is HM [N/mm2], a = 0.05)

Term 2.571
: Predictor Name
A Nozzle size [mm]
A B Part temperature [°C]
G Printing direction
B
C

0 1 2 3 4 5 6
Standardized Effect
Figure 17. Graphical illustration of the degree of influence of studied factors on Shore D hardness.

Pareto Chart of the Standardized Effects
(response is HM [N/mm2], a = 0.05)

Term

Predictor  Name
A Nozzle size [mm]

A
B Part temperature [°C]
C Printing direction

B

c

0 2 4 6 8 10
Standardized Effect

Figure 18. Graphical illustration of the degree of influence of studied factors on Martens hardness.

From Table 11, it can be seen that temperature influences Martens hardness by about
20% and Shore hardness by 20%, showing that the application of this type of local heating
has an influence on the mechanical characteristics of the resulting parts. Moreover, the
variations presented in this paper in both the hardness of the parts and the tensile strength
have the same trends as those found in the literature, raising the confidence in the appli-
cation of the in-process local heat treatment method.



Polymers 2023, 15, 2367

15 of 21

Table 11. Obtained results’ percentage variation for hardness.

Factor Shore D Martens
Nozzle size 66.90% 73.35%
Temperature 25.88% 20.34%
Printing direction 7.210% 6.320%

3.3. Surface Roughness

Surface roughness measurements were made on the surfaces coinciding with the layer
height, in this case, as shown in Figure 19, on the red surfaces. However, the values for the
surfaces parallel to the build platform were also compared as a function of nozzle diameter.

Studied surfaces Build platform

Surfaces different from
build platform,
perpendicular with the

printer nozzle

Figure 19. Graphical illustration of the measured zones for surface roughness.

As specified in Section 2 for hardness, the surface roughness tests also did not take
into account the surface on the printer platform. However, Table 12 shows comparative
results between a surface on the build platform and an opposing surface. Moreover, the
table also shows a comparison between a simple tempered glass build platform and a
build platform covered by microporous coating. It can be seen that due to the different
manufacturing conditions for the first layers and the use of tempered glass as the build
platform, the values showed a big difference, with the lowest roughness being obtained
for the surface on the build platform.

The results from Table 12 show a major difference between the surface roughness on
the build platform and the surface roughness of the surfaces opposite to the build plat-
form. In this case, the simple tempered glass build platform corresponded to the best sur-
face roughness values (Sq = 2.63 um, compared to Sq = 5.10 um obtained for the coated
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build platform). The microporous coating used for the build platform was a carborundum
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38x higher
surface roughness values compared to those obtained for the two types of build platforms.

Table 12. Roughness values for surfaces on the build platform and opposite.

Surface on Simple Tempered Surface on Coated Tempered Glass

Glass Build Platform Build Platform Surface Opposite to Build Platform

pm i mm
10 10

Profile Z

Sq 2.63 um 5.10 um 99.3 um

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21).

Nozzle size [mm] Part temperature [°C] Printing direction

Surface Roughness, Sq [um]

0.5 0.6 0.8 0 50 80 1 2 3

Figure 20. Variation in mean effects for surface roughness.
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Table 13. ANOVA analysis for surface roughness.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 639.94 213.313 2.55 0.169
Nozzle size 1 2.80 2.796 0.03 0.862
Part temperature 1 618.42 618.416 7.40 0.042
Printing direction 1 18.73 18.727 0.22 0.656

Error 5 417.70 83.541

Total 8 1057.64

Pareto Chart of the Standardized Effects
(response is Sq [um], o = 0.05)

Term 2571
. Predictor Name
A Nozzle size [mm]
B - B Part temperature [°C]
C Printing direction
i
C i
1
i
I
i
]
A i
i
:
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Standardized Effect

Figure 21. Graphical illustration of the degree of influence of studied factors on surface roughness.

In the case of parts printed in any direction, and regardless of the heat treatment, due
to the fact that the layer height was kept constant, the results for surface roughness as a
function of nozzle diameter showed very small variations, up to 2.81%, with the values
falling within the range of 48—49.5 um. However, the presented analysis shows an increas-
ing trend for surface roughness values with increasing nozzle diameter, an aspect also
observed in other studies [46,47].

The analysis highlighted that the in-process heat treatment had the most impact on
the resulting surface roughness. A small variation of 6.25% was obtained when only the
build platform temperature was used, followed by a considerable improvement in the
surface roughness by 63.17% when the in-process heat treatment was used, compared
with no heat. Additionally, an ANOVA analysis showed that the statistically significant
factor, on surface roughness, with 79.53% significance, was temperature.

Printing direction shows neglectable variation for the X and Y directions, while an
8.19% increase in surface roughness was observed for parts manufactured in the Z direc-
tion. This aspect may be explained by the parts’ dimensions and the used 3D printer type.
The used 3D printer was a bed slinger type, which uses the build platform to move in the
Y-direction, influencing the stability of thin and tall parts.

Table 14 presents the overall variation percentage and the degree of influence result-
ing from the analysis. An ANOVA analysis shows the degree of influence of all the stud-
ied factors. In this study, the statistically significant factor (p-value < 0.5) was the part
temperature with 79.53% influence, followed by printing direction with 14.92% influence,
and finally, the nozzle size with 5.55% influence.
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Table 14. Obtained results’ percentage variation and degree of influence for surface roughness.

Level Nozzle Size Part Temperature Printing Direction
Value  Variation Value Variation Value Variation
1 0.5 - 0 - X -
0.6 1 0.37% 50 1 6.25% Y 10.78%
3 0.8 12.81% 80 163.17% z 18.19%
Degree of variation according to the ANOVA analysis
Percentage 5.55% 79.53% 14.92%

Another important aspect was observed when the results for surface roughness were
compared with the values obtained for the flat surfaces, perpendicular with the nozzle
(Figure 19). Figure 22 shows the results for surface roughness as a function of nozzle di-
ameter, for the surfaces of the part parallel and opposite to the build platform.

pm pm . pm
[T %0 [T 250 —

I 200

150

| |00

Taguchiprobe number 1 Taguchiprobe number 6 Taguchiprobe number 8
Nozzle size = 0.5 mm Nozzle size = 0.6 mm Nozzle size = 0.8 mm
Part temperature =0 Part temperature = 80 °C Part temperature = 50 °C
Printing direction = X Printing direction = X Printing direction = X
Sq value = 65.096 um Sq value = 38.683 um Sq value =22.659 um

Figure 22. Nozzle diameter influence on the top surface roughness of the tested specimens.

From Figure 22, it can be seen that, contrary to the results for surface roughness for
surfaces that coincide with layer height (Figure 20), the values tend to decrease with increas-
ing nozzle size. This aspect is justified by the fact that with increasing nozzle diameter, the
interlayer adhesions are fewer and depend on the extrusion width. With increasing nozzle
diameter, extrusion width also increases, requiring fewer layers to print a surface.

4. Conclusions

The analysis of the results obtained in this paper, related to the factors of influence
considered, shows that the direction of printing and the nozzle diameter have the most sig-
nificant influence on the tensile strength. In this case, given the input factors used, the tem-
perature of the part does not have a major influence on the tensile strength, but it is not
negligible. With the results obtained, it can be considered that the application of heat treat-
ment during the process is possible. Keeping the temperature constant has influences on the
tensile strength up to the critical melting temperature (the temperature at which the material
plasticises massively), after which the deposition process cannot be continued.

The experimental values and trends are in agreement with the results obtained by
other researchers in the literature [18,31,32,47,48]. This convergence of results from mul-
tiple sources significantly bolsters the confidence level associated with the outcomes pre-
sented in this paper, further confirms the possibility of applying in-process annealing
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during additive manufacturing, and also strengthens the reliability and significance of the
multiple research studies from the literature.

For this study, the presented in-process heat treatment was applied on small parts
with flat surfaces, with the heat being blown in one direction. Following the previous con-
clusion and the results from this study, the in-process heat treatment methodology will
be optimised in the future, which offers the opportunity for more studies regarding the
in-process heat treatment impact on larger parts with complex shapes.

The in-process heat treatment helps with the adhesion of the layers, resulting in an
improvement in tensile strength by about 12.5% and an improved roughness by 12%,
which demonstrates that the application of in-process heat treatment is feasible and can
provide opportunities for further research by optimising the process. Regarding the hard-
ness of the material, the results obtained confirmed the results of other research [28] and
showed that by applying in-process heat treatment, due to morphological changes of the
semi-crystalline material, the hardness decreases.

Nozzle diameter positively influences tensile strength, leading to an increase of about
44% when using a 0.8 mm diameter nozzle. At the same time, air voids in the material, as
demonstrated in the literature [43], lead to a significant decrease in material hardness, with
nozzle diameter being the factor with the highest statistical significance (p-value < 0.05).

Surface texture is an important factor for part functionality. In MEX processes the sur-
face roughness is determined by the specific way in which melted material flows through
the extruding nozzle and is deposited in the part as layers. The extruded material’s propri-
eties are also strongly influenced by the printing temperature and cooling speed. The in-
process heat treatment technique reheats the deposited material layers and slows the cool-
ing of the new material layers that are being deposited. The experimental data showed that,
for parts with higher surface quality demands, if in-process heat treatment is considered,
the previous layer temperature should be one of the main parameters that needs careful
selection. The surface roughness Sq parameter improves by 63.17% when in-process heat
treatment is used and is approximately constant over the entire printed part. For the specific
printing conditions considered in this study, the nozzle diameter and the printing direction
parameter did not exhibit a significant influence on the surface roughness.

The printing direction greatly impacted the tensile strength, where the lowest values
were obtained when the parts were printed in the Z-direction and the highest when
printed in the Y-direction. Upon hardness, the printing direction had a low influence.

Author Contributions: Conceptualization, I.T.; methodology, I.T. and L.B.-B.; software, I.T., I.B.-B.,
and T.-L.S,; validation, T.-L.S., D.-A.C., and C.D.; formal analysis, C.D., I.B.-B., and T.-L.S.; investi-
gation, I.T., I.B.-B., and T.-L.S,; resources, D.-A.C.; data curation, I.T.; writing—original draft prep-
aration, I.T. and I.B.-B.; writing—review and editing, I.B.-B. and T.-L.S.; visualization, I.T. and D.-
A.C.; supervision, C.D.; project administration, C.D.; funding acquisition, I.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: Some or all data, models, or code generated or used during the study
are available from the corresponding author by request.

Acknowledgments: The work of the author loan Tamasag was supported by the project “PROIN-
VENT”, Contract no. 62487/03.06.2022 —POCU/993/6/13—Code 153299, financed by The Human
Capital Operational Programme 2014-2020 (POCU), Romania.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2023, 15, 2367 20 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive Manufacturing (3D Printing): A Review of Materials, Meth-
ods, Applications and Challenges. Compos. Part B Eng. 2018, 143, 172-196. https://doi.org/10.1016/j.compositesb.2018.02.012.

Vaezi, M,; Seitz, H.; Yang, S. A Review on 3D Micro-Additive Manufacturing Technologies. Int. |. Adv. Manuf. Technol. 2013, 67,
1721-1754. https://doi.org/10.1007/s00170-012-4605-2.

Zhou, W.D.; Chen, ].S. 3D Printing of Carbon Fiber Reinforced Plastics and Their Applications. Mater. Sci. Forum 2018, 913, 558—
563. https://doi.org/10.4028/www.scientific.net/MSF.913.558.

ISO/ASTM 52900; International Standard: 2021 Additive Manufacturing— General Principles—Fundamentals and Vocabulary.
ISO/ASTM International: Geneva, Switzerland, 2021.

Poly(Lactic Acid): Synthesis, Structures, Properties, Processing, and Applications; Auras, R., Lim, L.-T., Selke, S.E.M., Tsuji, H., Eds.;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; ISBN 978-0-470-64984-8.

Drumright, R.E.; Gruber, P.R; Henton, D.E. Polylactic Acid Technology. Adv. Mater. 2000, 12, 1841-1846.
https://doi.org/10.1002/1521-4095(200012)12:23<1841:: AID-ADMA1841>3.0.CO;2-E.

Rasal, R.M.; Janorkar, A.V,; Hirt, D.E. Poly(Lactic Acid) Modifications. Prog. Polym. Sci. 2010, 35, 338-356.
https://doi.org/10.1016/j.progpolymsci.2009.12.003.

Dorgan, J.R,; Janzen, J.; Clayton, M.P.; Hait, S.B.; Knauss, D.M. Melt Rheology of Variable L -Content Poly(Lactic Acid). J. Rheol.
2005, 49, 607-619. https://doi.org/10.1122/1.1896957.

Palade, L.-I.; Lehermeier, H.J.; Dorgan, ]J.R. Melt Rheology of High I-Content Poly(Lactic Acid). Macromolecules 2001, 34, 1384—
1390. https://doi.org/10.1021/ma001173b.

Cao, M,; Cui, T.; Yue, Y.; Li, C,; Guo, X,; Jia, X.; Wang, B. Investigation of Carbon Fiber on the Tensile Property of FDM-Produced
PLA Specimen. Polymers 2022, 14, 5230. https://doi.org/10.3390/polym14235230.

Chicos, L.-A.; Pop, M.A,; Zaharia, S.-M.; Lancea, C.; Buican, G.R; Pascariu, 1.S.; Stamate, V.-M. Fused Filament Fabrication of
Short Glass Fiber-Reinforced Polylactic Acid Composites: Infill Density Influence on Mechanical and Thermal Properties. Poly-
mers 2022, 14, 4988. https://doi.org/10.3390/polym14224988.

Miiller, M.; éleger, V.; Kolat, V.; Hromasovd, M.; Pis, D.; Mishra, R.K. Low-Cycle Fatigue Behavior of 3D-Printed PLA Rein-
forced with Natural Filler. Polymers 2022, 14, 1301. https://doi.org/10.3390/polym14071301.

Tamasag, I; Ispas, L.; Picus, C.M.; Severin, T.L.; Dulucheanu, C. Annealing influence on 3d printed parts with amorfous struc-
tures. TEHNOMUS 2021, 28, 124-127.

Simmons, H.; Tiwary, P.; Colwell, J.E.; Kontopoulou, M. Improvements in the Crystallinity and Mechanical Properties of PLA
by Nucleation and Annealing. Polym. Degrad. Stab. 2019, 166, 248-257. https://doi.org/10.1016/j.polymdegradstab.2019.06.001.
Singh, S.; Singh, M.; Prakash, C.; Gupta, M.K,; Mia, M.; Singh, R. Optimization and Reliability Analysis to Improve Surface Quality
and Mechanical Characteristics of Heat-Treated Fused Filament Fabricated Parts. Int. ]. Adv. Manuf. Technol. 2019, 102, 1521-1536.
https://doi.org/10.1007/s00170-018-03276-8.

Castro-Casado, D. Chemical Treatments to Enhance Surface Quality of FFF Manufactured Parts: A Systematic Review. Prog. Addit.
Manuf. 2021, 6, 307-319. https://doi.org/10.1007/s40964-020-00163-1.

Tamasag, I.; Besliu, I.; Amarandei, D. Application of Reverse Engineering for Automotive Plastic Components—Case Study. Mac-
romol. Symp. 2021, 395, 2000265. https://doi.org/10.1002/masy.202000265.

Slavkovi¢, V.; Grujovi¢, N.; Disi¢, A.; Radovanovic, A. Influence of Annealing and Printing Directions on Mechanical Properties
of Pla Shape Memory Polymer Produced by Fused Deposition Modeling. In Proceedings of the 6th International Congress of
Serbian Society of Mechanics Mountain Tara, Mountain Tara, Serbia, 19-21 June 2017.

Wach, R.A.; Wolszczak, P.; Adamus-Wlodarczyk, A. Enhancement of Mechanical Properties of FDM-PLA Parts via Thermal
Annealing. Macromol. Mater. Eng. 2018, 303, 1800169. https://doi.org/10.1002/mame.201800169.

Bhandari, S.; Lopez-Anido, R.A.; Gardner, D.J. Enhancing the interlayer tensile strength of 3D printed short carbon fiber rein-
forced PETG and PLA composites via annealing. Addit. Manuf. 2019, 30, 100922. https://doi.org/10.1016/j.addma.2019.100922.
Park, S.-D.; Todo, M.; Arakawa, K. Effect of Annealing on the Fracture Toughness of Poly(Lactic Acid). J. Mater. Sci. 2004, 39,
1113-1116. https://doi.org/10.1023/B:]MSC.0000012957.02434.1e.

Szust, A.; Adamski, G. Using Thermal Annealing and Salt Remelting to Increase Tensile Properties of 3D FDM Prints. Eng. Fail.
Anal. 2022, 132, 105932. https://doi.org/10.1016/j.engfailanal.2021.105932.

Ravi, A K.; Deshpande, A.; Hsu, K.H. An In-Process Laser Localized Pre-Deposition Heating Approach to Inter-Layer Bond
Strengthening in Extrusion Based Polymer Additive Manufacturing. ]. Manuf. Process. 2016, 24, 179-185.
https://doi.org/10.1016/j.jmapro.2016.08.007.

Sikora, P.; Gnatowski, A.; Golebski, R. Tests of Mechanical Properties of Semicrystalline and Amorphous Polymeric Materials
Produced by 3D Printing. MATEC Web Conf. 2019, 254, 06003. https://doi.org/10.1051/matecconf/201925406003.

Ansari, A.A.; Kamil, M. Izod Impact and Hardness Properties of 3D Printed Lightweight CF-Reinforced PLA Composites Using
Design of Experiment. Int. ]. Lightweight Mater. Manuf. 2022, 5, 369-383. https://doi.org/10.1016/j.ijlmm.2022.04.006.

Zeng, Y.-S.; Hsueh, M.-H.; Lai, C.-].; Hsiao, T.-C.; Pan, C.-Y.; Huang, W.-C.; Chang, C.-H.; Wang, S.-H. An Investigation on the
Hardness of Polylactic Acid Parts Fabricated via Fused Deposition Modeling. Polymers 2022, 14, 2789.
https://doi.org/10.3390/polym14142789.

Maguluri, N.; Suresh, G.; Guntur, S.R. Effect of Printing Parameters on the Hardness of 3D Printed Poly-Lactic Acid Parts Using
DOE Approach. IOP Conf. Ser. Mater. Sci. Eng. 2022, 1248, 012004. https://doi.org/10.1088/1757-899X/1248/1/012004.



Polymers 2023, 15, 2367 21 of 21

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Prechtel, A.; Reymus, M.; Edelhoff, D.; Hickel, R.; Stawarczyk, B. Comparison of Various 3D Printed and Milled PAEK Materials:
Effect of Printing Direction and Artificial Aging on Martens Parameters. Dent. Mater. 2020, 36, 197-209.
https://doi.org/10.1016/j.dental.2019.11.017.

Schonhoff, L.M.; Mayinger, F.; Eichberger, M.; Reznikova, E.; Stawarczyk, B. 3D Printing of Dental Restorations: Mechanical
Properties of Thermoplastic Polymer Materials. J. Mech. Behav. Biomed. Mater. 2021, 119, 104544.
https://doi.org/10.1016/j,jmbbm.2021.104544.

Zinelis, S.; Panayi, N.; Polychronis, G.; Papageorgiou, S.N.; Eliades, T. Comparative Analysis of Mechanical Properties of Or-
thodontic Aligners Produced by Different Contemporary 3D Printers. Orthod. Craniofacial Res. 2022, 25, 336-341.
https://doi.org/10.1111/ocr.12537.

Shbanah, M.; Jordanov, M.; Nyikes, Z.; Toth, L.; Kovdcs, T.A. The Effect of Heat Treatment on a 3D-Printed PLA Polymer’s
Mechanical Properties. Polymers 2023, 15, 1587. https://doi.org/10.3390/polym15061587.

Butt, J.; Bhaskar, R. Investigating the Effects of Annealing on the Mechanical Properties of FFF-Printed Thermoplastics. J. Manuf.
Mater. Process. 2020, 4, 38. https://doi.org/10.3390/jmmp4020038.

Gan, X.; Wang, Z.; Xing, Z.; Chong, P.L.; Yazdi, M.H. Analysis of the Carreau Model Mixed Mechanism with a Stir Shaft in Color
FDM Printing. Processes 2023, 11, 559. https://doi.org/10.3390/pr11020559.

Tamasag, I.; Suciu, C.; Besliu-Bancescu, I.; Dulucheanu, C.; Cerlincd, D.-A. Experimental Study on the Possibilities of FDM Direct
Colour Printing and Its Implications on Mechanical Properties and Surface Quality of the Resulting Parts. Polymers 2022, 14,
5173. https://doi.org/10.3390/polym14235173.

Kim, G.-T.; Go, H.-B.; Yu, J.-H.; Yang, S.-Y.; Kim, K.-M.; Choi, S.-H.; Kwon, ].-S. Cytotoxicity, Colour Stability and Dimensional
Accuracy of 3D DPrinting Resin with Three Different Photoinitiators.  Polymers 2022, 14, 979.
https://doi.org/10.3390/polym14050979.

ISO 527; International Standard: Plastics —Determination of Tensile Properties—Part 1: General Principles. International Organ-
ization for Standardization: Geneva, Switzerland.

ISO 527; International Standard: Plastics —Determination of Tensile Properties—Part 2: Test Conditions for Moulding and Ex-
trusion Plastics. International Organization for Standardization: Geneva, Switzerland.

Sardinha, M.; Frutuoso, N.; Vicente, C.M.S.; Ribeiro, R.; Leite, M.; Reis, L. Influence of Seams in the Mechanical Properties of
PLA  Produced with  Multiple  Extrusion Modules.  Procedia  Struct.  Integr. 2020, 28,  358-363.
https://doi.org/10.1016/j.prostr.2020.10.042.

eSUN PLA Technical Data Sheet. Available online: https://www.esun3d.com/uploads/eSUN_PLA-Filament_TDS_V4.0.pdf (ac-
cessed on 26 April 2023).

eSUN PLA Material Safety Data Sheet. Available online: https://www.esun3d.com/uploads/PLA-MSDS.pdf (accessed on 26
April 2023).

ISO 868:2003; International Standard: Plastics and Ebonite—Determination of Indentation Hardness by Means of a Durometer
(Shore Hardness). International Organization for Standardization: Geneva, Switzerland.

Singh, I.; Kumar, S.; Koloor, S.S.R.; Kumar, D.; Yahya, M.Y.; Mago, J. On Comparison of Heat Treated and Non-Heat-Treated
LOM Manufactured Sample for Poly(Lactic)Acid: Mechanical and Morphological View Point. Polymers 2022, 14, 5098.
https://doi.org/10.3390/polym14235098.

Czyzewski, P.; Marciniak, D.; Nowinka, B.; Borowiak, M.; Bielinski, M. Influence of Extruder’s Nozzle Diameter on the Im-
provement of Functional Properties of 3D-Printed PLA Products. Polymers 2022, 14, 356. https://doi.org/10.3390/polym14020356.
Triyono, J.; Sukanto, H.; Saputra, R.M.; Smaradhana, D.F. The Effect of Nozzle Hole Diameter of 3D Printing on Porosity and
Tensile Strength Parts Using Polylactic Acid Material. Open Eng. 2020, 10, 762-768. https://doi.org/10.1515/eng-2020-0083.
Beniak, J.; Holdy, M.; Krizan, P.; Mat(s, M. Research on Parameters Optimization for the Additive Manufacturing Process.
Transp. Res. Procedia 2019, 40, 144-149. https://doi.org/10.1016/j.trpro.2019.07.024.

Shirmohammadi, M.; Goushchi, S.J.; Keshtiban, P.M. Optimization of 3D Printing Process Parameters to Minimize Surface
Roughness with Hybrid Artificial Neural Network Model and Particle Swarm Algorithm. Prog. Addit. Manuf. 2021, 6, 199-215.
https://doi.org/10.1007/s40964-021-00166-6.

Alsoufi, M.S.; Elsayed, A.E. How Surface Roughness Performance of Printed Parts Manufactured by Desktop FDM 3D Printer
with PLA+ Is Influenced by Measuring Direction. Am. J. Mech. Engineering. 2017, 5, 211-222.

Hervan, S.Z.; Altinkaynak, A.; Parlar, Z. Hardness, Friction and Wear Characteristics of 3D-Printed PLA Polymer. Proc. Inst.
Mech. Eng. Part ] ]. Eng. Tribol. 2021, 235, 1590-1598. https://doi.org/10.1177/1350650120966407.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



