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Abstract: This paper deals with the application of statistical analysis in the study of the dependence
of the flexural strength of sintered alumina (Al,O3) disks on the parameters (nozzle diameter of the
printer print head, layer height, and filling pattern) of the fused deposition method (FDM) printing
of ceramic—polymer filament containing 60 vol.% alumina and 40 vol.% polylactide. By means of a
correlation analysis applied to the results of flexural tests, a linear relationship was found between
the thickness of the printed layer and the strength of the sintered specimens. A statistically significant
linear relationship was found between the geometric parameters and the weight of both printed
ceramic—polymer and sintered ceramic samples, as well as the diameter of the nozzle used in the
printing of the workpiece. It was found that the highest strength is achieved with a layer thickness
equal to 0.4 mm, and the smallest scatter of mass values and geometric dimensions of ceramic samples
is achieved using a nozzle diameter of 0.6 mm. As a result of the conducted research, linear equations
allowing the prediction of changes in the geometry and mass of samples after sintering, as well as
the strength properties of sintered samples, taking into account the geometry and mass of FDMed
samples, were obtained.

Keywords: additive manufacturing; fused deposition modeling; ceramic—polymer filament; statistical
analysis; biaxial strength

1. Introduction

Aluminum oxide (Al,O3) has useful properties such as a high melting point, hardness,
and wear and chemical resistance [1-4]. It can be used in refractories, electrical insulators,
wear-resistant mechanism parts, artificial jewelry, abrasive material, ceramic armor parts,
etc. Among others, Al,O3 is used in medicine for dental and orthopedic implants [5-7].
However, on the other hand, the high hardness and brittleness of ceramic materials also
make it difficult for shaping and machining. Methods such as slurry casting, dry pressing,
and plastic molding have certain disadvantages [8-11]: forming complex components
requires the use of molds with high geometric accuracy. Because high-precision molds
are costly to manufacture and have long production runs, it is difficult to continuously
improve and upgrade the product; sintered samples often require either laser processing or

J. Compos. Sci. 2023, 7, 381. https:/ /doi.org/10.3390/jcs7090381

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs7090381
https://doi.org/10.3390/jcs7090381
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-7970-2595
https://orcid.org/0000-0002-3193-8320
https://orcid.org/0000-0001-9053-496X
https://orcid.org/0000-0001-5284-9215
https://orcid.org/0000-0002-9550-9816
https://orcid.org/0000-0002-3350-8383
https://doi.org/10.3390/jcs7090381
https://www.mdpi.com/journal/jcs
http://www.mdpi.com/2504-477X/7/9/381?type=check_update&version=2

J. Compos. Sci. 2023, 7, 381

20f13

machining using diamond cutting tools to ensure sufficient accuracy in the dimensions and
shape of the finished product; some special shapes and elements are difficult to produce
using conventional molding processes, such as internal cavities, holes, and internal grooves.
These disadvantages have placed significant limitations on the widespread use of ceramic
products. By using additive manufacturing technologies to form complex ceramic parts,
it is possible to circumvent the aforementioned problems, reduce scrap rates, increase
production flexibility, and enable rapid production of ceramic parts with complex shapes.
According to the International Organization for Standardization (ISO), together with the
American Society for Testing and Materials (ISO/ASTM 52900:2015) [12], these technolo-
gies are classified into groups, among which the most widely used 3D printing process
is material extrusion, which includes layer-by-layer fused deposition modeling (FDM).
The main advantage of this technology is the availability and simplicity of equipment,
as well as the ability to quickly create prototypes with complex geometry. In FDM, an
object is built by depositing molten material over a pre-created digital model (CAD) layer
by layer. The materials most commonly used are thermoplastic polymers in the form of
filament wound on a spool. However, recently, there has been a steady interest in the use
of this technology for printing ceramic products where highly filled (>50 vol.%) ceramic—
polymer filaments are used as feedstock. For example, Tosto et al. reported a sintered
a-alumina with a mean density, tensile strength, and Vickers hardness of 3.80 g/cm?,
232.6 £12.3 MPa, and 21 £ 0.7 GPa, respectively, was derived from commercially available
alumina/polymer filament using fused filament fabrication (FFF) method [13]. Notzel
et al. developed a 60 vol.% alumina-low density polyethylene as filament material that
can be printed on a low-cost FFF. Post-processed ceramic discs showed 97.3% of theoret-
ical density [14]. Iyer et al. reported on the methods for the fabrication and results of
using FDM to produce silicon nitride samples from manufactured filament feedstock with
55 vol.% of investment casting wax as a binder. Obtained dense (>99%) sintered ce-
ramic parts exhibited microstructure and mechanical (strength 908 MPa, fracture toughness
8.53 MPa-m!/2) characteristics similar to conventionally manufactured samples [15].
Orlovska et al. used a composite filament containing 50 vol.% of sub-micron alumina
powder for FFF and subsequent sintering. Produced parts demonstrated relative densi-
ties ranging from 80 to 89%, and the flexural strength reached 200-300 MPa depending
on the layer thickness used for the printing [16]. Truxova et al. presented a comprehen-
sive study of the processing and mechanical properties of the ceramic material Al;Os3
on FFE. After debinding and sintering the alumina (52 vol.%)—thermoplastic printed
samples—a density of 99.72%, a maximum hardness of 23.81 GPa, and a flexural strength of
331.61 MPa were obtained [17]. Schétzlein et al. highlighted that the use of the filament
consists of biodegradable polylactide acid and a varying amount (up to 20%) of osteocon-
ductive S53P4 bioglass for scaffolds with optimized physico-mechanical and biological
properties [18]. Elhattab et al. developed 3D-printable -Tricalcium Phosphate-PLA
composite filaments. The manufactured filaments had a constant diameter and uniform
distribution of ceramic particles inside the polymer matrix and were effectively used for 3D
printing parts via the FDM method, considering the specifics of the design and mechanical
properties, which are widely used in orthopedics and dental biomedicine [19]. Tselikos
et al. presented a conceptual design on how to use an alternating electric field to simultane-
ously 3D-print a polylactic acid Kg.4g5Nag.485La9.03NbO3 composite with aligned ceramic
particles using a solvent-free FFF technique [20]. Nakonieczny et al. created polyamide-30
wt.% ceramic (alumina or zirconia) filaments for 3D FDM printing. It was found that
mechanical properties depend on the printing temperature; filler use slightly reduced the
tensile strength and Young’s modulus of bare polyamide [21]. Changing the type of filler,
its volume content, particle size, and shape of particles leads to changes in the strength
properties of the final objects [22,23]. These characteristics depend on many factors (equip-
ment and printing parameters, heat treatment modes, etc.), which should be considered
together, not separately [24-26]. For this purpose, it is possible to use full-scale experi-
ments that are as close to practice as possible. However, such studies are too expensive and
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energy-consuming. Therefore, the use of mathematical apparatus to determine the behavior
of the object, taking into account external influences, is a good alternative to replacing
the real system with an appropriate model [27,28]. For instance, Fountas et al. examined
the influence of nozzle temperature and layer thickness on the ultimate tensile strength
and modulus of elasticity of PLA and PLA-based composites using statistical analysis. At
the same time, a regression analysis followed to generate full quadratic equations that
would correlate the independent variables with the objectives. The regression models (full
quadratic equations) were implemented as objective functions to be iteratively evaluated
by the grey-wolf algorithm, aiming at maximizing both responses simultaneously [29].
Banerjee et al. investigated various FDM process parameters on the performance of the
printed parts using a design of experiment approach, i.e., the response surface methodology
technique was adopted to generate maximum data from a smaller number of experimental
running orders. A method has been developed for predicting the roughness of FDM sam-
ples, which can affect mechanical strength, geometric accuracy, and surface cleanliness [30].
Fountas et al. focused on the influence of the FDM modeling parameters on the specimen’s
tensile strength. In order to find optimal parameter settings using any artificial intelligent
algorithm or neural network, a regression model can be applied that adequately explains
the variations and non-linear influence of FDM parameters on the tensile strength [31].
Crockett has investigated the deposition and liquid-to-solid transition phase of the FDM
process by developing an analytical model for bead spreading [32]. Anitha et al. focused
on optimizing the FDM process surface quality [33]. Taking into consideration Taguchi’s
analysis, three variables have been investigated, which are the road width, build layer
thickness, and speed of deposition. In addition, analysis of variance has been performed
with the same parameters. Bellini et al. and Venkataraman et al. have analytically mod-
eled the material flow on the extrusion nozzle [34,35]. Venkataraman et al. predicted the
performance of the lead zirconate titanate (52.6 vol.%)—polymer material in the FDM as
a function of nozzle geometry and volumetric flow rate based on the quantity extrusion
pressure/compressive modulus [36]. It should be noted that in a number of cases [27,37-39],
no proper attention is paid to analyzing whether the data obtained from tensile tests belong
to the normal distribution; the analysis is carried out either by graphical methods [38] or
it is claimed that the data distribution belongs to the normal distribution [27,37,38]. The
authors [40] note that in the case of a weak variation in the effect under study, the choice
of the statistical analysis method, depending on the law of distribution to which the data
in the study obey, practically does not affect the conclusions and the magnitude of the
effect drawn from the results of the analysis, but in the problems of materials science,
the variation in the mechanical characteristics of the material can be quite high [41] and
requires close attention to the statistical methods used in the analysis of research results.
In order to assess the strength values, a biaxial bending test was used according to the
ISO 6872:2019 method [42]. For this technique, the requirements for the preparation and
shape of samples are not as strict as compared to conventional bending tests at three or four
points [43—46]. In this paper, the statistical analysis of biaxial flexural test results of sintered
ceramic specimens produced by the FDM method with debinding-sintering processes from
a fabricated ceramic-polymer filament filled with alumina (60 vol%) particles and establish
a statistical relationship between the 3D printer nozzle diameter, layer height, and filling
pattern on the strength characteristics of these specimens.

2. Materials and Methods
2.1. Fabrication of Ceramic—Polymer Filament

The ceramic—polymer filament containing (by volume) 60% wear-resistant, biocom-
patible, high-hardness material, namely «-aluminum oxide (Al,O3, Plasmotherm Ltd.,
Moscow, Russia) and 40% polylactide (PLA, eSun Ltd., Shenzhen, China) was wet mixed
in an ML-1C (Promstroimash, Kaluga, Russia) ball mill for 24 h from corresponding por-
tions of ceramic and PLA. The obtained suspension was dried in a vacuum desiccator for
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24 h at 90 °C and then sieved on a vibratory sieve shaker. Details of the ceramic/polymer
suspension processing were reported elsewhere [47].

2.2. Printing, Debinding and Sintering

The ceramic—polymer filament was produced at 220 °C and with a nozzle diameter of
1.7 £ 0.1 mm using a Wellzoom desktop extruder (Wellzoom, Shanghai, China). Printing
of samples from experimental ceramic—polymer filaments was carried out on a Black
Widow 3D printer (Tevo 3D, Zhanjiang, China) using the PrusaSlicer 2.5.2. software.
The printing parameters selected for optimization were as follows: layer height (0.2, 0.3,
0.4 mm), nozzle diameter (0.6, 0.8, 1.0 mm), and filling pattern (zigzag, concentric, line). The
filling percentage during printing was equal to 100%, regardless of the other parameters.
The thermal debinding (up to 600 °C) and sintering (1550 °C) were conducted on printed
“green” specimens in SNOL 1.7/1700 (AB Umega, Utena, Lithuania) air furnace. Detailed
description of these processes is available in previous work [47].

2.3. Physical and Mechanical Characterization

In order to determine the true density of the initial aluminum oxide powder, an
AccuPyc 1340 (Micromeritics, Norcross, GA, USA) helium automatic pycnometer was used.
The density of sintered compacts was determined by the Archimedes method in distilled
water. The samples were weighed in air and in a liquid medium on electronic balance with
an accuracy of 0.0001 g. The flexural strength of sintered disk-shaped ceramic samples
was determined by a biaxial bending test according to the ISO 6872:2019 method [42].
The central part of the sample was subjected to uniform biaxial stress. Each sintered and
polished sample was placed in the center on three hardened steel balls (with a diameter
of 3 mm, located at an angle of 120° to each other on a support circle with a diameter of
10 mm). The surface of the sample was loaded with a flat pin with a diameter of 1.6 mm in
the center of the sample with a traverse movement speed of 1 mm/min until failure. The
load (N) after the specimen was broken was recorded, and the strength was calculated. All
mechanical tests were performed at room temperature with a testing machine Electropuls
E10000 (Instron, Norwood, MA, USA). Details of the calculation procedures were reported
elsewhere [44]. Statistical analysis of the results of the experiment was carried out using
software (Rstudio 2023.06.1 Posit Software, PBC, GNU license) written in the R language.

3. Results and Discussion

Figure 1 presents optical images of 3D-printed disk-shaped ceramic—polymer samples
with different filling patterns, layer height, and nozzle diameter.

Filling pattern

Layer Zigzag  Concentric Line Zigzag Concentric Line Zigzag Concentric Line
height, mm

" © Oul

Figure 1. FDM printed specimens with different fill patterns, layer height and nozzle (left 0.6 mm,
center 0.8 mm, right 1 mm) diameter.

After visual inspection of the ceramic—polymer disks, no obvious defects were found
on the surface. Therefore, all samples were subjected to burning out the polymer binder
and sintering to obtain ceramic specimens. After debinding and sintering, the specimens
reached 93 % of the true density (3.95 g/cm?) of alumina powder, which is equivalent to a
porosity of 7 %. The water absorption of sintered alumina was 109 %. Table 1 shows the
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geometrical parameters of the printed and sintered specimens and the results of calculating
the biaxial flexural strength of sintered specimens.

Table 1. Weight (w), diameter (d), thickness (h), and strength (cg) of 3D-printed and sintered
60A1,03/40PLA samples as a function of selected FDM printing parameters.

) Samples
Ne Diaﬁgezrl,emm Laye:nI;I:Ight, Filling Pattern Printed Sintered oy, MPa
w, g d, mm h, mm W, g D, mm H, mm
1 0.2 2.7 259 22 2.3 21.6 1.6 242
2 0.3 Zigzag 2.5 259 1.9 2.1 223 1.6 245
3 0.4 2.8 25.8 2.3 25 22.2 2.1 268
4 0.2 27 259 2.3 2.3 224 1.6 277
5 06 0.3 Line 2.5 255 2.1 2.2 21.9 1.7 315
6 0.4 2.8 25.7 22 2.3 219 1.9 332
7 0.2 2.6 259 2.0 2.2 223 1.6 228
8 0.3 Concentric 24 25.6 1.9 2.0 22.0 1.6 236
9 0.4 2.7 25.8 2.1 2.3 21.8 1.8 248
10 0.2 27 254 2.0 2.3 22.1 1.7 215
11 0.3 Zigzag 2.5 254 1.9 2.1 219 1.6 260
12 0.4 2.5 25.3 1.9 2.2 21.5 1.6 265
13 0.2 27 25.8 22 2.3 21.1 2.0 280
14 08 0.3 Line 2.5 25.7 2.0 2.1 21.8 1.7 292
15 0.4 2.5 24.8 2.0 2.2 21.0 1.8 322
16 0.2 2.7 25.6 2.0 2.3 22.0 1.9 191
17 0.3 Concentric 2.5 25.5 1.9 2.1 22.0 1.7 196
18 0.4 2.8 254 2.0 2.0 21.3 1.7 250
19 0.2 2.8 26.1 2.3 2.4 22.5 1.9 275
20 0.3 Zigzag 2.6 25.3 2.1 2.1 219 17 280
21 0.4 2.8 25.1 2.3 24 21.3 1.9 295
22 0.2 2.8 252 22 2.4 21.5 2.0 277
23 Lo 0.3 Line 2.8 252 2.3 2.4 21.9 2.0 298
24 0.4 32 254 2.4 2.7 21.9 2.0 327
25 0.2 2.9 25.3 2.3 2.5 21.5 1.9 180
26 0.3 Concentric 29 25.2 2.3 2.6 21.7 2.0 203
27 0.4 27 25.5 22 2.3 21.8 1.9 230

Statistical analysis methods were used to establish the relationship between the ge-
ometric characteristics of the printed and sintered specimens, as well as the printing
parameters and the calculated strength values. Table 2 summarizes the results of the basic
statistical analysis of the change in the geometry of the printed green bodies after sintering
and the values of flexural strength.

The results show that the greatest spread in percentage terms is achieved in the change
in the height of sintered samples in relation to the printed ones. This correlates with the
previously mentioned fact, according to which the shrinkage along the Z axis of printed
samples is higher than in the radial direction [13,48]. In absolute terms, the samples ob-
tained by the presented technology have a high variation in mechanical properties under
biaxial loading. Further study of the data by statistical methods of analysis is based on
the choice of criterion, by which the belonging of the distribution of the studied random
variable to the normal distribution is checked. Currently, there are more than 40 [49] differ-
ent criteria. In this paper, we consider two criteria—the Shapiro-Wilk criterion [50] and
the Kolmogorov-Smirnov criterion [51]. These two criteria were compared by the Monte
Carlo simulation method based on the calculation of the average power of the criterion as a
function of the number of trials. As input data for the criterion, six distribution laws were
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set, the parameters of which were calculated by the maximum likelihood method [52,53]:
normal, log-normal, logarithmic normal, logistic, Weibull, Cauchy, and exponential. Each
of the distributions was substituted into the criterion under study, and based on the results
of 100,000 repetitions, the average power of the criterion was calculated as a function of
the number of studies. Figure 2 shows the results of the Monte Carlo simulation of the
dependence of the average criterion power on the number of studies.

Table 2. The results of basic statistical analysis of the selected studied parameters are presented in
Table 1.

Value Weight Change, % Diameter Change, % Height Change, % oy, MPa
Mean 15.35 14.55 15.45 260.1
Median 14.81 14.06 15.79 265.0
Maximum 28.57 18.22 30.43 332.0
Minimum 10.71 12.99 5.00 180.0
Mean square 3.20 115 531 41.78
deviation
A 1.00 B 1.00
0.75 0.75
8 [}
H 2
[~} [~}
by £0.50
§0.50 e
Q Q
= Tests type: = Tests type:
Kolmogorov-Smirnov Kolmogorov-Smirnov
= Shapiro-Wilk 0.25 = Shapiro-Wilk
0.25
0.00
3 9 15 21 27 3 9 15 21 27
Number of samples Number of samples
C 1.00 D 1.00
0.75 0.75
8 [}
2 2
[~} [~}
o o
< 0.50 < 0.50
© ©
2 2 Tests type:
Teslzs Itype: Smi Kolmogorov-Smirnov
olmogorov-Smirnov = Shapiro-Wi
0.25 - Shapirg-WiIk 0.25
3 9 15 21 27 3 9 15 21 27
Number of samples Number of samples
E 1.00 F 1.00
0.75 0.75
] ]
H] H
[~} [~}
c,'0 50 by
c0. H 0.50
Q Q
= =
Tests type: Tests type:
0.25 Kolmogorov-Smirnov 0.25 Kolmogorov-Smirnov
= Shapiro-Wilk = Shapiro-Wilk
0.00 9 15 21 27 3 9 15 21 27
Number of samples Number of samples

Figure 2. Results of Monte Carlo simulation of the power of statistical criteria as a function of the
number of studies in the study sample for the Cauchy (A), Weibull (B), logistic (C), log-normal (D),
normal (E), and exponential (F) distribution.
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The presented simulation results show that the Kolmogorov-Smirnov test has the max-
imum power, and the average power of this criterion does not depend on what distribution
law the analyzed data obey, i.e., it has the lowest probability of committing an error of the
second kind. It should be noted that the Kolmogorov—-Smirnov test reaches the maximum
power close to one when the number of tests is greater than or equal to five. The exception
is the case where the data obey the exponential distribution law (Figure 2F), in which case
the average power of the Kolmogorov-Smirnov and Shapiro-Wilk tests practically coincide.
Table 3 presents the results of applying the Kolmogorov—Smirnov test to the geometry of
printed and sintered samples and the strength properties presented in Table 1. As a null
hypothesis, it is accepted that the data belong to the distribution not different from normal,
with a level of statistical significance of p-value = 0.05 (this level of statistical significance is
used for all used statistical criteria).

Table 3. Results of applying Kolmogorov-Smirnov test to the data under study.

Printed Sintered
0H
w d h W D H
D value of Kolmogorov-Smirnov test 0.992 1 0.971 0.977 1 0.945 1
Level of statistical 51:51n61f1cance, p-value 29 22 29 22 29 22 29
(x107°)
The results of applying the Kolmogorov-Smirnov criterion to the experimental results
obtained show that the data are distributed differently from the normal distribution (p-
value << 0.05) with a high maximum divergence of data distribution functions from the
normal distribution (D — 1) and all further statistical studies should be carried out by
nonparametric methods [54]. In order to identify the linear relationship between printing
parameters, printed and sintered geometry, and strength values, the Spearman correlation
matrix was calculated, and the power of correlation was interpreted using the Evans scale.
The results of the calculations are presented in Table 4.
Table 4. Spearman correlation coefficient matrix for the values presented in Table 1.
Nozzle Layer Printed Sintered
Diameter Height on w* d* h* W* D* H*
dN"ZZIe 1 0 0.050 0.485 ~0.641 0.407 0.428 0.346 0.536
iameter
1};3;; 1 0.382 0.014 —0.316 ~0.033 —0.086 —0.302 0.143
o 1 0.073 0.158 0.307 0.081 0.203 0.237
- w 1 0.183 0.837 0.833 0.157 0.738
£ d 1 ~0.063 ~0.147 0.584 0.301
= h 1 0.871 0.075 0.693
s w 1 ~0.067 0.764
g D 1 —0.274
£
@ H 1

* w—weight; d—diameter; h—height.

From the results of calculating the Spearman correlation coefficients, it follows that
there is no correlation between the nozzle diameter and strength value, the height and
diameter of the printed samples, the height of the printed and diameter of the sintered
samples, the weight of the sintered sample and strength value, the layer height and weight
of the printed sample, the layer and printed sample height, the layer height of the printed
and weight and strength value of the sintered samples, the diameter of the sintered and
height and weight of the printed samples. The strongest correlation (0.871) was found
between the height of the printed samples and the weight of the sintered samples. In
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other cases, a correlation of different strengths was observed, which should be checked
for statistical significance. Table 5 summarizes the results of correlation verification for
statistical significance level for the flexural strength values of sintered alumina specimens.

Table 5. Verification results of the statistical significance of Spearman correlation coefficients.

Correlated Pairs

Statistical Significance Level of Correlation p-Value

Printed Sintered
Hoght  Dimmeter h N D H
0.05
on izcli‘;ﬁgﬁ 0.4303 0.1199 0.6864 0.3109 0.2333

0.04)
- w 0.0100 0.3592 5.2-1078 6.76-108 0.4352 1.094-107°
j;ﬁ d 0.1079 0.0003 0.001 0.1269
& h 0.0350 3.466-10~7 0.7086 6.228-107°
- w 0.6693 0.0260 3.583-10°
%} D 0.1255 0.0770 0.2138
& H 0.4767 0.0040

Kendall’s correlation was also used to refine correlation coefficient values in contro-
versial moments (close to 0.05). As a result of the analysis, the flexural strength of the
specimens was found to be linearly dependent on the height of the layer (p-value < 0.05).
The diameter of the printer nozzle is statistically significantly correlated with all geomet-
ric parameters of printed and sintered samples, except for the diameter of the ceramic
specimens. At the same time, the diameter of the green bodies is statistically significantly
correlated with the diameter of the alumina samples. The correlation between the height
of the layer and the FDMed and Al,O3; specimens’ geometry, as well as between their
weight, is not statistically significant (p-value > 0.05). In order to determine the degree of
influence of one statistically significantly correlated parameter on another, the coefficients
of determination were calculated and presented in Table 6. In this table, the larger the value
of the coefficient of determination, the more strongly one parameter affects the other.

Table 6. Determination coefficients of statistically significantly correlated parameters.

Correlating Parameters Determination Coefficient, %
cg—Layer height 14.56
-owt 23.46
- dv 41.14
Nozzle diameter
- W 18.29
- H 28.76
*_p 34.08

* for printed samples.

The obtained statistically significant correlations allow us to state that it is recom-
mended to use a nozzle with a diameter as small as possible when printing samples from
fabricated ceramic—polymer filament using FDM technology. The use of a nozzle with a
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minimum diameter leads to an insignificant scattering of geometric parameters (in particu-
lar, diameter) of both printed and sintered samples. The high correlation values between
the geometrical characteristics of the printed and sintered samples indicate a negligible
change in the diameter and height of the Al,O3 specimens. The presence of a weak linear
statistically significant relationship between the flexural strength of ceramic specimens and
the layer thickness shows that an increase in the height of the flayer leads to an increase
in the strength of the specimen by 14.56%. The choice of technological elements, in par-
ticular nozzle diameter, depending on the geometry of the printed objects, is of practical
importance in the design and manufacture of finished products. Figure 3 presents scatter
diagrams and robust linear regression equations for the identified correlations.
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Experimental data Experimental data
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Figure 3. Graphical representation of the identified correlations between flexural strength and nozzle
diameter (A), sintered specimen thickness and nozzle diameter (B), weight of printed samples and
nozzle diameter (C), diameters of printed samples and nozzle (D), diameters of printed and sintered
specimens (E), thickness of printed and sintered samples (F).

In Figure 3F, deviations from the linear relationship are observed. In order to establish
the closest mathematical law describing the dependence of the weight of sintered samples
on nozzle diameter, four dependencies were considered:
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Linear;
Parabolic;
Exponential;
Logarithmic.

The minimum Akaike criterion was used as the main comparison criterion. As a
result of the comparison of dependencies, it was found that the minimum value has an
exponential dependence on the form

y=a+bexp (x)
A linear equation is given by an equation of the form
y=a+bx

where y—dependent variable; x—independent variable; a—the dimension of the studied de-

pendent variable; b—the increment of the dependent variable from the independent variable.

Table 7 presents the linear equations describing the relationship between the correlated
parameters.

Table 7. Equations of linear relationships between statistically significantly correlated parameters.

Mean Square

Correlating Parameters Linear Equations Deviation
oy—Layer height () oy =198.64 + 205-h 52.41
- owr w=2.31+ 0.47-d,, 0.16
, - dr d=26.50-1.19-d,, 0.18
Nozzle diameter (d,)
- W W=1.80 + 0.21-exp (dy) 0.17
- H H=1.30 + 0.60-d,, 0.13
D—d* D= —1.00 + 0.90-d * 0.23

* printed samples.

The mean square deviation of the presented robust regression models shows good
agreement between the models and the experimental values. Summarizing the results of
correlation and regression analysis, it can be concluded that for printing samples from the
developed ceramic—polymer filament using FDM technology with subsequent debinding
and sintering, the use of a nozzle with a diameter of 0.6 mm and a layer height of 0.4 mm
would be optimal. The Kruskal-Wallis test [54] was applied to determine the influence
of the filling pattern on the flexural strength of sintered ceramic samples. This method
was chosen for values that do not obey the normal law of distribution to determine if
there are differences between groups. The results showed that there was no statistically
significant effect of filler type on the strength values of ceramic samples (p-value = 0.3908).
A similar conclusion was obtained for geometric and weight indices of sintered samples.
Summarizing the results of the statistical analysis and taking into account the findings
drawn in [34], we can conclude that the distribution of ceramics in the volume of the
printed samples is influenced by the layer height and the diameter of the nozzle used in
the FDM printer.

4. Conclusions

The application of statistical analysis in the study of the multistage technological
process allowed us to establish the presence of implicit linear relationships between nozzle
diameter, layer height, and weight of samples printed from 60 vol.% Al,O3/40 vol.% PLA
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ceramic—polymer filament by FDM technology and characteristics of sintered samples.
From the presented results it can be seen that the printed samples with filling type “line”
and layer height 0.4 mm have the best mechanical properties. This can be explained by the
fact that the fewer horizontal layers in the sample, the fewer voids between them, which
negatively affect the mechanical properties. In addition, the greater the line thickness, the
fewer horizontal layers need to be extruded to achieve a given disk height, and therefore
fewer voids are formed in the printed object. Printing an object with the fill type “line”
creates a two-dimensional grid where only one axis is printed along one layer. For the
mold sample studied and a density of 100%, this fill type allowed the slicer to place
the extruded filaments with as much contact between them as possible, in contrast to
the “zigzag” and “concentric” fill patterns. It was found that the flexural strength of
the alumina samples increases with increasing layer height of printed specimens. The
highest values of the flexural strength were achieved at a layer height equal to 0.4 mm,
and the geometric characteristics are closest (the least spread in values) to the model ones
when using a nozzle with a diameter of 0.6 mm. Application of the Kruskal-Wallis test
showed that there are no statistically significant differences in strength properties and in
the change in geometrical parameters of Al,O3 samples depending on the filling pattern.
The application of Akaike’s information criterion combined with robotic regression analysis
allowed us to establish the existence of a non-linear relationship between the weight of
sintered samples and the nozzle diameter of the nozzle used in the FDM printing of
blanks. Generalization of the results obtained in the study allows us to state that geometric
parameters of samples and mechanical properties of ceramics are established at the stage
of green bodies manufacturing and depend on the equipment parameters and 3D printing
conditions. The obtained regularities permit us to optimize the manufacturing process
of blanks for subsequent annealing based on the conditions of layer thickness set during
printing (setting the strength level) and the need to obtain accurate geometry of the blank
(choosing the nozzle diameter). The conducted statistical analysis allows the optimization of
the FDM 3D printing parameters of ceramic—-polymer samples to obtain ceramic specimens
with the required shape and properties. The results of the implementation of the identified
statistical regularities will be studied in further works.
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