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In this study, the Taguchi methodology was used to investigate the effects of Fused
Deposition Modeling (FDM) production parameters tensile strength, three-point bending
strength, and impact strength of three-dimensional (3D) printed polylactic acid (PLA) and
recycled polylactic acid (Re-PLA) test parts. As FDM process parameters, filaments (PLA, Re-
PLA), three different layer thicknesses (0.15—0.20—0.25 mm), occupancy rates (30%, 50% and
70%), and filling structure (Rectilinear) were determined in the experimental design. The
FDM technique was used to print the test parts. The tensile, three-point bending, and
impact strength of the test parts were determined using the ISO 527, ISO 180, and ISO 178
test standards, respectively. The results showed that layer thickness is the most efficient
factor for improving tensile strength, three point bending strength, and impact strength
rather than occupancy rate or filament materials. The optimum results were obtained in
layer thickness (0.25 mm), occupancy rate (70%), and filament material (PLA), respectively.
They were calculated to be as 60.006 MPa at tensile strength, 125.423 MPa at three-point
bending strength, 16.961 kJ/m? at izod impact strength. Also, Scanning Electron Micro-
scopy (SEM) has been utilized to investigate the morphology and topography alterations in
the fractured surface of test parts. The study demonstrates the possibility of 3DP with Re-
PLA filament and environmental awareness was noted by using recycled filament. The
study demonstrates the possibility of 3DP with Re-PLA filament and environmental
awareness was noted by using recycled filament. The research shows that 3D printing with
Re-PLA is feasible.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

3D printing (3DP) is one of the rapid prototyping (RP) tech-
niques of products based on computer-aided 3D modeling [1].
It also enables an initial and effective design process for suc-
cessful and efficient end products [2]. As a result, it comes to
the forefront as a driving force in material savings in the
production process [3]. It has been suggested that 3DP tech-
nology can revolutionize manufacturing practices in many
industries [4,5]. 3DP has gained popularity in recent years as a
result of its ability to reduce the amount of time and material
used in the manufacturing process [6]. RP, functional part
production, and free form production are all production types
that benefit from 3DP technology [7]. FDM is the most
commercialized 3DP or another name Rapid Prototyping
technology currently [8]. The FDM process, as seen in Fig. 1,
works on the premise of adding layer by layer plastic filament
material [9,10].

The following are highly preferred Additive Manufacturing
(A.M.) technologies that generate similar logic using different
methods: Selective Laser Sintering (SLS) [13], Selective Laser
Melting (SLM), Stereolithography (SL) or Selective Laser
Apparatus (SLA), Laminated Object Manufacturing (LOM) [14],
and Electron Beam Melting (EBM). Furthermore, research has
discovered two alternative methodologies known as Fused
Particle/Granule Fabrication (FPF/FGF) [15] and Interpretive
Structural Modeling (ISM) [16]. At the end of this production,
waste parts and residues are formed. Re-introducing waste
raw material into the production chain is one of the best ap-
proaches to increase efficiency and control waste during
production [17].

In the twenty-first century, “cheap raw material” is the
equivalent of “waste” [18]. Therefore, studies involving recy-
cling in the literature support this. As a result, the utilization
of recycled filament was highlighted.

Known to be biodegradable, biocompatible and cost-
effective, PLA is a thermoplastic that is commonly used for
FDM [19]. However, PLA is the most widespread raw material
used in FDM-based 3DP process due to its biodegradability and
environmental friendliness [20,21]. PLA, which has a lower
molecular weight and lower polymer strength, became the
world's second most consumed bioplastic in 2010 due to its
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Fig. 1 — Schematic illustration of FDM method [11,12].

wide applicability [22]. The mechanical qualities of 3D printed
parts must be optimized for all of these prospective uses
[17,18,23,24].

As a result of their review, Atakok et al. (2021) suggested
that according to the literature researches of production
techniques and filament materials used, the most preferred
parameters are FDM production method and PLA filament,
respectively. The reason why PLA filament is widely preferred
is its convenience to be recycled compared to other filaments.
Therefore, the study supports the use of PLA filament mate-
rial, after it becomes waste in the next 3D process, because
PLA filament is a low-cost raw material [25].

Matsuzaki et al. (2016) found that the material created by
adding 6.6 percent carbon to PLA filament had a tensile
strength of 185.2 MPa, which enhanced the material's tensile
strength [26]. With the inclusion of jute at the same contri-
bution rate, Kam et al. (2020) reached a tensile strength
(57.1 MPa) that was equivalent to pure PLA filament (6.1%). In
addition, the kind of additive and the ratios of additives are
extremely critical in influencing the mechanical properties of
the material. Adding different amounts of the similar type of
additive to the similar filament can cause considerable
changes in the material's mechanical properties. However,
increasing quantity of the additive does not always imply that
the material will become stronger [27].

Kam et al. (2021) investigated of used for PLA + filament
material that has been modified which is used experimental
design. In the production of the test parts to be used in the
experiments; filling structures (Rectilinear, Triangular, and
Full Honeycomb), occupancy rates (10%, 30%, and 50%) and
table orientation (0°, 60°, and - 45°) parameters were deter-
mined as variables. According to the data obtained in the ex-
periments, the occupancy rate was found to be directly
proportional to the tensile strength and Izod impact values
[28]. The experimental design was used in another study on
PLA material. During the process, layer thickness, material
deposition rate, occupancy rate and filling structures are
taken into account. According to them, the layer thickness
parameter significantly affects the tensile strength [28,29].

Scientists use optimization to decrease the amount of
change in a product by managing characteristics and features

Table 1 — FDM system parameters and properties.

No Properties Values
1 Printing Method FDM

2 Printing Size (mm) 220 x 220 x 250
3 Machine Size (mm) 440 x 410 x 465
4 Filament Diameter (mm) 1.75

5 Filament Type PLA, Re-PLA

6 Diameter of Nozzle (mm) 0.4

7 Temperature of Nozzle (°C) 200

8 Temperature of Bed (°C) 60

9 Printing speed (mm/min) 3000

10 Model Creality Ender 3 Pro
11 Slicer Program Simplify3D

12 CAD Program Solidworks

13 Tolerance +0.1

14 Filling Structure Rectilinear

15 Occupancy Rate (%) 30, 50, 70

16 Layer thickness (mm) 0.15—0.20 - 0.25
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Fig. 2 — Bed springs for stabil bed level.

connected to its design and development. Without a doubt,
the input parameters chosen have a significant impact on the
final performance of a product. Many methods are commonly
used by scientists to create the experimental setup, such as

19,44

1 s

Orthogonal Array of Taguchi. The experimental data is
analyzed to obtain the optimum parameters. Also the signif-
icant parameters that have the greatest effect on the final
results for study [28,30,31].

The most effective two 3DP characteristics for the strength
of items printed using the 3DP process, according to the
literature, are the filling structure and occupancy rate [30—37].

The average tensile strength increases proportionally as
the occupancy rate increases with each filling structures. Izod
impact levels vary independently of parameters in a recti-
linear filling structure. It is not appropriate to work at a 30%
occupancy rate or lower in applications where Izod impact
values are critical [28].

In this study, the strengths of tensile, izod impact and
three-point bending test parts printed with Rectilinear filling
structure, layer thicknesses of 0.15—0.20—0.25 mm, 30, 50, 70%
occupancy rates were investigated. The S/N ratio was calcu-
lated using the Taguchi methodology. The test results were
evaluated. Tensile, three-point bending and izod impact tests
were performed to determine the mechanical characteristics
of the printed test parts relating to strength and hardness.
Additionally, the effects of the process parameters were dis-
cussed in detail by evaluating the SEM micrographs taken
from the fracture surfaces of the tensile test parts as a result of
the test. Finally, the results and extensions of this study are
summarized.

2. Material and method

Test parts were created in Solidworks Computer Aided Design
(CAD) program and then converted to G-code using the Sim-
plify3D slicer program. Tensile test parts in accordance with
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Fig. 3 — (a) ISO 180—Type I tensile strength test standards and (b) ISO 527-Type IV impact strength test standards (c) ISO 178
three point bending test standards (all measurements are in mm).
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Table 2 — Properties of filament materials and test results
[42].

Properties Values
Material PLA, Re-PLA
Filament Colour Black
Diameter of Filament (mm) 1.75
Temperature of Bed (°C) 60—75
Extruding Temperature of PLA (°C) 200—220
Extruding Temperature of Re-PLA (°C) 190-215
Tensile Strength of PLA (MPa) 56

Tensile Strength of Re-PLA (MPa) 63

ISO 527 Type IV [38] standards, Izod impact test parts in
accordance with TS EN ISO 180 Type I [39] standards, and
three-point bending test parts in accordance with ISO 178 [40]
standards were tested with Porima3D PLA and their recycled
version Re-PLA filaments. Table 1 lists the FDM system pa-
rameters and 3D printer properties.

The Creality Ender 3 Pro was chosen since it is one of the
most suitable and high-quality devices for individual usage on
the market in terms of price/performance. The accurate
alignment of the 3D printer's elements during setup is a
crucial requirement for high-quality 3DP [41]. Therefore,
component prints were completed following minor upgrades
and calibration operations to ensure long-term print quality.
First of all, for the device upgrade process; 4 new quality
springs were supplied and replaced with normal springs in the
device. As a result, the bed level and stability have become
more firm. In addition, this change reduced the frequency of
prepress calibration processes, minimizing the time lost from
manual bed calibration that breaks down after each print. Bed
springs for stabil bed level and dimensions are given in Fig. 2.

Figure 3 shows the dimensions of the impact strength test
parts (ISO 180—Type I), tensile test part (ISO 527—Type IV),
and three point bending test part (ISO 178). Also, Properties of
filaments and their values are given in Table 2.

PLA is one of the most widely used FDM thermoplastics,
and it's simple to use as a filament in a 3D printer that uses the
FDM [43]. PLA filament was chosen since it is the most

commonly encountered filament in the literature when it
comes to recycling when compared to other filament types.
PLA is also a biodegradable thermoplastic polyester material
made from cleaner sources, with less hazardous components
and lower 3DP temperatures, which saves energy [28]. Because
Porima3D brand filament material is a high-quality brand on
the market, it was chosen for PLA and Re-PLA.

Figure 4 shows the images of test parts after all tests for
take SEM.

a) Tensile strenght test parts b) Impact strength parts c)
Three point bending test parts.

In order to avoid confusion between the test parts for SEM
analysis, each test part was marked as A (three-point bending
test), B (tensile test), and C (Izod impact test), respectively
(Fig. 4). Also, the repeated productions of the test parts were
carried out according to Table 3.

Tensile tests were carried out on the Zwick Roell Z010
brand tensile test machine seen in Fig. 5.

The determination of the appropriate levels of the factors
was made using the Taguchi method. Experiments were
designed and performed using L;g one of the Taguchi
orthogonal arrays, and the appropriate levels of the factors
were determined by analyzing the experimental results [44].
This design L;g has one factor with two levels and many

Table 3 — Repetitive production table for test parts.

Filling Filament Layer thickness  Occupancy
structure (mm) rate (%)
30
0.15 50
70
30
Rectilinear PLA/Re-PLA 0.20 50
70
30
0.25 50
70

a) "'

e

-

Fig. 4 — Images of test parts after all tests for take SEM.


https://doi.org/10.1016/j.jmrt.2022.03.013
https://doi.org/10.1016/j.jmrt.2022.03.013

1546

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:1542-1554

-
7
:

Fig. 5 — Tensile test machine.

Table 4 — Tensile factors and levels of control (Taguchi L;g).

No Factors Symbol Unit Level 1 Level 2 Level 3

1 Filament material (PLA:1; Re-PLA: 2) A = 1 2 =

2 Layer thickness (mm) B mm 1 2 3
0.15, 0.20, 025

3 Occupancy rate (%) C % 1 2 3

(30: 1; 50: 2; 70: 3)

factors with three levels each. There are 18 rows in all [45].
Control factors and levels for Taguchi L;g are given in Table 4.

The values for the occupancy rate are determined as follows:
30, 50 and 70%. This is since when the occupancy rate surpasses
50%, printing times rise majorly despite increased properties of

mechanical, and costs of producing surpassed tolerable bounds.
Values below 25% occupancy rate are ineffectual in terms of
strength, and the reduction in printing time is minimal. In terms
of mechanical qualities, filling structures of honeycomb and
rectilinear are the most extensively utilized ones [46].

Table 5 — Taguchi L5 orthogonal array Test results and S/N ratios.

No A B C  Tensile strength  S/N(dB) Impactstrength  S/N (dB) Bendingstrength  S/N (dB)
values (MPa) values (kJ/m?) values (MPa)
1 PLA 0.15 30 40.23 32.0910 10.90 20.7485 91.00 39.1808
2 PLA 0.15 50 41.16 32.2895 12.36 21.8404 99.40 39.9477
3 PLA 0.15 70 43.86 32.8414 13.70 22.7344 107.66 40.6411
4 PLA 0.20 30 46.46 33.3416 12.96 22.2521 102.00 40.1720
5 PLA 0.20 50 49.40 33.8745 13.73 22.7534 110.66 40.8798
6 PLA 0.20 70 50.10 33.9968 16.13 24.1527 119.66 41.5590
7 PLA 0.25 30 52.93 34.4740 14.02 22.9350 109.00 40.7485
8 PLA 0.25 50 56.90 35.1022 15.00 23.5218 120.66 41.6313
9 PLA 0.25 70 64.93 36.2489 17.04 24.6294 125.00 41.9382
10 Re-PLA 0.15 30 38.10 31.6185 10.50 20.4238 85.43 38.6322
11 Re-PLA 0.15 50 40.03 32.0477 11.26 21.0308 92.50 39.3228
12 Re-PLA 0.15 70 41.03 32.2620 12.13 21.6772 106.00 40.5061
13 Re-PLA 0.20 30 45.66 33.1907 11.38 21.1228 89.96 39.0810
14 Re-PLA 0.20 50 47.20 33.4788 12.46 21.9104 98.74 39.8899
15 Re-PLA 0.20 70 48.43 33.7023 13.55 22.6388 111.33 40.9322
16 Re-PLA 0.25 30 49.20 33.8393 13.86 22.8353 95.60 39.6092
17 Re-PLA 0.25 50 51.50 34.2361 14.96 23.4986 100.83 40.0718
18 Re-PLA 0.25 70 59.40 35.4757 16.40 24.2969 113.00 41.0616
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Table 6 — ANOVA for S/N ratios.

Factor Degree of Sum of Mean Square F value P value Contribution
Freedom (DF) Squares (SS) (MS) (%)
A 1 35.90 35.899 7.21 0.020 4.07
B 2 682.40 341.199 68.52 0.000 77.29
C 2 104.83 52.417 10.53 0.002 11.87
Residual Error 12 59.76 4.980 6.77
Total 17 882.89 100.00
variable layer thickness and occupancy rate. For this reason,
Main Effects Plot for SN ratios the larger is better feature is used. As a result, the strength
‘ Data M.eans values obtained as a result of the mechanical tests presented
350 Filament tayer thickness {mm] _{_Ocoupancy rate (%) in Table 5 are expected to be large and the S/N ratio (n) is used
ss in the ‘larger is better’ equation. Equation (1) [48].
ks P
B 340 1 1
: n=— 10109E {Zuﬂ} (1)
=1 1
5 335
§ 350 where n is the S/N ratio; w; is the i th result of the experiment;
R . . .
and p is the repeated times of a trial.
325
3.1. Tensile strength
32.0
1 2 015 020 025 30 50 70 . . .
Sgnal-to-noise: Larger i btter The effects of factors and interactions obtained as a result of

Fig. 6 — S/N rates for tensile strength.

3. Result and Discussion

Using the Taguchi Method, the design of test parameters is the
conversion of objective values into the S/N ratio, also known
as the quality characteristic evaluation index [47]. Taguchi
and Phadke (1989), classify factors as control and noise fac-
tors. Factors determined by the designer are control factors.
Factors other than these, such as ambient humidity and
temperature, are called noise factors. In the Taguchi method,
signal to noise (S/N ratio) is used to obtain a robustness sys-
tem and to desensitize the process to noise factors. Thanks to
the use of the S/N ratio, optimum quality design can be ach-
ieved with extraordinarily little variation. S/N ratio; It is
especially useful in factor weighting, reducing crossover ac-
tion, the processing means and variation simultaneously, and
improving quality. This study aims to optimize the mechani-
cal properties of PLA and Re-PLA parts produced using

Surface Plot of Tensile strength vs Layer thickness: Occupancy rate

Tensile strength (MPs]
D

* o

o
Layer thicknes fmm)

0

ANOVA are presented in Table 6 [49]. A regression analysis
was used to estimate the results of the studies. Variables B and
C were statistically significant. In Fig. 6, the main effect graph
for the effects and levels of the parameters is intuitively
shown. The effect of the layer thickness value is high
compared to other test parameters. In this case, it increases
the effectiveness of the layer thickness value on mechanical
effects [50]. It is important to have strong mechanical prop-
erties in 3DP [46,51]. (2) gives the linear regression equation for
estimating tensile strength with a 95% confidence interval (CI).
The effect of the layer thickness parameter on the tensile
strength is 77.29% and the occupancy rate is 11.87%. It is un-
derstood as a result of the tests and statistical analyses that
the effect of other variables on the tensile strength is low.

Estimated tensile strength MPa
=1490 — 2.824x A+150.7 x B4+0.1465 x C 2
In equation (2); the numerical values for B and C can be set
as mm and %, respectively.

The number should only be used as 1 for PLA filament and 2
for Re-PLA filament material. Filament type, layer thickness,

Surface Plot of Tensile strength vs Layer thickness ; Filament

Tansile strength (MPal

015

20
Layer thicknes (mm)

Filament

Fig. 7 — Surface plot of tensile strength.
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Table 7 — Response table for S/N ratios (Larger is better).

Level A B @
Filament Layer thickness Occupancy
(mm) rate (%)

1 33.81 32.19 33.09

2 33.32 33.60 33.50

3 = 34.90 34.09
Delta 0.49 2.70 1.00
Rank 3 1 2

Probability Plot of Tensile strength (MPa)
Normal - 95% ClI

Mean 4814
StDev  7.207
EERN 18
90 AD 0318
P-Value 0510

Percent
wv
o

20 30 40 50 60 70
Tensile strength (MPa)

Fig. 8 — Probability plot.

occupancy rate were the most critical factors in determining
the tensile strength values. ANOVA corrects the results from
the tensile test. PLA and Re-PLA filament were used to obtain
optimum tensile strength values of FDM process parameters
at third level of layer thickness (Bs), first level of filament (A1),
third level of occupancy rate (Cs). Fig 6 shows the main effect
graph for process parameters, S/N ratios and tensile strength.
For the optimum tensile strength, printing process parame-
ters (filament material, layer thickness, and occupancy rates)
were 0.25 mm, 70%, and PLA, respectively. As a result of using
these values, as indicated in Table 5, the best tensile strength
value was obtained as 64.93 MPa after using PLA filament. In
this case, it shows that it has higher strength than other
conditions. The tensile strength data plotted in the surface
plot graph is shown in Fig. 7.

The layer thickness, occupancy rates, and filament mate-
rial were the most critical elements, respectively for the

mechanical qualities (tensile strength values), as shown in
Table 7.

The tensile strength values increased proportionally
depending on the layer thickness and occupancy rate (Fig. 8).
Another parameter, the filament material, has an improve-
ment in tensile strength. The results obtained are consistent
with the literature [27,46,51,52]. The surface plot graph shows
the layer thickness and occupancy rate parameters that have
the greatest influence on the tensile strength value. The ef-
fects of production parameters on tensile strength are pre-
sented by comparing them. The normal probability graph of
the tensile strength obtained as a result of the modeling is
presented in Fig. 8. The accuracy of the model can be checked
using this graph. Since the P-values of the normality graph are
above 0.05 and the residuals follow a normal distribution, it is
understood that the experimental study and the mathemat-
ical model are compatible. In addition, the fact that the dis-
tribution is close to the central axis shows that the
experimental model is balanced and correct.

3.2. Impact strength

Considering the P value given in the ANOVA results in Table 8,
the layer thickness and occupancy rate were statistically sig-
nificant. Equation (3), obtained as a result of linear regression,
is given in order to estimate the impact strength values.

Estimated Impact strength value (kJ/m2)=5.016 — 1.038A
+ 34.05 x B+ 0.06387 x C
3)

Figure 9, the main effects plot, shows the levels of the
factors used. The impact strength value can be estimated
using the Linear Regression Equation (3). The layer thickness
parameter has an effect of 55.75% on the impact resistance
values, and the occupancy rate has an effect of 31.73%. It is
seen that the effectiveness of the layer thickness value on the
impact resistance is almost two times higher than the occu-
pancy rate. Strength of 17.04 MPa was obtained from PLA
filament using 0.25 mm layer thickness and 70% occupancy
rate, and it is the highest strength value among the tests
performed. As a result of the use of Re-PLA filament, a layer
thickness of 0.25 mm and strength of 16.40 MPa were obtained
at 70% occupancy rate. The maximum impact strength value
obtained from PLA filament is 0.4% higher than the maximum
impact strength obtained using Re-PLA filament. Other factors
have little effect on impact strength values.

Table 9 shows the response table for S/N ratios (Larger is
better).

Table 8 — ANOVA for S/N ratios (Impact strength).

Factor Degree of Sum of Mean Square F value P value Contribution
Freedom (DF) Squares (SS) (MS) (%)

A 1 4.846 4.8464 19.49 0.001 7.75

B 2 34.863 17.4317 70.10 0.000 55.75

C 2 19.839 9.9195 39.89 0.000 31.73

Residual Error 12 2.948 0.2487 4.77

Total 17 62.533 100.00
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Main Effects Plot for SN ratios
Data Means

Filament Layer thickness (mm)

235
230
225 \
220
215

1 2 0.15 0.20 0.25 30 50 70

Occupancy rate (%)

Mean of SN ratios

Signal-to-noise: Larger is better

Fig. 9 — S/N rates for impact strength.

Table 9 — Response table for S/N ratios (Larger is better).

Level A B C
Filament Layer thickness Occupancy
(mm) rate (%)

1 22.84 21.41 21.72

2 22.16 22.47 22.43

3 - 23.62 23.35
Delta 0.68 221 1.64
Rank 3 1 2

The B and C values can be selected in mm and % as (3) in
the equation. Number A should only be used as 1 for PLA and 2
for Re-PLA filament.

By using PLA and Re-PLA filaments, the use of FDM process
parameters such that the layer thickness is at the third level
(Bs), the type of filament material is at the first level (A;) and
the occupancy rate is at the third level (Cs) has provided op-
timum izod impact strength. The effect of FDM parameters on
impact strength is shown in the graph of S/N ratios given in
Fig. 9. The parts produced using the PLA (1) filament with a
layer thickness of 0.25 mm and an occupancy rate of 70%
exhibited the best impact resistance values. Surface plot
graphics of impact strength values are shown in Fig. 10.

The surface plot graph shows the effectiveness of the pa-
rameters that influence the impact strength. The parameters

Surface Plot of Impact strength vs Layer thickness ; Occupancy rate

1%

Tmpact strengthik P |

2 025

"o 02
e Layer thicknes {mmi

Ocoupncy rate (%1

that have a greater effect on impact resistance are layer
thickness and occupancy rate, respectively. The efficiencies of
the parameters on the surface images were compared. And it
is understood that there is a direct proportional relationship
between the parameters and the impact resistance value.

The interaction values obtained by modeling as a result of
the test are presented in Table 8. The normal probability graph
of the impact strength obtained as a result of the modeling is
presented in Fig. 11. Since the p values of the normality graph
are above 0.05 and the residuals follow a normal distribution,
it is understood that the experimental study and the mathe-
matical model are compatible. In addition, the distance of the
distribution from the center axis is an indicator of the stability
and accuracy of the established model. Since there is a
balanced distribution, the established model is correct.

As the probability plot layer thickness and occupancy rates
increase, the impact resistance value also increases (Fig. 11).

3.3. Bending strength

Considering the P value given in the ANOVA results is pre-
sented in Table 10. The layer thickness, occupancy rate, and
filament materials were statistically significant. The linear
regression equation is given in (4) for the estimated three-
point bending strength value.

Estimated three — point bending strength (MPa)
= 69.42 -10.18 x A+ 136.8 x B+ 0.4569 x C 4)

Figure 12 shows the main effect plot for the effects and
levels of the three point bending strength parameters used in
the model. Mechanical characteristics of high quality are
required. The three-point bending strength value can be
estimated using the Linear Regression Equation (4). The layer
thickness parameter has a 26.46% and filament material has a
21.61% effect on the three-point bending strength values,
whereas the occupancy rate has a 46.53% effect. Other factors
have a minor impact on impact strength values. B and C
values can be selected numerically as mm and % in Equation
(4). Number A should be used for filament only and should be 1
for PLA and 2 for Re-PLA. The ANOVA verified the results of the
three-point bending strength values. Layer thickness, occu-
pancy rates and filament material are 0.25 mm—70% and PLA
optimum process parameters, respectively. These parameters

Surface Plot of Impact strength vs Layer thickness ; Filament

W
impact strengthik Yl |

i 025

n | 02

0
> Layer thicknes (mmi

Filament

Fig. 10 — Surface plots of impact strength.
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Fig. 11 — Probability plot.

were the most critical for the three-point bending strength
value.

By using PLA and Re-PLA filaments, the optimum three-
point bending strength modelled for the FDM process pa-
rameters was obtained at the third level of layer thickness
(B3), at the first level of the filament material (A1), and at the
third level of occupancy rate (C3). The main effect plot of the S/
N ratios for the FDM parameters, which are effective in the
three-point bending strength value, is presented in the graph
in Fig. 12.

Among the process parameters used, the best values are
respectively; 0.25 mm for layer thickness, 70% for occupancy
rates and PLA for the filament material used. The relationship
between layer thickness and occupancy rate parameters and
three-point bending strength is directly proportional.

Surface plot graphs of three-point bending strength values
are shown in Fig. 13. The surface plot shows the effects of
layer thickness and occupancy rates, which are effective pa-
rameters on the three-point bending strength values, pro-
portionally. Surface images are compared to understand the
contribution of the parameters.

The interaction values obtained by modeling as a result
of the test are presented in Table 11. The normal probability
plot according to the three-point bending strength values is
presented in Fig. 14. This graph is used to check the accu-
racy of the model. Since the p values of the normality graph
are above 0.05 and the residuals follow a normal

distribution, it is understood that the experimental study
and the mathematical model are compatible. In addition,
the distance of the distribution from the central axis is an
indicator of the stability and accuracy of the established
model. The model is correct because it is a balanced
distribution.

3.4. SEM analysis

Figure 15 gives the SEM images of fractured part surfaces after
tests. The images were taken from the fracture areas of the
material in the test result which at the fracture angle and
plastic deformation regions. Quanta FEI model FEG 250 SEM
device was used. Voltage of the machine is from 200V to 30 kV.

It shows the photomicrographs of the fracture surfaces of
the fractured test parts during the tests. Air gaps are seen
between the layers, which are responsible for the poor
bonding between the layers. These cavities cause residual
stresses by affecting the heat distribution during production
[53]. Lower due to these gaps; it is understood that it causes
the formation of tensile, three-point bending and Izod impact
strength values. However, the porous structure and large
voids formed on the surface reduced the resistance of the test
pieces against deformation. The cross section of the fracture
test parts clearly shows the parallel layers formed by the FDM
process. Gaps between compounds are given in Fig. 15 in b)
Surface porosity and large gaps facilitate the deformation of
the test parts. As a result, the pores occurred by the filament
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Fig. 12 — S/N rates for three-point bending strength.

Table 10 — ANOVA for S/N ratios (Three-point bending).

Factor Degree of Freedom Sum of Squares Mean Square F value P value Contribution
(DF) (Ss) (MS) (%)

A 1 466.7 466.651 47.97 0.00002 21.61

B 2 571.3 285.666 29.37 0.00002 26.46

C 2 1004.9 502.460 51.66 0.00000 46.53

Residual Error 12 116.7 9.727 5.40

Total 17 2159.6 100.00
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Table 11 — Response table for S/N ratios (Larger is better).

Level Filament Layer thickness Occupancy
(mm) rate (%)

1 40.74 39.71 39.57

2 39.90 40.42 40.29

3 - 40.84 41.11

Delta 0.84 1.14 1.54

Rank 3 2 1

Table 12 — Prediction of Taguchi results.

Predicted Tensile Predicted Impact Predicted
Strength (MPa) Strength (kJ/m?) Three-point
Bending
Strength (MPa)
39.44 11.13 93.23
41.71 12.16 101.53
45.30 13.69 111.51
46.58 12.69 101.62
48.85 13.72 109.92
52.44 15.25 119.90
54.51 14.54 106.91
56.78 15.56 115.21
60.37 17.09 125.19
36.61 10.10 83.05
38.88 11.12 91.35
42.47 12.65 101.32
43.75 11.66 91.44
46.02 12.68 99.74
49.61 14.21 109.72
51.69 13.50 96.73
53.96 14.53 105.03
57.55 16.06 115.01

melting process throughout the PLA 3DP process reduced the
strengths in the tests slightly. Because PLA filament loses
some strength during production, the results were higher but
like Re-PLA.
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Fig. 14 — Probability plot.

In the SEM images, it appears that the PLA material is
fractured in brittle behavior offering some roughness on its
surface. This indicates several localized pressures that occur
during fracture [54].

The finding obtained as a result of the study is that the
layer thickness is the most significant factor affecting the
mechanical properties. The mechanical characteristics of
PLA material often rise as the layer thickness. Also, PLA is
the most common used filament because it is a substance
that melts at low temperatures and is an easily workable
material.

In PLA materials, both virgin and recycled materials have
extremely similar spectral characteristics [55].

According to the mean values, the results of the calculating
Taguchi analysis were very close to the real test values (Table
12). Estimation by the mean outperformed the estimation
obtained by Taguchi's logarithmic transformations. Both es-
timates are greater than the highest output in the experi-
mental setup.

Surface Plot of Bending strength vs Layer thickness ; Filament
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Fig. 13 — Surface plots of three-point bending strength.
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4, Conclusion

In this study, PLA and Re-PLA filaments and FDM from addi-
tive manufacturing techniques were used. Test parts of
different production parameters; produced using layer thick-
ness and occupancy rate. The produced test parts were sub-
jected to tensile, izod impact and three-point bending tests.
The mechanical properties obtained as a result of the test
were examined experimentally and statistically. The spec-
trometer analysis of the Re-PLA filament revealed the pres-
ence of an additive in the filament's composition. Nozzle
clogging during printing supports this finding. Apart from
that, since the properties of the filament cannot be measured
in detail, it is not possible to determine the individual
contribution of varied factors due to the material properties.
As a result of the tests and statistical analysis; the process
parameters (layer thickness, occupancy rate, and filament
type) were found at 0.25 mm, 70%, and PLA, respectively. Most
efficient parameter for increasing mechanical properties was

discovered to be layer thickness. It is seen that there is a
decreasing trend in strength as the occupancy rate decreases.
PLA had stronger tensile strength than Re-PLA at all layer
thicknesses and occupancy rates. Surface porosity and large
gaps facilitate the deformation of the test parts. According to
the SEM analysis, the test parts have several gaps at the loca-
tion where the filament splits during the tensile test. The pores
formed are due to the filament melting process during 3DP of
PLA test parts. As a result of the pores created by the filament
melting process during 3DP of PLA components, the strengths
in the tests were lowered. The test results were higher but like
Re-PLA since PLA filament lose some strength during test part
production. It is possible to state that the regression model
created due to the larger confidence value is useful and
dependable in predicting mechanical characteristics.

All performed tests values were found to be directly pro-
portional to occupancy rate in the study. The optimum results
were 0.25 mm, 70%, and PLA for all test results; layer thick-
ness, occupancy rates, and filament materials, respectively.
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They were calculated to be 60.006 MPa, 16.961 kJ/m? at Izod
impact strength, 125.423 MPa at three-point bending strength.
Also, SEM has been utilized to examine the morphology and
topography alterations in the fractured surface of test parts.

Air gaps were detected in SEM images. These gaps caused
residual stresses by affecting the heat dissipation during
production. As a result, it negatively affected the mechanical
properties of the test parts.
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