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Abstract The influencing parameters like infill density, infill pattern, nozzle temper-
ature and layer height on tensile strength of carbon fiber-reinforced Polylactic Acid
(PLA) samples were investigated. PLA along with carbon fiber composite filament is
used as a printing material owing to its excellent structural properties. Fused Depo-
sition Modeling (FDM) technique is employed in the present investigation due to its
simplicity. Fused Filament Fabrication (FFF) is one of the simplest and most cost-
effective printing techniques in the Additive manufacturing process. The different
printing parameters are used to develop the tensile samples as per Taguchi’s design of
experiments. A L16 orthogonal array was selected from the set of levels and factors in
the present investigation. The tensile specimens were printed as per the ASTM D638
testing standard. It has been observed from the results that the most influencing
parameter on tensile strength is infill density, and infill pattern layer thickness is
having very less influence on tensile strength followed by nozzle temperature. The
maximum tensile strength of 61.83 MPa is obtained at a line pattern with 90% of
infill density with a layer thickness of 0.05 mm printed with a nozzle temperature of
210 °C.
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1 Introduction

In recent years, AM (Additive Manufacturing) technology has been used in many
industries especially in the field of medical sector [1]. FDM is considered to be one of
the easily accessible and cost-effective methods of 3D printing as compared to stere-
olithography (SLA) and selective laser sintering (SLS) methods [2]. In the past few
years, there is a rapid growth in the 3D printer market due to increased demand for the
desktop customized machines [3]. Likewise, the demand for the polymers for printing
in the form of filaments is also increased. Different Filament materials like poly-
lactic acid (PLA), polyacrylonitrile butadiene styrene (ABS), Polycarbonate (PC)
and Polyetheretherketone (PEEK) are the mainly used filament materials in FDM.
Despite this variety, the majority of the applications use PLA material because of its
environmental compatibility and biodegradability and also it emits less dangerous
ultra-fine particles than ABS [4]. Many research articles report that the parts made
by ABS start delaminating during printing. Thus, the parts made by PLA show less
shrinkage and no local stresses developed and thereby show good mechanical prop-
erties. Tymrak et al. [3] reported that the mean tensile strength of the samples was
28.5 MPa and 56.6 MPa for ABS and PLA, respectively. Normally all desktop-level
FDM 3D printers use the filament diameters of 1.75 and 2.85 mm. The printing
parameters decide the quality of the product in the FDM method. It is very important
to define certain printing parameters to obtain the effective product during the FDM
method [5]. The process characteristics decide the mechanical properties of the parts
by showing explicit anisotropy due to layer deposition of the fine threads of molten
polymer material. In most of the studies, the print orientation and layer thickness
were selected as the most influencing parameters.

The development in the additive manufacturing technology is accompanied by
filler materials in the thermoplastic filaments. The various filler materials such as
short fibers like glass fibers, carbon fibers, carbon nanotubes and natural fibers were
reinforced with polymer filaments [6-8]. Over the past five years, several companies
started to fabricate composite parts commonly known as continuous fiber additive
manufacturing (CF-AM) [9], where the continuous fibers are reinforced together in
the thermoplastic materials which act as a matrix material. This process shows signif-
icant improvement in the mechanical properties of the printed parts [10]. Chacon
et al. [11] conducted an extensive mechanical and bending test to access the effect
of layer orientation, layer thickness and fiber volume content. Dickson et al. [12]
used different types of fibers to understand the effect of reinforcement on tensile and
flexural behavior of the 3D printed specimens under different process characteristics.
Al Abadi et al. [13] investigated the elastic properties of the composite structures.
Three different types of Fiber-reinforced materials were used in the study. They
finally concluded that the level of reinforcements and their orientation have a major
effect on the structural performance of the composite parts.

The objective of the paper is to study the tensile properties of the carbon fiber-
reinforced PLA samples developed by using the FDM process with different print
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parameters. The tensile strength of the developed samples was tested under a tensile
testing machine and the results obtained are discussed in the result section.

2 Experimental Method

The Taguchi Design of Experiment was employed to identify the most influencing
parameters and the optimal conditions on the tensile properties [14]. From the liter-
ature, the four most influencing factors and four levels were chosen for the current
study. The infill pattern, infill density, nozzle temperature and layer thickness are
chosen as the common influencing factors. The details of the parameters and the
levels are listed in Table 1.

From the above data, the Taguchi L16 orthogonal array was designed by using
MINITAB software [15]. All the 16 tensile test specimens were prepared as per the
Taguchi design combinations. Total of 16 experiments were carried out with different
combinations. The details of the test combinations and the tensile test results were
shown in Table 2. All the tensile test specimens were prepared as per the ASTM
D-638 standard [16]. The 2D drawing of the test specimen was shown in Fig. 1.

All the tensile test specimens were printed under FDM-based 3D printer
(Dreamer). Figure 2a, b shows the printing process of tensile test specimens using
the Dreamer printer. Each specimen was printed with different print parameters like
infill pattern, infill density, nozzle temperature and layer thickness [15].

Once the tensile test specimens were prepared, they were tested under computer-
ized twin screw Universal Testing Machine VFD (Vector Model) as shown in Fig. 3.
Figure 4 shows the UTM contains speed variation between 0.5 and 800 mm/min and
the maximum load capacity of 700 kg.

All the tensile test specimens were tested under UTM and recorded changes in
length, cross section area and modulus of elasticity, and the ultimate tensile strength
of each specimen was calculated and listed in Table 2. The ANOVA was conducted
by taking print parameters as factors and ultimate tensile strength as a response [11].

From the testresult, it was observed that specimen 12 shows the maximum ultimate
tensile strength of 61.83 MPa with 90% infill density, line pattern, 210 °C nozzle
temperature and 0.05 mm layer thickness. Specimen 8 shows the next best result of
55.37 MPa of ultimate tensile strength with 90% infill density, triangular pattern with
220 °C of extruder temperature and 0.1 mm of layer thickness. From the results, it

Table 1 Print parameters and levels

Parameters/levels 1 1I I v

Infill pattern (A) Hexagonal Triangular Line 3D infill
Infill density (B) 60% 70% 80% 90%
Temperature (C) 200 °C 210°C 220 °C 230 °C
Layer height (D) 0.05 mm 0.1 mm 0.15 mm 0.2 mm
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Table 2 Tensile test results as per the Taguchi L16 array

Sr. No | Infill pattern | Infill density (%) | Temperature | Layer thickness | Ultimate tensile
°O) (mm) strength (MPa)
1 Hexagonal 60 200 0.05 29.807
2 Hexagonal 70 210 0.1 41.268
3 Hexagonal 80 220 0.15 51.88
4 Hexagonal 90 230 0.2 54.096
5 Triangular 60 210 0.15 37.731
6 Triangular 70 200 0.2 42.824
7 Triangular 80 230 0.05 54.002
8 Triangular 90 220 0.1 55.37
9 Line 60 220 0.2 41.551
10 Line 70 230 0.15 45.135
11 Line 80 200 0.1 53.719
12 Line 90 210 0.05 61.831
13 3D infill 60 230 0.1 30.42
14 3D infill 70 220 0.05 31.835
15 3D infill 80 210 0.2 43.485
16 3D infill 90 200 0.15 31.364
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Fig. 1 2D CAD model of the tensile test specimen (all dimensions are in mm)
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Fig. 2 a and b Dreamer FDM 3D printer. Tensile test specimen printing process
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Fig. 3 The tensile
specimens

Fig. 4 Computerized tensile
testing machine
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Fig. 5 3D printed specimen
with exploded view of the
surface

was observed that infill density shows a significant influence on the tensile properties
of the printed specimens. Also, it was observed from the result that a large increase
in the tensile strength when the infill density increases from 70 to 80%. But that trend
was not observed in 80 to 90% of infill density models. Also, it was observed that
there was a strong adhesive bonding between the layers when printed under optimum
extrusion temperature [17]. But when increase in temperature results, the material
becomes more brittle and breaks easily. The tensile strength result obtained at 200
°C and at 220 °C can be observed from the result Table 2.

3 Results and Discussion

Experimental data were used to analyze the influencing factors on the tensile strength
of the developed specimens. ANOVA was used to understand the response of each
variable and it was listed in Table 3. The effect plot of each parameter is shown in
Fig. 6.

From Table 3, it was observed that the factors which show more influencing
parameter on tensile strength were considered with p values less than 0.05. From the

Table 3 ANOVA result of ultimate tensile strength

Source DOF |Seq.SS |Adj.SS |Adj.MS |F P Percentage
Infill pattern 3 598.74 | 598.74 199.58 12.84 |0.032 |38.51

Infill density 3 749.46 | 749.46 249.82 16.07 [0.024 |48.20
Temperature 3 120.56 | 120.56 40.19 259 10228 |75
Layer thickness |3 39.23 39.23 13.08 084 [0.555 |[2.52

Error 3 46.63 46.63 15.54 2.99

Total 15 1554.62 100

S =3.94233 R-Sq. = 97.00% R-Sq. (adj.) = 85.00%
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Main Effects Plot for SN ratios

Data Means
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Fig. 6 SN ratio plot of different parameters

results, the most influencing factor in tensile strength was infill density with 48.20%
followed by an infill pattern of 38.51%. Nozzle temperature shows very less influence
on tensile strength of 7.75%. Layer thickness shows a very negligible percentage of
influence on tensile strength. SN ratio response of each printing parameter and their
levels were analyzed by using the “larger is the better” concept. It was observed
that the Triangular infill pattern shows a better performance on tensile strength as
compared with other patterns. 3D infill shows very less influence on the tensile
strength of the specimens. 60% Infill density shows very less effect on tensile strength
as compared to 80 and 90%. Nozzle temperature shows very less influence when
compared to other parameters. 210 °C showed good results as compared to other
sets of temperature. Layer thickness shows a negligible influence on tensile strength,
and we can see very less variation in signal-to-noise ratio values. The R square value
obtained was above 95% confident level [18].

Table 4 shows the SN ratio response of all parameters along with their levels. From
the table, it was observed that the infill density shows the better response among all
the other parameters, and it was ranked as one followed by the infill pattern. The
infill pattern was ranked second and it shows considerable response on the output of
the result. Temperature and Layer thickness show a negligible amount of response
on the output, so they ranked as third and fourth. All the responses were recorded by
setting Larger is the better option.
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Table 4 Response table for signal-to-noise ratios (lager is better)

T. S. Sachit et al.

Level Infill pattern Infill density Temperature Layer thickness
1 32.69 30.76 31.66 32.5
2 33.42 32.02 33.11 32.86
3 33.97 34.08 32.9 32.21
4 30.6 33.82 33.02 33.11
Delta 3.32 3.37 1.45 0.9
Rank 2 1 3 4
Fig. 7 Validation of Tensile strength
regression model results 70 -
versus experimental results 60
50 -
40 4
30 -
20 -
10 -
0

3.1 Regression Analysis

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

=g fctual === Practical

The Linear regression model was developed by using Minitab software by consid-
ering all the dependent variables. Equation 1 shows the regression equation for the
tensile strength. The validation of the regression model developed was done by
comparing the regression model results with actual experimental results. The varia-
tion of regression results and actual experimental results was shown in Fig. 7. After
comparison, it was observed that the nominal error value was obtained and that was

well within 5%.

oyr = —32.3096 — 2.6883A + 0.5787B + 0.185345C — 0.612D (1)

4 Conclusion

Finally, the following conclusions were drawn from the present investigation.
Carbon fiber-reinforced PLA samples were successfully developed by using the
FDM technique. The tensile strength of the developed samples is mainly depending
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on the different print parameters. Infill Density and infill pattern show the majority of
the influence on the tensile strength of the developed samples. Nozzle temperature and
layer thickness show very less influence on tensile strength. The results obtained by
the regression model were successfully correlated with the experimental results. The
errors obtained during correlation were less than 5%. So that the model generated and
the parameters chosen were more suitable for the current study. The results obtained
are taken as a reference, and further studies on the compression and torsion behavior
of the printed specimen can be done using other optimization techniques.

Further studies should focus on the tensile and compression strength of different
binding particles like graphene particles in the filament and by varying its percentage.
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