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ABSTRACT 

This study investigated the mechanical characteristics of components produced from composite Polylactic 

Acid reinforced with Carbon Fibers (PLA-CF). PLA and PLA-CF were produced with strict rules 

regarding layer thickness, nozzle diameter, printing speed, and orientation. PLA-CF exhibited superior 

tensile characteristics, Izod impact test values, and higher crystalline degree than PLA. Samples with 

density values of 20%, 40%, 60%, 80%, and 100% were tested for ultimate tensile strength. It was shown 

that the PLA-CF UTS samples at 100% infill density (45.292 MPa) surpassed the PLA samples (42.235 

MPa). As the strength values increased, the Izod impact strength followed the same pattern with infill 

density. The Grey Relational Analysis (GRA) approach was employed to optimize the infill density in order 

to enhance the dimensional accuracy. The aforementioned parameter was found to have a more significant 

influence on product quality and time reduction in the Fused Filament Fabrication (FFF) process.  

Keywords-Fused Filament Fabrication (FFF); PLA-CF; tensile strength; Izod strength test; grey relational 

analysis  
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I. INTRODUCTION  

The constraints placed on the development and production 
processes are becoming increasingly demanding in the modern 
setting markets. Besides the criteria that are being established 
to improve product quality and flexibility in development and 
production, additional requirements are being imposed to 
minimize costs, with a particular focus on decreasing the time 
amount spent on development and production. In some market 
niches, a new trend, which is becoming increasingly 
significant, is the mass abandoning manufacturing in a smaller 
production favor scale and usually on an individual basis (also 
known as personalized production) [1]. Fused Filament 
Fabrication (FFF) has been deployed to manufacture any item, 
ranging from a simple to a highly complicated form, using a 
simple software program and polymeric materials, which 
possess the desirable mechanical and thermal qualities. This 
technology has attracted the attention of academic researchers 
and businesspeople due to its capacity to produce sophisticated 
structures in a short time [2, 3]. Three dimensional (3D)-
printing is a relatively new technology, which includes the 
material addition in successive layers in order to produce items 
with a high-quality finish [4]. 

In the additive manufacturing process, the machine is given 
instructions to deposit material in exact geometric patterns, 
often known as consecutive layers. This is accomplished via 
Computer-Aided Design (CAD) software or 3D object 
scanners. Some thermoplastic polymers and reinforced 
materials that can be printed employing Fused Deposition 
Modeling (FDM) are ABS, PLA, polycarbonate, Ultem, PEEK, 
and fiber-reinforced thermoplastics [5, 6]. Components 
manufactured using FDM are gradually replacing traditional 
components in a number of different industries. PLA's 
applicability in various sectors is, however, severely limited 
due to the fact that it is brittle and resistant to low temperatures 
[7]. Therefore, the enhancement of PLA's mechanical 
performance has been a goal pursued in both the academic and 
industrial sectors. It has been specifically determined that the 
primary cause of the inadequate mechanical properties of PLA 
is its limited crystallization ability [8]. As a consequence, 
attempts have been made to improve PLA with fibers in order 
to enhance its crystallization. In [9], it was proven that fibers 
have the ability to successfully promote crystallization and 
greatly increase matrix properties. As indicated in [6, 8], the 
process variables and their parameters have a considerable 
influence on the mechanical properties of manufactured FDM 
printed components [10-13]. In general, the fibers used to 
strengthen PLA may be obtained from either natural or 
synthetic sources [14]. Therefore, in order to enhance the 
mechanical characteristics for printed components, it is 
essential to analyze the influence of the elements entered into 
the process and predict the outcomes by utilizing the right 
process parameters [15]. Authors in [16] investigated the 
influence of different printing settings on material tensile 
strength employing PLA filament. Based on the obtained data, 
in addition to the construction orientation and raster 
orientation, these parameters included nozzle diameter, infill 
density, and build orientation. It was found that all of them had 
a substantial effect on the component's strength, with the latter 

having the most essential influence. Infill density, layer height, 
print speed, and fill pattern significantly affect the FDM 
component's tensile strength [17]. In [18], an evaluation was 
conducted for the thermoplastic mechanical characteristic’s 
materials and reinforced polymers. Several context infill 
patterns were used, such as concentric, zig-zag, and four 
separate orientations. In FFF, basic and support materials may 
be extruded utilizing the same nozzle or another one, 
depending on the 3D printer equipment [19]. This is possible 
because the nozzle can be employed in various ways. When 
some conditions are met, the fiber is deposited on the specimen 
top, which has been partly manufactured [20]. When evaluating 
the mechanical response on the specimen obtained through this 
process, it is necessary to take into consideration various 
parameters, including layer height, nozzle diameter, raster 
angle [15, 21], or infill pattern [21, 22] to the melted filaments 
[23], for both the pure polymer and fiber in a composite 
material, along with infill density [11, 24-27]. 

Among the additive manufacturing techniques based on the 
melt extrusion approach, FFF utilization is becoming more 
common [25, 27, 28], as shown in Figure 1. These methods 
include the extrusion for the molten material, which is often in 
the form on the filaments, through openings with the various 
diameters in order to generate certain components, significantly 
contributing to growth potential [25, 29]. 

This research aims to determine an acceptable filling 
density for the discussed parameters and analyze the 
mechanical quality influence on the specimens generated by 
the FDM technology. During the FDM specimen 
manufacturing process, the designer has control over the print 
speed, layer thickness, shell thickness, and printing orientation. 
Utilizing the Taguchi optimization technique, the present work 
also intends to evaluate the influence that the process 
parameters have on the mechanical characteristics of the 
samples. Scanning Electron Microscopy (SEM) was used to 
examine the fracture surface of the selected specimens, and 
thus identify the failure cause. 

II. METHODOLOGY 

A. Materials and Process Parameters 

FDM works best with polymers that are amorphous in 
nature [30] rather than with highly crystalline polymers, which 
are more suitable for the processes illustrated in Figure 2. 

1) Polylactic Acid 

PLA is a biodegradable material derived from natural 
resources, such as maize starch. Its popularity for prototype and 
hobbyist 3D printing stems from its user-friendly nature and 
eco-friendly characteristics. 

2) Carbon Fiber Reinforced Polymers (CFRPs) 

Due to their high strength-to-weight ratio, CFRP 
composites are used to manufacture components that are both 
lightweight and sturdy. The specimen for the tensile test was 
built as a CAD geometric model, as depicted in Figure 3. 
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Fig. 1.  3D printing diagram process using the FDM technique. 

 
Fig. 2.  FDM materials. 

 
Fig. 3.  Specimens for (a) tensile test, (b) Izod impact test. 

All specimens were made according to the requirements of 
the ASTM D638-02a standard (Type I specimen, 7 mm length). 
The Izod test is a standard procedure to assess the influence of 
a material’s resistance according to ISO180. The Un-notched 
Izod impact test allows for the measurement of material 
resistance on the swing pendulum. This test is performed at a 
single site. The kinetic energy required to initiate fracture and 
failure is measured and reported. For this research, 3D printing 
machines equipped with FFF technology were used. To 
produce pure polymer and composite component specimens, 
the Ultimaker 2+ printer (Ultimaker, Utrecht, Netherlands) was 
used, as portrayed in Figure 4. In order to create the specimens, 

a filament consisting of PLA and PLA-CF with a diameter of 
2.85 ± 0.05 mm, manufactured in China, was used. 

B. Mechanical Test 

Both tensile and Izod test specimens comprised two sets of 
PLA and PLA-CF combinations, as shown in Figure 5. 

The considered parameters were: Layer thickness of 0.1 
mm height, nozzle diameter of 0.6 mm, print speed of 40 
mm/sec, orientation of 45o, and infill densities of 20%, 40%, 
60%, 80%, and 100%. One of the most distinguishing 
characteristics of the CF test specimens is the smooth surface 
texture they possess. Tests were carried out for each parameter 
until at least three sets among the consistent data were acquired 
and the average values were reported as the results. The 
specimens were grouped according to the density of the filling, 
as outlined in Table I. 
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Fig. 4.  Part manufacturing steps. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5.  Test samples: (a) PLA tensile specimen, (b) PLA-CF tensile 
specimen, (c) PLA impact specimen, (d) PLA-CF impact specimen. 

TABLE I.  FACTORS AND THEIR LEVELS 

Fixed factors Control factors 

Factor Value Unit Factor Value Unit 
Layer 

thickness 
0.1 Mm 

Infill 
density 

20 

% 

Nozzle 
diameter 

0.6 Mm 40 

Print 
speed 

40 Mm/s 60 

Part 
orientation 

45 Degree 
80 
100 

 

1) Tensile Test 

The specimens were subjected to tensile test in accordance 
with [31]. The tests were carried out using a tensile strength 
machine, as shown in Figure 6. The cross-head speed (strain 
rate) was set at 5 mm/min, and the load was set at 5 kN. 

2) Impact Test 

The Izod test is a part of the ISO180 standard for 
determining the resistance of a material. Un-notched Izod 
impact is a one-point test that examines the material's 
resistance to the impact from a swing pendulum, as depicted in 
Figure 7.  

 

 
Fig. 6.  Universal tensile testing machine. 
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Fig. 7.  Impact test machine. 

The impact strength (J) is calculated [22] by: 

Impact Energy
Impact Strength

Cross-Sectional Area
   (1) 

where the Impact Energy and Cross-Sectional Area are 
measured in J and m2, respectively. 

C. Physical Properties 

1) Dimensional Accuracy Test 

To determine the length (l), width (w), and thickness of the 
object, a digital caliper with a least count of 0.01 mm was used 
to accurately measure the dimensions. The relative change in 
dimensions was calculated by [18]: 

CAD

CAD

x x
x

x


      (2) 

where x is the measured value of length, width, or thickness, 
xCAD is the designed or ideal value from the CAD model, and 
Δx indicates the relative change in x. 

2) Grey Relational Analysis 

After data pre-processing, the grey relational coefficient is 
derived from (3) [19], and then the original sequence is 
normalized [32]: 

 
   

   
*  

    
max min

i i
i

i i

max x k x k
x k

x k x k





  (3) 

where  *
ix k  and  ix k  are the sequences following the data 

comparability sequence and preprocessing, respectively. Also, 
k=1 for each mechanical characteristic, i takes the values of 1, 
2, 3, 4, and 5, representing the experiments from 1 to 5. 

The deviation sequence  i k  is defined by [33]: 

     * *
0i ik x k x k       (4) 

where  *
0x k  and  *

ix k  are the reference sequence and the 

comparability sequence, respectively. 

The pre-processed sequence describes the relationship 
between the actual normalized experimental data and the ideal. 
The grey relational coefficient  i k  is calculated by [34]: 

 
 

   min max
i

i max

k
k






 



  
   (5) 

where  i k  represents the series on deviations from the 

reference sequence and ε is the coefficient used to identify or 
differentiate between two variables [35]. 

The grey relational grade i  is calculated by taking the 
average of the grey relational coefficients that correspond to 
each performance characteristic. This occurs after the grey 
relational coefficient has been determined. In order to arrive at 
the grey relational grade, an analysis on a large number of 
performance characteristics is performed using [36]: 

 
1

1
 

n

i i

k

k
p




      (6) 

where i is the number of the experiments and p is the number 
of performance characteristics. 

III. RESULTS AND DISCUSSION 

A. Results of Mechanical Properties 

1) Tensile Strength 

The tensile test results can be seen in Table II. The UTS 
graph relevant to the filling density of PLA and PLA-CF 
filaments is presented in Figure 8. 

TABLE II.  UTS RESULTS. 

Filling density UTS PLA-CF UTS PLA 

20% 18.554 12.721 
40% 26.61 21.736 
60% 30.732 23.543 
80% 33.124 32.012 

100% 45.292 42.235 
 

 
Fig. 8.  UTS in relation to the filling density. 

The filling density is a significant process parameter with a 
substantial influence on the mechanical characteristics of the 
material. In accordance with the criteria established by the 
ASTM, the ultimate strength values were determined by 
calculating the average measurement results. After that, the 
stress, and PLA and PLA-CF strain values were evaluated 
across five different filling density levels to identify which 
material was the most robust. Then, the stress-strain diagrams 
for five distinct PLA infill patterns and five different PLA-CF 
infill patterns were extracted, as shown in Figures 9 and 10. 
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Fig. 9.  The stress-strain curve for PLA specimens. 

 
Fig. 10.  The stress-strain curve for PLA-CF tensile specimens. 

The test results demonstrated that a 100% infill density 
produced the maximum tensile strength, with values of 45.292 
MPa for PLA-CF and 42.235 MPa for PLA. 

By locating the greatest value on the stress-strain diagram, 
it will be possible to get the final stress value in a quick and 
effective manner. The filling density with the lowest tensile 
strength among the five specimens is 38.554 MPa for PLA-CF, 
whereas the filling density with the highest tensile strength is 
22.721 MPa for the PLA filament. Due to the fact that it is 
composed of 20% printed components, it has a low tensile 
strength and is prone to breaking when put in strain. Therefore, 
while developing a 3D printed component or specimen of PLA-
CF material deploying FDM technology, which is capable of 
handling high tensile strength, it is advised to use 100% 
material for better outcomes under the described operating 
conditions. PLA-CF has a higher tensile strength of 45.292 
MPa than PLA, which has 42.235 MPa, when the infill density 
is the same. 

2) Impact Strength 

The purpose of this study was to measure the impact 
strength on composites made of PLA and PLA-CF. To analyze 
and assess the numerical data, the performance characteristic 
used for this investigation is the impact strength that was 
established by the Izod impact test on the FDM-produced PLA 
and PLA-CF samples. High Izod influence strength 
demonstrates that the specimens are able to maintain their 
stability even after being subjected to impact. The results are 
displayed in Table III. 

According to the test results, the average impact strength 
values for the PLA materials range from 30.709 kJ/m2 to 

77.098 kJ/m2, while the values for PLA-CF range from 43.924 
kJ/m2 to 90.963 kJ/m2. When compared to the findings of the 
research on the Izod impact strength on PLA and PLA-CF 
generated by FDM, the overall impact strength results for PLA-
CF are comparatively high, as illustrated in Figure 11. It is a 
common knowledge that the greater the percentage of infill 
density is, the better is the strength (along with the material 
consumption, weight, and print time), but the lesser is the 
experienced flexibility.  

TABLE III.  IMPACT STRENGTH RESULTS 

Filling 

Density 

Influence strength 

kJ/m2 

PLA 

Influence strength 

kJ/m2 

PLA-CF 

20% 30.709 43.924 
40% 45.332 64.836 
60% 50.376 76.024 
80% 65.907 84.923 

100% 77.098 90.963 

 

 
Fig. 11.  Izod Impact strength in relation to the infill density. 

Perfect infill density of 100% is the printing parameter 
value that yields the maximum Izod strength. It is clear that 
high infill density levels increase the PLA-CF Izod impact 
strength, making it superior to PLA's. The material impact 
strength is significantly affected by an increase in the material 
density, as well as a reduction in the void amount and porosity, 
as compared to other levels of 100% infill density. Authors in 
[29] found that the impact strength increased up to 100% with 
filler concentrations. 

B. Physical Properties 

1) Dimensional Accuracy 

The divergence from the fundamental dimensions of the 
specimen is what is meant by the term "dimensional accuracy." 
All mechanical property tests examine the specimen in length, 
width, and thickness. According to the measured data, on 
practically every occasion, the expected value by the CAD 
model is exceeded by the shrinkage that occurs in the length, 
width, and thickness. The change in dimension is computed by 
(2), and the outcomes are shown in Table IV.  

The experimental findings about the change in dimension 
value are calculated by (3), and are presented in Table V, 
which illustrates that the model is adequate since there is only a 
little variation between the expected and the observed values 
for ΔL, ΔW, and ΔT. Since all performance characteristics that 
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were investigated are lower for the better type, the grey 
relational generation is approximated using (4). The grey 
relation coefficient results are shown in Table VI, with a 
distinguishing coefficient of 0.5. 

TABLE IV.  RELATIVE CHANGE IN DIMENSION FOR 
MECHANICAL PROPERTIES. 

Sample 

no. 

Impact strength Tensile strength 

ΔL ΔW ΔT ΔL ΔW ΔT 

1 0.000667 0.001 0.005 0.00513 0.085 0.095 
2 0.000500 0.002 0.003 0.00380 0.065 0.009 
3 0.000500 0.005 0.002 0.00227 0.088 0.097 
4 0.000833 0.003 0.004 0.00660 0.041 0.001 
5 0.000667 0.004 0.007 0.00287 0.003 0.092 

TABLE V.  DIMENSION PERFORMANCE 
CHARACTERISTICS  

Sample 

no. 

Impact strength Tensile strength 

ΔL ΔW ΔT ΔL ΔW ΔT 

1 0.223 0.000 0.661 0.945 0.990 0.991 
2 0.176 0.431 0.292 0.880 0.930 0.478 
3 0.176 1.000 0.000 0.767 0.997 0.996 
4 0.258 0.683 0.500 1.000 0.827 0.000 
5 0.223 0.861 0.904 0.819 0.245 0.984 

TABLE VI.  GRAY RELATIONAL COEFFICIENT 

Sample 

no. 

Impact strength Tensile strength 

ΔL ΔW ΔT ΔL ΔW ΔT 

1 0.391 0.333 0.596 0.901 0.980 0.982 
2 0.378 0.468 0.414 0.806 0.877 0.489 
3 0.378 1.000 0.333 0.683 0.995 0.991 
4 0.403 0.612 0.500 1.000 0.743 0.333 
5 0.391 0.783 0.838 0.734 0.398 0.969 

 
Each performance criterion is given the same amount of 

weight in the calculation at the grey relation grade, which is 
calculated by (6). The results are illustrated in Table VII. 

TABLE VII.  DIMENSION GREY RELATIONAL GRADE 

Sample 

no. 
Length Width Thickness Grade 

1 0.611 0.63 0.535 3 
2 0.522 0.708 0.405 2 
3 0.632 0.839 0.715 1 
4 0.471 0.622 0.436 5 
5 0.63 0.626 0.683 4 

 
The findings indicate that the width has a greater influence 

than the other dimensions, with sample 3 having the greatest 
influence with a filling density of 60%, followed by sample 5 
with 40% and 1 with 20%, while samples 4 and 5 with 80% 
and 100%, respectively, did not have a significant influence, as 
shown in Figure 12. 

The analysis determined the filling density percentage 
length (Figure 13(a)). The influence of the filling density at 
60% and 100% is the same, while a density of 20% seems to 
have a comparable effect on the samples' mechanical 
properties. On the other hand, samples with 40% and 80% 
density have low influence (Figure 13(b)). 

Filling density of 60% has a significant influence on the 
samples' mechanical properties, while 40% seems to have a 

comparable influence. Other samples with filling densities of 
20%, 80%, and 100% have an influence that is either minor or 
nonexistent. According to the study findings, the fracture is 
determined by thickness, as depicted in Figure13(c). 

 

 
Fig. 12.  Dimensional accuracy using GRA for mechanical properties. 

(a) 

 

(b) 

 

(c) 

 
Fig. 13.  Infill Density's percentage contributions to dimensional accuracy: 
(a) length, (b) width, (c) thickness. 

2) Scanning Electron Microscope Test 

a) Tensile Strength 

An examination of the morphology of samples was carried 
out with the assistance of SEM. Gold coating was applied to 
the surface of the sample in order to avoid surface charging, as 
can be seen in Figure 14. The PLA and PLA-CF samples, both 
having an infill density of 100%, had a fracture surface that 
was pitted and rough. There was a more ductile fracture, which 
occurred suddenly in the smooth zone in the PLA-CF 
specimen, as shown in Figures 14(c-d). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 14.  SEM test at 100% filling density:(a, b) fracture surfaces of the PLA 
specimen, (c, d) fracture surfaces of the PLA-CF specimen. 

b) Impact Strength 

SEM was deployed to investigate the cracked surfaces of 
the PLA and PLA-CF. The micrographs observed in Figure 15 
demonstrate that the carbon fibers were partially adhered to the 
PLA. In spite of the fact that the investigated FDM samples had 
apparent CF clumps, the SEM scans revealed individual fibers 
that were well-dispersed inside the PLA, as illustrated in Figure 
15(d). 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15.  Fractured surfaces of the specimens with the same magnification: 
(a, b) PLA, (c, d) PLA-CF. 

It was discovered that there were some vacant spots 
between the PLA fiber and the PLA substrate. The SEM 
analysis showed that the FDM specimens had a high amount of 

fiber-matrix adhesion. The impact strength on the PLA-CF 
samples was found to be higher than that on the PLA samples, 
which may suggest that the fiber-matrix interaction is stronger 
or that the fiber itself is better. 

IV. CONCLUSION 

This study's objective was to conduct an empirical 
investigation on the effect of infill density on the FDM process 
parameters, while ensuring that all other parameters remained 
the same. A key parameter was discovered to be the tensile 
strength at the components manufactured from PLA and PLA-
CF. It is important to note that the tensile strength of the FDM 
printed PLA-CF products is influenced by the infill density. 
When the infill density was 100%, the tensile characteristics 
were determined to be at their maximum. The following 
conclusions were drawn: 

 The tensile strength of the PLA-CF was 45.292 MPa when 
the infill density was 100%, whereas the tensile strength of 
PLA was also 45.292 MPa. 

 PLA-CF infill density was more compact because it was 
printed from the outside to the center of the model. This 
caused infill lines to be close, enhancing the uniformity of 
the printed layers. 

 At an infill density of 20%, the tensile strength of the PLA-
CF samples dropped to 18.554 MPa, while the tensile 
strength of the PLA samples dropped to 12.721 MPa. This 
is because the interlayers are weak and quickly break under 
tensile strain. 

 The infill density percentage had a considerable influence 
on the outcome. Filler density was shown to have an effect 
on a wide range of mechanical characteristics, including 
ultimate tensile stress and impact strength. As a result, the 
stress-strain graphs also witnessed a shift. 

 During the process, the fibers that have been deposited were 
bonded by the melting and diffusion on the previous 
deposited material. As a result, the component may undergo 
deformation and develop dimensional errors. 

 Width increment may be attributed to the removal of flaws 
and uneven layer surfaces that were produced during the 
deposition process. 

 Continuous carbon fiber reinforcement in combination with 
different infill densities to improve mechanical performance 
has not been extensively studied in previous studies, which 
commonly focus on short or chopped fiber composites. 
Material optimization (PLA-CF) and structural parameter 
change (infill density) are combined in this work to take a 
more thorough approach, while most previous studies 
considered single-variable effects or used discontinuous 
fibers. According to the results, continuous fiber loading 
greatly improves strength and impact performance, which 
makes it more appropriate for functional applications. 

 By indicating that well defined process parameters, 
particularly infill density at ideal extrusion temperatures, 
may greatly enhance the mechanical integrity of printed 
composites, this study adds to the expanding corpus of 
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knowledge on additive manufacturing. These results 
provide useful direction for companies looking to move 
FFF-produced parts from prototypes to components that are 
ready for use, especially in structural, automotive, and 
aerospace applications. 
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