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A B S T R A C T   

This paper evaluates the potential of short carbon fibres as a reinforcement material in order to improve the 
fatigue resistance of PLA. The fatigue behaviour has been analysed through rotational bending fatigue tests. The 
influence of printing parameters, such as layer thickness, printing temperature and printing speed, on the me
chanical behaviour, dimensional accuracy and macrogeometrical deviations of printed parts have also been 
analysed as they can too interfere with the mechanical behaviour of the parts. The results show that there is no 
improvement on the mechanical behaviour of the printed parts with the incorporation of short carbon fibres. On 
the contrary, the fatigue behaviour worsens due to the poor adhesion between the short carbon fibres and the 
PLA matrix. Fatigue life is reduced by 6% compared to PLA. Focusing only on the printing parameters, it is shown 
that at the highest temperature allowed, the fatigue behaviour improves a 12%. The Printing speed is the least 
influential variable, with the layer thickness having the greatest influence, increasing fatigue life by 15% 
comparing 0.1 mm and 0.3 mm. Therefore, the best combination would be to print with the highest temperature 
and the highest layer thickness, for this case study. Finally, a parametric relationship is presented in order to 
relate the layer thickness with the fatigue behaviour.   

1. Introduction 

Fused Filament Fabrication (FFF) is one of the additive 
manufacturing (AM) technologies most widely used [1–3]. FF involves 
the deposition of extruded thermoplastic material in a layer-by-layer 
manner to create a three-dimensional object [4]. One of the major ad
vantages of FFF is its versatility in terms of material selection [5]. 
Another advantage of FFF is its relatively low cost and ease of use 
compared to other Additive Manufacturing (AM) processes such as se
lective laser sintering (SLS) or Stereolithography (SLA). On the other 
hand, one of the main problems when working with FFF is the large 
number of variables to control [6,7]. It is well known that these pa
rameters influence the final printed parts geometrically, dimensionally 
and mechanically. However, the large number of parameters and the 
interaction between them present a difficulty when deciding on their 
optimal selection [8,9]. Layer height, printing speed, nozzle diameter, 
and printing temperature are among the most important parameters that 

affect the mechanical properties of printed parts [10]. 
One of the most widely processed materials is polylactic acid (PLA) 

along with acrylonitrile butadiene (ABS). The advantage of PLA over 
ABS is that it is a biodegradable and renewable thermoplastic material 
derived from renewable sources such as corn starch or sugarcane. It is 
easy to use, produces less emissions during printing, and has low 
toxicity, making it a popular choice for applications in medical [6], 
aeronautical [11] and electronics industries among others [12]. Addi
tionally, PLA has a much better printability than ABS. 

Knowing that PLA has limited mechanical properties, researchers 
have been working on the implementation of different reinforcement 
materials to address these mechanical limitations. Short carbon fibres 
are known to enhance the mechanical properties of PLA, such as stiffness 
and strength, due to their high aspect ratio and high tensile modulus. 
The fibres can improve the material fatigue resistance, making it suit
able for applications that require cyclic loading and unloading [13,14]. 

In this context, it is important to note that the addition of short 
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carbon fibres has an impact on the dimensional accuracy and macro
geometrical deviations of printed parts [15]. The viscosity and flow 
behaviour of the material affect its ability to be extruded, the accuracy of 
the printed part dimensions and its mechanical properties, being a 
disadvantage for the printing process itself [16]. 

On the other hand, several studies have investigated the effect of 
short carbon fibre reinforcement on the mechanical properties of PLA in 
additive manufacturing. For example, Gavali et al. [17] study how the 
addition of short carbon fibres (between 100 and 150 mm) improves the 
mechanical and thermomechanical properties of the composites, being a 
15% the carbon fibre composition that shows the highest enhancement 
in tensile strength, flexural strength, impact strength, and hardness 
value. Shimamura et al. [18] discuss the fabrication of carbon nanofiller 
reinforced PLA and the measurement of its mechanical properties and 
heat resistivity. Vapor grown carbon fibre (VGCF) was used for rein
forcement. The addition of VGCF to PLA increased the bending stiffness 
and heat deflection temperature but did not affect the bending strength 
up to 10% of VGCF. The imperfect adhesion between VGCF and matrix 
was seen, which resulted in pull-out of VGCFs over the fracture surfaces. 
This problem has been highlighted in this case study. The bad adhesion 
between the carbon fibres and the matrix creates gaps that work like 
stress concentrators and reduce the fatigue life of the printed parts. In 
the study of Lin et al. [19], the authors try to solve this problem by 
developing a sheet-like carbon fibre preform using short fibres to rein
force a geopolymer matrix. The resulting composite exhibits improved 
mechanical properties and non-catastrophic failure behaviour due to the 
fibre bridging and pulling-out the effect. In addition, Maqsood et al. 
[20], investigates the effect of adding continuous carbon fibre (CCF) to 
thermoplastic matrix to improve the mechanical properties of FFF parts. 
The study concludes that CCF reinforced PLA composite showed the 
highest tensile strength and Young’s Modulus, while PLA-CCF specimens 
showed the largest mean flexural stress value. However, the improve
ment of the mechanical behaviour of PLA parts with short carbon fibres 
(1–3 mm) [15] as reinforcement is still an open discussion. Moreover, it 
must be highlighted that, most of the literature that analyses the me
chanical properties of this material focuses mainly on the tensile 
strength. There is a lack of research involving other mechanical prop
erties, such as fatigue behaviour [21–23]. To try to cover this gap, the 
present work analyses how the short carbon fibres directly affect the 
fatigue life of the printed parts, compared to the same samples printed 
only with PLA. 

It is also important to consider the impact on dimensional accuracy 
and macrogeometrical deviations. These two characteristics have been 
proven to influence the fatigue life of the parts [23,24]. However, 
further research is needed to fully understand the interactions between 
mechanical properties, dimensional accuracy and geometric deviations 
when using this material (PLA + CF) in additive manufacturing appli
cations. This case study covers the influence of the deviations com
mented with the fatigue life. 

Fatigue is important for parts that are subjected to repetitive loading 
and unloading, such as those used in structural or mechanical applica
tions [32,33]. This paper provides an analysis of how the printing pa
rameters affect the fatigue behaviour of PLA reinforced with short 
carbon fibres in additive manufacturing and a comparison with PLA 
samples. The goal of this work is to provide a clear understanding of the 
printed parts behaviour under cyclic loading conditions using the rota
tional bending fatigue method, less studied, and to identify the key 
parameters that affect their fatigue resistance. Results show that the 
implementation of carbon fibres reduces 7% the fatigue life and the 
hypothesis is supported by fractographies, where the bad adhesion be
tween PLA and the carbon fibres is presented. In addition, a parametric 
relationship is presented, relating the parameter that mainly influences 
the fatigue behaviour, the layer thickness, with the number of cycles. 

2. Materials and methods 

2.1. Sample material and 3D manufacturing 

A blend of PLA with a 15% percentage of short CF (1–3 mm [15]), 
i3D, is chosen in a 1.75 mm filament form. A combination of the prop
erties of both materials is obtained with this kind of filament. PLA is, in 
general, one of the most used materials in FFF, since it presents a 
particularly good printability. It requires low temperatures and is not 
greatly affected by the warping effect. This effect is the main cause of 
layer curvatures after their deposition and defects on the printed parts, 
due to a large temperature difference between layers. On the other hand, 
the carbon fibre is supposed to provide adhesion between layers, and a 
greater resistance to the final piece [25,26]. In general, this material 
combination is good option for parts that are subjected to demanding 
work conditions. However, one of the main objectives of this work is to 
determine if this behaviour is maintained for the fatigue behaviour of 
the parts. 

The specimens are printed in a Raise 3D Pro2 printer. This printer 
presents a double extruder, with a maximum of 300 ◦C, a 0.01 mm of 
layer resolution and a working space of 280 × 305 × 300 mm. As for the 
printing parameters selected for this case study, is presented. The rest of 
the parameters remain constant. The selection of the printing parame
ters is based on previous studies [3,23] and the literature review [27, 
28]. In addition, the high printing speeds have been selected because of 
the importance of considering the impact of faster production of printed 
parts, bearing in mind that production times are always tending towards 
optimisation. Therefore, achieving 3D prints at higher speeds, without 
compromising the stability and characteristics of the part is considered 
an important objective. 

The extruder nozzle is 0.8 mm wide to avoid material blocks with the 
carbon fibres, a very usual problem working with short fibre or particle 
composited materials. The bed temperature is set at 60 ◦C. The filling 
considered for this case study is linear, combined with 2 shells on the 
exterior of the printed parts. The printing direction of the samples is 
selected as horizontal, as it has been shown in other studies that the 
printed layers parallel to the load, shortens the fatigue life of the spec
imens [23,29]. Additionally, a comparison with samples printed only 
with PLA is conducted to better understand the behaviour of the short 
carbon fibre reinforcement. 

The samples are designed with the SolidWorks software, from Das
sault Systems [30], imported to the printer software, 3D Slicer Software 
IdeaMaker [31], as a .STL file. Four samples are printed for each printing 
parameter combination, having a total of 80 samples for this case study. 

In addition, a series of control specimens have been manufactured 
only with PLA, to be able to analyse and compare the behaviour of the 
composite material (PLA + FC) with the polymeric material alone. 

2.2. Dimensional control and macrogeometrical deviations 

Dimension deviations are controlled with a digital Vernier calliper 
(STANDARD GAGE, model V-DIGIT CAL 200 mm–8 in THUMB), with a 
scale division of E = 0.01 mm and a two-contact micrometre for exterior 
measurements (MITUTOYO, range of use 0–25 mm), E = 0.01 mm. Fig. 1 
shows the points there the diameter is controlled (1–9 manually with the 
micrometre and a-f automatically with the geometrical deviation mea
surement machine, for the B part). Each point is measured 4 times at 
different angles. This procedure is repeated for all the samples printed in 
order to make a correlation between the printing parameters and the 
dimensional deviations obtained. 

As for the macrogeometrical deviations, the samples are controlled 
with a geometrical deviation measurement machine (ACCRETECH, 
model RONDCOM NEX) that presents a sensitivity of 0.01 μm. The 
specimens are fixed on the levelling as can be seen in Fig. 1 and the cero 
position is configured. The parameters controlled for this case study are 
the roundness (RON), the straightness (STR), the cylindricity (CYL) and 
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the concentricity (CON). 
The geometrical deviation measurement machine measures the 

values for RON and SRT and, with those values, CYL and CON are 
calculated. 

To ensure repeatability, several measurements were carried out 
along the specimen. At three different highs or points for the zones A and 
C and at six points (a–f) for the calibrated zone B (Fig. 1). The roundness 
is expressed as the average result in the section measured. The 
straightness (STR) is controlled by 4 measurement lines that are taken at 
the 3 different areas, separated from each other by 90◦. The measure
ments lines have a vertical length of 20 mm. From these data, the 
cylindricity (CYL) is calculated (see Fig. 1). 

2.3. Sample geometry and fatigue test preparation 

The ISO 1143:2010 standard [32] has been followed for the geom
etry of the samples, as it can be appreciated in Fig. 2. This standard has 
been selected due to the lack of specific standards for fatigue tests with 
polymeric samples manufactured by additive manufacturing. It is 
necessary to clarify that the left end of the samples (12 mm–Ø12 mm and 
10 mm–Ø10 mm) is design for the fixation to the fatigue equipment, that 
can be seen in Fig. 3. 

For a correct interpretation of the results and storage of the samples 
after testing, all the samples have been codified under a code that can 
rapidly identify the layer thickness (mm) [X1], printing temperature (◦C) 
[X2] and printing speed (mm/s) [X3], as for example, X1 + X2 + X3, that 

can be the 0.2 + 215 + 100 sample. 
Once the deviations of the samples are controlled, according to their 

dimensions and geometry, the fatigue tests can be performed. The 
specimens are evaluated under a rotational bending fatigue equipment 
[33], shown before in Fig. 3. The equipment was designed and manu
factured according to the ISO 1143:2010 standard [32], at the Univer
sity of Malaga, by reusing the kinematic chain of an old parallel lathe out 
of service [24]. The equipment allows applying a single-point load on 
the extreme of the specimen (Fig. 3c and d). 

Four different weighing configurations have been considered: 0.75, 
0.9, 1 and 1.1 kgf. All of them set at a rotational speed of 1800 rev/min. 
After a threaded operation, the samples area attached at the machine 
through the clamp situated on the left and a tightening nut on the right, 
where the load is located (Fig. 3d). 

Considering that the behaviour of the specimen is carried out at 
constant amplitude (Fatigue under Constant-Amplitude Loading), i.e. 
the load on the top of the specimen is the same as that on the bottom but 
one is tensile and the other compressive, the value of R is − 1. In addi
tion, considering the rotational speed 1800 rev/min, the frequency 
values would be 30 Hz. 

When the samples break after undergoing the fatigue tests, they fall 
activating the stop sensor and the total cycles can be seen on the display. 
Then, the cycles and the distance from the breaking point to the load 
location are collected. To ensure the repeatability of the tests, the ex
periments has been carried out according to the ISO 12107:2012 stan
dard [34] (95% confidence level and a 50% failure probability). 

Considering the geometry of the specimen and the load applied, the 
equations that allows calculating the bending stress applied in the ex
pected fracture section is: 

S=
32⋅F⋅(L − x)

π⋅d3 (1)  

where S corresponds to the stress at the fracture section (MPa), L to the 
distance between the load applied section and the fixed point (mm), x to 
the distance between the fixed point and the maximum stress point 
(mm), d to the calibrated area diameter (mm) and F to the Load applied 
(N) (Fig. 4). 

3. Results and discussion 

Having all the samples tested, the results are analysed to find out the 
influence of the carbon fibre reinforcement along with the different 
printing parameters studied. 

3.1. Dimensional results 

The first step is the dimensional analysis. As this case study deals 
with different printing variables, separated analysis have been carried 
out to understand the influence of each variable and have a general 
overview. 

So, Fig. 5 shows a representation of the results obtained maintaining 
constant the printing speed or the temperature. The x-axis represents the 
measurement points where the samples have been controlled (Fig. 1). As 
it can be seen (Fig. 5a and c), the printing speed does not have a relevant 
influence except when a low temperature and a high speed are set. 
Fig. 5e presents only the values for 215 ◦C and 205 ◦C because at 100 
mm/s, there is not enough time to the material to be deposited before 
causing a clog, as it can be seen in Fig. 6. Moreover, with a 100 mm/s 
printing speed, there is a difference between the temperatures imple
mented, being 215 ◦C the one that present less deviation from the 
original diameters (15 mm and 9 mm for the calibrated part) (Fig. 7e). 

As for the temperature influence, again, the deviations obtained are 
similar with the different printing speed implemented (Fig. 5d and f), 
except when working with the highest temperature and speed from the 
selection (215 ◦C and 100 mm/s). In this case, the deviations obtained 

Fig. 1. Control-points (1–9, a-f) and sample zones (A–C).  

Fig. 2. Final sample dimensions. Longitudinal measurements (a) and di
ameters (b). 
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are less. 
This behaviour could be explained due to the contractions of the 

material when cooling down. As the extrusion temperature is high, the 
material extruded needs more time to cool down. Having a high printing 
speed, the heat from the next layer is shared with the layers that where 
already printed. So, the sample cools down in more time and the con
tractions are less. The hypothesis is that the next layers prevent the 
volumetric contractions of the previous layer, due to the printing tem
perature and the how fast the next layer is deposited. The standard de
viations are presented with error bars. These deviations are in 
concordance with other studies [35–37]. 

Another comparison is made maintaining constant the printing speed 
and temperature, changing the layer thickness, as can be seen in Fig. 7. 
The printing temperature and speed have been set to the parameters that 
were considered optimal from the analysis in Fig. 5, that are 215 ◦C and 
100 mm/s respectively. From the results, it can be state that 0.1 mm 
offers more deviations, a maximum of a 4.5% at the calibrated area and 
7% at the non-calibrated parts. 

It is clear that the manufacturing process alone makes it difficult to 
maintain a good dimensional control. The different layers or sections of 
the part are cooled in diverse ways and at different speeds, which means 
that the internal [38,39]. 

Additionally, a comparison with samples printed only with PLA has 
been taken into account, showing that the PLA samples present a more 
stable behaviour when the dimensional deviations are studied. So, is has 
to be stated that in this case study, the carbon fibre reinforcement does 
not improve the samples performance. PLA + CF is not a suitable 
alternative when the dimensional deviations of the printed parts have an 
important role. 

3.2. Geometrical results 

Fig. 8 present the results regarding the macrogeometrical deviations 
and the influence of the layer thickness, maintaining the same fixed 
parameters as in Figs. 7 and 215 ◦C and 100 mm/s. The results shown 
correspond with the maximum deviations obtained during measure
ments. It can be seen that there is not a general trend that can be stated. 
Overall, the samples with a 0.2 mm layer thickness less deviations. 
Moreover, it can be appreciated that, again, PLA + FC samples do not 
present a high improve behaviour when compared with PLA samples. 

So, it can be stated that, in this case study, the improvement is not 
high enough to prioritize one material over the other. Furthermore, 
Fig. 8b shows a better behaviour of the PLA samples for the STR 
deviation. 

Fig. 9 shows the results for the samples printed with the different 
temperatures and speed selected, maintaining the layer thickness at 0.2 
mm, as is the one that offer a mayor stability on the calibrated part of the 
samples. For the roundness (Fig. 9a), the highest temperature offers 
lower deviations, and within the higher temperature, the lowest devia
tion is obtained with the lowest printing speed. However, it is not 
possible to stablish a clear tendency, as it can be appreciated that, at 

Fig. 3. Rotational bending fatigue equipment. Frontal and closed view (a), upper and open view (b) and sample undergoing the test (c).  

Fig. 4. Representation of the bending stress calculation.  
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205 ◦C, the highest deviations are obtained with the lowest speed. 
The rest of the deviations studied present the same uneven behaviour 

(Fig. 9b–d). It is well known that quality control remains a major barrier 
to the wider application of AM in the manufacturing industry, with 
dimensional inaccuracy being a critical issue. It can be state that, in 
general, the deviations obtained with this kind of processes is high 
compared with other conventional processes like the machining process 
[40,41]. This case study corroborates the above, giving preference to the 
selection of PLA over PLA + CF. 

3.3. Fatigue results 

As for the fatigue results, different comparatives can be considered 
due to the number of tests performed and parameters analysed. Ac
cording to the works referenced during the introduction, a selection of 
parameters is done for a first approximation of the analysis. One of the 
most influential parameters is the printing direction, which has been 
considered fixed as horizontal, due to the results obtained in previous 
studies, as commented in the introduction section [23,29]. Another 
crucial parameter for FFF in general is the layer thickness, which, has 

Fig. 5. Dimensional deviation results with a constant layer thickness of 0.2 mm and temperature and speed variations. Being 70 mm/s (a), 85 mm/s (c) and 100 mm/ 
s (e) with temperature variation and 215 ◦C (b), 205 ◦C (d) and 195 ◦C (e) with speed variation. 
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been set to 0.1, 0.2 and 0.3 mm, between the most common values [42, 
43]. However, for this first approximation to the fatigue behaviour, the 
layer thickness has been remained constant and the focus has been 
centred on the influence of the printing temperature and speed. 

Fig. 10 presents the results obtained with the values selected for the 
temperature and the speed printing parameters. It needs to be high
lighted that the breaking point has been measured for each sample. That 
explain the different stresses obtained for the same weight evaluated 
[24]. In general, all the samples break where the standard indicated but 
motivated by any of the different printing imperfection that are usual in 
FFF [44,45], there are some of the samples that can break before the 
indicated location. These printing imperfections can precipitate the 
crack and so, are considered as an anomalous behaviour. However, this 
anomalous behaviour is characteristic on fatigue studies, which present 
a certain uncertainty [24]. 

As the figures show (Fig. 10a and b), it can be seen that there is no 
great difference between the fatigue results obtained for a constant 
temperature and different speeds. There is one results that offers a lower 
stress, but this can be due to any of the possible defects that can appear 

Fig. 6. Printing problems with the lowest temperature (195 ◦C) and high 
printing speeds (100 mm/s). 

Fig. 7. Dimensional deviations for different layer thickness (mm), printing temperature and speed remaining constant at 215 ◦C and 100 mm/s, respectively.  

Fig. 8. Maximum vs minimum macrogeometrical deviations for different layer thickness, printing temperature and speed remaining constant at 215 ◦C and 100 mm/ 
s respectively, being roundness (a), straightness (b), cylindricity (c) and concentricity (d). 
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during the printing process. The fatigue tests usually present results with 
high dispersion, as commented. 

Additionally, as it can be seen in Fig. 10, there is no set of results for 
the 195 ◦C printing temperature. Due to the low temperature, it is not 
possible to complete the printing of the sample with higher printing 
speed. It seems that there is not enough time for the material to be 
deposited. Moreover, the filament, due to the short carbon fibre rein
forcement and low fluidization, tends to clog up the nozzle. Fig. 6 shows 
how the first layers were printed with the problems commented. 

In general, it can be appreciated that a higher printing temperature 
slightly improves the fatigue behaviour as the results show a higher 
number of cycles before fail. However, it is not possible to identify a 
clear tendency, as the results show a better behaviour with the lowest 
and higher temperatures but equivalent results for the intermediate 
temperature. 

In addition, there is a comparison between samples printed with PLA 
+ FC and only with PLA in Fig. 10b. It can be appreciated how the 
reinforcement with short carbon fibres does not improve the behaviour 
of the samples under fatigue tests. The PLA samples show a better per
formance with more cycles under high stresses. This can be explained 
due to a bad adherence between the carbon fibres and the PLA matrix. 

The air gaps originated between these two elements create an easy crack 
propagation. So, there is not a continuity through all the material and 
the fatigue behaviour is worsen. However, it seems that for the greater 
thickness, the fatigue behaviour improves. This may be since the less 
thickness, the greater the number of layers and, therefore, a greater 
probability of crack initiation and growth. 

This behaviour has a correlation with the images shown in Fig. 11. It 
can be appreciated how for layer thickness of 0.1 and 0.2 mm, the bad 
adhesion generates a separation between the exterior and interior shell 
(Fig. 11a and b). This behaviour seems to improve for 0.3 mm, where 
there is no sharp separation between layers (Fig. 11c). However, there 
are still areas where the adhesion between layers is not complete, as can 
be seen in the same image, marked with red arrows. For the PLA sam
ples, it can be seen that the adhesion between layers is better. Fig. 11d 
shows an enlargement of the area, where a more homogeneous adhesion 
between layers can be seen. The exaggerated separation between layers 
that can be seen in PLA + FC specimens is due precisely to the lack of 
adhesion between the carbon fibres and the PLA matrix, which causes 
heterogeneous cooling and more exaggerated contractions and separa
tions between layers. 

Fig. 12 shows several SEM images obtained from PLA + CF samples 

Fig. 9. Maximum macrogeometrical deviation for the different temperatures and speeds analysed, maintaining the layer thickness at 0.2 mm, being RON (a), STR (b) 
CYL mm/s (c) and CON. 

Fig. 10. Fatigue results according to printing temperature and speed variables, maintaining layer thickness and load constant. 215 ◦C and three speed considered (a) 
and 205 ◦C and three speed considered (b). 
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Fig. 11. Microscopies of different samples printed at 100 mm/s and 215 C, with different layer thickness: PLA + CF 0.1 mm (a) 0.2 mm (b) 0.3 mm (c) and 0.2 mm 
PLA (d). 
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and PLA samples. It can be clearly appreciated the lack of adherence 
between the short carbon fibres and the PLA matrix (Fig. 12a). This 
causes the fibre to peel off and creates these small cavities, which must 
be distinguished from the pores that can occur during the printing of the 
specimen. The gaps between the short fibres and the matrix work as 
stress concentrators, which shortens the fatigue life, as seen in the 
experimental results. 

The porosity and cavities are not present in the PLA samples 
(Fig. 12b) and a better adhesion between layer can be seen. 

As well, there is a direct relationship between the layer thickness and 
the stress. So, the higher the e, the higher the stress. This can be clearly 
appreciated in Fig. 13a–c for the lower loads tested, presenting a dif
ference near a 40% on the stress sustained be (e 0.1 mm vs 0.3 mm). 
However, it can be highlighted that, for the higher load tested (Fig. 13d), 

the improvement on the stress endured according to e can still be 
appreciated but the difference between layer thickness tends to even 
out, presenting a 16% difference between e 0.1 mm and 0.3 mm. 

Additionally, a clear difference according to the layer thickness is 
presented in Fig. 13a, for the lowest load tested. For 0.9 kgf (Fig. 13b) 
the 0.2 mm layer thickness samples tend to follow the 0.3 mm samples 
and, for 1 kgf (Fig. 13c) the 0.1 mm layer thickness samples tend to have 
a similar behaviour as the 0.2 mm samples. It can be appreciated that the 
higher the layer thickness, the higher the stress values are compared to 
the ones obtained for the lower layer thicknesses. This is because at 
higher layer thicknesses, the specimen breaks closer to the maximum 
stress near the radius of curvature. However, at lower layer thicknesses, 
the stress is smaller because the break is not in the expected area due to 
the number of layers. 

Fig. 12. SEM images of different samples printed at 100 mm/s and 215 C, with different layer thickness: PLA + CF 0.2 mm (a) PLA 0.2 mm (b) 0.3 (c) and carbon 
fibres detail (c and d). 
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As commented before, the layers are considered as stress concen
trators because of the discontinuity they cause on the surface of the 
printed part. Therefore, the greater the number of layers, the more likely 
will be to break in an area other than the expected, where the stress is 
lower. Although the applied force is the same, the values are different 
because the stress value has been adjusted to the real value of breakage, 
not the theoretical value. 

So, it can be determined that the layer thickness can be decisive 
when working with lower loads. Nevertheless, when the load tends to 
increase, a thicker layer does not provide a substantial improvement to 
the parts. However, from a security point of view, it will be recom
mended to design the parts with a thicker layer (Fig. 13d). 

Analysing the results according to the printing parameters and the 
different loads implemented, an equation that relates the fatigue life 
with the load and the printing parameters analysed for this case study 
can be suggested. The results obtained are in agreement with fatigue 
results obtained in different studies, to consult Fig. s10 in Ref. [46], 
Figs. s7 and 8 in Ref. [47] or Fig. s8 in Ref. [48]. 

The Basquin’s equation, which relates S–N, is obtained for each 
printing parameter combination (Eq. (2)). 

S=C⋅Nα (2) 

Being C and α constant (see Table 1). Fig. 14 shows how this type of 
potential equation fits the experimental data using a linear regression 
(log-log). Table 2 shows the results for these constants according to ISO 
12107:2012 [34]. The parametric relationship presents a reasonable fit 
(R2), considering the usual dispersion of the fatigue results. 

It can be seen that for smaller layer thickness it is more likely for the 
sample to break in another point, represented by the results dispersion. 
This behaviour is less evident at lower stress values. Moreover, the 
behaviour of R2 gets worse when lowering the layer thickness. This is 
because at 0.1 mm is more difficult to adjust the behaviour of the ma
terial, due to the same dispersion presented on the results obtained. It 
can be considered that the union between layers, which lack of conti
nuity or adherence, facilitates the growth of the crack. 

Fig. 13. Fatigue results according to the layer thickness and the load. All layer thickness selected and 0.75 kgf (a), 0.9 kgf (b), 1 kgf (c) and 1.1 kgf (d).  

Fig. 14. Fatigue results evolution according to the different layer thickness (e) implemented, temperature, speed, filling and nozzle remaining constant (215 ◦C, 100 
mm/s, 50% and 0.8 mm). 
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4. Conclusions 

In this case study, the behaviour of samples printed with short carbon 
fibre reinforced PLA and different printing temperatures, speeds, and 
layer thicknesses has been analysed. The results help to understand the 
influence of the printing parameters on the fatigue behaviour and on the 
dimensional and macrogeometrical deviations of the samples. More
over, the case study is focus in high printing speeds, compared with the 
references cited along the text. The main conclusions are:  

⋅ The analysis indicates that the layer thickness has a significant 
impact on the dimensional deviations, being the layer thickness of 
0.2 mm the one that offers less deviations in general (3% at the 
calibrated area), with 0.1 mm offering the higer deviations (4.5% at 
the calibrated part), among the tested values.  

⋅ The printing speed does not have a considerable influence on the 
dimensional accuracy except when a low temperature (195 ◦C) and 
high speed are set (100 mm/s). On the contrary, the extrusion tem
perature has a greater influence on dimensional accuracy, with 
higher temperatures resulting in less deviation from the original di
ameters. There is a 20% difference for the RON deviation when 
working at 215 ◦C comparing 70–100 mm/s versus a 99% difference 
with 70 mms and 215-195 ◦C. Results show that at the higher speed, 
the results are stable, having a higher fluctuation with 70 and 85 
mm/s. However, at high speed, a high printing temperature is also 
needed to avoid clogs.  

⋅ The printing temperature slightly improves the fatigue behaviour, 
but the short carbon fibre reinforcement does not improve the 
behaviour of the samples under fatigue tests. There is no significant 
difference between the fatigue results obtained for a constant tem
perature and different speeds.  

⋅ Samples printed with PLA only exhibit a more stable behaviour (less 
dispersion and diameter deviation) when dimensional deviations are 
studied and show a better performance with more cycles under high 
stresses in fatigue tests, compared to samples printed with PLA + FC 
(6% stress improvement and over a 60% in the number of cycles 
before sample fail). This can be explained due to the air gaps origi
nated between the short carbon fibres and the PLA matrix, due to a 
bad adherence within these two elements, acting like stress 
concentrators.  

⋅ An equation that can predict the fatigue life of the PLA + FC material 
based on the load and printing parameters analysed in the case study 
has been developed. The Basquin’s equation has been used to obtain 
the equation and the constant values of C and α were determined for 
each printing parameter combination according to ISO 12107:2012. 
The experimental data fits this potential equation well, and the 

results show a reasonable fit, with R2 = 0.89 for e = 0.3 mm and R2 =

0.70 for e = 0.2 mm). Therefore, the equation proposed in this study 
can be useful in predicting the fatigue life of materials under specific 
printing parameters and loads. R2 for the lowest thickness layer 
tested (0.1 mm) does not show a good fit. However, it is not rec
ommended to work with that e because according to the results ob
tained in this case study.  

⋅ It has been estimated that the fatigue behaviour improves with 
greater layer thickness. This may be since the crack initiates and 
propagate between layers and the smaller the layer thickness, the 
greater the number of layers the samples present.  

⋅ According to the results obtained, the selection of PLA + CF over PLA 
is not recommended. 
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