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Abstract
3D printing, particularly “fused filament fabrication” (FFF), plays a crucial role in Industry 4. FFF is widely used for 
creating complex structures and multi-material parts across various industries such as food industry, fashion industry, and 
manufacturing sectors. The properties of FFF-produced objects are remarkably affected by printing parameters. This study 
explores the impact of printing parameters and the addition of short carbon fibers on the strength of polylactic acid (PLA) 
printed samples. The lowering layer height, increasing feed rate and extrusion temperature boost impact strength, while a 
smaller raster angle enhances it. Meanwhile, an improved flexural strength is achieved by adjusting layer height, extrusion 
temperature, and raster angle. Higher extrusion temperatures enhance tensile strength, microstructure, and reduce poros-
ity. Lower layer height improves flexural and impact strength (28.05% increase in 0.1 mm layer height), higher feed rate 
boosts strengths (12.56% improvement in 7  mm3/s feed rate), and elevated extrusion temperatures enhance impact strength 
(14.49% increase in 230 °C extrusion temperature) but reduce flexural strength (14.44% decrease). Incorporating carbon 
fibers in PLA negatively affects the microstructure but increases crystallinity, raising the melting temperature and lowering 
cold-crystallization temperature. The introduction of carbon fibers into PLA results in a complex interplay of mechanical 
and thermal properties.
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Introduction

Polymer materials play a pivotal role in modern industries 
[1, 2]. They are recognized for their versatile properties, 
including durability, lightweight nature, and customizable 
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functionalities [3–5]. Polymers have a significant applica-
tion in biocomposites, where natural additives combine 
with synthetic polymers [6, 7]. This combination creates 
materials with enhanced mechanical properties with lower 
environmental impact [8, 9]. Biocomposites find applica-
tions in various sectors, such as automotive, construction, 
and packaging, contributing to sustainable practices in mate-
rial utilization [10–12]. The production methods of polymer 
materials have evolved significantly, incorporating advanced 
techniques like extrusion, injection molding, and compres-
sion molding. Notably, the emergence of 3D printing tech-
nology has revolutionized polymer manufacturing, allowing 
for precise and intricate designs.

It is undeniable that 3D printing technology has under-
gone remarkable advancements in the past decade, revolu-
tionizing the production of objects, including the produc-
tion of polymer materials across various applications. This 
cutting-edge technology has played a pivotal role in what 
is commonly referred to as the recent industrial revolution, 
where manufacturers leverage information, digitization, 
and connectivity to optimize their production processes. 
The 3D printing technologies have many advantages such 
as mass customization, unlimited designs, waste reduction, 
and capability to produce complex structures [13, 14]. The 
technologies have become increasingly accessible to both 
designers in the market and industry professionals, as well 
as the general public [15]. Nowadays, thermoplastics, graffiti 
materials, ceramics, composite materials, and metals can be 
used for producing parts by 3D printing technologies. The 
wide variety of materials involved in 3D printing has led to a 
wider spread of this technology in industry and market [16].

3D printing comprises a broad array of additive manu-
facturing technologies. Basically, there are four major cat-
egories of 3D printing technologies. They are liquid-based 
technologies, powder-based technologies, solid-based tech-
nologies, and paper-based technologies [17]. A diverse 
array of 3D printing technologies exists, including but not 
confined to “laminated object manufacturing”, “direct laser 
sintering” and “fused filament fabrication” (FFF) [18]. One 
that is more accessible to public is FFF. This technology 
has provoked industrial innovations by enabling users to 
have feasible and efficient solutions for producing high-
performance functional objects with complex geometries 
[19]. The materials that are mostly used with FFF include 
acrylonitrile–butadiene–styrene (ABS) and polylactic acid 
(PLA) [20–22].

In 3D printing of an item using FFF technology, it is 
crucial to specify the appropriate parameters for optimal 
results. The quality of the printed objects varies by chang-
ing the 3D-printing parameters such as extrusion tempera-
ture, nozzle radius, layer height, printing velocity, infill 
density, feed rate, and raster angle [23]. Recently, many 
studies have been conducted to investigate the effect of 

printing parameters on the properties of fabricated parts. 
Liu and Ciftci [24] investigated the effects of 3D-printing 
parameters on the tensile properties of the carbon fiber and 
glass fiber-reinforced PEEK objects. It was found that the 
tensile strength and the flexural strength were improved 
by raising the values of nozzle and platform temperature. 
Whereas, using a higher layer thickness and printing speed 
did result in deteriorating the mechanical properties. The 
mechanical properties of a PET-G material were tested 
[25]. The samples were fabricated using variant filling 
structures (rectilinear, honeycomb, and triangular). The 
results revealed that the values of tensile strength and 
elongation of the rectilinear-filling parameters were higher 
than the full honeycomb and the triangular ones. Further-
more, samples were produced by 3D printing using differ-
ent printing infill ratios (80%, 50%, and 20%) in the study 
[26]. It was found that when the infill ratio increases, the 
elongation averages decline whereas the tensile strengths 
become greater.

The influence of the layer height and the binder satura-
tion on test samples, produced by 3D printing technology on 
ZCorp’s Z510/cx, was investigated [27]. The results showed 
that using lower binder saturation resulted in less tensile 
strength and integrity, while using lower values of the layer 
thickness for printing led to higher tensile strengths and less 
flexural strengths. Using fused-deposition technology, the 
PLA specimens were printed and tested to determine the 
flexural properties [28]. Test results revealed that the maxi-
mum flexural strength considerably have risen when adding 
more thickness to the layer and the tensile strength declined 
and then increased when using larger values of the layer 
height. Also, the study showed that the 90-degree delami-
nation fracture while in the case of using thinner layers, the 
specimens showed 45-degree delamination fracture to the 
printing path.

Numerous studies have also investigated the effects of 
incorporating carbon fibers into PLA filaments. PLA mate-
rials were produced using carbon fiber with higher tensile 
characteristics [29]. However, according to a different study 
[30], carbon fibers reduced PLA sample hardness by 68% 
and strain by 65%. The carbon fibers significantly (approxi-
mately 2.2 times) increased the tensile modulus and made 
the material more brittle [31].

In the existing literature, a noticeable gap is apparent as 
there are no studies exploring the influence of 3D-printing 
parameters on the impact properties of carbon fiber-rein-
forced PLA printed parts. In addition, a lack of research 
is evident in simultaneously examining the effects of layer 
height, feed rate, extrusion temperature, and raster angle 
parameters. To address this gap, our research conducts 
mechanical and structural tests on samples printed with 
varying layer thicknesses, extrusion temperatures, feed rates 
and raster angles.
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Experimental

Materials

The FFF filament material, for production of test samples 
as biodegradable thermoplastics was PLA. The material has 
good mechanical strength, minimal toxicity, and it is bio-
compatible [32]. PLA is widely used in medical applications 
such as wounding management, drug delivery, orthopedic 
and fixation devices, tissue engineering, and re-engineering 
medicine [33]. The commercial name of the filament mate-
rial is Tier time PLA (1.75 mm, 500 g) and the manufacturer 
is Up Fila (China). The mechanical specifications of this 
material are listed in Table 1.

The PLA + CF composite filament is purchased from the 
same company and produced using the same PLA matrix 
adding 15% (by wt) of the carbon fibers (short, 12 μm 
diameter).

Samples preparation

In this study, the samples were 3D printed using FFF tech-
nology in which the material is dragged through a nozzle 
where it is heated till it melts and extruded onto the work 
piece. The nozzle tracks a path defined by CAD/CAM file 
under the computer control. The material is deposited suc-
cessively until the part is completed. The printer used in 
producing the samples is “Up Box” 3D printer.

Test samples were designed as 3D models using Solid 
Works software, and the model data were given into the slic-
ing software. Some printing parameters were fixed for all the 
samples such as filament diameter (1.75 mm), nozzle diam-
eter (0.5 mm), printing speed (50 mm/s) and filling structure 
(rectilinear) while others varied to show the effect of these 
parameters on the mechanical strengths [34]. Table 2 gives 
3D-printing parameters. In addition, to better understand the 
structure of this study, schematic representation of the vari-
able parameters and the tests are shown in Fig. 1.

Tests

The aim of impact test is to define the material impact 
strength when subjected to impact force. This dynamic test 
was performed as per the standard ASTM D6110-18 using 

Avery Dennison (USA) impact-testing device. In this test, 
the pendulum is released from the upper position to give a 
striking energy. The scale carries a set of gradations. The 
sample is clamped horizontally. Equation 1 is applied to cal-
culate the impact strength.

where R is impact strength (kJ/m2); W is pendulum weight 
(kg); L is pendulum length (m); � is angle of fall (before 
impact); β is angle at the end of the swing (after impact); A is 
area of cross-section of the sample where the break appears.

The samples were subjected to the flexural test according 
to the ASTM D790 Standard. All the samples were tested 
using the same loading rate. The test is stopped when the 
sample is broken.

Flexural strength is found using Eq. 2.

(1)R =
W.L.(cos � − cos �)

A
,

Table 1  Mechanical properties of PLA

Property Metric

Tensile strength  >  = 60 MPa
Flexural strength 31.5 MPa
Elongation-at-break 4.4–6%

Table 2  Printing parameters

Notations Layer 
height 
(mm)

Feed rate 
 (mm3/s)

Extrusion tem-
perature (°C)

Raster 
angle 
(degree)

PLA-L0.1 0.1 7 190 30
PLA-L0.2 0.2 7 190 30
PLA-L0.3 0.3 7 190 30
PLA-F7 0.1 7 190 30
PLA-F8 0.1 8 190 30
PLA-F9 0.1 9 190 30
PLA-E190 0.1 7 190 30
PLA-E210 0.1 7 210 30
PLA-E230 0.1 7 230 30
PLA-R30 0.1 7 190 30
PLA-R60 0.1 7 190 60
PLA-Pure 0.1 7 230 30
PLA + CF 0.1 7 230 30

Fig. 1  Schematic representation of variable parameters and of the 
tests
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where �f is flexural strength (Pa); F is applied force (N); L 
is support span length (m); b is width of the object (m); d is 
height of the object (m).

A Shimadzu AGS-X Plus Universal Tensile machine 
(Japan) was used to conduct the tensile test (ASTM D638). 
A highly accurate non-contact digital video extensometer 
was used to measure the stress values. According to ISO 
9513 Class 0.5 and JIS B 7741 Class 0.5, it offered measure-
ments for elongation with high precision.

The Perkin & Elmer DSC 8000 (USA) equipment was 
used to analyze data using differential scanning calorimetry 
(DSC). For analysis, the samples weighing 5 mg were put 
in the aluminum pan and sealed. Using the empty pan, the 
enthalpy change, and melting point were monitored. A nitro-
gen environment with a flow rate of 50 mL/min was used 
for the test. The measurements were performed with heating 
rates of 10 °C/min from 30 to 200 °C and cooling rates of 
-10 °C/min from 200 to 30 °C. Using 40 kV and 30 mA with 
CuKα radiation at 0.02 scanning speed, the XRD spectra 
of the PLA and PLA + CF samples were obtained (Rigaku-
Dmax 2000 X-Ray diffractometer, Japan). The fracture sur-
face of the tensile samples was examined using a Zeiss Evo 
50 device scanning electron microscope operating at 20 kV.

Results and discussion

Impact test results

The impact of the printing parameters is illustrated in Fig. 2. 
As it can be realized, increasing the layer height resulted in 
a decline in the impact strength, while, increasing the feed 
rate and the extrusion temperature raised the value of the 
impact strength. This can be explained by the knowledge that 
using lower layer heights results in a larger crystal content 
and smaller crystals [35]. Lower layer heights can contrib-
ute to smaller crystal content. When layers are deposited 
with smaller thicknesses, the cooling rate becomes higher, 
promoting faster crystallization. Smaller crystal content can 
affect the material’s mechanical properties, as the arrange-
ment and size of crystals play a role in determining strength 
and toughness [35]. Also, the decline in the impact strength 
when using a larger raster angle can be interpreted by the 
higher air gap among the layers for the samples printed with 
higher raster angle [36] and also the smaller raster angles 
exhibit strong interlayer bonding [37]. Higher amount of 
heat applied when utilizing a higher extrusion temperature 
improves the diffusion that takes place at the joining inter-
face between the rasters. The stronger bonding between the 
adjacent raster results in higher impact strength [37]. Also, 

(2)�f =
3FL

2bd2
,

a thinner layer leads to tightly coalesced interlamination 
which is caused by a squeeze of nozzle, and this causes the 
rise in the impact strength [38]. In conclusion, a higher feed 
rate increases infill density, enhancing energy absorption. 
Objects with thinner layer heights take more time to con-
struct, allowing prolonged exposure above  Tm for improved 
interfacial diffusion. A lower crystal size has the potential 
to decrease both strained amorphous fraction and internal 
flaws in spherulites. These findings highlight the intricate 
relationship between feed rate, layer height, and crystal size 
in additive manufacturing processes [35].

Flexural test results

The results of the flexural tests are illustrated in Fig. 3. 
Experimental results displayed in the charts clearly dem-
onstrated a relationship between the parameter being 
changed and the sample's flexural strength. The flexural 
strength increases using smaller layer heights, lower extru-
sion temperatures, and larger raster angles. As the tempera-
ture is increased from 190 to 230 °C, flexural strength is 
dropped from 59.06 to 50.53 MPa. Increased-extrusion 
temperature allows polymer chains to have greater kinetic 
energy, promoting better molecular alignment and crys-
tallinity. Improved-molecular alignment contributes to a 
more ordered and structurally sound material, resulting in 
increased flexural strength.

Whereas the flexural strength is increased from 59.06 to 
66.48 MPa when escalating the feed rate from 7 to 8  mm3/s 
but it is declined to 55.65 MPa when using a feed rate 
of 9  mm3/s. The reason for this decrease may be higher 
and the feed rates might result in rougher surfaces. Sur-
face roughness can act as a stress concentrator, promoting 

Fig. 2  Impact test results
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the initiation and propagation of cracks, which ultimately 
leads to a reduction of flexural strength directly related to 
the surface [39]. High feed rates may lead to increased sur-
face roughness. The presence of rough surfaces can act as 
stress concentrators. Stress concentrations arise at points 
of geometric irregularities, and these concentrated stresses 
can initiate and propagate cracks, ultimately reducing the 
material’s flexural strength.

Lower values of the layer height produce higher integ-
rity, which in turn boosts the specimens' strength. In addi-
tion, utilizing thinner layers results in a smaller air gap 
to material ratio, where the breaking point is reached at 
greater loads [40]. Delamination is also frequently seen in 
parts printed at lower raster angles, and this causes stress 
fluctuation [41].

Tensile test results

As can be seen in Fig. 4, the maximum tensile strength 
showed an obvious dependence on the extrusion tempera-
ture. Temperature plays a critical role in the quality of bond-
ing between layers. Higher temperatures generally enhance 
interlayer adhesion, reducing porosity and improving the 
overall mechanical properties of the printed composite 
[42]. Conversely, lower temperatures can lead to inadequate 
bonding, increasing the likelihood of porosity and reducing 
the tensile strength of the material [43]. The relationship 
between temperature, bonding, and porosity is a key con-
sideration in optimizing 3D-printing parameters for short 
carbon fiber-reinforced PLA composites to achieve desired 
mechanical and structural properties.

Microstructure analysis

The effect of extrusion temperature on interfacial bonding 
is detected and confirmed by SEM images of the tensile 
fracture surface (Fig. 5). Specimens with various extrusion 
temperatures have various microstructures at their fractured 
surfaces. When printed with lower extrusion temperatures 
of 190 ºC, as demonstrated in Fig. 5, noticeable interfacial 
flaws, and voids (porosity) are seen in the internal speci-
mens. The decrease in the maximum tensile strength shown 
in the previous section can be attributed to these faults 
because they are detrimental to stress transmission. Low-
void fraction is attained at higher extrusion temperatures 
(210 ºC and 230 ºC), indicating improved interfacial adhe-
sion between printing interlayers. It is clear from this that 
the extra porosity and interfacial bonding of PLA printed 
objects are discovered to be temperature dependent. The 
findings are well in line with the research [38, 44]. At lower 
temperatures, there could be a lack of deposition leading to 
larger air gap, which results in a reduced load-bearing cross-
sectional area under a uniaxial tensile load, while reducing 
the strength of the parts.

The effect of short carbon fibers on mechanical 
properties

A comparison between the PLA specimen and the PLA + CF 
specimen printed using the same printing parameters was 
conducted. The impact, flexural and tensile test results are 
shown in Figs. 2, 3, and 4, respectively. The microstructure 
analysis is illustrated in Fig. 5. While the maximum strength 
is decreased in the impact and tensile test, but it is increased 

Fig. 3  Flexural test results Fig. 4  Tensile test results
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in the flexural test. Short carbon fibers, as opposed to longer 
ones, may not provide as effective energy-dissipation mecha-
nisms during impact events. The limited length of the fibers 
may result in less bridging between crack surfaces, reducing 
the material’s ability to absorb impact energy. The introduc-
tion of short carbon fibers can create stress concentrations 
within the composite material. Irregularities at the fiber ends 
or interfaces can act as points of stress concentration, con-
tributing to the initiation and propagation of cracks, which 
in turn reduces the overall tensile strength of the material 
[38]. Another reason for the decrease might be that the car-
bon fibers have a high-thermal conductivity that changes the 
thermal gradient, resulting in a change in the viscosity and 
cooling rate of the molten filament that inhibits PLA flow 
and causes air gaps between the rasters. In addition, shrink-
age in fiber-reinforced materials is higher than in unfilled 
materials. In bending, the short carbon fibers may act as 
reinforcing elements that support the matrix material. This 
reinforcement can counteract the tensile stresses generated 
on the convex side of the bend, contributing to improved 
bending strength [45].

CF has increased strength in flexural test. This is because 
of crack bridging. When the PLA composite is subjected to 
flexural stress, microcracks develop in the matrix. The car-
bon fibers have the ability to bridge these cracks, preventing 
them from propagating further. This crack-bridging mecha-
nism effectively increases the toughness and resistance to 

flexural failure, contributing to the overall flexural strength 
improvement.

The SEM images shown in Fig. 6 support the mechani-
cal test results. The size of the gaps of PLA + CF samples 
is much larger than the PLA samples which possess more 
bonding. The FFF process involves the layer-by-layer dep-
osition of material. During this process, the molten-PLA 
material partially penetrates the surface irregularities of 
the carbon fibers, creating a form of mechanical interlock-
ing. This interlocking contributes to the overall adhesion 
between the fibers and the matrix [46]. In addition, dur-
ing the FFF process, the PLA material may partially wrap 
around the untreated carbon fibers, leading to physical 
entanglement. This entanglement enhances the mechanical 
interlocking effect and contributes to the overall stability of 
the fiber–matrix interface. The SEM images explain well the 
results of the tensile test and the impact test which indicate 
that the PLA-CF samples, fractured under a tensile stress 
and impact shock, are much less than the PLA samples. The 
enhanced bonding of printing interlayers in the PLA sample 
contributes to an effective stress transfer, which explains the 
enhanced tensile properties.

The effect of short carbon fibers on XRD

Figure 7 shows the X-ray diffraction (XRD) patterns of PLA 
and PLA + CF composite. PLA polymers exhibit a diverse 

Fig. 5  SEM images of tensile test fracture surface
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range of properties, spanning from amorphous and glassy 
characteristics to semi-crystalline structures, and even highly 
crystalline formation [47, 48]. The neat PLA has exhibited 
no peaks, showing its amorphous nature [49–51]. However, 
the composite shows peaks at around 2� equals to 29 and 42, 
which correspond to the (216) lattice plane of PLA (PDF 
(00–054-1917 > (C3H5O3)N-α-poly(D-lactide) and (020) of 

carbon (PDF (00–054-0501 > C – carbon)). This indicates 
that the composite has more crystalline structure. From the 
X-ray patterns, it could be confirmed that the addition of 
CF has advanced the crystallization of PLA. In addition, the 
reason for the background noise is that the carbon fiber is 
not distributed completely homogeneously within the PLA.

Three basic crystal phases of α, β, and γ and as well as 
a secondary, less stable, disordered α′ phase are present in 
PLA [52]. A slow cooling process used to create the com-
mon crystallite form from the melt enables the PLA chain to 
rotate into the confirmation with less potential energy [53]. 
The 103 helicoidal conformation (containing 10 helix repeat 
structures in three chain twists) packed in an orthorhombic 
unit cell is what distinguishes the polymorphicity [54].

The effect of short carbon fibers on thermal 
behavior

Figure 8 displays the DSC heat flow–temperature graphs for 
PLA and the PLA + CF samples. A melting peak was seen in 
the PLA sample at 167 °C, which was followed by cold crys-
tallization at roughly 75 °C. A melting peak was observed 
in the PLA + CF sample at 172 °C, while the PLA sample 
displayed cold crystallization at roughly 70 °C. The glass-
transition temperature was measured as 58 °C for PLA and 
56 °C for PLA + CF. Due to the enhanced mobility during 

Fig. 6  The microstructure comparison between PLA and PLA + CF

Fig. 7  XRD-test results of PLA and PLA + CF samples
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heating, there is a rearrangement of molecular chains in the 
crystalline PLA lamellae at the cold transition peaks [29]. 
The introduction of carbon fiber in the composite has led to 
an elevation in amorphousness, consequently resulting in a 
higher melting temperature compared to PLA samples [55]. 
The homopolymer is difficult to crystallize from a glassy 
state, as evidenced by low intensity of the cold-crystalliza-
tion peaks. The cooling curves are nearly identical, in con-
trast to the heating curve, which appears to be unaffected by 
the introduction of carbon fiber.

With the addition of carbon fibers, the cold-crystallization 
temperature of PLA + CF samples is dropped, and this may 
be explained by the fact that the carbon fiber has acted as a 
nucleating agent, which encourages crystallinity. It is impor-
tant to note that the samples with carbon fiber inclusion have 
a marginally lower glass transition [55].

Conclusion

This research addresses a notable gap in existing literature 
by investigating the impact of 3D-printing parameters on the 
impact properties of carbon fiber-reinforced PLA printed 
parts. The study uniquely explored the simultaneous effects 
of layer height, feed rate, extrusion temperature, and ras-
ter angle parameters, shedding light on their influence on 
impact strength, flexural strength, and tensile strength. The 
research involved mechanical and structural tests on PLA 
samples printed with varying parameters and incorporates 
the addition of short carbon fibers.

The findings revealed that decreasing the layer height 
enhances flexural and impact strength, with the PLA-L0.1 
sample exhibiting a remarkable 28.05% improvement in 

flexural strength. Increasing feed rate generally boosts flex-
ural and impact strength, with the PLA-F7 sample show-
ing a peak improvement of 12.56% in flexural strength. 
The evaluation of extrusion temperature indicated that 
higher values increase impact strength but decrease flex-
ural strength, exemplified by the PLA-E230 sample with a 
14.49% increase in impact energy and a 14.44% decrease in 
flexural strength.

The introduction of carbon fibers to PLA resulted in a 
complex interplay of mechanical and thermal properties. 
While carbon fiber reinforcement decreased impact and ten-
sile strength, it has significantly improved flexural strength 
by 23.9%. The microstructural analysis indicated that carbon 
fibers acted as nucleating agents, enhancing PLA crystal-
lization and elevating the composite’s thermal stability. The 
composite exhibited a higher melting peak and lower glass-
transition temperature, suggesting improvements in thermal 
properties without a specific emphasis on increasing the 
glass transition temperature.

In terms of practical applications, the PLA + CF compos-
ite is recommended for scenarios where enhanced flexural 
strength and thermal stability are crucial. Recommendations 
for further improvement included printing with higher extru-
sion temperatures, increasing the extrusion rate with encoder 
feedback for better control, and using a hardened nozzle con-
ducive to efficient heat conduction. Overall, this research 
contributes valuable insights into optimizing 3D-printing 
parameters for PLA + CF composites, offering a nuanced 
understanding of their mechanical and thermal characteris-
tics for potential applications in diverse industries such as 
aerospace, automotive, and manufacturing, which demand 
high-performance materials for intricate components.
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