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Abstract 

In our work, the influence of the printing speed, the raster angle, the layer thickness, and the short carbon fiber-reinforced 

composites based on PLA as matrixon the thermal, mechanical, and microstructural properties were analyzed. These 

composites were printed using as 3D printing process the fused deposition modeling (FDM).To ensure the reliability of the 

experimental results, three measurements were elaborated on each tensile and micro-hardness test condition and the average 

values are used. Standard deviation (SD) was calculated to provide statistical validation of our experimental results. Based on 

tensile measurements, the raster angle θ =0°considerablyincreases stiffness and strength, mainly in thinner layers 

(Th=0.3mm). In fact, increasing Th from 0.3mm to 0.4mm leads to a significant improvement in the stiffness of the printed 

parts, with the increase of Young’s modulus (E) reaches up to 250%. Additionally, the higher printing speed increases 

strength of printed composites whereas decreasing their stiffness. In fact, a higher printing speed increases the strength of the 

printed composites, with the ultimate tensile strength (UTS) increasing by 90%, whereas it decreases their stiffness, with the 

Young’s modulus (E) dropping by 15%. Furthermore, adding short carbon fibers into the polymer matrix significantly 

advancesthe stiffness and the strength of printed composites (SCFR-PLA) compared to printed polymer (PLA). However, this 

improvementis accompanied with a decrease of ductility of printed parts. These results provide appreciated understandings 

into optimizing 3D printing parameters for improved properties of printed composites in various engineering 

applications.Furthermore, thermogravimetric analysis (TGA) and scanning electron microscopy (SEM) were developed to 

analyze respectively the thermal behavior of printed composites (SCFR-PLA) and the relationship between porosity of 

printed partsand theirmechanical properties. 

© 2025 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

In current years, significant advancements in 

engineering methods have addressed the enhancement of 

material properties with optimizing manufacture costs. 

This equilibrium is essential for growing the usefulness of 

diverse materials in various engineering fields, achieving 

both performance and optimized cost are required. For 

that, important progressions in engineering study has been 

addressed to evolving the mechanical characterization of 

studied materials and improving their properties through 

both experimental and numerical methods [1–3]. This 

consist of optimizing and understanding the effect of 

manufacturing parameters on material properties. The 

main goal is to ameliorate the strength and the efficiency 

of materials [4-6].  

Among recent developments, 3D printing technologies 

of thermoplastics has been widely used for prototyping due 

to its flexibility and efficiency. Particularly, Fused 

Deposition Modeling (FDM) is the most usually used as 

3D printing technique, distinguished by its high reliability, 

a wide variety of low-cost filament material availability, 

and speedy prototyping abilities [7,8]. In this context, 

Patpatiya et al. [9] elaborated a comparative study of 

different 3D printing technologies, highlighting FDM’s 

cost advantages over other more costly processes. These 

advantages make FDM a favored choice over other 3D 

printing processes of materials based on polymers, mainly 

for prototyping and small-scale fabrication.  

Varied studies have been conducted on using the FDM 

technique for printing polymer-based structures [10-12]. 

These studies focused on forecasting the mechanical 

properties of printed polymer parts under diverse printing 
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conditions. The influence of printing parameters on 

mechanical strengthwas explored in order to optimize the 

FDM method and increase material properties. Indeed, 

Hsueh et al. [13] examined the influence of printing 

parameters on PLA and PETG materials under different 

loading conditions. They showed that the higher printing 

temperatures enhanced the mechanical properties of both 

thermoplastics, with PLA revealing higher strength while 

PETG showed lower thermal deformation. In the same 

framework, Hsueh et al. [14] proposed a computational 

model to predict the mechanical characteristics and 

mesostructure of ABS polymers, which printed via FDM 

method. A parametric analysis determines the effect of 3D 

printing parameters on thermoplastic properties, allowing 

the design of optimized printed components. In addition, 

Alzyod and Ficzere [15] studied the impact of diverse 

printing methods on the ultimate tensile strength (UTS) of 

printed PLA specimens through experimental and 

statistical analyses.  

Recently, diverse studies have been conducted to 

explore the reinforcement of thermoplastic matrices with 

fillers such as short/continuous fibers and nanoparticles. In 

fact, pure polymers, which are printed by using FDM 

method, suffers from limited mechanical characteristics, 

which significantly constrains their usefulness in diverse 

engineering applications. To overcome these restrictions, 

researchers have explored the reinforcement of 

thermoplastic matrices. Thermal and mechanical behavior 

of printed thermoplastic composites using FDM technique 

were investigated in several studies. However, this 

technique still requires further improvements to refine its 

parameters and enhance the dimensional and surface 

quality of printed parts.  

Ferreira et al. [16] examined the thermal stability, the 

mechanical characteristics, and the microstructural 

properties of printed PETG polymers and the short fiber 

reinforcement PETG composites. They demonstrated that 

the FDM parameters and fiber content influence 

considerably the thermal, mechanical, and microstructural 

properties of these printed parts. Similarly, Ammar et al. 

[17] analyzed the effects of 3D printing parameters, which 

are raster angle, printing speed, and extrusion temperature 

on the mechanical properties of FDM-printed 

thermoplastics reinforced with carbon fiber. Findings show 

that the higher printing speed increases porosity, 

decreasing then the stiffness of printed composites. Higher 

extrusion temperature increases their strength and their 

ductility by improving layer adhesion and minimizing 

porosity, as proved by SEM analysis. Within this context, 

Juan et al. [18] explored continuous carbon fiber-

reinforced PLA (CCFR-PLA) for hip prosthetic implants. 

Thermal and structural characterizations of printed parts 

revealed chemical interactions between polymer and 

continuous fibers that affected the composite’s thermal 

response.  

Furthermore, other studies have elaborated the use of 

Kevlar, carbon, and glass fibers to increase the mechanical 

properties of FDM-printed thermoplastics. Among these 

reinforced fibers, the carbon has the high-performance due 

to its excellent mechanical strength and low density. It is 

characterized also by its resistance to corrosion and wear, 

its high thermal and electrical conductivity, its low thermal 

expansion, and its distinctive piezoresistive behavior as 

showed in the following works [19-21]. Then, carbon fiber 

reinforced thermoplastic composites are widely used in the 

aerospace and automotive industries due to these superior 

performance and lightweight characteristics [22].  

Consequently, short carbon fiber-reinforced PLA 

(SCFR-PLA) composites have appeared as a promising 

solution, offering a balance between strength, stiffness, 

and 3D printing process ability. The addition of short 

carbon fibers improves the mechanical properties of PLA, 

making it more suitable for diverse engineering 

applications [23,24]. However, achieving best mechanical 

and microstructural properties requires a thorough 

understanding of the influence of 3D printing process 

parameters, including carbon fiber content, raster angle, 

printing speed, and layer thickness. 

Our study explores the influence of these key 

parameters on the mechanical, thermal, and 

microstructural properties of SCFR-PLA composites 

printed via FDM. Findings show that low raster angles and 

layer thicknesses enhance stiffness and strength, while higher 

printing speeds increase strength but reduce stiffness. The 

addition of short carbon fibers further improves mechanical 

performance, though with reduced ductility. TGA and SEM 

analyses support these results by revealing improved thermal 

stability and a clear relationship between porosity and 

mechanical behavior. Compared to the recent studies in the 

literature, our findings confirm the effect of FDM parameters 

on mechanical performance. However, some limitations 

remain, including the lack of fatigue and impact testing to 

assess long-term performance. 

2. Experimental Setup 

2.1. Matrix material 

Polymers and composites may be printed by using the 

FDM technology. In this context, the most widely utilized 

polymers as matrix for printed composites are acrylonitrile 

butadiene styrene (ABS), polylactic acid (PLA), and 

polyamide (PA) [25]. We elaborate a comparative study of 

the mechanical properties, in terms of the ultimate tensile 

strength (UTS) and the tensile modulus (E) of these 

polymers based on the main results elaborated by the 

following works [12,25-30]. Figure 1 illustrated the main 

results of the 3D-printed polymer materials: ABS, PLA, 

and PA with different FDM parameters. 

 

Figure 1.UTS and E variation of FDM-Printed Polymer 
Specimens [12,25-30] 

PLA has the highest tensile modulus and a relatively 

high ultimate tensile strength. This indicates that PLA has 

a higher rigidity and strength compared to ABS and PA. 

For that, PLA is considered as the best choice, among the 

three polymers, as matrix materials in printed composites 

for applications needing high mechanical properties. 

2.2. FDM parameters 

In this study, we use the PLA and short carbon fiber-

reinforced PLA (SCFR-PLA) composites to print tensile 
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specimens. The geometry of these specimens are in 

accordance with the ASTM D638 standard. FDM process 

begins with the continuous feeding of filament from the 

spool of PLA or SCFR-PLA into the extruder system. 

Within this system, the filament is heated to a semi-molten 

state before being extruded through a high-temperature 

nozzle. This molten material is then accurately put on the 

print bed,  

forming the first layer of the specimen. The print bed 

and extruder system allow the deposition layer by layer 

until the complete 3D specimen is printed. Table 1 

presents the properties of the printed polymer and 

composites parts as indicated in their technical data sheets. 

Table 1. Properties of printed filaments 

 PLA SCFR-PLA 

Short carbonfiber content (%)  0  15  30  

Density (g/𝒄𝒎𝟑)   1.24 1.3 1.32  

 

The 3D printing settingsthrough the printing process 

are as follows: the nozzle diameter is 0.4mm, the filament 

diameter is 1.75±0.05mm, the infill percentage is 100%, 

the extrusion width is 1.28mm, and the extrusion and the 

bed temperatures are 210°C and 60°C respectively. The 

diameter of the carbon fibers is around 7-9 µm and the 

length is 100 µm. 

However, we vary the main parameters, which affect 

the mechanical properties of printed parts. Indeed, three 

raster angles (θ) were chosen for the printing orientation. 

Each raster angle was applied at two levels for each 

printing speeds (V) and layer thicknesses (Th).Three levels 

of short carbon fiber reinforcement (%C). The different 

levels of these factors are given in Table 2. 

Table 2. FDM printing settings 

3D printing settings Carbonfiber 

content %C (%) 
θ (°) V (mm/s) Th (mm) 

0 – 45 – 90 25 – 50 0.3 – 0.4 0 – 15 – 30 

2.3. Mechanical tests 

To analyze the influence of carbon fiber content (%C) 

and the FDM parameters on the mechanical properties of 

the printed parts, pure PLA and SCFR-PLA samples were 

submitted to tensile test until failure at room temperature 

(Figure 2). Tensile tests were performed using a universal 

testing machine at a constant strain rate of 2 mm/min. An 

extensometer was used in each tensile test to accurately 

measure the elongation of the examined parts. Three 

measurements were performed on each tensile testand the 

average values was used to construct the stress-strain 

curves.  

Mechanical properties were deduced from the 

experimental stress-strain curves for each set of the 

selected FDM parameters.  

In addition, micro-hardness tests are elaborated. Micro-

hardness tests are conducted using the Vickers micro-

hardness (Figure 3) with a load of 0.5 kg (HV0.5) with a 

dwell time of 20 seconds. 

 

 

Figure 2. Experimental set-up of tensile test 

 

Figure 3.  Experimental set-up of micro-hardness test 

Three values of micro-hardness were measured and the 

average value was taken. 

2.4. Thermal and microstructural analysis 

The thermal stability of the printed composites as 

function of printing speed was investigated by 

thermogravimetric analysis (TGA). Thesemeasures were 

realized using a Mettler Toledo thermogravimetric 

analyzer (figure 4). A heating scan from 0°C to 800 °C 

was performed under nitrogen atmosphere at a rate of 10 

°C/min. 
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Figure 4. Thermogravimetric analyzer (TGA) 

Scanning electron microscopy (SEM-QUANTA FEG-

250) was also used in order to examine the microstructural 

behavior of the fractured surfaces of printed parts (figure 

5). 

 

Figure 5. Scanning Electron Microscope (SEM) 

The SEM is an advanced imaging tool equipped with 

an electron beam that scans the surface of a specimen to 

generate high-resolution images. It offers detailed 

topographical and morphological analysis by detecting 

secondary or backscattered electrons. 

3. Results and Discussions – Mechanical tests 

We representin Figure 6 different tensile stress-strain 

curves of printed compositesat various carbon fiber contents 

(%C), raster angles (θ), layer thickness (Th), and printing 

speeds (V). We show that the variation of these FDM 

parameters significantly affect the mechanical properties of 

printed parts. Therefore, it is interesting to understand their 

influence principally on Young modulus (E), ultimate tensile 

strength (UTS), and yield strength (YS). 

3.1. Evolution of Young's modulus (E) 

As illustrated in Figure 7, the Young's modulus (E) 

varies with the FDM parameters, which are θ, V, Th, and 

%C.  

 

 

Figure 6. Tensile stress-strain curves of SCFR-PLA at different 
FDM parameters 

We show that the rigidity decreases with growing θ and 

V. Best stiffness is achieved at θ=0°. This result is agree 

with findings by Ammar et al. [17] on carbon fiber 

reinforced PETG. Particularly, for %C=30%, the printed 

SCFR-PLA at low speed shows the highest Young's 

modulus (E) at θ=0°, indicating superior rigidity. 

However, for %C=30%, the printed SCFR-PLA exhibits 

brittle behavior, which is a significant drawback. Despite 

its enhanced rigidity, this brittleness can limit its 

usefulness if toughness and durability properties are 

required. Moreover, increasing Th consistently decreases 

stiffness in printed parts. The effect of short carbon fiber 

reinforcement on the rigidity is important; comparing pure 

PLA (%C=0%) to composite with %C=15%, the adding of 

short carbon fibers augments rigidity independent of 

V.Based on these findings, we show that the material 

rigidity is inversely proportional to θ, V and Th, while it 

varies directly with %C. 

3.2. Evolution of ultimate tensile strength (UTS) 

Figure 8 illustrates the variation of ultimate tensile 

strength (UTS) as a function of θ, V, Th, and %C.  

A significant decrease of 65% in UTS is measured 

when θ rises from θ=0° to θ=90° for %C=15% parts 

printed at V=50mm/s. In fact, for Th=0.3 mm, V=50 

mm/s, and %C=15%, the UTS decreases from 61MPa at 0° 

to 20MPa at 90°, which is a 67.2% decrease. 

For Th = 0.4 mm, V=50 mm/s, and %C=15%: UTS 

drops from 30.13MPa at 0° to 10.44MPa at 90°, a 65.3% 

decrease. The influence of V is negligible for samples 

printed at 0°, whereas forθ =45° and θ=90°, increasing V 

enhances UTS, mainly for Th=0.3mm. This improvement 

is attributed to stronger interlayer bonding at higher print 

speeds, as successive layers are deposited with a shorter 

interval, reducing cooling time and improving adhesion 

between layers [31]. Furthermore, for θ=45° and θ=90°, 

increasing %C from %C=15% to %C=30% leads to 

improved tensile strength, highlighting the reinforcing 

effect of short carbon fibers. About the influence of Th, it 

is clear that increasing Th from Th=0.3mm to Th=0.4mm 

significantly reduces UTS, particularly at θ=0°. This 

outcome is consistent with previous studies by Nomani et 

al. [32] for printed ABS and Ajay et al. [33] for carbon 

fiber-reinforced PETG. The role of %C is further 
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emphasized, as the integration of carbon fibers into the 

thermoplastic matrix outcomes in a considerable increase 

in UTS, enhancing both the durability and mechanical 

performance of the printed composites under tensile 

loading. Additionally, Adil and Lazoglu [34] validated that 

UTS and the compressive strength could be further 

improved by utilizing carbon fiber‐reinforced polymers, 

which offers higher structural performance. The findings 

in this subsection make known that UTS decreases with 

growing θ and Th, while it increases with V and %C. 

In addition, the maximum UTS of 78MPa is measured 

at optimal conditions: θ = 0°, Th=0.3mm, V=30mm/s, and 

%C=15%, highlighting the strong influence of fiber 

alignment and reinforcement. In contrast, the minimum 

UTS of 4.9MPa occurs under the least favorable 

conditions, which are θ=90°, Th=0.4mm, V=70mm/s, and 

%C=0% highlighting the negative effects of poor fiber 

orientation, higher layer thickness, faster speed, and 

absence of carbon reinforcement. 

3.3. Evolution of Yield strength (YS) 

Figure 9 illustrates the variation of yield strength (YS) 

as a function of FDM parameters.  

A significant decrease of approximately 65% in YS is 

observed as θ increases from θ=0° to θ=90° for 15% 

SCFR-PLA printed at V=50 mm/s. Additionally, 

increasing %C from 15% to 30% in composite structures 

leads to a notable enhancement in YS, particularly at 

θ=45° and θ=90°, highlighting the reinforcing effect of 

short carbon fibers. It is important to note that V has a 

negligible impact on YS in this case. However, a 

consistent decline in YS is observed with an increase in Th 

from Th=0.3mm to Th=0.4mm, as well as when %C 

increases from %C=0% to %C=15%. This degradation in 

mechanical properties is mainly related to the stiffening 

effect of carbon fiber reinforcement, which limits the 

elasticity of the pure polymer matrix, thereby reducing its 

ability to deform plastically before yielding. In this 

context, Ning et al. [35] showed that increasing carbon 

fiber content generally decreases the yield strength of the 

composite compared to ABS polymer printed via FDM. 

While a slight increase occurs at %C=5%, the 

experimental result indicates reduced yield strength as 

fiber content rises, particularly beyond %C=10%. The 

maximum yield strength is observed in the ABS polymer 

part. 

The obtained results clearly show an inverse 

proportional relationship between YS and θ, Th and %C, 

with no notable influence of V. 

3.4. Evolution of micro-hardness (HV0.5) 

The micro-hardness (HV0.5/20s) is measured at 0.5 kgf 

with a dwell time of 20 seconds. The Vickers micro-

hardness (HV) of 3D-printed SCFR-PLA composites is 

influenced by FDM process parameters (Figure 10), with 

carbon fibre content, printing speed, raster angle, and layer 

thickness being particularly significant. 

The micro-hardness of PLA composites increases when 

adding carbon fiber content (%C=15%) as the 

reinforcement in the PLA matrix. However, an increase of 

%C, specifically at %C=30%, a decrease in hardness is 

observed. This reduction is attributed to the formation of 

microscopic voids, which slightly decrease the 

composite’s density and limit further hardness 

improvements. This trend is consistent with the findings of 

Wang et al. [36], who reported a similar relationship 

between excessive fiber content and the presence of 

structural defects affecting hardness performance of 

printed composite. 

A layer thickness of Th=0.3mm enhances interlayer 

adhesion by promoting better bonding between successive 

layers, thereby reducing defects and improving the overall 

hardness of the printed composite. However, using thicker 

layers can lead to increased porosity within the structure, 

which weakens the material by reducing density and 

compromising hardness but increases print time. Vorkapić 

et al. [37] investigated the effect of different printing 

parameters and heat treatments on PLA specimens. They 

found that thicker layers (Th=0.2mm) generally resulted in 

higher microhardness values compared to thinner layers 

(Th=0.1mm) after heat treatment, indicating a relationship 

between layer thickness and hardness.In order to validate 

our findings, we show the main results developed by 

Muhamedagić et al. [38]. In fact, theyused carbon fiber-

reinforced PLA composites withTh=0.1mm and %C=5% 

and %C=10%. They found thatV=40mm/s gives the 

accurate interlayer adhesion, then the best balance between 

efficiency and quality was showed. However, for 

V=60mm/s, the porosity is increased, while for V=20 

mm/s, moderately decrease was illustrated for the 

composite's hardness. For our composites, we conducted 

micro-hardness tests with speeds neighboring to this 

optimal value. Indeed, we use two printing speeds: one 

higher than V=20mm/s and one lower than V=60mm/s. 

We observed that for V=25mm/s, the best Vickers micro-

hardness is measured compared to V=50mm/s. This speed 

ensures optimal interlayer bonding, enhancing micro-

hardness of SCFR-PLA.  

However, at V=50mm/s, this speed weakens layer 

adhesion, leading to increased porosity and decreased 

micro-hardness. 

Varying the raster angle slightly influenced the 

hardness of the PLA material. The average hardness of 

SCFR-PLA printed by FDM essentially follows a linear 

relationship, increasing slightly as the raster angle 

increases. Micro-hardness measurements, taken from the 

perimeter layer of the specimens, show a rise in values 

with the increase in the raster angle. This is because, as the 

printing angle growths, the layers become more parallel to 

the loading direction, affecting the micro-hardness 

measurements. This increasing linear relationship between 

raster angle and hardness response was proved by Zeng et 

al. [39] for thermoplastic parts printed via FDM. In 

addition, when the layer thickness is 0.3mm, the variation 

in raster angle affects the hardness more significantly and 

visibly. This is for the reason that there are more interfaces 

between layers, making the hardness more sensitive to the 

raster angle. 

3.5. Statistical analysis of measured properties 

We conducted three measurements per test condition. 

We calculate in this section the standard deviation (SD) to 

statistically validate the influence of your FDM parameters 
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(θ, %C, Th, V) on the mechanical properties (E, UTS, YS, 

HV). In fact, SD is calculated using equation 1. 

𝑆𝐷 = √
1

2
∑ (𝑋𝑖 − 𝑋̂)

23
𝑖=1                                     (1) 

Where 𝑋̂ is the average value of each measured 

property Xi. 

SD values remain relatively low, showing good 

repeatability of the measurements. Precisely, SD(E) ranges 

between 20 and 150 MPa, SD(UTS) between 2 and 14 

MPa, SD(YS) between 2 and 10 MPa, and SD(HV) 

between 1 and 5 HV.  

However, higher SD values are mainly obtained for 

raster angles θ=45° and 90°. In fact, at θ=45°, the oblique 

fiber orientation induces combined shear and tensile 

stresses, which are sensitive to slight variations during 

printing. At θ = 90°, the loading direction is perpendicular 

to the printed layers, making the mechanical response 

highly dependent on interlayer adhesion. Increased 

variability of SD is also observed at a higher printing 

speed (V=50mm/s), where limited fusion time between 

layers reduce mechanical rigidity and strength, and at a 

larger layer thickness (Th=0.4mm), which reduces the 

number of fusion interfaces and may result in lower 

cohesion. In contrast, finer layers (Th=0.3mm) offer better 

fusion, leading to lower SD values. In addition, at 0% 

carbon fiber content, the printed PLA behaves more 

homogeneously, showing minimal variability. In 

conclusion, maximum SD values are observed in the 

following cases:  

 SD(UTS) up to 14MPa at θ=90°, %C = 15%, V = 50 

mm/s, Th = 0.4 mm. 

 SD(E) up to 150MPa at θ = 45° and 90°. 

 SD(YS) up to 10MPa at V = 50 mm/s,Th = 0.4mm, and 

θ = 45° and 90°. 

 SD(HV) up to 5 HV at %C = 30% and Th = 0.4mm. 

 

 
Figure 7. Relationship between E and FDM parameters 

 

 
Figure 8. Relationship between UTS and FDM parameters 
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Figure 9. Relationship between YS and FDM parameters 

 
Figure 10. Dependence of Vickers micro-hardness on FDM parameters 

 

4. Results and Discussions – Thermal and 

microstructural analyses 

To investigate the influence of temperature on the 

weight change of printed composites, we illustrate in 

Figure 11 the obtained thermogravimetric curves and we 

show that %C=30% for SCFR-PLA composite parts had a 

thermal degradation in a single step.  

In fact, we conducted the TGA under controlled 

atmospheric conditions. TGA is a widely used technique 

for assessing the thermal behavior of materials, providing 

insights into properties such as thermal stability, 

decomposition temperature, and the degree of weight loss 

during thermal decomposition. Moreover, TGA allows for 

the identification of the exact temperature at which 

material degradation begins and enables the quantification 

of degradation at various temperatures. In this section, 

TGA was performed to evaluate the impact of V on the 

thermal stability of %C=30% of SCFR-PLA composite. 

Studying the influence of this parameter on thermal 

behavior is critical, especially when the composite is 

subsequently employed in high-temperature applications. 

These findings are agree with the degradation of the PLA 

matrix [40].  

 
Figure 11. TGA thermograms of 30%SCFR-PLA at various V 

For V=25mm/s, the thermal degradation starts at 320°C 

and a residue of 10.47%wt was still present at the end of 

the experiment. For a higher printing speed of V=50mm/s, 

the initial temperature of thermal degradation decreased to 

287°C with a residue of 14.85%. This result suggests that 

faster printing speed may accelerate the thermal 
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degradation of the printed parts in terms of mass loss.  In 

contrast, regarding the final degradation temperature, it 

was greater at V=50mm/s. Table 3 presents the 

temperatures at which the samples experience weight 

losses of 25%, 50%, and 75% relatively to their initial 

weights (T25, T50, and T75, respectively).  

Table 3. TGA results of 30%SCFR-PLA at various printing 

speeds (V) 

 V=25mm/s V=50mm/s 

Transition temperature (start) 

(°C) 
320 287 

Transition temperature 

(finish) (°C) 
353 348 

T25 (°C) 327.54 303.38 

T50 (°C) 340.78 325.10 

T75 (°C) 352.03 357.12 

Residual mass (%) 10.47 14.85 

The early thermal degradation is exhibited particularly 

at T25 and T50. The 3D printing process uses a fixed 

extrusion temperature (210°C). Under the printing 

conditions, high printing speeds may induce significant 

thermal degradation of the material structure during 

printing composite part. Such thermal stress can 

undesirably affect component integrity and mechanical 

properties, resulting decrease print quality and enhanced 

failure,which decreases the durability of printed part.  

These findings highlight the necessity of optimizing 

printing speed for SCFR-PLA to achieve an optimal 

equilibrium between 3D printing cost and mechanical 

performance. This research is particularly relevant for 

applications involving high-temperature environments, 

where material stability and thermal resistance are 

essential for ensuring durability of printed components. 

To well understand these results, the fracture surfaces, 

after tensile tests, of the 30%SCFR-PLA, printed at 

various V, θ=0° and Th=0.4mm, were examined using 

SEM analysis. The SEM images are presented in Figure 

12.  

The increase of the printing speed promotes the 

presence of wide air pores within the printed composite. 

The increased print speed limits proper melting and layer 

consolidation, subsequently degrading mechanical 

properties. This effect is showed by the reduction in the 

rigidity of composite, as observed during mechanical 

testing. This finding highlights the importance of 

optimizing the balance between printing speed, then the 

production cost, and print quality to achieve strong layer 

adhesion. 

 

 
(a) 

 
(b) 

Figure 12. SEM images of damaged surfaces in 30%SCFR-

PLA parts, θ=0° and Th=0.4mm, (a) V=25mm/s. (b) V=50mm/s. 

5. Conclusion 

In this study, SCFR-PLA parts were printed using the 

FDM technique under varying printing speeds (V), raster 

angles (θ), and layer thicknesses (Th). The carbon fiber 

content (%C) ranged from 0% (pure PLA) to 30%. 

Through tensile testing, key mechanical properties, 

including Young’s modulus (E), ultimate tensile strength 

(UTS), and yield strength (YS), were evaluated.  

The obtained results were supported by thermal and 

microstructural characterizations using TGA and SEM 

observations, respectively. The main conclusions of this 

study are as follows:   

 Material stiffness, identified by E, is inversely 

proportional to θ, V and Th, but increases directly with 

%C. 

 UTS decreases with increasing θ and Th, while it 

increases proportionally with both V and %C.  

 YS shows an inverse relationship with θ, Th and %C, 

with V having no significant impact.  

 The micro-hardness results highlight an inverse 

proportional relationship between HV and Th, and V. 

As these parameters increase, the hardness decreases, 

likely due to reduced bonding strength between layers 

and increased porosity in the printed structure.  

 The micro-hardness (HV) values obtained indicate a 

linear relationship with the raster angle (θ). When the 
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layers are more parallel, the force is absorbed more 

efficiently within each layer, leading to higher 

hardness. For this reason, the highest values are 

observed at θ = 90°. In contrast, θ = 0° shows lower 

hardness values. 

 Regarding the influence of %C, the reinforcement 

significantly enhances the micro-hardness of the SCFR-

PLA composites, particularly at %C = 15%, where the 

added fibers contribute to improved structural integrity 

and load-bearing capacity. However, at %C = 30%, a 

decrease in hardness is observed. The excessive fiber 

content increases voids. 

 The effect of V on print quality is closely associated 

with porosity within the printed structures. 

The lack of fatigue and impact testing to assess long-

term performance remains a main limitation of this work. 

Future work should address these aspects and explore 

hybrid reinforcements to further enhance the mechanical 

performance and reliability of printed composites. 
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