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composites enhanced by short carbon fibers at 3 wt% and 6 wt%. For _ .

. . K . . i Copyright: © 2026 This is an open access
comparison, unreinforced PLLA specimens were also fabricated under identical asticle under the terms of the CC-BY 4.0,
processing conditions. All the samples were tested for flexural strength using ~ Which permits unrestricted use, distribution,

. . and reproduction in any medium, provided the

a three-point bend test, following the ASTM standards for polymer original author and source are credited.
composites. The results showed a clear improvement in strength as the

reinforcement content increased. The PLLA composite with the 3% short

carbon fiber reinforcement showed a noticeable increase in load-bearing

ability, while the 6% reinforced composite had an impressive 88% higher

flexural strength than the plain PLA. To examine how the materials failed,

SEM has been utilized to assess the samples' fractured surfaces.

KEYWORDS. Fused Deposition Modelling, Short Carbon Fiber, PLA
Composites, Flexural Strength, Fracture Mechanisms.

INTRODUCTION

dditive manufacturing has reshaped the way engineers think about fabrication and honestly it has done so rather

quietly [1]. The ability to build intricate geometries while generating comparatively little waste is not something

conventional subtractive processes can easily replicate. Among the many techniques that fall under this broad
umbrella FDM stands out as the most accessible and economically practical option for producing thermoplastic parts where
dimensional accuracy genuinely matters [2]. Industries ranging from food processing to fashion and general manufacturing
have adopted this method to construct components that would otherwise demand considerably more effort and expense
[3]. As the demand for structurally capable printed parts has grown researchers have turned their attention toward composite
filaments and fiber reinforcements in particular with carbon fibers [4] and glass fibers [5] receiving substantial investigative
attention over the past decade or so.
Fiber reinforcement is not a new idea. Engineers have been blending fibers into polymer matrices for decades and the
mechanical gains are well documented across the literature. Carbon fibers bring an impressive combination of stiffness and
low mass and this has made them essentially indispensable in sectors where performance cannot be compromised [6]. Glass
fibers are cheaper and still deliver reasonable mechanical performance alongside useful electrical insulation properties
though they cannot match carbon fibers in terms of stiffness. Natural fibers sit at the other end of the spectrum offering
environmental advantages and moderate strength gains and they degrade over time which is sometimes exactly what a
designer wants [5]. Still when the application demands genuine structural performance carbon fiber is generally the
reinforcement that gets selected and that preference is well justified [6].
PLA is in many respects the default material for FDM and its widespread use owes a great deal to how easy it is to process
as well as its biodegradable character and its relatively low cost. The problem is that neat PLA is not particularly stiff or
strong and its thermal resistance leaves something to be desired which limits where it can realistically be deployed [7]. Short
carbon fibers change this picture meaningfully by acting on the material at the microstructural level and the improvements
in rigidity hardness and thermal stability that result are well supported in the published literature. The processability of PLA
is not meaningfully disrupted by the addition of fibers which is practically important when considering FDM as the
fabrication route.
Sanei and Popescu [8] produced what is arguably one of the more thorough reviews of 3D printed carbon fiber composites
examining how parameters such as nozzle temperature bed temperature infill density infill pattern layer thickness nozzle
speed and build orientation each contribute to the final mechanical outcome. Both chopped and continuous fiber
configurations were covered and the review conveys a reasonably complete picture of where the field currently stands and
where its difficulties lie. Dickson et al. [9] showed that integrating fibers into polymer matrices through Fused Filament
Fabrication yields substantial improvements in mechanical performance and the work spans both continuous and short
fiber composites across several application contexts. Pervaiz et al. [10] took a somewhat broader view and their assessment
covers the processing difficulties inherent to fiber reinforced polymer systems alongside a measured discussion of future
possibilities for carbon fiber and high performance polymer blends. Yang et al. [11] focused specifically on continuous fiber
thermoplastic composites made via FDM and their analysis of how fiber content printing temperature layer geometry print
velocity and layer thickness influence mechanical properties is fairly detailed. Marabello et al. [12] examined the mechanics
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of integrating carbon fiber continuously into a polymer matrix and the work connects process decisions to the performance
characteristics of the resulting lightweight components.

Magsood and Rimasauskas [2] looked at how continuous and short carbon fibers affect PLA when the whole system is
produced through FDM and their results showed that all reinforced variants outperformed neat PLA in terms of strength
and stiffness. Microscopic examination of the printed specimens revealed information about fiber cross linking behavior
and helped connect what is happening at the microstructural level to the mechanical response observed during testing.
Most of the studies above relied on commercially available PLA carbon fiber filaments and this is worth pausing on for a
moment. Commercial filaments are typically proprietary and the fiber content fiber dimensions and processing histories are
rarely disclosed in any meaningful way. This makes it genuinely difficult to isolate the effect of fiber content on mechanical
response because the material itself is not fully characterized. The present study takes a different approach by fabricating
composite filaments in house using a twin screw extruder at controlled weight fractions of 3 wt% and 6 wt% with short
carbon fibers that have been propetly characterized. Complete traceability of composition and processing conditions is
therefore maintained throughout and the comparison between neat PLA and the two reinforced variants is conducted under
identical FDM processing parameters which is arguably the only way to draw conclusions that are genuinely defensible.
The flexural behavior of short carbon fiber-reinforced PLA composites is perhaps less well studied than their tensile
behavior, and this represents a real gap in the literature given how commonly structural components encounter bending
loads in service. The effect of carbon fiber reinforcement on the flexural strength, flexural modulus, and strain at failure
needs to be understood more clearly before FDM-printed PLA can be confidently recommended for demanding structural
contexts in automotive and aerospace environments. The objectives of this study are therefore to fabricate PLA carbon
fiber composite filaments at 3 wt% and 6 wt% through twin screw extrusion, to print specimens under identical FDM
conditions across all material variants, to characterize flexural performance through three-point bend testing in accordance
with ASTM D790, and to correlate microstructural observations from fractographic analysis with the macroscopic
mechanical data. The results are intended to give engineers and researchers a rigorous and traceable dataset that supports
rational material selection and component design wherever bending performance is a critical design driver.

SEM HV: 10.0 kV WD: 16.36 mm VEGA3 TESCAN
SEM MAG: 500 x Det: SE 100 pm
View field: 415 pm Date(m/d/y): 07/22/21 CoE-BMS College of Engineering

(a) Photograph of PLA Pellets (b) SEM of Short carbon fiber
Figure 1: (a-b) Photograph of PLA pellets and SEM image of short carbon fiber

EXPERIMENTAL DETAILS

Materials and filament extrusion
he material was strengthened using short carbon fibers provided by Tespo international private limited and polymers
provided by GLS Polymers in Bangalore, India, as the base material. The short carbon fibers had an average diameter
of around 10 microns and lengths of 3 to 5 millimeters. They were elongated and uneven in shape. The PLA pellets
wete granular in appearance. To assess the effects of these catbon fibers on the composite's bending strengths, the carbon
fibers were incorporated into the PLA matrix in two weight percentages, which are 3% and 6%. The composite was
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produced via a twin-screw extruder with the purpose of uniformly distributing the carbon fibers within the PLA, after which
the composite was in turn pelletized. The composite filament in the pelletized state was used in the FDM technique to
produce the test specimens. Samples of PLA without the carbon fibers were also produced for the purpose of comparison
in the assessment of the results. After obtaining the neat PLA and composite filaments, they were dried in a vacuum oven
for 4 hours at 60°C in order to eliminate all possible moisture present in them, which is fundamental in preventing any
hydrolytic breakdown of the filament materials, especially PLA, which is known to change properties significantly in the
presence of moisture. Prior drying of the filaments is fundamental in preventing defects such as warping and wettability
issues in FDM, which arise as a result of moisture content in the filament material, especially considering the hygroscopic
nature of PLA. [13]. PLA pellets and a SEM picture of short carbon fiber are shown in Fig. 1(a-b). Several trials were carried
out for different lengths of the filaments, and their details were carefully noted down. The machine had a fixed tolerance of
0.1 mm. When the short carbon fiber mixture incorporated into the polylactic acid filament was examined under standard
temperature and pressure conditions, the diameter of the mixture remained constant, and there were no fibers protruding
from the matrix. The material had a similar surface to PLA which is confirmed by the Macro inspection.

PARAMETER 3wT%CEF/PLA 6 WI%CEF/PLA
Fiber content (weight fraction) 3W1% 6 WT%
PLA matrix density (g/cm?) 1.24 1.24
Carbon fiber density (g/cm?) 1.76 1.76

1 0
Gross ﬁber vglume frac.t10n, (V_Q (vol%o) 2 15VOLY% 435VOL%
(without infill density correction)
FDM infill density (%) 90% 90%
Effect.lve .(net) ﬁber‘ volume f.racnon 1.9VOL% 3.9V0LY%
(with infill density correction)

Table 1: Calculated fiber volume fractions for carbon fiber reinforced composites.

FDM PART FABRICATION AND FLEXURAL TEST

all test specimens, including those for the flexural test. The optimal parameters required for carrying out the test

specimens through the printing process have been specified as infill density of 90%, thickness of top and bottom
layers of 1mm, shell thickness of 0.4mm, speed of 5mm/s, and layer height of 0.lmm. Preliminary experiments and
recommendations from published literature on FDM printing of PLA and PLA-based composites were taken into
consideration when choosing the particular FDM processing parameters. In order to maximize load-bearing capacity and
avoid the excessive thermal buildup associated with 100% infill, the 90% infill density was chosen to approximate near-solid
conditions. Tab. 1 presents the composition of composite and corresponding fiber volume fractions for 3 wt% and 6 wt%
CF/PLA composites. Increasing fiber loading from 3 wt% to 6 wt% increases the gross fiber volume fraction from 2.1
vol% to 4.3 vol%. When the 90% FDM infill density is considered, the effective fiber volume fraction slightly decreases to
1.9 vol% and 3.9 vol%, respectively. Flexural specimens have been specified and prepared based on the ASTM D790
standard. The ASTM D790 standard guarantees that bending strength of the material is propetly tested, conforming to
quality and specifications required. A simply supported specimen was loaded using a three-point loading system, and tests
were performed using a universal tensile testing equipment with a crosshead speed of 3 mm/min.Fig.2 depicts the
dimensions of the flexural test specimen.
In compliance with the ASTM D790 standard, which suggests testing with three specimens per condition to ensure statistical
reliability, a minimum of three specimens were fabricated and tested under identical conditions for each material
composition for neat PLA, PLA + 3 wt% CF, and PLA + 6 wt% CF. The average of these three tests is represented by the
flexural strength values presented in the manuscript.
These standards are essential for accurate and repeatable measurements of flexural properties, and the specimens were
meticulously prepated and tested to make sure they met them. [13]. Fig.3 presents the photograph of the FDM printed
flexural test specimen. Fig.4 depicts the schematic of the flexural test as per ASTM standard.

T he method chosen for the test specimen production is Fused Deposition Modeling. This method has been used for
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Figure 2: Dimensions of the flexural test specimen.

PLA+3%CF

PLA+6%CF

Figure 3: Photograph of FDM printed PLA and its composites.
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Figure 4: Schematic diagram of flexural test.

RESULTS AND DISCUSSION

Microstructure

ig.5 depicts the microstructure of the extruded filament of PLA and PLA+CF composites. SEM was used to
F comprehensively examine the internal morphology of the PLA composite filament, both with and without short

carbon fibers. Before the FDM printing process, the checks were made to assess the quality of the fiber-matrix
bonding and confirm how evenly the fibers were distributed throughout the PLLA matrix. At both reinforcing levels of 3%
and 6%, scanning electron microscopy showed the uniform distribution of the short carbon fiber in the PLA matrix. The
composite filaments showed no significant defects such as voids and fiber agglomerates, which indicates the acceptable
integration of the reinforcement. Such consistent morphology and uniform fiber distribution play an important role in the
achievement of predictable mechanical properties in the final FDM parts through effective load transfer and also ensure the
overall structural integrity of the parts, which in turn directly leads to enhanced flexural performance. Moreover, the
uniformity of carbon fibers is used to prevent crack propagation for improving the material with better resistance to failure
under bending load. Such behavior is consistent with observations in other fiber reinforced composites showing that an
increase in fiber content is generally associated with an increase in flexural strength [13]. However, this level of improvement
is also related to the interfacial adhesion between the polymer matrices and the fibers since interfacial adhesion is an
important parameter for efficient stress transfer. Intermittent failure may occur due to inadequate interfacial adhesion
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between the fibers and the matrices as well as the presence of inter/intra fiber moisture, leading to decreased flexural
strength as clarified by similar experiences with fiber-reinforced polymer composites.

Short Carbon fiber ™

,/

SEM HV: 10.0 kV WD: 17.05 mm 1 1l VEGA3 TESCAN| £ ‘WD: 14.65 mm 1 VEéAJ TESCAN
SEM MAG: 200 x Det: SE 200 pm SEM MAG: 200 x Det: SE 200 pm
View field: 1.04 mm Date(m/dly): 09/12/25 COE-BMS College of Engineering View field: 1.04 mm |Date(m/dly): 07/05/25 CoE-BMS College of Engineering

(@ PLA ‘ ~ (b) PLA+3%CF

WD: 14.65 mm Ll VEGA3 TESCAN

SEM MAG: 200 x Det: SE 200 pm
View field: 1.04 mm Date(m/dly): 07/05/25 COE-BMS College of Engineering

() PLA+6%CF
Figure 5: SEM images of extruded filaments depicting the carbon fibers dispersion

FLEXURAL STRENGTH

igs. 6 and 7(a-b) present the stress-strain graph and graphical representation of flexural strength values and strain

at failure of neat PLA and its carbon fiber-reinforced variants produced through FDM, and the overall pattern

fairly shows a clear improvement trend. Flexural strength goes up as fiber content increases, showing the obvious
trend. All values were derived from the three specimens per condition in line with ASTM D790 and presented in Fig. 7(a-
b). Neat PLA exhibits 58 + 3.2 MPa, which is the baseline everything else gets measured against. The stress strain cutve
for this material in Fig. 6 rises gradually through an elastic region and then transitions into a broader nonlinear zone before
the specimen eventually fails at around 4.2 * 0.3% strain. This response is obvious that one would expect from an
unreinforced thermoplastic where the polymer chains are relatively free to move and the material can stretch a fair amount
before failure. At 3 wt% carbon fiber, the average flexural strength was found to be 84 *+ 4.1 MPa, and that is roughly
44.8% above neat PLA, which is a fairly substantial increase for a modest fiber addition. The fibers are likely taking on a
proportionate share of the bending load and slowing down the possible damage process that would otherwise initiate
carlier in the matrix [14, 15]. The elastic slope in Fig. 6 is noticeably steeper for this condition, which suggests the modulus
has improved as well. Strain at failure has fallen to around 3.6 + 0.2%, and this is probably because the fibers are physically
getting in the way of chain segment movement, making the composite resistant to deform [14, 15].At 6 wt%, the strength
reached 109 + 5.6 MPa, which works out to neatly 87.9% above neat PLA and is the highest value recorded across all
three conditions. The initial slope steepened again relative to both the untreinforced material and the 3 wt% composite,
which is consistent with continued stiffness accumulation as more fiber is added. Strain at failure came down further to
2.9 + 0.3%, and the pattern by this point is fairly clear in that more fiber means more constraint on the matrix and less
capacity for deformation before fracture [14, 15].
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Figure 6: Flexural Stress-strain curve of FDM printed PLA and carbon fiber reinforced PLA composites

The mean flexural strength peaks at an individual value of 109 MPa for the composites containing 6 wt% carbon fiber,
representing an overall improvement of about 88% compared to neat PLA. Correspondingly, the accompanying stress-
strain curve displays the steepest slope among all tested samples, representing the maximum stiffness of the composite. This
higher reinforcement level obviously converts into the lowest strain-to-failure of the same material, highlighting its increased
brittleness with rising fiber content [16,17].

6 6
N PLA I PLA
I PLA + 3 wt% CF I PLA + 3 wt% CF
5 Il PLA + 6 wt% CF 5] I PLA + 6 wt% CF

Strain at Failure (%)
w

Strain at Failure (%)
w

0- 0-
PLA PLA + 3 wt% CF PLA + 6 wt% CF PLA PLA + 3 wt% CF PLA + 6 wt% CF
Figure 7a: Variation of flexural strength of PLA FDM printed Figure 7b: Variation of strain at failure of PLA FDM printed PLA
PLA and carbon fiber reinforced PLA composites and carbon fiber reinforced PLA composites

The trends shown in Figs. 6 and 7(a-b) are discussed here. Short carbon fibers embedded in the PLA matrix take on a load-
bearing role and redirect the applied bending stress away from the more compliant polymer toward the stiffer reinforcement,
and that redistribution essentially leads to the strength gains observed across the two fiber contents tested. The 45% and
88% improvements at 3 wt% and 6 wt% CF, respectively, are consistent with this interpretation, and the scale of those gains
arguably reflects the efficiency with which stress transfer was operating at the fiber-matrix interface under the specific FDM
conditions used here. The 0.1 mm layer height and rectilinear infill at 90% density appear to have contributed to mechanical
interlocking between the extruded PLA and the embedded fibers. SEM observations of fiber imprints and pull-out features
on the fracture surfaces in Fig. 8 offer reasonably direct microstructural evidence that this interlocking was active during
loading. Some shortfall relative to strength predictions is still expected given the layer-by-layer nature of FDM deposition
and the likely presence of interlayer voids, though the reinforcement trend across both fiber contents remains fairly
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unambiguous. Interestingly, the reduction in strain at failure is also worth addressing here. Rigid fiber inclusions constrain
the mobility of PLLA molecular chain segments, and as fiber content rises, this constraint intensifies, and the fracture behavior
shifts progressively toward the brittle end of the spectrum [18, 19]. At 3 wt% CF, the material still retains enough ductility
to be considered for semi-structural uses while delivering meaningfully better strength than neat PLA. At 6 wt%, the balance
tips the other way, and stiffness, together with load-bearing capacity, becomes the dominant characteristic at the cost of
deformation tolerance, which is broadly consistent with the literature reports for fiber-reinforced thermoplastics at
comparable reinforcement levels [18, 19].

It has been confirmed that the short carbon fibers as an additive into PLA by means of FDM provides significant
improvements in the flexural strength and stiffness although the ductility is reduced. From an engineering perspective, the
observed percentage increases of about 45% for 3% CF and about 88% for 6% CF clearly prove the efficacy of carbon
fibers as reinforcement agents. These results prove conclusively the appropriateness of carbon-fiber reinforced PLA
composites with structural and functional demands manufactured by additive manufacturing, where outstanding mechanical
performance is a critical attribute.

Prior work on FDM-printed CF/PLA systems has been discussed and compated here. Ning et al. [20] showed that flexural
strength goes up as fiber content increases in PLLA, though interfacial debonding and porosity at higher loadings tend to
pull back some of that gain, and this is not entirely inconsistent with the 6 wt% CF results suggested in the present study.
Tekinalp et al. [21] demonstrated that strain at failure drops when fibers are added and traced this back to the matrix being
unable to deform freely around aligned fibers. The ductility falling from 4.2% down to 2.9% as recorded here follows more
ot less the similar pattern. On the other hand, raster orientation and its role in failure anisotropy are discussed by Parandoush
and Lin [22] and worked through fairly carefully, and the fracture transition observed under SEM in this study moving from
quasi-brittle toward semi-ductile sits reasonably well within that interpretation.

FLEXURAL FRACTURE SURFACE ANALYSIS

he investigation under a Scanning Electron Microscope on the fractured surface of flexural test samples offers

critical information regarding the failure behavior of neat PLA, as well as short carbon fiber-reinforced PLA

composites. The results observed under a scanning electron microscope at lower as well as higher magnifications
confirm that morphological changes atre directly related to stress/strain behavior, as observed in the corresponding flexural
test results (Fig. 8).
The fractured surface of neat PLA is smooth by comparison and shows rather limited plastic deformation before the
specimen ultimately fails. The fracture behavior of this material is predominantly the term "quasi-brittle. " Neat PLA
recorded the highest strain at failure across all three conditions. The fracture morphology is perhaps better understood
alongside the mechanical data in Fig. 6 rather than in isolation. The lowest flexural strength belongs to neat PLA, and this
material outlasted both composites in terms of deformation before fracture, and that combination is worth stating clearly.
The surface appearance is consistent with this interpretation even if the connection between morphology and ductility is
not always immediately obvious from visual examination alone. From the close observations of the specimen, the river-like
markings, together with mirror zones, are visible on the fracture surface. These features tend to indicate crack initiation at
a fairly localized site followed by propagation that was relatively rapid given the limited resistance the unreinforced matrix
could offer under flexural loading, and they sit reasonably well with the quasi-brittle characterization put forward above.
The brittle nature of failure is further supported by the observation of the fine striations and cleavage steps. Once the critical
stress is reached, the absence of any secondary reinforcing phase leads to rapid fracture propagation and poor energy
absorption. This explains the smooth plateau and abrupt drop in the stress—strain curve of PLA.[23, 24]
For 3% carbon fiber, the fractured surface shows a rougher morphology compared to neat PLA, with clear evidence of
carbon fiber pull-out and fiber imprints within the PLA matrix. These features indicate that partial load transfer occurs
between the fibers and the matrix, improving flexural strength relative to neat PLA. Fiber pull-out voids are distributed
across the fracture plane, suggesting that interfacial adhesion is sufficient to contribute to improved stress transfer but not
strong enough to completely prevent fiber debonding. The broken fiber ends and fiber—matrix debonding are evident.
Microvoids surrounding the pulled-out fibers point to localized stress concentrations where crack propagation initiates.
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Figure 8: SEM images of flexural fractured surface of PLA (a-b) and CF reinforced PLA composites (b & ¢ PLA+3%CF, ¢ &f:
PLA+6%CF).

Around the fiber sites, the matrix shows a measurable degree of plastic deformation, and this shifts the fracture character
away from the quasi-brittle response seen in neat PLA toward something that sits closer to semi-ductile. The rougher
morphology observed here correlates reasonably well with the stress-strain data, where the PLA + 3 wt% CF composite
reaches 84 £ 4.1 MPa in flexural strength. Strain at failure does come down, though, from 4.2 + 0.3% to 3.6 £ 0.2%, and
that reduction is consistent with Fig. 6.For 6 wt% CF composite, the fracture surface becomes considerably rougher and
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more tortuous than anything seen in either neat PLA or the 3 wt% material. Pulled-out fibers, fiber bridging, and fiber
clusters are densely distributed across the surface. These features together suggest that the capacity of the composite to
arrest crack advancement grows substantially as fiber content rises, and the outcome in terms of energy absorption and peak
flexural strength at 109 £ 5.6 MPa is the best recorded across all three conditions evaluated in this study [25, 26].The fibers
at this loading level appear more thoroughly anchored within the PLA matrix. Clean pull-out sites, which are visible in the
3 wt% composite, are comparatively rare here, and fibers are observed in a fractured condition, which implies the interfacial
stress transfer was sufficient to load the fibers to failure rather than simply dislodge them. Hackle marks and localized
deformation zones in the surrounding matrix further support the presence of an active stress redistribution mechanism
during loading. Taken together these observations align broadly with the stress-strain response, where the 6 wt% CF
composite sustains its load-bearing capacity across the full extent of its strain range before eventual fracture.

The SEM observations provide direct evidence on the mechanisms of strengthening that are present. Neat PLA fails due to
brittle fracture which arises because of the lack of reinforcing fibers, resulting in a low energy dissipation. The 3% CF
composite has an advantage of fiber pull out and partial load transfer, leading to an increase in strength and strain at failure.
The 6% CF composite with higher reinforcement content shows the appearance of fiber fractures, fiber bridges, and more
effective interfacial bonding, which are responsible for the highest flexural strength and better toughness. The progression
of smooth fracture surfaces for neat PLA to more and more rough fiber dominated morphologies in the reinforced
composites correlate well with the increasing stress-strain responses recorded during flexural testing. The formation process
of the FDM itself is responsible for the formation of this fracture surface morphology. FDM's layer-by-layer deposition
process may result in problems with interlayer adhesion and possible void creation, which may serve as places where cracks
begin to spread. In the case of fiber reinforcement, these factors such as the alignment and distribution of the fibers that
are set by the printing path and melt-pool characteristics of the FDM process also can control the way cracks propagate
around or through the fibers which in turn controls the observed pullout, bridging and fracture behaviour [27, 28].

It is important to note that, during FDM extrusion the shear flow within the nozzle tends to push short carbon fibers toward
the print direction, and orientation factors somewhere around 0.6 to 0.85 have been reported for such systems [20]. The
converging geometry of the nozzle essentially forces the suspended fibers to rotate and settle along the extrusion axis before
deposition even begins. When specimens are printed with a rectilinear raster running along the longitudinal axis, the fibers
end up roughly coinciding with the direction where bending stress is highest [21]. Load transfer through shear lag and crack
bridging is therefore reasonably efficient though perhaps not as ideal as the numbers might suggest. It is worth noting that
this favorable orientation is a consequence of printing strategy rather than any intrinsic material behavior. At 3 wt% CF, the
relatively spatse fiber population allows the flow field to orient fibers without much interference, and flexural gains follow
accordingly. At 6 wt% CF, things become more complicated because fiber-to-fiber interactions grow more frequently, and
agglomeration begins to erode the per-fiber contribution to stiffness and strength [22]. An 88% improvement in flexural
strength was nonetheless recorded, which is a fairly substantial outcome. Perfect alignment is of course not achievable given
that bead boundary constraints and nozzle wall effects and fiber breakage during extrusion all contribute to some degree of
residual misorientation.

(@) PLA
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(©) PLA+6%CF
Figure 9: Photograph of the fractured specimens of the PLA and CF reinforced PLA composites

Fig. 9 depicts the photographs of the specimens captured after flexural tests. The captured fractured surface photographs
corroborate the discussion above with reasonable consistency. In the neat PLA specimen, the smooth featureless surface
visible in the image confirms the quasi-brittle fracture character described eatlier and the absence of any fiber related features
leaves little room for alternative interpretation. Moving to the 3 wt% CF specimen the photograph reveals scattered pull-
out voids and visible fiber imprints across the fracture plane and the localized matrix deformation around these sites is
discernible which supports the shift toward semi-ductile behavior and aligns with the recorded flexural strength and strain
reduction. The 6 wt% CF fracture surfaces in the photograph appears markedly more tortuous and fiber dominated and
fractured fiber ends rather than clean pull-out sites dominate the image confirming stronger interfacial stress transfer
sufficient to fracture fibers rather than dislodge them and this is broadly consistent with the peak flexural strength. Taken
together the photographic evidence and the SEM observations reinforce the progressive transition from brittle to toughened
fracture behavior as fiber content increases from 0 to 6 wt% CF.

CONCLUSIONS

performance of FDM-fabricated PLA composites is much improved by the addition of short carbon fibers.

1. The use of short carbon fibers in PLA by FDM makes a significant enhancement in flexural strength and stiffness,
which improved by about 45% for 3% CF and 88% for 6% CF compared to neat PLA, thus proving the
effectiveness of carbon fiber as reinforcing agents.

2. A homogeneous dispersion of fibers without significant voids or agglomeration was found by SEM analysis of
extruded filaments, ensuring dependable load transmission and predictable mechanical performance in the finished
printed composites.

I n conclusion, the thorough flexural analysis and in-depth fractographic analysis cleatly show that the mechanical
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3. The fracture surface analysis showed that in reinforced composites, the morphologies changed from smooth and
brittle in neat PLA to rougher and dominated by fibers. Features including fiber pull-out, fiber—matrix debonding,
and fractured fibers were directly associated with higher strength and lower ductility.

4. Fiber fracture and bridging were more common at 6% CF, indicating better interfacial bonding but increased
brittleness, whereas partial load transfer and fiber pull-out dominated at 3% CF, resulting in increased strength
while preserving moderate ductility.

5. The fracture morphologies of FDM composites are affected by adhesiveness between layers and fiber orientation
in FDM processing, and reinforcement helps prevent defects through deflection and stopping of fracture in FDM
composites to increase their toughness and load capacity.
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