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Abstract
The enhancement of stiffness and strength in additivelymanufactured components has garnered
significant attention from scientists and engineers in recent years. This study explores the
improvement of compressive strength in polylactic acid (PLA) composites reinforcedwith continuous
glassfibers (CGFs)using a simultaneous impregnation extrusion-based additivemanufacturing
process. In thismethod, continuous fibers are introduced into themolten polymer through a side
nozzle, coatedwith the polymer, and subsequently deposited onto the substrate or previously
deposited layers. The primary advantage of this technique lies in its elimination of the need for pre-
impregnated fibers, enabling the use of various continuousfiber types as reinforcing phases and
different thermoplastics asmatrices. To evaluate the impact offiber orientation, fibers were aligned
both parallel and perpendicular to the load direction, allowing an analysis of tensile lateral strain
during compression. Compression test results revealed that neat PLA exhibited compressive strengths
of 84.6MPa and 72.3MPa for parallel and perpendicular raster orientations, respectively. For the
composite specimens, parallelfiber alignment resulted in delamination between the PLAmatrix and
fibers, with a compressive strength of 40.7± 1.2MPa. Conversely, perpendicular fiber alignment
increased compressive strength to 93± 1.1MPa. Themain innovation of this research is enhancing
the compressive strength of composite samples by positioning continuous fibers perpendicular to the
load directionwithin the samples. This arrangement induces transverse strainwhen the compressive
force is applied, resulting in tensile stress being exerted on the continuous fibers, which in turn
contributes to an increase in the compressive strength of the composite samples. Failure in these
specimens occurred in regionswhere tensile strain direction changed, particularly at the corners of
rounded-square cross-sections. This study demonstrates that aligningCGFs perpendicular to the
loading direction enhances compressive strength by approximately 10.5%, introducing a bilinear
elastic behavior and amore brittle-like fracture. Thefindings provide valuable insights for improving
the crashworthiness and energy-absorbing capabilities of components in the automotive industry.

1. Introduction

Additivemanufacturing (AM) is revolutionizing thewaywe design and produce objects. As AM technologies
increasingly permeate everyday life, new opportunities and challenges continue to emerge [1–3]. This innovative
technology enables the creation of complex shapes that were once unattainable with traditionalmanufacturing
methods, promising to reshape the future of production [4, 5]. Key advantages of AM include:

• Customization: Facilitating intricate, one-of-a-kind designs tailored to specific needs.
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• Flexibility: Allowing rapid adaptation of designs without costly retooling.

• Simplification: Streamlining product development by reducing design complexity.

• Efficient Spare PartsManagement: Enabling on-demand production of replacements, reducing downtime
and inventory costs.

• Faster Production: Accelerating lead times and product development cycles.

• Sustainability:Minimizingwaste and promoting the use of eco-friendlymaterials [6–8].

AmongAM techniques, Fused Filament Fabrication (FFF) stands out for its accessibility and ability to
produce lattice structures, which are prized for their strength-to-weight ratio and suitability for lightweight
applications [9]. FFF involvesmelting thermoplastic filament and depositing it layer by layer to build objects
[10]. Thismethod is particularly well-suited for crafting cellular structures and is recognized as environmentally
friendly [11]. Recently, there has been growing interest in employing FFF for lattice structures due to its cost-
effectiveness compared to techniques like Selective LaserMelting (SLM) and ElectronBeamMelting (EBM)
[10, 12, 13]. However, the success of FFF heavily depends on controlling process parameters, such as infill
density, layer thickness, printing angles, and nozzle temperature, as these factors significantly influence the
mechanical and physical properties of the final product [1, 13].While PLA andABS are commonly used
materials in FFF, the technique is compatible with diverse thermoplastics like TPU, nylon, andHIPS, enabling
broader design possibilities [14, 15]. Optimizing process parameters is critical to achieving desired strength and
precision. Researchers have demonstrated that refining these parameters can enhance tensile and compressive
strength, dimensional accuracy, and surface finish [16, 17]. For example, Sood et al [16]used a genetic algorithm
to optimize ABS compressive strength, achieving 17.5MPa. Similarly, Nancharaiah et al [18] employed the
Taguchimethod andANOVAanalysis to reveal that layer thickness and roadwidth significantly influence the
surface quality and dimensional accuracy of ABS parts. In addition, alternativematerials like PETG and PEEK
have shown promise. Zaman et al [19] demonstrated PETG’s superior compressive strength compared toABS,
whileWu et al [17] highlighted PEEK’s improvedmechanical properties over ABS in FFF applications.

A growingbodyof research emphasizes optimizing process parameters and exploringnewmaterials tounlock
FFF’s potential. For example,Tang et al [20], Rosli et al [21], andDong et al [22] investigated the effects of nozzle
temperature, layer thickness, andprinting speedon themechanical properties of PLAandABS lattice structures.
These studies revealedoptimizationopportunities but alsounderscored theneed for further explorationof additional
parameters.Aloyaydi et al [23] examined infill patterns andbuild orientations,finding that gridpatternsprovided the
highest compressive strength,while triangular patterns exhibited the greatest stiffness.

Researchhas also focusedon reinforcementmethods. Pazhamannil et al [24] andMohammadizadeh et al [25]
explored the effects ofmaterial selection and reinforcementonmechanical performance. For instance, short carbon
fiber-reinforcednylon compositeswere shown tooutperformpurenylon in tensile andflexural properties but had
lower compressive strength.Variations inmechanical behavior are common in thermoplastics [26] andmore
complexmulti-material structures [27] though these effects remain insufficiently studied forFFFprocesses [28] In
rare studies such as that byAraya-Calvo et al [29], carbonfiber-reinforcedpolyamide-6matrices using isotropic and
concentric patterns demonstrated significant stiffness improvements but also increased embrittlement. The
reinforcement patterns, distribution, andorientation significantly influenced compressive andflexural properties,
emphasizing the importance ofminimizing layer delamination to enhanceperformance. Further contributions in
thisfield continue to advanceourunderstanding ofmaterial properties in additivelymanufactured components.
Sears et al [30] studied scaffoldsmadeof propylene fumarate dimethacrylate polyHIPEswith shells composedofPLA
andpolycaprolactone (PCL), evaluating their compressivemechanical properties. The results indicated that scaffolds
withPCL shells exhibited a compressivemodulus of 30MPa anda compressive strengthof 3MPa,whereas scaffolds
withPLA shells demonstratedhigher values of 100MPa and10MPa, respectively. Francis and Jain [31] investigated
the compressivemechanical properties of clay-basedpolymernanocomposites, focusingon the impact of double
extrusionon thematerial’s performance. By employing adouble extrusion system, themixing of nanoclaywas
improved, leading to increases of 14.5% in tensile strength, 21% in tensilemodulus, and24%incompressive strength
of theprinted samples.

Petousis et al [32] explored the effect of compressive loading rates on themechanical behavior of fourwidelyused
thermoplastic polymers in extrusion-based3Dprinting: polycarbonate (PC), polyethylene terephthalate glycol
(PETG), polymethylmethacrylate (PMMA), and thermoplastic polyurethane (TPU).Compressive tests conducted at
strain rates ranging from1.3 to 200mmmin−1 revealed that increasing the strain rate led to a40%increase in the
compressive strengthofPMMAanda29%increase in the compressivemodulusof TPU.Among thematerials tested,
PCexhibited thehighest sensitivity to strain rates.Gui et al [33]optimized the compressivemechanical properties of
polyimide aerogels by employing a3Dprintingmethodbasedonextrusionwith freeze casting.Themaximum
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compressive strength andmodulusof theprintedpolyimide aerogel sampleswere enhanced to6.35MPaand63.5
MPa, respectively.Vijayasankar et al [34] evaluated themechanical properties ofPETGcomposites reinforcedwith silk
fibers atweight percentages of 2%,5%, and10%.They reported thatwhile printingwith10%silkfiberspresented
challenges, the compressivemodulusof the compositewith2%silkfibers increasedby60%compared toneatPETG.
Zarei et al [35] examined themechanical properties ofPLA-Ti6Al4V (Ti64) composites.Theirfindings indicated that
addingTi64 increased the glass transition temperatureofPLAbut slightly reduced themelting temperature,
crystallization temperature, and thermal stability of the rasters.Notably, the additionof 3%to6%byweight of Ti64
increased the compressive strength andmodulusof the composite to49.9MPaand1.9GPa, respectively. Lastly,
Mohamed et al [36] studied the influenceof printingparameters on the creepdisplacementofPC-ABSblends.The
results showed thatminimumcreepdisplacementwas achievedunder specific conditions: a layerheight of 0.2540mm,
a raster angle of 0°, a print directionof 20°, eight shells, andanextrusionwidthof 0.4572mm.

Kong et al [37] evaluated themechanical properties of bi-matrix composites with amulti-cavity structure
reinforcedwith continuous fibers produced by a 3Dprinter. They used continuous carbon fibers and Basalt,
continuous carbon fibers pre-impregnatedwith epoxy resin, and PLA and PAfilaments to print the samples.
They stated that after printing, continuous carbon fibers pre-impregnatedwith epoxy resin have themost effect
onmechanical properties and failuremode. Themain failuremode in this researchwas reported as pullout and
fiber breakage. Khan et al [38] investigated the fracture toughness of 3D-printed polymermatrix composites
reinforcedwith different fibers. They considered twomaterials PLA andPEEK asmatrices with low and high
melting temperatures. They stated that parameters such as printing temperature, fiber volume percentage,
length offibers, square shape of the nozzle, annealing, suitable surface treatment onfibers, printing in several
directions, and printing in a vacuumhave positive effects and parameters such as printing speed, layer thickness,
cavities and the porosity, and circular shape of the nozzle have negative effects on themechanical properties and
fracture performance of the printed samples. By presenting a 3DG-code, Akhoundi et al [1] succeeded in the
deposition of continuous glassfibers on curved surfaces with the simultaneous fiber-polymer impregnation
method.Ulkir [39] investigated themechanical and thermal properties of 3Dprinted composites reinforced
with copper, bronze, andmicrocarbon fibers. The results showed that the highest tensile strengthwas obtained
at a layer thickness of 0.1mm, afilling percentage of 60%, and a nozzle temperature of 230 °C.Also, themetal
reinforcing particles reduced the strength and increased the elongation. In addition, the highest heat resistance is
related to PLA-Cu compositematerial. Saravanamuthkumar et al [40] investigated the effect of printing
parameters on the compressive properties ofmulti-material composites including PLA and PLA reinforcedwith
almond shell. Themaximumcompressive strength obtainedwas 35.41MPa at a printing speed of 20mms−1, a
layer height of 0.1mm, and a printing temperature of 200 °C. Liu et al [41] investigated the properties of PEEK-
glass continuous fiber compositesmade by the AMmethod. Themaximum tensile strength, bending strength,
interlaminar shear strength, and impact strengthwere 703MPa, 562MPa, 44MPa, and 180Kj/m^2,
respectively. Ulkir et al [42] investigated the effect of printing temperature on themechanical properties of 3D-
printedABS. They stated that as the temperature increases from220 to 270 °C (increase by 10 °C), themass of
the printed samples aswell as the tensile strength decreases almost linearly. Themaximum tensile strength at a
printing temperature of 220 °C is equal to 24.6MPa and theminimum tensile strength at a printing temperature
of 270 °C is 14.4MPa. Alomarah et al [43] investigated the effect of FFF andmulti-jet fabrication techniques on
themechanical properties of auxetic structures and the ability of printed parts to absorb energy.

Basedona thorough reviewof the existing literature, the primary focus of this contribution is the investigationof
the viability of employing continuous glassfibers (CGF)s as reinforcement of aPolylacticAcid (PLA) [44] and
subsequently investigating elastic, failure, and fracture properties of the resulting composite. This study is thefirst to
investigate the fracture behavior of 3D-printedPLAcomposites reinforcedwith continuous glassfibers. Themain
questionof this research is expressed aswhether continuousfibers in a 3Dprinted compositematerial can cause a
change in compressivemechanical properties andhow this increase or decrease in compressivemechanical
properties is related to continuousfibers. Parallel andperpendicular configurationshave been tested to account for
thedeposition strategy effect on the compression loaddirection. In addition, the fracture surfaces of unfilled and
reinforcedPLAhavebeen analyzedby ScanningElectronMicroscope (SEM) and show that by changing thedirection
of thefibers, the compressive loaddistribution canbe changed to the tensile deformation, and themechanical
compressive properties of the composite sample canbe improved, resulting in an improvement of the compressive
strengthof∼10%anda change in the overallmaterial behavior.

2.Materials andmethods

This study utilizes polylactic acid (PLA)filament (Sizan, Iran) as thematrixmaterial. According to the
producer’s datasheet, the glass transition temperature of the filament is 80°C. E-glass continuous fiber yarn
(CGF: Jiahe TaizhouCo., China)was used as the reinforcement, with amass per length of 0.1 gm−1 and a bundle
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diameter of 0.22mm (Tex 800,fiber diameter of 8microns). The datasheet specifies a density of 2.5 g cm−3, a
nominal tensile strength of 1000MPa, and a tensilemodulus of 60GPa for the E-glassfiber yarn.

To verify thesemechanical properties, tensile tests were conducted according toASTMD2256, confirming a
tensile strength of 935MPa, a tensilemodulus of 56.7GPa, and a tensile fracture strain of 0.0165 [45]. The
Tensile stress–strain curve for PLA (averaged from5 samples) and continuous glassfibers (averaged from10
samples) obtained from tensile tests is shown infigure 1.

In the employed simultaneous impregnation extrusion (SIE) process, continuous glassfibers are fed into the
3Dprinter nozzle, where they are impregnated with themolten PLApolymer and deposited onto the substrate,
as illustrated infigure 2.Manufacturingwas performed using aQuantum2020 3Dprinter (Iran)with a bed size
of 200× 200× 200mm, targeting afiber volume percentage of 30%. To experimentally determine the fiber
volume percentage, samples were burned aftermechanical testing, and the remaining glassfibers were weighed
after washing and drying. Theweight percentage offibers was then converted to volume percentage following
ASTMD3171. For the PLA/CGF composite samples, the experimentally calculated fiber volume percentage was
30.5%, indicating aminor deviation of approximately 2% from the theoretical target.

Since thepresence offibers reduces the available extrudedpolymer volume, thePLAfilament feeding speedhad
tobe adjusted tomaintainuniformprinting andprevent overflow.After calibration, the optimal printing speed for
thePLA-CGFcompositewas determined tobe 10mms−1, ensuring consistent depositionwithoutmaterial shortages
or excesses. To evaluatemechanical properties,five sampleswere printed for each test, and the average resultswere
reported.

As thenozzle temperature increases, the viscosityof thepolymermaterial decreases, enhancing the impregnationof
continuousfibers andpolymermaterials.However, excessivenozzle temperatures can lead topolymerdegradation,
negatively impacting the surfacequality along thebuilddirection.Basedonprior studiesusing the samematerial [45].A

Figure 1.Tensile stress–strain curve for (a)PLA and (b) continuous E-glassfibers [45].

Figure 2. Schematics of the simultaneous impregnation extrusion process and detail of the implemented FFF process where theCGF is
fed to the nozzle during the extrusion.
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nozzle temperatureof 220 °Cwasemployed in this research to strike abalancebetweenfiber impregnationandmaterial
integrity.The substrate temperature alsoplays a crucial role in ensuringproper inter-raster and inter-layerbonding,
particularly for theprimary layers. It is essential tokeep the substrate temperaturebelow the glass transition temperature
of thepolymer (80 °Cfor thePLAmaterial used in this study) toprevent substrate softeningandunintentional
detachment fromthebed.Considering this, thebed temperaturewas set to60 °C [46].Additionally, theheightof the
layersmustbe carefully chosen relative to thediameterof thefibers. If the layerheight is less than thefiberdiameter, the
fibers are likely tobedamagedduringmanufacturing.Conversely, an excessivelyhighnozzleheight cancreate voids
within theprinted sample, increasing surface roughness in thebuilddirection [45]. Tomitigate these issues, the layer
height in this researchwas set equal to thefiberdiameter, 0.22mm, and the extrusionwidthwas set to0.58mm,
corresponding toafiber volumepercentageof 30%.Thefiber volumepercentage relative to thematrix volumewas
calculatedusingequation (1) [45]whereVf is thefiber volumepercentage, df is thediameterof thefibers, w is the
extrusionwidthand h is the layerheight.

/( ) ( )p= ⋅ ⋅ ´V d w h4 100 1f f
2

Moreover, since thefibers are extruded alongside the polymermatrix, it is essential to reduce the amount of
polymer tomaintain consistent extrusion. In such cases, the filament feed parameter, denoted by the letter ‘E’ in
theG-code,must be adjusted bymultiplying it with a coefficient known as the extrusionmultiplier. The value of
the extrusionmultiplier (F) is calculated using equation (2) [1, 45].

( )= -F V1 2f

The overallmanufacturing settings are summarized in table 1, covering both the compositematerial and the
unfilled PLA used as a benchmark to compare the compressive properties of the composite. To evaluate the
compressive properties, specimensweremanufactured followingASTMD695 specifications, with a square
cross-sectionmeasuring 12.7mmand a height of 25.4mm, as shown infigure 3.

To assess the effectiveness of the CGF reinforcement, two sets of specimenswere produced. Thefirst set,
referred to as ‘XYZ’, features a growing trajectory throughout the specimen height. This configuration causes
part of thefibers to experience tensile strains and another part to experience compressive strains during load
application along the x-direction (the load direction).

Table 1.Process parameters for the composite
(PLA-CGF) and unfilled PLA3Dprinting.

Parameter Value

Nozzle temperature [°C] 220

Deposition bed temperature [°C] 60

Nozzle diameter [mm] 0.5

Extrusionwidth (raster) [mm] 0.58

Extrusion layer height (raster) [mm] 0.22

Filament feeding speed [mm/s] 40/10

Neat polymer/PLA-CGF composite

Extrusionmultiplier 0.7

Figure 3. Stacking directions for the PLA-CGF specimens considering the ‘XYZ’ and ‘ZXY’ orientations and printed specimenswhere
fibers and raster denote the layer’s stacking direction.
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The second set of specimens, referred to as ‘ZXY’, featured fibers aligned in a concentric pattern, plane by
plane, oriented perpendicularly to the z-direction (load direction) during compression tests. As previously
described, unfilled PLA specimens with the same raster alignment as the composite PLA-CGF specimenswere
alsomanufactured and used as benchmarks. Compression tests for both unfilled PLA and composite PLA-CGF
specimenswere conducted using a SANTAM20machine (Iran) at a compression speed of 5mm/min.
Following the tests, the failure surfaces were analyzed using a Prox-PhenomG6 Scanning ElectronMicroscope
(SEM) to examine the roles of the fibers, thematrix, and their interaction during load application.

3. Results and discussion

This section begins by presenting the results of the compression tests conducted on both unfilled PLA and
composite PLA-CGFmaterials. This is followed by an analysis of the failure surfaces using SEM, alongwith
relevant observations and interpretations of the results. Finally, the energy absorption characteristics of the
printed samples are discussed.

3.1. Compressive test results
In the uniaxial compression test, a force is applied vertically on the top of the specimen resulting in the rise of
both compressive and tensile deformations. In addition, due to the friction interaction between the upper and
lower jigs and the specimen, an almost negligible deformation zone, known as the deadmaterial zone, appears in
the vicinity of the contact area, whereas barreling occurs on the sides of the specimen, figure 4.

Figure 4. (a) Schematic explanation of the deformation behavior in uniaxial compression test and (b) barreling occurrence on neat
PLA specimens at the end of the compressive test.

Figure 5.Engineering stress versus percentage elongation of the compression tests on unfilled PLA and composite PLA-CGF
compression specimens. Peak strengths are highlighted in the chart.
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Consequently, both compressive and tensile deformations coexist within the specimen during the test.
Additionally, the deformation behavior changes significantly in compositematerials, such as PLA-CGF, due to
the differing responses of the individual components in the composite and their interactions. Focusing on the
results of the compression tests for both unfilled PLA and PLA-CGF composite specimens, the average stress–
strain curves from five test repetitions are presented infigure 5.

For unfilled PLA specimens, the alignment of the rasters with the compressive load direction results in an
approximately 17% increase in strength. This improvement is attributed to the partial orientation of the rasters,
which act as independent load-bearing units during compression. Conversely, when the rasters are deposited
plane by plane perpendicular to the compression direction, their behavior is considered isotropic. Regardless of
the raster alignment, neat PLA specimens fail under buckling conditions. SEM images of the cross-sections of

Figure 6. SEM images of cross-sectional of neat polymer (a)Unfilled PLA (rasters parallel to the loading direction), (b)Unfilled PLA
(rasters perpendicular to the loading direction).

Figure 7.Tensile and compressive behavior for the PLA-CGF composite for the (a)XYZ specimen (front view), (b)ZXY specimen
(front view), and ZXY specimen (top view).
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neat PLA samples are shown infigure 6. Since these samples did not fail during the compression tests, theywere
frozen in liquid nitrogen and subsequently fractured for analysis. The cross-sectional images confirm that the
chosen printing parameters were appropriate, as no significant voids were observed in the connections between
rasters or layers. The compressive strengths andmoduli for the two unfilled PLA specimens are:

• Parallel rasters: 84.6± 1.1MPa and 1.8± 0.04GPa.

• Perpendicular rasters: 72.3± 0.9MPa and 1.7± 0.05GPa.

For PLA-CGF compression specimens, the variation in stress versus percentage strain and compressive
strength is strongly influenced by the deposition strategy and its interactionwith the applied compressive load.
In the case of the XYZ specimens (figure 3), the deadmaterial zone experiences tensile deformation in the
continuous fibers and compressive deformation in the polymermatrix. In contrast, in the rest of the specimen,
particularly near its center where barreling occurs, bothfibers andmatrix are under compression along the x-
axis, while thematrix experiences tension in the y and z directions (figure 7(a)). As a result, failure in theXYZ
PLA-CGF specimens is expected to occur in the central region, away from the deadmaterial zone. This failure
results from tensile deformation in the PLAmatrix and concurrent compressive deformation in the fibers,
leading to buckling and debonding at the fiber-matrix interface. For this configuration, the compressive strength
improvements over unfilled PLA are quantified as 10.5% and 29.3%, depending on the raster orientation
relative to the applied compressive load. Additionally, the stress–strain relationship exhibits a shift from the
single-peak stress followed by softening, typical of unfilled PLA specimens, to a bilinear behavior. This bilinear
response is characteristic ofmulti-material structures, where distinct differences in the elastic and elastic-plastic
behavior between the neatmatrix and composite samples are evident [27].

In contrast, for the ZXY specimens, the rasters and continuous glass fibers are oriented perpendicularly to
the compressive load. This orientation results in lower reinforcement effectiveness compared to the XYZ
configuration. As shown infigure 5, the presence of CGFs smooths the stress–strain relationship, producing a

Figure 8.Compression specimens after compressive failure (side and top views) and SEM image analysis for PLA-CGF specimens
manufactured by (a)XYZ and (b)ZXYfibers alignments.
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monotonic increase in stress until reaching themaximumvalue, followed by slight softening prior to failure. In
this configuration, compression occurs along the z-axis, while tension exists in the fibers andmatrix along the x
and y directions (figure 7(b)).With the fibers lying in the xy planes under tension, debonding ismost likely to
occur at the square corners where the tension direction transitions fromx to y (figure 7(c)). Furthermore, since
bothfibers and rasters are oriented perpendicularly to the compressive load, the fibers do not act as
reinforcements but rather as inclusions, leading to amatrix-dominated fracture in the PLA-CGF composite. The
2.3-fold difference in strength between theXYZ andZXY configurations highlights the typical behavior of
compositematerials, emphasizing the effectiveness of CGFs in enhancing the properties of the PLAmatrix. To
summarize, the compressive strength andmodulus are as follows:

• PLA-CGF (XYZ): 40.7± 1.2MPa and 0.88± 0.02GPa.

• PLA-CGF (ZXY): 93.5± 1.1MPa and 0.86± 0.01GPa.

SEManalyseswere conducted to further investigate thebehavior of the two tested configurations of PLA-CGF
composites and to confirm thehypotheses regardingdeformation, debonding, andbuckling. The results are
presented infigure 8.As shown infigure 8(a), theXYZcomposite exhibits separation at the center of the specimen,
where thePLAmatrix is subjected to tensile stresses. This tensile stress causes debondingbetween thePLAmatrix and
theCGFs.Additionally, as hypothesized, the tensile deformation in thePLAmatrix induces buckling of the glass
fibers,which thendebond fromthematrix, leaving visible tracks throughout the fracture surface.

In contrast, the ZXY composite demonstrates the negligible role of the CGFs in bearing the compressive load
during the test. As illustrated in figure 8(b), the fracture surface is characterized by cleanmatrix separationwith
minimal fibrillation [26]. Furthermore, afiber pull-out phenomenon is observed, wherefibers detach from the
matrix in bundles, reflecting their deposition pattern during the FFF process.

3.2. Energy absorption properties
The force-displacement diagramof the samples is presented infigure 9, showing behavior similar to that
observed in the stress–strain diagram. Based on the data from figure 9, the crushing properties of the samples—
including initial peak force,mean crush force, total absorbed energy, specific absorbed energy, and crushing
force efficiency—are summarized in table 2. The composite sample withfibers oriented perpendicularly to the
load direction exhibits the highest initial peak force andmean crush force values. This can be attributed to the
higher compressive strength of the sample, which is influenced by the transverse strain. Conversely, the total
absorbed energy and specific absorbed energy are greater for the unfilled PLA samples compared to the
composite samples. This suggests that while the composite samples demonstrate improved compressive
strength, their energy absorption characteristicsmay require further optimization. To this end, it can be
concluded that by optimizing the geometry of the composite samples, the influence of geometry on crushing
parameters and overall crashworthiness can be better understood and improved.

Figure 9.Axial force versusDisplacement of the compression tests on unfilled PLA and composite PLA-CGF compression specimens.
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Table 2.Crushing properties of the unfilled PLA and composite PLA-CGF compression specimens.

Sample

Crushing Properties

Unfilled PLA (rasters parallel to the
loading direction)

Unfilled PLA (rasters perpendicular to the
loading direction)

PLA-CGF xyz composite (fibers and rasters par-
allel to the loading direction)

PLA-CGF zxy composite (fibers and rasters perpend-
icular to the loading direction)

Initial Peak Force (KN) 13.65 11.69 6.91 16.46

MeanCrush Force (KN) 8.34 8.90 5.44 10.69

Total Absorb Energy (J) 66.78 74.58 40.71 68.74

Specific Absorbed Energy

(J/g)
13.04 14.57 6.04 10.20

Crushing Force Efficiency 0.61 0.76 0.79 0.65
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4. Conclusions

This study investigated the compressivemechanical properties and fracture behavior ofCGF-reinforcedPLA
compositesmanufacturedusing a customSIEprocess. The results demonstrated that orientingCGFsparallel to the
loaddirection enhances the compressive strengthof unfilledPLAby10.5% to29.3%.Conversely,whenCGFs are
orientedperpendicularly to the loaddirection, their reinforcing effect diminishes significantly, causing thematrix to
lose both strength and toughness.ThePLA-CGFcomposite exhibiteddistinctmechanical behavior compared to
unfilledPLA, showing abilinear quasi-brittle behavior in theparallel configuration and lowhardeningwith lowyield
in theperpendicular configuration.Thesefindings highlight the critical role ofCGForientation indetermining the
mechanical performanceof the composite.Moreover, this research showcased the effectiveness of the SIEprocess for
fabricating compositematerials, evenwith sharp (90°) turns, anddemonstrated thepotential improvements
achievablewithCGFs.The experimental results emphasize that the directionof the continuousfiller is pivotal to the
mechanical characteristics of 3D-printed compositematerials. For thePLA-CGFZXYcomposite, the initial peak
force andmean crush forcewere found tobe 16.46KNand10.69KN, respectively representing 30%and24%
increases, respectively, compared tounfilledPLA samples. These results indicate thepotential of PLA-CGF
composites for improving the crashworthiness of energy-absorbing components. Future research should focus on
exploring the influenceof thefiber volumepercentage on compressivemechanical properties, aswell as theuse of
high-modulus reinforcements, such as continuous carbonfibers.This line of investigation could further enhance the
crashworthyperformanceof energy-absorbing components across various industries.
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