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Abstract: The use of additive manufacturing in fabricating composite components has been gaining
traction in the past decade. However, some issues with mechanical performance still need to be
resolved. The issue of material porosity remains a pertinent one that needs more understanding to
be able to determine viable solutions. Different researchers have examined the subject of porosity
issues in additively manufactured (AM) carbon-fiber-reinforced-plastic (CFRP) composites. How-
ever, more research to quantitatively determine the effects of fabrication temperatures at the micro-
scale is still needed. This study employed micro CT scan analysis to quantitatively compare the
effects of fabrication temperatures at 230°C, 250°C, 270°C, and 290°C for carbon-fiber-reinforced
polyamide (CF-PA) and carbon-fiber-reinforced acrylonitrile-butadiene-styrene (CF-ABS) compo-
sites. This followed an SEM evaluation which was used to determine the effects of the temperatures
on interlayer and intralayer porosity generation. The porosity volume was related to the mechanical
properties results in which it was determined how deposition temperatures affect the porosity vol-
umes. It was also determined that semicrystalline composites are generally more affected by fabri-
cation temperatures than amorphous composites, with the relationship between porosity and me-
chanical properties also established. The overall porosity volume from the interlayer and intralayer
voids was also determined, with the interlayer voids found to play a more determinant role in in-
fluencing the mechanical properties.

Keywords: additive manufacturing; fabrication temperature; porosity effects; carbon-fiber-rein-
forced polymer composites; mechanical properties; micro CT scan

1. Introduction
1.1. Additively Manufactured CFRP Composites

The rapid increase in demand for products with a diversity of applicability, accuracy,
and ease of manufacture has led to the advancement of flexible manufacturing techniques.
The concept of AM has grown in the last two decades into a reliable method of producing
complex structures for several industrial applications such as aerospace, biomedical, au-
tomobile, telecommunications, defense, and renewable energies [1]. This expansive appli-
cation could be traced to the advantage of manufacturing prototypes quickly at lower
costs and without specialized tooling [2—4].

A distinguishing feature of CFRP composite fabrication by AM interlayer features of
the fabrication method. This contributes immensely to the degree of porosity in the mate-
rial to determine its mechanical performance. The interlayers are characterized by rela-
tively large triangular voids of similar sizes which are formed as gaps between the print
beads during deposition. This often compounds the issue of porosity, resulting in lower
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mechanical properties than parts fabricated through other manufacturing methods.
Hence, the importance of a better understanding of fabrication temperature influenced
interlayer and intralayer porosity effects. To advance the art of the manufacturing tech-
nique, more understanding of process parameter effects is still needed to improve the vi-
ability of the manufacturing method.

1.2. Current understanding of deposition temperature-related porosity effects in AM fabricated
CFRP composites.

Different studies have conducted investigations on porosity effects on the mechanical
performance of AM-fabricated CFRP composites [5-12]. However, there are still limited
investigations on the quantitative comparison of fabrication temperature-related porosity
effects. A better understanding provided by the degree of details of micro CT analysis is
still needed to further knowledge cultivation on how deposition temperatures influence
porosity features and affect the mechanical performance of AM-fabricated CFRP compo-
sites. The investigations that examined porosity effects did not evaluate deposition tem-
perature effects, and the ones that examined temperature effects did not qualitatively
compare porosity effects.

Zhang et al. [5] examined interlayer porosities as influenced by printing raster angles
in AM-fabricated CFRP composites but did not consider the effects of deposition temper-
atures. Petro et al. [9] explored an X-Ray CT scan to determine porosity volumes in a 41%
fiber content continuous CFRP composite, where they compare the results to that tested
to the ASTM D3171 standard. However, they did not consider fabrication temperature-
related porosity effects. Tekinalp et al. [6] investigated the effect of fiber volumes on ten-
sile properties and the degree of porosity. However, they did not examine the effect of
printing temperatures nor provided a clear measurement procedure to arrive at their re-
ported porosity values. Ning et al. provided porosity measurements in two of their re-
ported investigations [7,13] which examined the effects of fiber content and the effects of
reinforcement materials on porosities. However, they applied a rudiment measurement
procedure, where they applied manual weighing of samples and subtraction from a cal-
culated solid mass. In their other study [14], where they tested the effects of process factors
including fabrication temperatures, they did not measure or compare porosities volumes.

Other reported investigations on the effects of process temperatures on the mechan-
ical performance of AM-fabricated CFRP composites have been devoted to layer strength
from matrix material viscoelasticity fluidity rather than addressing the topic of tempera-
ture-related porosity effects [15-19]. Ajinjeru et al. [15] investigated the viscoelasticity of
polyetherimide (PEI) matrix at process temperature to gain more understanding of matrix
material fluidity effects on the ease of processing but did not examine porosity effects. The
researchers also investigated acrylonitrile-butadiene-styrene (ABS) and Polyphenyl sul-
fone (PPSU) to determine suitable processing conditions [20], but also did not investigate
porosity. Kishore et al. [17] investigated interlayer strength improvement by using infra-
red heating to increase the surface temperature of the printed layer just before the depo-
sition of the succeeding layer, thus, improving surface properties. However, they did not
examine temperature-influenced porosity. Yang et al. [19] investigated a novel process
consisting of continuous fiber hot-dipping, matrix material melting, and impregnated
composite extrusion to improve composite properties, but did not discuss the topic of
temperature-related porosity effects.

1.3. Research motivations

Of all the determined challenges to the successful application of AM-fabricated CFRP
composites, the issue of interlayer and intralayer porosity is one of the pertinent which
need better understanding. Yet, a detailed quantitative understanding of printing temper-
ature-influenced porosity effect on the mechanical performance of the composites is not
well developed. This motivated this study to investigate printing temperature-related po-
rosity effects on the mechanical performance of the composite for samples fabricated
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using the fused deposition modeling (FDM) technique. The investigations included eval-
uating the relationships between printing temperatures, mesostructure formation, fabri-
cation porosities, and the mechanical properties of the composite. The understanding
gained would help contribute to knowledge in the fabrication temperature process control
for the improved mechanical performance of CFRP composites fabricated AM.

2. Materials and Methods
2.1. AM Workpiece Fabrication Procedure

Test workpieces used to conduct the investigations were fabricated from two differ-
ent CFRP composite materials with manufactured carbon fiber averages of 7 pm diameter
and less than 400 um length: 15% CF-PA6 filament compounded from high-modulus
short carbon fiber in a PA6 copolymer (3D XTEC, Grand Rapids, MI, USA), and 15% CE-
ABS filament compounded from high-modulus short carbon fiber in Sabic MG-94 ABS
(3D XTEC, Grand Rapids, MI, USA).

A 3D printer (Prusa Mk3 i3, Prague, Czech Republic) was used for the FDM fabrica-
tion in a modified control printing enclosure fixture (Creality 3D, Shenzhen, China) to
maintain a 45 + 5°C printing environment temperature and relative humidity of lower
than 20% RH. The 230°C — 290°C printing temperature range was chosen to determine
how fabrication temperatures influence porosity volume because of the material viscosi-
ties and flowability within those temperatures range. Table 1 shows the printing parame-
ters used to fabricate the test workpieces while Figure 1 illustrates the 3D printer setup
employed.

Table 1. Material Processing Parameter.

Parameter Unit Value

Infill Density % 100

Printer Enclosed Temperature °C 50+5

Bed Temperature °C 100

Raster Angle Deg 0,90

Layer Thickness mm 0.25

Printing Speed mm/sec 30

Nozzle Temperature °C 230, 250, 270, 290

________________________________________________
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Figure 1. 3D Printer setup to control immediate printing environment temperature and humidity.
Based on Adeniran et al. [21.]


https://doi.org/10.20944/preprints202212.0461.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2022 d0i:10.20944/preprints202212.0461.v1

2.2. Measurement Procedure
2.2.1. Mechanical measurements

Tensile samples which consisted of four workpieces each per data point for the AM-
fabricated CF-PA and CF-ABS composites were tested to quantitatively compare fabricat-
ing temperature-related porosities and the resulting effects on the mechanical properties
of the composites. A10 kN load cell in a universal mechanical tester (MTS Criterion Model
45, Eden Prairie, MN, USA) was used to conduct tensile tests, while a 10 kg minor load
and 100 kg major loads were used in the Rockwell tester (Clark C12A, Novi, MI, USA) to
conduct the hardness test. Table 2 shows the test procedures applied in the study.

Table 2. Test Standard and Equipment.

ASTM Test
Test Equipment Unit
Standard Speed
D638 MTS Criterion
Tensile 5.0 mm/min
(TypeI) Model 45
Rockwell Hard- Clark Tester
D785 - -
ness CI12A
Scanning Elec- Thermo Scien- 0 Magnifi-
tron Microscopy tific Phenom XL cation
Nikon X-Tex
Micro-CT - 1000 mm
XTH

2.2.2. Scanning Electron Microscopy

Cross-sections of fractured tensile workpieces of the CF-PA and CF-ABS samples
printed at 230°C, 250°C, 270°C, and 290°C were examined at 100X magnification in a Scan-
ning Electron Microscope (Thermo Fisher Phenon XL, Waltham, MA, USA) to evaluate
the mesostructure formation of the composites as determined by the deposition tempera-
ture and matrix materials.

2.2.3. Micro-CT Microscopy

To improve the accuracy of the temperature influenced-porosity determination, 3
samples each with cross-section volumes of 25 mm x 9 mm x 2.5 mm were scanned for
each data point of the 230°C, 250°C, 270°C, and 290°C composite samples. Each cross-
sectional volume was divided into 6 segments as illustrated in Figure 2 with the average
mean porosity values determined over the segmented volumes while Figure 3 shows the
micro CT microscope (Nikon XTH X-Tex 160Xi, France) configuration used for the meas-
urement.
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Figure 2. Illustration of segmented volume areas used in Micro- CT porosity determination of AM
fabricated CFRP composites.
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Figure 3. X-ray micro-CT setup and detailed scanning parameters.

The scan was performed on the CT scan microscope with the scanning point-to-point
resolution set to 2.5um at exposure times of 500 ms with a total of 3016 tiff images created
per sample scan. The acquired microscopy data were transferred and post-processed us-
ing commercial software (Dragonfly ORS, Adelaide, South Australia, Australia). The au-
tomatic feature of the software was used to determine the optimum center of rotation,
with all generated slices combined to develop the volumetric image in the reconstruction
phase. Characterization noise generated with the volumetric imaging was reduced using
Gaussian filters, which in the case of this investigation experienced minimal data loss from
the sample materials’ homogeneity. The generated tiff files were incorporated into the
software with voxel analysis to determine volumetric porosity. Figure 3 shows the test
equipment with an illustration of the imaging process.

3. Results
3.1. Scanning electron microscopy results

SEM determination was used to interpret the 230 °C to 290 °C printing temperature
effects on interlayer and intralayer porosity generation for the composites. The thermal
history of adjoining melt layers as determined by deposition temperatures influences the
extrusion melt solidification, bonding, and the interlayer feature formed including the de-
gree of porosity.

3.1.1. SEM result for CF-PA composite

Figure 4 shows the SEM observation of the mesostructure features for the AM-fabri-
cated CF-PA composites.
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Figure 4. Mesostructure of CF-PA composites printed at (a) 230°C (b) 250°C (c) 270°C (d) 290°C
[100X].

The SEM examination of AM-fabricated CF-PA composite shows increasing fiber-
matrix coalescence with nozzle head temperatures for the 230 °C - 290 °C temperature
range examined. A spongy-like mesostructure with less regular layer formation was ob-
served, which can be attributed to the excessive shrinkage from the semicrystalline matrix
recrystallization on cooling down from fabrication. The low melt viscosity of the semi-
crystalline morphology can also be ascribed to contributing to the irregular interlayer
mesostructure formation, with porosity also likely issues. According to Vaes and
Puyvelde [22], porosities could be an issue in semicrystalline matrix AM fabrication due
to the heterogenous self-nucleation of their structural crystals from insufficient heat trans-
fer, melting, and high shear deformations during fabrication to influence the material’s
porosities.

The fusion bonding theory applies to AM composite fabrication, where the increas-
ing heat from the 230°C — 290°C nozzle head temperatures in this case improved the car-
bon-fiber-matrix coalescence to reduce interlayer porosities. This is because the higher the
fabrication temperature above the glass transition temperature, the more evenly the mech-
anisms of chain rearrangement in the print during the heating and solidification process
[23].

3.1.2. SEM result for CF-ABS composite

Figure 5 shows the SEM observation of the mesostructure features for the AM-fabri-
cated CF-ABS composites.
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Figure 5. Mesostructure of CF-ABS composites printed at (a) 230°C (b) 250°C (c) 270°C (d) 290°C
[100X].

The SEM evaluation in Fig. 5 shows the CF-ABS composite exhibits a regular arrange-
ment of the interlayers in the mesostructure formation. This is because of the high fluidity
of the ABS matrix during solidification [24]. Increasing the fabrication temperatures be-
tween 270°C — 290°C showed improving mesostructure formation and reduced interlayer
porosities that are attributed to improving melt flow with the increased temperatures.
However, the higher temperature gradient on cooling down due to the higher tempera-
tures resulted in more intralayer porosities.

Similar to Figure 4, plastic material fusion bonding theory can also be applied to ex-
plain how increasing heating from nozzle head temperatures can improve carbon-fiber-
matrix coalescence and reduce interlayer porosities in the CF-ABS composites. However,
at a (more elevated) temperature, increasing temperature becomes detrimental, which
could result in degraded molecular chain strength, resulting in reduced mechanical per-
formance, as was seen with the 290°C fabrication temperature for the composite.

3.2. Micro CT-scan result

The micro CT scan provides a more detailed quantitative evaluation of porosity fea-
tures. Through the scan, porosity volume comparison for the different fabrication temper-
atures was determined. Figure 6 shows reconstructed CT scan void images for the CF-PA
and CF-ABS composites, which shows a general void reduction with the increasing fabri-
cation temperature under study.
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Figure 6. Reconstructed X-ray CT void for CF-ABS and CF-PA composite specimens for the different
fabrication temperatures under study.

The variation could be visualized with the grey pixels representing the solid volume
of the composite while the green pixels represent the porosities. Understanding fabrica-
tion temperature effects on the degree of porosity are vital to characterizing the compo-
sites” mechanical performance to gain insights into how they affect material properties
such as strength, modulus, ductility, toughness, hardness, etc. This is needed to determine
the range of fabrication temperatures required to achieve the required material properties
for different applications. Figures 7 and 8 show a plot of the test results for the CF-PA and
CF-ABS composites, respectively, fabricated at 230°C to 290°C.
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3.2.1. Micro CT-scan porosity results for CF-PA composite

The results show an overall reduced porosity trend from the combined inter and in-
tra-layer porosities effect with the increasing 230°C to 290°C fabrication temperatures.
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Figure 7. Fabrication temperature-related porosity volume in AM-fabricated CF-PA composite.

Fig. 7 shows a gradual decrease in the porosity of the CF-PA composite as the fabri-
cation temperature increased from 230 °C to 290 °C, with a plot of test data distribution in
percentiles within the overall data set. The composites show a consistent reduction in po-
rosity volumes with mean values of 24.7%, 19.4%, 18.0%, and 15.3% for the 230 °C, 250 °C,
270 °C, and 290 °C, respectively. The reduced porosity with the increasing temperature
observed was due to the fiber matrix's increasing coalescence, resulting in more solid
mesostructure formation of reduced interlayer features.

3.2.2. Micro CT-scan porosity results for CF-ABS composite

Figure 8 shows the results for the overall porosity trends for the CF-ABS within the
230°C to 290°C fabrication temperatures range under study.
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Figure 8. Fabrication temperature-influenced porosity volume in AM-fabricated CF-ABS composite.

Even though the SEM evaluations of the composite showed pronounced interlayer
porosity with fabrication temperatures, the effect on the overall porosity volume for the
amorphous CF-ABS was not quite pronounced when quantitatively compared in the CT
scan measurement. Figure 8 shows the overall porosity volume differences were insignif-
icant at mean values of 11.7 % for the 230 °C, 13.1 % for the 250°C, 13.9 % for the 270 °C,
and 13.1 % for the 290 °C samples. Increasing deposition temperature over 230°C to 290°C
resulted in more interlayer coalescence with reducing interlayer porosities. However,
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increased intralayer porosities as a result of the higher temperature gradient on cooling
down. These overall effects from the inter and intra layers were seen to account for the
cause of the insignificant differences in the porosity volumes observed across the 230°C
to 290°C deposition temperature range under study. The study by Adeniran et. al [25]
provided more insight into the porosity types generated in CF-ABS composites fabricated
by AM where they discussed two fabrication-generated porosity types. The explained in-
terlayer porosities as triangular gaps in the non-contact areas of the print beads during
layer-upon-layer material build-up while intralayer porosities are the void formation in-
side individual print beads due to gas evolution in the course of the semi-liquid to extru-
sion of the print material.

3.3. Fabrication temperature-related porosity effects on mechanical properties
3.3.1. Mechanical properties of CF-PA composite

A generally significant effect of fabrication temperature-influenced porosity effects
within a 230°C to 290°C range on the tensile performance of AM fabricated CF-PA com-
posite was observed. This is in line with the CT scan microscopy results in section 3.2.1
which showed the overall porosity to reduce as much as 38% from 230 °C to 290 °C for the
samples investigated. Figure 9 shows the different mechanical properties examined for
the AM-fabricated CF-PA composite.
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Figure 9. Tensile Properties of Semi-crystalline CF-PA Composites at Different Printing Tempera-
tures (a) Ultimate Tensile Strength (b) Modulus (c) Ductility (d) Toughness (e) Hardness.

Tensile Strength: The material tensile strength properties shown in Figure 9a is an in-
dication of the maximum stress that can be applied while stretched in tension before ma-
terial failure by elastic or plastic deformation. Printing temperatures played some role in
influencing tensile strength which can be related to the interlayer porosity feature as seen
with the mesostructure formation and micro CT scan evaluation in sections 3.1.1 and 3.2.1,
respectively. A significant effect was found for the fabricated CF-PA composite, recording
up to 37% increase in tensile strength at an optimized 290 °C printing temperature com-
pared to the 230°C baselines.

Fabrication temperature effects can be explained with better fiber-matrix and layer-
to-layer molecular bonding with higher temperatures, which promotes better inter-lami-
nar and cross-laminar chemical bonding between print layers. This follows the explana-
tion by Brenken et. al [26] that fabrication temperatures have strong effects on the melt
viscosity of plastic matrixes for bond formation between adjacent layers. Higher temper-
atures further from the glass transition temperature promote diffusion-based fusion of
adjacent layers after interfaces are established, while lower temperatures usually result in
decreased molecular mobility which hinders the molecular diffusion process.

Tensile Modulus: The modulus values define the stiffness properties of the material.
As seen in Figure 9b, fabrication temperatures have insignificant effects on the CF-PA
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composite. Less than 10% variations were observed in the modulus properties for the 230
°C to 290 °C print temperatures range. The insignificant fabrication temperature effects
can be explained by the theory propounded by Vaes and Puyvelde [22] which explained
temperature effects in determining material modulus. They discussed modulus as influ-
enced by the heterogenous self-nucleation of the structural crystals of the composite
which is influenced by heat transfer, melting, and shear deformations during the fabrica-
tion process. However, not seen to have much effect in the 230°C to 290°C temperature
range examined.

Tensile Ductility: The ductility property measures the material’s characteristics for
plastic deformation before fracture. The results in Figure 9c show fabricating temperature
trends similar to that observed for tensile strength in Figure 9a. Up to 17% ductility prop-
erties increase was observed at the 290 °C print temperature which offered the optimal
temperature compared to 230°C temperature. The reduced degree of porosity volumes
with increasing fabrication temperatures can be used to explain this increase in ductility
with temperature when the materials are subjected to strain.

Tensile Toughness: The composite material’s ability to absorb energy and plastically
deform without fracturing is provided by its toughness values. As seen in Figure 9d, sim-
ilar to the strength and ductility properties, fabrication temperature has some significant
effects on the toughness properties of the CF-PA composite with an approximate 60% in-
crease in value observed at the highest 290 °C temperature over the 230°C baseline tem-
perature examined. The toughness property generally determined by the material
strength and ductility characteristics have similar determining features of material
strength and ductility also influencing the toughness properties.

Hardness: The Rockwell hardness number directly relates to the indentation hardness
of the material and defines the resistance of a material to localized plastic deformation.
Figure 9a shows the Rockwell E values for the CF-PA composite exhibiting similar depo-
sition temperatures related to hardness trends as the other mechanical properties. Though
not as significant as the other properties, there was an upward increase in value with in-
creasing deposition temperatures from 230°C to 290°C which can also be related to the
decreased porosities with increasing fabrication temperatures up to 290°C.

3.3.2. Mechanical properties of CF-ABS composite

A generally insignificant effect of fabrication temperature-influenced porosity effects
within a 230°C to 290°C range on the tensile performance of AM fabricated CF-ABS com-
posite was observed. This is in line with the CT scan microscopy results in section 3.2.2
which showed the overall porosity for the more part to be within the range of 15%, except
for the 270°C fabricating temperature which showed a deviated range of up to 43% from
the three other temperature data points under examination. Figure 10 shows the different
mechanical properties examined for the AM-fabricated CF-ABS composite.
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Figure 9. Tensile Properties of Amorphous CF-ABS Composite at Different Printing Temperatures
(a) Ultimate Tensile Strength (b) Modulus (c) Ductility (d) Toughness (e) Hardness.

Tensile Strength: As seen in Figure 10a, fabrication temperature played some role in
influencing the tensile strength of the CF-ABS composite. However, not so significant. An
up to 15% increase in strength was observed at 270 °C found to be optimal for the fabrica-
tion temperature range under examination.

Similar to the CF-PA composite, the temperature effects can be explained by the the-
ory of better fiber-matrix and layer-to-layer molecular bonding with higher printing tem-
peratures, due to their promotion of good inter-laminar and cross-laminar chemical bond-
ing between print layers. This similarly follows the explanation by Brenken et. al [26] that
fabrication temperatures strongly influence the melt viscosity of plastic matrixes for bond
formation between interlayers. High temperatures are needed for the fusion bonding of
adjacent beads following interface formation, while lower temperatures usually decrease
molecular mobility and limit the molecular diffusion process. However, excessive tem-
peratures can also be detrimental, leading to altering the material composition and de-
grading the material strength as seen with the CF-ABS composite beyond 270°C fabrica-
tion temperature.

Tensile Modulus: As seen with the tensile strength results for the fabricated CF-ABS
composite, fabricating temperature has insignificant effects. Figure 10b shows less than
10% variations for the 230 °C to 290 °C fabrication temperatures examined. The insignifi-
cant effect on the tensile modulus can be ascribed to the similarity of overall porosity
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volumes observed from the CT-scan results which are determinant to the stiffness features
which determine the modulus properties of the composite.

Tensile Ductility: As observed for the other tensile properties of the AM fabricated CF-
ABS composite, the material ductility as seen in Figure 10c shows similar fabricating tem-
perature effect trends. The effects were found to be insignificant within a 10% range for
the 230°C to 290°C fabrication temperatures examined, which can also be attributed to the
unsubstantial differences in the overall porosities generated at the fabrication tempera-
tures.

Tensile Toughness: Figure 10d shows the material toughness exhibiting a similar trend
as the strength and ductility. Fabrication temperature has an insignificant effect on AM
fabricated CF-ABS composite (less than 10%), with the material strength and ductility
properties also known to have an overall effect on this property and similar intrinsic ma-
terial features determining strength and ductility also determining the material toughness
characteristics.

Hardness Properties: Similar to the tensile strength, ductility, and toughness, the hard-
ness properties for the AM-fabricated CF-ABS composite as seen in Figure 10a show the
Rockwell E values exhibiting similar deposition temperature-related hardness trends. The
effect was insignificant but still shows the property value peaking at 270°C also seen for
the other tensile properties. The insignificant differences can also be attributed to unsub-
stantial effects of the deposition temperature on the overall interlayer and intralayer po-
rosity volume differences for the 230°C to 290°C deposition temperatures examined.

4. Conclusions

In this study, deposition temperature-related porosity effects on mechanical proper-
ties: strength, modulus, ductility, toughness, and hardness for AM fabricated CFRP com-
posites using semicrystalline CF-PA and amorphous CF-ABS samples were examined.
The investigations were conducted by relating deposition temperature trends to
mesostructure formation, porosities, and mechanical properties with the following con-
clusions drawn:

(1) Deposition temperatures have some effects on porosity volumes in AM-fabricated
composites, with semicrystalline CF-PA having a much more significant effect on the
amorphous CF-ABS composite.

(2) The degree of porosity is largely determined by the characteristics of the matrix ma-
terial.

(3) A direct relationship exists between the composite porosity and mechanical proper-
ties.

(4) The overall porosity volumes are determinants of the interlayer and intralayer voids,
but the interlayer voids play more role in determining the mechanical properties.

(5) Semicrystalline composites exhibit higher porosity volumes than amorphous com-
posites due to rapid recrystallization as the chains rearrange during the cooling of
the print beads.
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