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ABSTRACT: Additive Manufacturing, also known as 3D printing, has transformed conventional manufacturing by
building objects layer by layer, with material extrusion or fused deposition modeling standing out as particularly
popular. However, due to its manufacturing process and thermal nature, internal voids and pores are formed within
the thermoplastic materials being fabricated, potentially leading to a decrease in mechanical properties. This paper
discussed the effect of printing parameters on the porosity and the mechanical properties of the 3D printed polylactic
acid (PLA) through micro-computed tomography (microCT), computational image analysis, and Charpy impact
testing. The results for both tests were correlated to investigate the relationship between porosity and Charpy impact
strength. PLA samples of 1 cm® x 1cm® x 1 cm® were 3D printed at printing temperatures of 180°C, 200°C, 220°C, and
240°C, and at printing speeds of 50, 80, and 110 mm/s, while porosity was measured from microCT-reconstructed data.
Additionally, impact strength was assessed using a notched Charpy impact tester following ASTM D6610-18. In general,
results show that higher printing temperatures and lower printing speeds reduced pore size by improving material flow
and fusion, while also increasing impact strength due to better thermal bonding and interlayer adhesion. A maximum
36.8% reduction in mean pore size and a 114% improvement in impact strength were observed at 110 mm/s and 220°C.
Conversely, increasing printing speed led to lower Charpy impact strength. Optimal impact behavior and minimal voids
were observed at a printing temperature of 220°C and a printing speed of 50 mm/s.

KEYWORDS: Additive manufacturing; fused filament fabrication; fused deposition modeling; material extrusion; 3D
porosity; impact strength; polylactic acid

1 Introduction

The Fourth Industrial Revolution, Industry 4.0 (14.0), signifies the merging of information and commu-
nication technologies (ICT) with the automation of machinery and manufacturing infrastructure on a broad
scale to enhance industrial vitality. Within this paradigm, additive manufacturing (AM), colloquially known
as 3D printing, has emerged as a pivotal component, revolutionizing traditional manufacturing processes
by enabling layer-by-layer fabrication to produce advanced and custom-designed items. This technology not
only facilitates intricate design realization but also streamlines production through the direct translation
of digital models into physical objects, thereby redefining the boundaries of manufacturing efficiency and
versatility [1].
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Among various AM techniques, material extrusion (MEX/TRB-P), also known as fused deposition
modeling (FDM), stands out for its widespread adoption and applicability [2]. By extruding thermoplastic
filaments, this method enables rapid prototyping and production of diverse geometries with notable cost-
effectiveness [3]. However, the optimization of printing parameters remains a critical issue to ensure the
quality and reliability of printed components. One of the paramount concerns in extrusion 3D print-
ing is the porosity, which can significantly compromise structural integrity and functional performance.
Porosity results from incomplete fusion or air entrapment due to uncontrollable pressure after material
deposition, as well as the choice of infill patterns during printing [4], remaining a pervasive challenge that
necessitates investigation.

The resulting voids in 3D-printed materials have a significant impact on the quality and performance
of the 3D-printed object. These voids are identified in three key regions within the structure of additively
manufactured components: within the bulk material, between deposited layers, and at the fibre/matrix
interface [5]. The fundamental cause of void formation is the uncontrollable pressure that occurs after the
melted material leaves the printing head. The uncontrolled pressures with rapidly decreasing temperatures,
can lead to insufficient bonding between material strands, as shown in Fig. 1. The cross-sectional shape
of the material tracks deposited during printing, as well as the geometry and distribution of voids within
MEX/TRB-P components are affected by parameters such as nozzle shape, material properties, temperature,
flow rate, and deposition speed [4].

Nozzle

Figure 1: Formation of voids between material strands during material extrusion [6]

The mechanical properties of printed materials are another key factor in their suitability for various
applications. While it is established that printing parameters impact mechanical properties [5,7-10]. The
precise influence of these parameters on the underlying structural factors affecting mechanical properties
remains unclear. This lack of clarity complicates the selection of printing parameters for achieving optimal
mechanical properties [11]. Exploring the influence of printing parameters on mechanical performance
and understanding the interplay between printing conditions and resultant porosity within printed objects
becomes imperative to optimize material utilization and enhance component reliability.

Printing parameters such as infill density, printing temperature, and printing speed contribute to
the formation and distribution of voids in 3D-printed parts. Direction-parallel patterns may have high
density but could leave gaps in non-polygonal curvilinear layers, while contour-parallel patterns, tracing the
perimeter, work well for such layers but might lead to voids within the contour due to filling challenges [12].
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Higher printing speeds result in larger voids in polylactic acid (PLA) printed samples [13], whereas higher
printing temperatures result in smaller voids and lower porosity [14].

Similarly, these printing parameters significantly influence the overall mechanical performance of 3D-
printed PLA, with tensile strength decreasing at higher printing speeds [15]. In general, increasing printing
speed during MEX 3D printing reduces voids between beads and contributes to a stronger printed part [16].
Opposite results were reported by Natarajan et al. [17], where they investigated the effect of printing speed
and layer thickness on the mechanical properties of Acacia concinna-filled PLA. Their results showed that
increasing printing speed reduced tensile, flexural, and impact strength. Furthermore, printing speed affects
the cooling time and eventually affects the crystallinity of the printed part [16].

On the other hand, an increase in printing temperature results in an increase in tensile
strength [14,16,18], bending strength [14], adhesion strength [19], strain at failure [20], wear resistance, and
friction coefficient [21]. The correct extrusion or printing temperature is important to obtain good adhesion
between the deposited beads, and high temperatures over the optimal limit reduce the strengths [16,22]. This
suggests a strong dependence of the mechanical properties of printed samples on the printing temperature.
However, research by Sultana et al. [23] indicates that the nozzle temperature and printing speed had
relatively minor effects compared to other parameters, based on Analysis of variance (ANOVA) analysis,
where the printing temperatures used were 180°C, 185°C, and 190°C, and the printing speeds were 10, 15, and
20 mm/s.

The presence of porosity significantly impacts the mechanical properties of 3D-printed samples,
typically resulting in a weakening of the material. Variations in the size and shape of inter-bead pores are
a crucial determinant of mechanical reliability. Several studies have investigated the relationship between
porosity and impact strength in 3D-printed parts, showing that higher porosity content generally leads to
decreased mechanical properties in the specimens, including tensile strength, Young’s modulus, Poisson’s
ratio, compressive strength, and damping capacity [24]. The presence of porosity diminishes the mechanical
properties of the specimens, as it initiates the failure process from the formation of voids.

Micro-computed tomography (microCT) serves as a quantitative and qualitative tool to assess devi-
ations from ideal geometry and to understand how printing parameters affect surface roughness and
interior characteristics. This quality assessment ensures safety and performance requirements in 3D-printed
objects [25]. In addition, microCT assists in the investigation of porosity, cell shape, and internal and external
surface roughness in complex 3D-printed objects [26]. The technology quantifies porosity and provides
information about overall structural integrity and the extent and distribution of interior defects (Fig. 2). The
mircoCT technique has been used for void measurement of material extrusion 3D-printed parts [27-31].

Figure 2: Micro-CT image of printed objects containing different types of voids: intra-bead (red) and inter-bead (blue)
voids [32]
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The effect of printing parameters (nozzle temperature, printing speed, raster angle, infill density, bed
temperature, and layer thickness) on the porosity, surface roughness, and dimensional accuracy of MEX
3D-printed PLA has been previously investigated [27]. In that study [27], the research team utilized an L25
Taguchi orthogonal array to investigate the interaction effects of the printing parameters on three responses.
MicroCT was used to measure the porosity of the prints. However, due to the large number of results, only
five samples of microCT results were presented, selected from the diagonal of the (5 x 5) 25 cases. As such,
the direct relationship between individual printing parameters, such as nozzle temperature and porosity, was
not explicitly discussed. Since the work focused on statistical analysis of the results, the understanding of how
porosity is linked to single printing parameters remains limited. Furthermore, the study did not examine the
mechanical properties of the 3D prints.

A similar L25 orthogonal array investigation with the same six printing parameters and three responses
was repeated on ABS [28]. Based on the ANOVA, regression equations were formed for optimizing these
quality features and enhancing the overall performance of 3D-printed parts. This work also focused on
statistical analysis of the results and did not explicitly discuss the underlying mechanisms.

The mechanical properties, thermal properties, structural characteristics, dimensional variance, and
porosity of ferronickel slag (FNS)-PLA composite with six different weight percentages of FNS [2,4-6,10,14]
were investigated by Vidakis et al. [31]. The authors used microCT to measure the porosity in the 3D
prints, and showed that the inclusion of FNS particles reduced the porosity of the 3D-printed samples.
The porosity of the composite first decreased with increasing weight percentage of FNS until 5% and after
5% the porosity increased. Furthermore, when the porosity of the PLA composite was the lowest porosity
(at PLA-5% ENS), the tensile, flexural, and impact strengths were optimal. Similar work was reported by
Petousis et al., where the mechanical properties and porosity of 3D-printed material extrusion of recycled
fine powder glass (RFPG)-PLA composites of different weight percentages were investigated [30]. MicroCT
images revealed that the porosity decreased as the RFPG content increased from 0% to 6% and after 6%,
the porosity increased. Similarly, the optimal Charpy impact strength, flexural strength, and tensile strength
occurred when the porosity was the lowest (at 6% RFPG).

In a recent study, the linkage between printing parameters, voids, and tensile properties of MEX-printed
PLA was investigated by Faizaan et al. [29]. The authors conducted two Taguchi L9 DOE experiments to
investigate the effects of three printing parameters, where the first case consisted of nozzle diameter, layer
thickness, and extrusion temperature, while the second case consisted of layer thickness, print speed, and
number of top/bottom layers. MicroCT scans were acquired for samples with varying nozzle diameters
printed at a constant layer thickness of 0.15 mm and for samples of varying layer thickness printed at
a constant nozzle diameter of 0.6 mm. From the microCT results, the authors reported that the lower
layer thicknesses and larger nozzle diameters generated fewer voids, and eventually the lower void content
produced better tensile properties.

Although there is extensive research on the effects of printing parameters on porosity and the link
between porosity and mechanical properties, few studies have specifically investigated the relationship
between impact strength and porosity in MEX/TRB-P 3D-printed PLA at different printing parameters,
measured via microCT. Moreover, existing research often overlooks the influence of printing parameters
when assessing the influence of porosity on mechanical properties (environmentally, sustainability). As a
result, the interactions between printing parameters, porosity characteristics, and impact performance are
not fully understood. In this study, the porosity in MEX/TRB-P printed PLA parts at three printing speeds
and four different temperatures is measured via micro-CT image analysis, and the Charpy impact strengths
of the prints are determined through Charpy impact testing. The relationship between printing parameters
(printing speed, printing temperature), porosity, and impact strength is then evaluated.
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2 Methodology

Fig. 3 shows the process, which begins with MEX/TRB-P 3D printing of PLA, where different printing
parameters are systematically varied to observe their impact. Then, the specimens undergo two parallel
assessments. The first involves the identification of voids within the 3D-printed samples using microCT
scanning. In parallel, MEX/TRB-P-printed specimens are subjected to direct impact tests to evaluate the
material’s impact strength. In the final stage, the identified voids and the results from the direct impact tests
are correlated, allowing for a comprehensive understanding of how porosity relates to the impact strength of
the 3D-printed specimens.

Figure 3: Flow chart of the experimental work

2.1 Preparation of Samples

An UltiMaker 2+ 3D Printer was utilized for the printing process. This printer has a build volume of
223 mm x 220 mm x 205 mm with a nozzle diameter of 0.4 mm, and a maximum nozzle temperature of
260°C. The material selected for the investigation was polylactic acid (PLA) (Ultimaker, Zaltbommel, The
Netherlands), with a filament diameter of 2.85 mm. The PLA filament has tensile modulus of 3250 + 119 MPa
(XY-Flat), a flexural modulus of 3019 + 87 MPa, and a Charpy impact strength of 3.9 + 0.4 kJ/m? [33]. Other
properties and the details of the manufacturer’s test method/standard are available in the manufacturer’s
technical data sheet [33].

The Surface Tessellation Language (STL) file of 1 cm® cube sample and impact test samples, according
to ASTM D6110-18 [34], were created using Autodesk Inventor 2024, as shown in Fig. 4. The print path code
and other parameters were generated using the slicing software UltiMaker CURA 5.4.0.

The investigation focused solely on varying the printing temperature and printing speed to study their
effects on porosity and mechanical strength, while keeping other processing parameters constant. The fixed
parameters are outlined in Table 1. A layer height of 0.1 mm was selected to reduce the void [27,29]. A flat
build orientation was selected to optimise the impact strength [35]. The build plate temperature was set
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to 60°C, based on the recommended temperature range for PLA and our preliminary tests to obtain good
first-layer adhesion. A raster angle of 45° was selected for optimal impact strength [36].

(@ (b)

Figure4: (a)1x1x1cm’ samples for micro-CT analysis and (b) 125 * 12.7 * 6 mm® samples for ASTM D6110-18 impact
test

Table 1: Fixed printing parameters

Parameter Setting
Printing material Polylactic Acid (PLA)
Layer height 0.1 mm
Build orientation Flat
Infill density 100%
Infill pattern Lines
Build plate temperature 60°C
Raster angle 45°

Based on the findings of a review study, the recommended extrusion temperature range for PLA parts
falls between 180°C and 240°C [37]. At printing temperatures below 180°C, the PLA material does not
fully reach its melting point [38]. The 3D printer utilized in this study has a default printing speed of
60 mm/s. Without altering any other printing parameters, the study commenced by exploring the minimum
and maximum printing speeds achievable with this 3D printer. Hence, 1 cm® cube samples were printed at
each printing temperature ranging from 180°C to 240°C at intervals of 20°C, and printing speeds ranging
from 50 to 110 mm/s at intervals of 30 mm/s, as shown in Table 2.

Table 2: Printing parameters of cube (ClI to CI2) and impact (DI to D12) samples

Code Printing speed (mm/s) Printing temperature (°C)
Cl1, D1 50 180
C2,D2 80 180
C3,D3 110 180
C4,D4 50 200
C5, D5 80 200
Ce6, D6 110 200
C7,D7 50 220

(Continued)
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Table 2 (continued)

Code Printing speed (mm/s) Printing temperature (°C)
C8, D8 80 220

C9, D9 110 220

Cl10, D10 50 240

Cl1, D11 80 240

C12, D12 110 240

2.2 MicroCT Image Acquisition and Processing

MicroCT images were acquired using a SkyScan 1172 (Kontich, Belgium) at the Malaysian Nuclear
Agency based on scanning parameters in Table 3. Following acquisition, the raw data were reconstructed
into high-resolution images (13.07 pm voxel size) using NRecon Software, V1.6.10.4.

Table 3: MicroCT scanning parameters

Scanner SkyScan 1172
X-Ray Source voltage 40 kv
X-Ray Source power 10 W
X-Ray Source current 250 yA
Exposure 1573 ms
Rotation step 0.7°
Source-to-image distance 217.886 mm
Source-to-object distance 124.08 mm
Vertical object position 53 mm
Optical axis 510 lines
Camera Hamamatsu 1.3 Mp camera
Camera pixel size 22,95 um
Camera XY ratio 0.999
Image pixel size 13.07 pm

2.2.1 Computational Image Analysis

MicroCT images were analyzed using Python 3.8 libraries SimpleITK and scikit-image. First, noise in
the images was reduced using a recursive Gaussian filter with a filter width of o = 0.2 (Fig. 5a). Thereafter,
the 3D-printed samples were segmented using Otsu’s method [39] (Fig. 5b), and all pores were closed by
applying a morphological closing operation with a kernel radius size of 20 voxels (Fig. 5¢). To exclude regions
where the outer wall intersects with the infill that could bias the porosity measurements, the masked images
were eroded using an iterative process to a final erosion of 50 voxels (Fig. 5d). A masked image was then
created multiplying the filtered image by the segmented one (Fig. 5¢) and porosity within the sample was
segmented using a moments threshold image filter [40] on the masked image (Fig. 5f). The volume of the
printed sample and the volume of the pores were then measured, and porosity was determined. Finally, the
average pore size was evaluated using the Bone] plugin [41] in Fiji [42].
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Figure 5: Segmentation of 3D printed sample’s porosity. (a) Micro-CT image after noise filtering. (b) Segmented sample
using Otsu’s method. (c) Binary mask after morphological closing. (d) Eroded mask. (e) Volume of interest analyzed.
(f) Porosity within the 3D printed sample

2.3 Direct Impact Test

The Charpy impact tests were performed using an impact tester machine (LY-XJL-22/50D Digital
Impact Test Machine, Dongguan, China). Once the sample was positioned, the pendulum was raised to its
initial position and securely fastened using the locking mechanism. The release energy and the speed were set
in the digital display panel. Upon release, the pendulum traveled through the sample, causing it to fracture.
The energy absorbed during this process was recorded from the digital display panel. This sequence was
repeated for each sample to ensure consistent and reliable results. Charpy impact experiments for all the
twelve sets, as reported in were conducted and each impact test was repeated three times. The impact
strength was calculated using by dividing the energy absorbed, E (k]), with the thickness, b (m), and
the width of the sample, 4 (m) [43].

Impact Strength (kJ/m?*) = bE_h 1)

3 Results and Discussions
3.1 Porosity Identification

MicroCT images allowed visualization and quantification of porosity within the printed PLA samples

in 3D ( ).
provides a summary of the porosity details for the different samples, indicating how variations
in printing temperature and printing speed impact porosity. The influence of the printing temperature on
the porosity of printed PLA can be seen in . In general, the mean pore size decreased as the printing
temperature increased from 180°C to 220°C, except at 50 mm/s. At 50 mm/s, the mean pore size decreased by
29.8% when the printing temperature increased from 180°C to 240°C, whereas at 80 and 110 mm/s, maximum
reductions of 22.6% and 36.8% in mean pore size were obtained at 220°C. Beyond 220°C, the mean pore
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size increased. Similar observations were reported by Charlon et al. [19], where the porosity of MEX-printed
polypropylene was reduced with the increase in printing temperature from 170°C to 180°C.

180°C 220°C

50 mm/s

80 mm/s

110 mm/s

61.01 pm 38.53 um

Figure 6: MicroCT images of PLA samples printed at 180°C and 220°C at increasing printing speeds (50, 80, and
110 mm/s). 3D visualization of the samples and representative cross-section are shown, with pore volume overlaid in
red colour onto original images. Mean Pore Size (um) is reported at the bottom of each sample. Please note porosity is
represented for the analysed volume of interest as described in Section 2.2.1. Scale bars correspond to 2 mm

Table 4: Porosity details of the PLA samples

Printing speed Printing temperature ) Porosi

Code (mnﬁ /sl; & R C)P Mean pore size (um) percentagtey( %)
Cl1 50 180 55.95 1.67
C2 80 180 53.94 1.58
C3 110 180 61.01 2.58
C4 50 200 43.16 2.41
C5 80 200 47.51 1.71
Cé6 110 200 39.38 1.86
Cc7 50 220 40.02 1.99
C8 80 220 41.77 2.08
Cc9 110 220 38.53 2.28
Cl10 50 240 39.26 2.33
cu 80 240 55.15 2.50

C12 110 240 40.70 2.00
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Figure 7: (a) Porosity and (b) mean pore size as a function of printing temperature

The highest percentage porosity was obtained at the lowest temperature and highest printing speed
(180°C at 110 mm/s). As reported previously, the absorbed moisture in the PLA filament evaporated as
steam during printing and created bubbles/voids in the MEX-manufactured part, and the porosity in the
3D-printed PLA is proportional to the storage relative humidity [44]. PLA absorbs water molecules when
exposed to the ambient environment. When the printing temperature increases, the absorbed water in the
PLA filament vaporizes into steam, leading to the formation of more bubbles/voids within the fabricated part.
Furthermore, elevating the printing temperature raises the temperature of the molten material, resulting in
a decrease in viscosity. The increase in printing temperature enhances the mobility of PLA polymer chains,
facilitating the fusion between the layers [19]. The lower viscosity prevents the bubbles from coalescing into
larger pores. As a result, although more voids were formed but they are smaller in mean pore size due to the
higher viscosity of PLA, as observed in the current work.

In MEX/TRB-P 3D printing, bonding between filament layers can be categorized as in-layer and inter-
layer bonding. In-layer bonding occurs between adjacent filaments within the same layer, while inter-layer
bonding occurs between successive layers. As the melt is extruded from the nozzle, it undergoes convective
cooling from the environment and conductive cooling from the previous layer [45]. The results obtained
for printed PLA at a lower printing temperature in Fig. 7b are likely due to reduced adhesion between
deposited filaments and layers [46], a similar observation was reported by Morales et al. [47]. Higher printing
temperatures reduce interlayer voids by enhancing material fluidity, improving interaction between material
chains, and decreasing discontinuities, thereby contributing to a denser and more structurally sound 3D-
printed object, which reduces the inter-layer voids and thus reduces the mean pore size. Lower printing
temperatures may lead to poor layer-to-layer bonding and increased void size due to incomplete melting of
the material [48]. Furthermore, the printed PLA may not melt sufficiently to achieve the optimum viscosity,
resulting in weak bonding between neighboring particles and layers [49].

The influence of the printing speed on the porosity of printed PLA can be seen in Fig. 8. As reported
previously, the highest percentage of porosity was obtained at the highest printing speed (of 110 mm/s) and
the lowest printing temperature (of 180°C). A similar trend was observed in previous work, where increasing
the printing speed during MEX 3D printing reduced voids between beads [16]. Based on Fig. 8, the mean pore
size initially increased with the increasing printing speed due to under-extrusion, where thermal shrinkage
has occurred during the cooling of materials [50]. In general, the mean pore size increased with printing
speed, until a certain point, beyond which it decreased. Similar results were reported previously, where a
slower printing speed resulted in more contact between adjacent roads [13], and as such higher printing
speed resulted in larger pores. In addition to the effects of interlayer adhesion and material compaction
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during the MEX printing process, printing speed also plays an important role in determining the density
of MEX-fabricated parts. At lower printing speeds, the semi-molten polymer extruded from the nozzle
has more time to spread and flow into the adjacent gaps and inter-filament voids before the semi-molten
polymer solidifies. The improved wetting and filling behavior reduces the presence of porosity and micro-
voids between deposited filaments. Consequently, components printed at lower speeds typically exhibit
higher density and reduced porosity compared to those manufactured at higher printing speeds. As a result,
the insufficient spreading and rapid solidification of the semi-molten polymer limit the chance of interfacial
contact and void closure [51]. Therefore, lower printing speeds allow for better bonding between layers and
provide sufficient time for material fusion.
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Figure 8: (a) Porosity and (b) mean pore size as a function of printing speed

In contrast, higher printing speeds reduce extrusion volume and printing stability, which leads to rough
fractured sections with substantial voids [52]. Furthermore, the volumetric flow rate from the nozzle does
not scale linearly with printing speed [53]. Consequently, as printing speed increases, there is a reduced
supply of materials through the nozzle, resulting in thinner extruded paths. As the printing speed increases,
the complete extrusion of the material transpires before the onset of the thermal decomposition reaction
initiated by the nozzle temperature [54].

3.2 Charpy Impact Strength

Table 5 provides the calculated average Charpy impact strength for the 3 printed PLA specimens at
different printing temperatures and printing speeds, indicating the variations in printing parameters on
impact strength. The results are illustrated in the graphs shown in Fig. 9.

Fig. 9a shows the impact of increasing printing speed from 50 to 110 mm/s on Charpy impact strength
at print temperatures of 180°C, 200°C, 220°C, and 240°C. Generally, as the printing speed increases, the
impact strength of printed PLA decreases, except for the specimen printed at 240°C. Higher printing
speed results in poor layer bonding performance due to the rapid cooling of the plastic, which results in
insufficient temperature being applied to the extruded layer and poor adhesion to the layer underneath [55].
Hence, selecting a high printing speed can cause inadequate layer bonding, consequently diminishing the
mechanical strength of the part [49].

However, when the printing temperature is excessively high at a low printing speed, the viscosity of the
molten PLA decreases significantly. This reduced viscosity of molten PLA affects the dimensional stability of
the deposited material. The low viscosity semi-molten PLA filament is subjected to undesired deformation
such as spreading, sagging, or distortion before the semi-molten PLA fully solidify. Furthermore, a higher
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printing temperature increases the cooling and solidification time required for each deposited PLA layer,
which may produce warping, deformation, and eventually affect the geometrical accuracy in the final
component. On the other hand, at a printing temperature of 240°C, the impact strength of the manufactured
parts increases with higher printing speeds. This improvement is likely contributed by a more balanced
interaction between the flow of the molten PLA, solidification rate, and interlayer bonding, which reduces
excessive heat accumulation while still maintaining adequate interlayer adhesion [49]. If the set temperature
is too low at high speeds, the filament may not melt at a sufficient rate, leading to material getting stuck
inside the nozzle and resulting in a higher viscosity melt than desired. Therefore, it can be concluded that
the printing temperature and printing speed should be appropriately matched, where increasing the printing
speed should also necessitate an increase in printing temperature to ensure the filament is fully melted before
being deposited [49].

Table 5: Charpy impact strength results

Code Printing speed (mm/s) Printing temperature (°C) Impact strength (kJ/m?)

DO01 50 180 78.65 + 18.6
D02 80 180 64.86 +£1.2
D03 110 180 38.21+ 6.9
D04 50 200 97.88 £ 6.3
D05 80 200 81.18 £ 2.8
Do06 110 200 5715 £12.2
D07 50 220 120.92 £ 75
D08 80 220 101.77 £ 2.5
D09 110 220 81.89 £ 10.1
D10 50 240 72.43 £ 23.5
D11 80 240 84.87 + 44.5
D12 110 240 98.68 +17.9
140
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Figure 9: Charpy Impact strength of printed PLA specimens as a function of (a) printing speed (b) printing
temperature

Fig. 9b illustrates the impact of increasing printing temperature from 180°C to 240°C on porosity at
print speeds of 50, 80, and 110 mm/s. As the printing temperature increases from 180°C to 220°C, the impact
strength of printed PLA increases. At 220°C, improvements in impact strength of 53.7%, 56.9%, and 114%
were observed for samples printed at 50, 80, and 110 mm/s, respectively. After 220°C, the impact strengths for
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the samples printed at 50 and 80 mm/s were then reduced. At lower temperature, PLA polymer chains lack
the necessary mobility to eftectively diffuse across the interface [19]. At higher printing temperatures, the
increased flow of melted resin from the printer nozzle leads to greater deviation, attributable to the decrease
in shear viscosity [56]. Increasing the printing temperature led to stronger thermal bonding and stronger
interlayer lamination, resulting in increased mechanical properties [22,57]. However, as the temperature
of the nozzle rises, there is a promotion of reptation and entanglement among the polymer chains at the
interface due to an increase in chain diffusion. Therefore, the impact strength of printed PLA was reduced
after 220°C. Increasing the printing temperature has a significant impact on the viscosity of molten PLA.
As the nozzle temperature rises, the viscosity of the molten PLA decreases. Consequently, this temperature-
dependent behavior facilitates better diffusion of newly extruded PLA molecules into the underlying layer,
which enhances the interlayer adhesion strength of the printed material [20]. Regarding adhesion strength,
Sun et al. [46] and Sood et al. [58] suggest that increasing the printing temperature enhances the adhesion
between layers. Fernandes et al. [59] observed that increasing printing temperature enhances the contact
area between layers because the extruded material becomes oval from a circular shape as viscosity decreases
with the rising printing temperature.

Higher printing temperatures during MEX/TRB-P resulted in increased crystallinity due to the reheat-
ing of previously deposited layers as new filaments were extruded [60]. The increase in PLA crystallinity
correlates with changes in its mechanical properties, where an increase in the crystallinity of 3D-printed
PLA corresponded to higher impact strength [61,62]. Hence, it can be concluded that the results depicted
in Fig. 9, where printing temperature increases correspond to higher impact strength, are partially due to the
increasing crystallinity.

3.3 Correlation between Porosity and Charpy Impact Strength

The relationship between impact strength and mean pore size at different printing temperatures and
printing speeds can be obtained from Fig. 10a,b. In general, the impact strength decreases as the mean
pore size increases, as shown in Fig. 10c, except for the results at a printing temperature of 240°C. Several
researchers observed the same effect of porosity on mechanical properties [8,63,64]. The voids in the printed
PLA are the primary causes of the impact strength reduction observed in Fig. 8. Voids serve as stress
concentration points within the printed PLA, facilitating the initiation of cracks that propagate to the nearby
regions. Porosity is distributed at critical locations, and when load is applied, interlaminar cracks rapidly
propagate due to the high interlayer porosity, leading to the separation of printed layers [6]. Tao et al. [65]
stated that reducing the porosity of the cross-section led to increased density and enhanced force-bearing
capacity of the part. Higher porosity diminishes the effective cross-sectional area of the material available to
resist the applied load during impact. The impact strength of printed PLA decreases due to the presence of
voids, as the material’s capacity to absorb impact energy is compromised [66].

At low printing temperatures, the printed PLA with low fluidity and high viscosity leads to inadequate
bonding and increased porosity between the lines and layers of the molten polymer, which results in poor
impact strength [67]. Conversely, with an increase in printing temperature, the viscosity of printed PLA
decreases, which results in decreased mean pore size and therefore increased impact strength. When the
printing speed increases, the porosity increases, while the impact strength decreases. This is because at
high printing speed, rapid heat dissipation causes insufficient melting rate and reduces the fusion between
layers [38]. Therefore, at a high printing temperature (220°C) and low printing speed (50 mm/s), the porosity
of the printed PLA is reduced, and the impact strength is increased.

The results at printing temperatures of 180°C, 200°C, and 220°C are aligned with the trend of previous
works. However, the results for a printing temperature of 240°C deviate from the trends observed, which
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show unpredictable and inconsistent results. There was a big range between the highest and lowest impact
strength in the 240°C printed specimens. Tian et al. [68] corroborated this finding through experiments
that PLA transitions into a liquid state at temperatures above 240°C, leading to uncontrolled flow from the
nozzle and compromising printing precision. Printing PLA above its degradation temperature results in the
material becoming increasingly brittle and less ductile over time [69]. Hence, the material tends to have lower
viscosity, prolonging the cooling time, which can impact the degree of crystallinity. Additionally, at a very
high printing temperature, adjacent particles and layers may be deposited before adequate cooling, affecting
bonding between layers, which results in challenges in maintaining the dimensional stability of the printed
part [49]. Similarly, Khosravani and Reinicke [70] suggested that thermal degradation within the extruder
leads to the generation of gas, resulting in the formation of numerous trapped bubbles within the filament.
This phenomenon may appear as a noticeable foaming effect. The upper layer of material fails to fully cool
after melting when the printing temperature is excessively high, which introduces defects during the forming
process. These defects diminish the mechanical properties of the sample.
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Figure 10: (a) Porosity and (b) impact strength against printing temperature and printing speed, (c) Correlation
between impact strength (kJ/m?) and mean pore size (um)

4 Conclusions

In the present work, the effects of printing temperature and printing speed on the porosity and impact
strength of material extrusion 3D printed PLA along with the relationship between porosity and Charpy
impact strength, have been identified. MicroCT imaging and impact tests were conducted where the PLA
specimens were printed at printing speeds ranging from 50 to 110 mm/s and printing temperatures ranging
from 180°C to 220°C. Current work has led to the following conclusions:

o  The printing temperature of 220°C and printing speed of 50 mm/s yielded the best impact behavior and
a smaller mean pore size.

o Increasing the printing temperature caused the mean pore size of the printed PLA to decrease due to
enhanced material fluidity and improved interaction between material chains.
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o The same effect was observed when the print speed was decreased, where a low printing temperature
allows enough time for material fusion.

« Increasing the printing temperature and decreasing the printing speed increases the impact strength due
to better thermal bonding and enhanced interlayer adhesion strength.

o The impact strength decreases as the porosity increases. Higher porosity decreases the effective cross-
sectional area of the material available to resist the applied load during impact.

« Results at 240°C are different from expectations due to material degradation and overheating, which
introduce defects during the material deposition process.
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