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Abstract

This research investigates the influence of varied sample manufacturing strategies on the mechanical properties of Material
Extrusion (MatExt) Additive Manufacturing components. Two procedures were investigated: direct sample printing and sam-
ple cutting from a sheet. The thickness of the samples was also varied to determine possible differences in the measurements
performed. Through a comprehensive analysis involving mechanical testing, optical microscopy, and IR thermography dur-
ing deposition, the study revealed significant implications of the manufacturing strategy on the thermal history and polymer
chain entanglement. The results indicated that Young’s modulus and the tensile strength produced through direct printing
differed from that measured on the samples made through sample cutting. At the same time, the elongation at rupture was
less influenced by the manufacturing strategy. The sample thickness also influenced the fracture strength; the thicker samples
were characterized by a strength of 27.9 MPa, which was higher by 23% than that of the extracted samples.

The observed differences in mechanical behavior underscore the critical role of sample manufacturing strategy in determin-
ing the final mechanical properties of upright samples. Results shed light on the complex interplay between manufacturing
protocols and component performance in MatExt applications.

Keywords Additive manufacturing - Material Extrusion - Mechanical characterization - Thermal history - Interlayer

adhesion

1 Introduction

In the contemporary industrial landscape, advanced manu-
facturing processes have revolutionized the production of
complex components, driving innovation and transforming
traditional manufacturing methodologies. Among these cut-
ting-edge techniques, additive manufacturing, also known as
3D printing, has emerged as a pivotal technology that facili-
tates the efficient and precise creation of intricate structures
with unprecedented flexibility and customization [1-3]. This
transformative capability has garnered widespread atten-
tion across diverse sectors, including aerospace, automo-
tive, healthcare, and consumer goods industries, sparking a

< Francesco Lambiase
francesco.lambiase @univagq.it

Department of Industrial and Information Engineering
and Economics (DIIIE), University of L’Aquila, Montelucco
di Roio, 67100 L’Aquila, Italy

fundamental shift in how products are designed, developed,
and fabricated [4—7]. Various factors, including advance-
ments in material science, computational modeling, and pro-
cess optimization, have fueled the rapid evolution of addi-
tive manufacturing technologies. Leveraging the principles
of additive manufacturing, intricate designs [8] that were
once deemed unfeasible or excessively costly to manufac-
ture using conventional techniques are now being realized
with greater ease and efficiency [9]. This fundamental shift
has not only redefined the boundaries of design but has also
accelerated the pace of innovation, enabling the realization
of complex geometries, enhanced functional integration, and
the production of lightweight, high-strength components
with superior mechanical properties [10—12].

Within the realm of additive manufacturing, the Material
Extrusion (MatExt) process, also widely known as Fused
Filament Modeling (FDM) and Fused Filament Fabrication
(FFF), has emerged as a prominent technique for fabricating
intricate components with exceptional structural integrity
and dimensional accuracy [13-15].
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By utilizing a layer-by-layer deposition approach, MatExt
technology enables the creation of robust components using
a diverse range of thermoplastic materials, offering enhanced
design flexibility and cost-effective production capabilities
[16]. As the demand for lightweight, high-performance com-
ponents continues to rise across various industries [17], the
adoption of MatExt has become increasingly pervasive, with
a pronounced emphasis on optimizing the mechanical prop-
erties and structural performance of the manufactured parts.

The multifaceted nature of MatExt technology under-
scores the importance of a comprehensive understanding of
the intricate interplay between process parameters, material
properties, and design considerations [18-20].

Successful implementation of MatExt necessitates a
holistic approach that encompasses meticulous material
selection, precise process parameter calibration, and the inte-
gration of advanced post-processing techniques to achieve
the desired mechanical characteristics and dimensional accu-
racy [21]. This intricate interdependence between process
variables and material behavior has prompted extensive
research to elucidate the underlying mechanisms govern-
ing the structural performance and material properties of
MatExt-produced components.

To enhance the mechanical properties and performance
characteristics of MatExt components, an in-depth explora-
tion of the intricate factors influencing the material behav-
ior, interlayer adhesion, and structural integrity is imperative
[22-24]. By delving into the complexities of the MatExt
process, researchers and industry practitioners can gain valu-
able insights into the nuanced interactions between process
parameters, thermal history, and microstructural evolution,
thereby facilitating the development of robust frameworks
for optimizing component design, material selection, and
manufacturing protocols.

Moreover, the dynamic nature of additive manufacturing
processes necessitates a comprehensive evaluation of the impli-
cations of varying manufacturing strategies on the final product
quality, structural integrity, and mechanical behavior [20, 25].

By dissecting the influence of diverse sample manufac-
turing strategies on the measured mechanical properties,
researchers can unravel the critical nuances that govern the
material behavior and structural performance of MatExt
components, paving the way for the formulation of advanced
manufacturing protocols that cater to specific application
requirements and performance benchmarks.

Many researchers investigated the influence of the pro-
cess parameters on the tensile behavior of samples produced
through the Material Extrusion process [26-30]. However, in
many cases, tensile tests were not conducted along the sam-
ple growing direction but rather in the planar direction [31,
32]. It is well known that the tensile properties of these sam-
ples along the growing direction (z-direction) strongly affect
the mechanical behavior of MatExt components since they
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are prone to delamination [33-35]. Thus, when identifying
optimal deposition conditions, the primary aspect should be
to ensure strong adhesion between the consecutive layers.

Several studies have emphasized the intrinsic link
between the thermal history and the mechanical properties
of Material Extrusion Additive Manufacturing components
[36-39]. This critical association arises from the level of
intertwining among adjacent filaments, directly influencing
interfilamentous adhesion. Understanding this interplay is
vital for comprehensively deciphering the impact of pro-
cess parameters on component mechanical performance
and refining optimal processing conditions. Equally pivotal
is the recognition that variations in component dimensions
and geometries can substantially alter the thermal history,
consequently affecting mechanical properties.

Existing research predominantly addresses the direct
printing of samples, potentially introducing artifacts that
skew mechanical behavior assessments. Lambiase and Scipi-
oni [40] observed such discrepancies while investigating the
influence of manufacturing strategies on the compressive
mechanical behavior of MatExt-produced polylactide acid
(PLA) components. Significant differences were discovered
between directly printed samples and those cut from larger
components. These alterations stem from multiple factors:

Thermal history variance: the completion time for each
layer is contingent on its dimensions, resulting in a lower
interlayer time for directly printed samples compared to
their larger counterparts.

Edge effects: directly printed samples exhibit uneven fila-
ment distribution, which is particularly noticeable at the
edges. This discrepancy arises from the lower hot end
speed experienced at the edge due to deceleration and
acceleration during directional changes.

Both types of defects exerted a considerable influence
on the compressive behavior of the samples. The primary
inquiries guiding this research are the following:

Are directly printed samples adequate for characterizing
the tensile mechanical behavior of MatExt components?
To what extent, if any, do variations exist in the mechani-
cal properties determined through direct sample printing
versus cut samples when tested under tensile stress?

Given the close relationship between the thermal history
and the entanglement of polymeric chains, it is reasonable
to anticipate substantial disparities between directly printed
samples manufactured at their final dimensions and those
cut from larger printed structures to attain the desired final
dimensions. This anticipation motivated a thorough com-
parative analysis of tensile samples. Specifically, we pre-
pared tensile specimens oriented along the building direction
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using direct printing and sample extraction (waterjet cutting)
methodologies. Our investigation encompassed a compre-
hensive assessment of physical properties, including inner
void dimensions, complemented by tensile tests to eluci-
date crucial mechanical properties such as elastic modulus
and yield strength. Concurrently, thermal analysis during
the sample printing process was conducted to elucidate the
impact of sample dimensions on thermal history, offering
insights into their physical and mechanical attributes.

2 Materials and methods
2.1 Materials and sample preparation

Polylactide acid (PLA), provided by RS PRO, was utilized
for the study, boasting an initial diameter of 1.75 mm + 0.02
mm. The samples were produced using a Creality Ender 6
commercial machine. Simplify 3D version 4.1.2 was used as
slicing software. The critical deposition parameters, as listed
in Table 1, significantly impact interlayer bonding behavior,
surface roughness, and dimensional precision. Key factors
such as nozzle temperature, layer thickness, building plate
temperature, extrusion multiplier, infill percentage, and noz-
zle speed directly govern the thermal history, thereby influ-
encing interlayer bonding and overall print quality.

The samples were manufactured according to ASTM
D638 [41] standards.

Particularly, the samples were produced using different
processes:

1) Direct printing: the samples were printed at the final
dimension; thus, any further post-process was needed
before characterization;

2) Sample extraction: the samples were cut through abra-
sive waterjet cutting. To this end, a box with side walls
of 2.5 mm and 3 mm of thickness was printed. Then, the
samples were cut from the box. To this end, the adoption

Table 1 Main deposition conditions

Process parameter Value
Nozzle temperature (°C) 210
Building plate temperature (°C) 60
Hot-end speed (mm/min) 3000
Nozzle diameter (mm) 0.4
Extrusion width (mm) 0.5
Layer thickness (mm) 0.2
Infill percentage (%) 100
Infill strategy Rectilinear
Number of external shells 1
Extrusion multiplier 100%

of waterjet cutting enabled the avoidance of any material
modification since no heating was produced during the
cutting operation.

Figure 1 presents a detailed schematic of the samples.

Additionally, six small-sized samples (designed accord-
ing to ASTM D638 [41] Type V) were also produced using
the extraction method to identify possible differences in
terms of mechanical behavior. To this end, the samples were
extracted from the same box with the same dimensions as
that used for the production of Type I samples (80-mm width
and 180-mm height) to preserve the thermal history.

The test matrix of the experimental campaign is sum-
marized in Table 2.

2.2 Process monitoring

The mechanical properties of samples produced via the
MatExt process are intricately influenced by material viscos-
ity (during the extrusion), polymer chain entanglement, and
possible crystallization of the material. As mentioned earlier,
while maintaining all the process parameters constant, the
geometry and dimensions of the component (sample) signifi-
cantly impact the temperature history. Consequently, thermal
analysis was performed to uncover how sample dimensions
affect the thermal history of different manufacturing strate-
gies. Additionally, the potential development of edge effects
during the printing process, which could impact sample char-
acteristics, was investigated. Thus, an infrared camera, the
FLIR E60 model, was involved in the MatExt process for
real-time temperature distribution monitoring. Following the
methodology outlined in [40], the thermal camera was posi-
tioned adjacent to the specimen to record the thermal cycles
occurring during printing, as depicted in Fig. 2. The acquisi-
tion frequency was set to the maximum available (30 Hz) to
ensure high-quality data capture, considering the extended
deposition time of up to 7 h for manufacturing the entire spec-
imen. Subsequently, ResearchIR software was employed to
analyze the thermal history. The thermal camera was securely
mounted on the machine frame, enabling continuous tempera-
ture monitoring throughout the deposition process.

2.3 Sample characterization

The samples underwent geometrical characterization prior to
mechanical testing to determine their densities. The dimensions
were measured through microscopy analysis. This enabled us to
determine the effective adhesion area, neglecting external defects.

Tensile tests were performed using a universal testing machine
model C43.50 equipped with a 50-kN load cell. The tests were
conducted at a traverse speed of 2 mm/min. During the tests, the
strain of the sample was measured using an extensometer model
632.24F-50 by MTS. The tests were carried out until the samples
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Direct samples

Rectangular
Printed Box

t=2.5 mm or 3.0 mm

==

Extraction of the
tensile samples
from the box

Fig.1 Schematic of the sample produced using different approaches: a direct sample printing, b rectangular box printing, and ¢ extraction
(through abrasive waterjet cutting) of tensile samples from the rectangular box

Table 2 Test matrix

- . Condition Sample geometry Sample manufacturing Thick-
summarizing the experimental ness
condi?ions usgd for Fhe ‘ (mm)
experimental investigation

I ASTM D638 Type 1 Direct sample printing 2.5
1T ASTM D638 Type 1 Direct sample printing 3.0
I ASTM D638 Type 1 Plate printing and waterjet cutting 2.5
v ASTM D638 Type 1 Plate printing and waterjet cutting 3.0
v ASTM D638 Type V Plate printing and waterjet cutting 3.0

were completely failed. A picture of the sample during the tensile
test is presented in Fig. 3. Unfortunately, the extensometer was
too large to be used in Type V samples. For these samples, only
the fracture strength was determined.

Optical microscopy served as a valuable tool in understand-
ing the material’s morphology, both pre- and post-mechanical
tests. To this end, a stereoscope model M205 by LEICA was
used to determine the real dimension of the cross section, the
surface morphology, and the analysis of the fracture surface.
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3 Results
3.1 Mechanical behavior

After the tensile tests, the fracture developed in the mid-
dle of the samples, except for samples of Type V. In these
samples, the fracture developed at the fillet just before
the clamping area, as shown in Fig. 4.
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Fig.2 Picture of the IR thermal measurement during the MatExt pro-
cess

Figure 5 depicts the stress-strain curves recorded during the
tensile tests using different sample manufacturing protocols.
For each sample manufacturing strategy and thickness, two
curves were reported to check the repeatability. Type V sam-
ples were not reported since the dimension of the extensometer
did not fit with the dimensions of these samples. Thus, for
Type V samples, only the strength information was recorded.

All the curves showed an initial almost linear increase of
stress pertaining to the elastic regime, followed by a peak
load, which was followed by a plateau, indicating the onset
of plastic strain. After the small plastic deformation, the load
suddenly fell to zero, and brittle failure occurred.

The main mechanical characteristics were identified from
the stress-strain curves, including Young’s modulus, the
elongation at rupture, and the peak strength. This enabled a
better comparison among the samples produced with differ-
ent protocols and thicknesses. For each sample, the average
and the standard deviation were calculated. For samples of
Type V, only the peak strength was calculated (since the
tests were conducted without the extensometer). Figure 6a
compares the Young’s modulus of the samples. As can be
inferred, the samples produced by direct printing exhib-
ited a similar Young’s modulus (with an average value of
2.51 GPa), irrespective of the thickness of the samples. On

Fig.3 Picture of the sample during the tensile test with a extensom-
eter and b DIC equipment

the other hand, the samples cut from the box had Young’s
modulus, which was influenced by the thickness of the wall:
for samples of 2.5 mm (viz 3.0 mm) of thickness, Young’s
modulus was 2.4 GPa (viz. 2.8 GPa). This indicated that
the elastic properties of the samples were influenced by the
interlayer time and the thickness of the samples.

Figure 6b compares the peak strength of the samples:
here, a more marked difference among the specimen manu-
facturing strategy is noticeable. Direct printed samples
showed a peak strength of almost 31 MPa, which was higher
than that of cut samples, which was 23 MPa (for cut samples
with 2.5 mm of thickness) and 28 MPa (for samples with 3.0
mm of thickness). Finally, the samples cut from the box with
Type V dimensions were characterized by even lower peak
strength with a mean value of 21 MPa. This was due to the
premature fracture of the samples in correspondence with
the fillet’s regions. Figure 6¢ indicates a lower influence of
the manufacturing strategy and the thickness of the sample
of the elongation at rupture e,,.

3.2 Fracture surface analysis

Optical microscopy of the fracture surfaces was performed
to understand the influence of the sample manufacturing
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Fig.4 Pictures of samples
produced according to ASTM
D638 standards according to
different types: a Type Il and b
Type V

Stress [MPa]
>

N
o

0 0.01 0.02 0.03
Strain

Direct printing 2.5 mm Direct printing 3.0 mm

Cut samples 2.5 mm Cut samples 3.0 mm

Fig.5 Stress-strain curves of different samples produced with direct
sample printing and cutting with two thicknesses

strategy on the failure modes. Two main failures were iden-
tified in the samples: intralayer fracture and delamination,
as shown in Fig. 7. Intralayer fracture was observed on sam-
ples that showed the highest tensile strength. Herein, the
adhesion between consecutive layers was so strong that a
crack fractured some filaments (of the same layer), as shown
in Fig. 7a. On the other hand, delamination (interlayer)
involved the failure of the bonding between consecutive
layers, as depicted in Fig. 7b. The onset of delamination
indicates a weaker adhesion produced during the MatExt
process as compared to intrafilamentary fracture. However,
even in delaminated samples, the fracture surfaces were dif-
ferent: in some cases, the fracture surface was characterized
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by irregular morphology, indicating higher interlayer adhe-
sion, while in other regions, smoother surfaces were found,
indicating lower adhesion.

Intralayer fracture was observed in directly printed sam-
ples (irrespective of the thickness) as well as in cut samples
with thicker walls (3.0 mm of thickness). This further con-
firms how the manufacturing strategy and the thickness of
the sample can influence the mechanical behavior and, more
specifically, the fracture strength of components made by the
MatExt process.

A higher magnification (SEM) image of intralayer frac-
ture is reported in Fig. 8. From this picture, it is evident that
strong adhesion arises between the layers.

The fracture surfaces analysis enabled to better iden-
tify some defects in the samples. Figure 9 shows the frac-
ture surface of a sample of 3.0 mm of thickness made
by direct printing. As can be inferred, the samples show
some artifacts produced with direct printing. The layer
entry region (LAYER START) and exit region (LAYER
STOP) are distinguishable, and the higher amount of mate-
rial deposited at the edges corresponds with the change in
direction regions. Here, as reported in [40], the tool decel-
erates, stops, and then reverses in direction and acceler-
ates again up to the prescribed printing speed. Hence, in
correspondence with the edges, the high pressure of the
material within the nozzle involves a higher amount of
material being deposited, leading to an uneven deposition
(edge effect). Although higher adhesion is observed in cor-
respondence of the edges, this clearly alters the mechani-
cal behavior exhibited by the directly printed samples,
leading to superior mechanical behaviors compared to a
larger component.



The International Journal of Advanced Manufacturing Technology (2024) 132:2991-3003

2997

Fig.6 Mechanical character-
istics of the samples produced
using different manufacturing
strategies

N w

N

Young's Modulus, E [GPa]

o

Sample Type

mDirect printing 2.5 mm EDirect printing 3.0 mm

m Cut samples 2.5 mm B Cut samples 3.0 mm

m Direct printing 2.5 mm

B Cut samples 2.5 mm

Sample Type
mDirect printing 2.5 mm
m Cut samples 2.5 mm
SType V

& Direct printing 3.0 mm
B Cut samples 3.0 mm

Sample Type

B Direct printing 3.0 mm

B Cut samples 3.0 mm

Fig.7 Different fracture modes
in samples of 2.5 mm of thick-
ness made by a direct print-
ing (intralayer fracture) and b
cutting from larger component
(interlayer fracture)

Figure 10 compares the fracture surfaces of two samples
cut from the box, which have 2.5- and 3.0-mm thicknesses,
respectively. Even though both the fracture surfaces reveal a
strong interlayer adhesion, the fracture surface of the thicker
sample shows intralayer fracture. This is indicative of an
even higher adhesion, in agreement with the measurements
reported in Fig. 6b. The samples were extracted from two
different sides of the same box. Consequently, they shared

the same interlayer time (29.9 s). This indicates a high sen-
sitivity of the mechanical behavior to the thickness of the
sample. Such an effect was addressed to the higher thermal
inertia of thicker samples as compared to the thinner ones
(2.5 mm).

A cross-sectional analysis was performed on samples
produced through direct printing and cutting from the
plate, as depicted in Fig. 11. The cross sections show the
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Fig.8 SEM image of the
intralayer fracture of a specimen
made by direct printing

% magO  HV
3 250 x 15.00 kV

Fig.9 Artifacts affecting the
interlayer deposition in directly
printed samples

EDGE EFFECT

interfilamentous porosities that develop between adjacent
filaments. As can be observed, the porosities in the directly
printed samples are larger than those observed in the cut
samples, as also confirmed by the histograms reported in
Fig. 12.

3.3 Thermal analysis
The temperature of the sample during the printing process
was monitored with the aim of determining how the different

sample dimensions affect the thermal history and, conse-
quently, the polymer chain entanglement that determined
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the fracture strength of the samples. Figure 13 compares the
IR maps recorded during the deposition of directly printed
samples and a box (from which the samples will be cut).
The temperature maps indicate a sudden cooling of the
layer just after it is deposited, irrespective of the type of
sample. A deeper analysis of the temperature trend was
performed using a measuring point, as shown in Fig. 13.
This enabled the temperature variation to be evaluated dur-
ing the deposition. As can be inferred, the temperature
trends repeat periodically, where the period is the inter-
layer time. This can be better observed in the zoom-in
plot shown in Fig. 14. As it can be observed, during the
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Fig. 10 Fracture surfaces of
waterjet cut samples of different
thicknesses: a 2.5 mm and b
3.0 mm

Fig. 11 Cross sections of a
directly printed and b cut

samples ; 5o
Direct printing
a 2mm
Cut samples
b 2mm
Fig. 12 Dimensional charac- 0.6 T u
terization of interlayer voids [ Cut sample 04t [ Cut sample
produced on samples made by 0.5¢ [ Dlrect printing || Dlrect printing
direct printing and cutting |
2047 >
5 3
®© 0.3 ©
2 2
o o02r o
0.1
0
0 5 10 15 0 0.05 0.1 0.15
a Void Area[mm?]  x10° b Major Axis Length [mm]]

depositing of directly printed samples, the temperature of ~ of thickness (9.3 s) and 3.0 mm of thickness (10.8 s) as
the substrate is higher than that measured in larger com-  compared to the production of the box, whose interlayer
ponents. This is due to the lower interlayer time of 2.5 mm  time requires 29.9 s. Consequently, when direct samples

@ Springer



3000 The International Journal of Advanced Manufacturing Technology (2024) 132:2991-3003

Direct Printing

- TS

Cut Sample (BOX)

Fig. 13 Infrared pictures acquired during deposition of a direct sample printing and b box printing for sample cutting

are produced, a higher substrate temperature is faced (125
°C vs. 79 °C), leading to higher intermolecular chain
entanglement. This, in turn, enhances the strength of the
samples printed directly, leading to an artificially higher
strength than samples extracted from a larger component.

4 Discussion

The investigation into the impact of the manufacturing strat-
egy of tensile specimens made by the Material Extrusion
process has yielded significant insights. Direct specimen
printing has been largely used for the mechanical characteri-
zation of MatExt components since its easiness. However,
the experimental tests from this study, which also involved
tensile specimens cut through abrasive waterjet cutting, shed

IS
F 60 ]
40 + Direct Pripting .
o0 | Box (Cutting) |
0 L 1
0 10 20 30

time [s]

Fig. 14 Thermal history recorded during deposition of direct samples
and box
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light on the significant differences in the mechanical behav-
ior identified by these two. The investigation into the manu-
facturing strategy’s impact on tensile specimens produced
by the Material Extrusion process has provided valuable
insights. While direct specimen printing has been widely
employed for MatExt component mechanical characteriza-
tion due to its simplicity, this study’s experimental tests,
including tensile specimens cut via abrasive waterjet, have
uncovered significant differences in mechanical behavior
between these two approaches.

Directly printed samples exhibited higher tensile strength
compared to waterjet-cut samples, attributed to two key
phenomena:

1. Enhanced adhesion at side regions: directly printed
samples displayed higher adhesion at the side regions,
evident from interlayer fractures originating at the sides
and the increased irregularity of the fracture surface
compared to the smoother central region. This enhanced
adhesion was attributed to different deposition condi-
tions at the edge, where tool reversal motions involved
deceleration, change of direction, and acceleration
(resulting in lower tool speed). This, coupled with a
lack of reduction in material flow, led to a higher local
material deposition acting as reinforcement, altering the
mechanical behavior.

2. Different thermal history: the production of direct sam-
ples involved a distinct thermal history compared to
the box from which the samples were cut. Variances in
interlayer time and convection heat exchanges within the
building chamber contributed to this difference. Directly
printed samples had interlayer times of 9.3 s (for t = 2.5
mm) and 10.8 s (for ¢ = 3.0 mm), while the box’s inter-
layer time was nearly triple (29.9 s). Samples cut from
the box experienced lower average temperatures, hinder-
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ing prolonged interfilamentous polymer chain entangle-
ment and consequently reducing tensile strength.

The thickness of the samples also exerted a significant,
albeit lesser, influence on the components’ mechanical
behavior. Thicker samples exhibited higher mechanical
properties compared to thinner samples, with more pro-
nounced effects on cut samples. In directly printed sam-
ples, changes in thickness yielded opposing effects due to
increased thermal inertia and interlayer time. For the box,
where the interlayer time was consistent, the comparison of
mechanical behavior in cut samples highlighted the influ-
ence of thermal capacity. Thicker specimens, particularly
those cut from the 3.0-mm plate, exhibited higher mechani-
cal behavior due to increased thermal capacity, leading to
higher mean temperatures and, consequently, enhanced
intermolecular chain entanglement.

Although this investigation focused on PLA, it is plausi-
ble to hypothesize that directly printed samples of alternative
materials may exhibit analogous artifacts in comparison to
cut samples. However, the extent of such artifacts, includ-
ing both edge effects and variations in thermal history, is
likely contingent upon various material properties, deposi-
tion parameters, and the specific characteristics of the MEX
apparatus employed.

The current study employed fixed deposition conditions,
yet certain process parameters such as hotend temperature,
cooling rate, and deposition speed could introduce varying
degrees of disparity between directly printed and cut sam-
ples, given their influence on material viscosity and thermal
history.

Therefore, it is conceivable that directly printed samples
composed of distinct materials with divergent rheological
properties, thermal responses, and crystallization kinet-
ics may exhibit comparable artifacts relative to cut sam-
ples; nevertheless, quantifying these differences in mate-
rial behavior remains necessary. While beyond the scope
of the present investigation, a logical progression would
entail assessing the impact of alternative printing materials
and process parameters on the disparities between directly
printed and cut samples.

Furthermore, the reinforcement observed in directly
printed samples due to frequent changes in deposition direc-
tion presents an opportunity to develop novel deposition
strategies aimed at enhancing the mechanical properties and
resistance to delamination of MEX components.

This result carries crucial implications for design con-
siderations, emphasizing that different elastic and frac-
ture properties characterize features of varying thickness.
Designers should be mindful of different thermal histories
in thinner and thicker parts, avoiding thin walls where lower
thermal capacity could result in faster cooling and reduced
intermolecular entanglement. Careful consideration of these

factors is essential for optimizing component design and
performance.

5 Conclusions

The study focused on investigating how the manufacturing
procedure of tensile specimens made through the Mate-
rial Extrusion process may alter the mechanical behavior
measured during tests. To this end, samples were made by
direct printing and extraction (waterjet cutting) from a larger
component. Besides, specimens of different thicknesses and
according to different types were produced. The findings
underscore how critical the manufacturing procedure is since
it may significantly alter the mechanical behavior of the sam-
ple. To gather deeper insights into such differences, IR ther-
mography and fracture surface analysis were performed. The
main results from the research are summarized as follows:

e Even when the deposing parameters directly printed and
cut samples were produced using the same process condi-
tions (extrusion temperature, the deposition speed, etc.),
the mechanical behavior of the components were strongly
influenced by the dimension of the component. Such
difference was due to geometrical artifacts and different
thermal history. The tensile strength measured through
directly printed samples provided an overestimation of
the value determined on a sample cut from a larger com-
ponent (box).

¢ Directly printed samples involved shorter interlayer time.
This led to higher substrate temperature during the depo-
sition. This, in turn, resulted in higher intermolecular
entanglement as compared to that achieved on the lager
component.

e Direct printing of tensile specimens introduced sig-
nificant deposition artifacts. These consisted of uneven
material flow, which was due to deceleration, reversal
of motion, and acceleration in correspondence with the
specimens’ edges. Such samples were characterized by
higher densities at the edges than in the central region.
On the other hand, cut samples were not affected by such
uneven deposition since the edges were cut out from the
samples.

e Directly printed samples showed larger voids than
extracted samples. This contributed to altering the
Young’s modulus measurement.

e The thickness of the specimens also represents a key fac-
tor influencing the mechanical behavior measurements.
The cut samples of 2.5 mm of thickness were character-
ized by lower Young’s modulus (2.4 GPa) and tensile
strength (23.1 MPa) as compared to 3.0 mm (2.8 GPa)
and 27.9 MPa, respectively.
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e Among ASTM D638 samples, Type V ones provided
unreliable results since they failed prematurely during
the tests. Even though they were extracted from the same
box of cut samples, the tensile strength of these samples
(20.9 MPa) was much lower than that observed through
the other specimens of Type II. These samples failed at
the fillet rather than at the narrow straight section.
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