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Abstract

The present study investigates the compression behavior of components made by material extrusion, also known as fused
filament fabrication (FFF) or fused deposition modeling (FDM). An experimental plan was conducted by adopting a high-
density fulfillment and varying the material flow. Additional tests were performed by thermomechanical compaction to
produce full-density samples. Compression tests were performed at various strain rates ranging between 5 x 10~ and 5
% 107! 571, Yielding and post-yielding behaviors were analyzed. Morphological analysis was carried out to determine the
mesostructural features (interlayer neck and void sizes) and how they behave during the compression test. The results indi-
cated that the principal dimension of the voids ranged between 65 mm and 170 mm depending on the adopted value of the
extrusion multiplier. On the other hand, thermomechanical compaction enabled the restriction of the voids of printed samples
to 10 mm. The cross-sectioning of samples at different strains indicated the formation of shear banding strain localization.
In addition, printed samples behaved like porous media during the compression tests and showed different characteristic
regions with different void dimensions. The samples printed at the higher material extrusion showed similar behavior to
compacted samples. Post-yielding analysis indicated that strain softening observed on compacted samples was more severe as
compared to that observed on printed samples. This behavior is dramatically reduced by decreasing the extrusion multiplier.

Keywords Additive manufacturing - Fused deposition modeling - Mechanical characterization - Post-yielding -
Morphology

1 Introduction

Additive manufacturing (AM) is gaining a growing impact
on manufacturing industries. Since the earlier adoption for
rapid prototyping purposes, AM is progressively extending
to other applications such as rapid tooling or highly custom-
ized products. This is due to the inherent advantages gained
by the adoption of these technologies. These involve extreme
design flexibility, a high degree of customization, minimum
fixed costs, relatively low-cost machining, extremely short
setup time, distributed production, as well as a logistic cost
reduction [1-3]. The development of machines with higher
accuracy, high-temperature heating chambers, as well as
the development of new materials even with functionalized
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fillers (techno-polymers such as PEEK field [4-9], PEI field
[10-16], PAEK field [17, 18], as well as reinforced plastics
field [19-25]), offers new possibilities and solutions to solve
manufacturing challenges. However, AM components are
still affected by some issues which are strictly connected
to the layer-by-layer deposition strategy. Internal porosities,
voids, distortion, and surface finishing are an issue that is
common to many additive manufacturing processes.
Among AM processes, material extrusion (MatExt) rep-
resents the most common process used to produce polymeric
components. This is due to the machine’s simplicity, easy
scalability, great material availability, reduced material cost
(especially if compared to polymeric powders used in selec-
tive laser sintering), and possibility to embed functional-
ized fillers for structural purposes (such as glass or carbon
fibers) or for achieving electrically conductive material
(such as copper or even graphene). However, parts made
by the MatExt process strongly suffer from the presence of
voids [26] which are due to the viscosity of the material
during deposition. Indeed, just after the extrusion, rapidly
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the viscosity rises as the material enters contact with the
underlying layer. This limits the contact interface between
overlapping layers [27] and strongly limits the degree of
healing [28]. The presence of inner voids, as well as the
mechanism of adhesion between the layers, can be better
described as a sintering process instead of welding; thus,
it leads to mechanical behavior very different from those
achieved by plastic components processed through other
processes, such as injection molding [29-31]. For semic-
rystalline materials, this is also due to the kinetics of crys-
tallization which may hinder the healing between adjacent
deposited filaments [32].

The aim of the present paper is to investigate the influ-
ence of voids on the compressive behavior of polymeric
components made by the MatExt process under different
quasi-static strain rates. To this end, experimental tests were
performed by producing nominally full-density samples and
varying the material extrusion flow. In addition, reference
samples were produced through thermomechanical compac-
tion for benchmarking purposes. The characteristics of the
samples produced under different processing conditions such
as the density, dimension of voids, and mechanical behavior
were investigated.

2 Materials and methods
2.1 Sample production through the FFF process

The study involved polylactide acid (PLA) provided by Fab-
brix. Material extrusion (MatExt) was adopted to produce
the compression tests. Cylindrical samples of 15 mm in
diameter and 15 mm in height were produced. The dimen-
sion of the samples was adopted to reduce the typical buck-
ling shown by these samples and at the same time increase
the strain rate of the tests. The samples were made using a
commercial machine model Ender 6 by Creality. The sam-
ples were produced with the flat faces parallel to the build-
ing plate (as showed in Fig. 1); thus, the compression tests
were performed along the z-direction. The main deposition
conditions are summarized in Table 1.

The samples were produced by using different material
extrusion multipliers: 96%, 100%, and 104%.

2.2 Sample production through thermomechanical
compaction

Compaction tests were performed on 3D printing to further
reduce the porosities and achieve full-density samples. To
this end, prototypal equipment was developed to conduct
compression molding tests. The equipment involved a die
(with an inner diameter of 15 mm) and a punch (with the
same diameter) made by K720 steel by Bohler. An external
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Fig. 1 Schematic of the sample produced with the selected deposition
strategy

Table 1 Main deposition conditions

Process parameter Value
Nozzle temperature (°C) 210
Building plate temperature (°C) 60
Extrusion speed (mm min~!) 4000
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

heater and a K-type thermocouple were used to heat the die
under controlled temperatures. The heater and the thermo-
couple were connected to an external PID for temperature
control. During the compaction tests, an external compres-
sion force was applied through a hydraulic press.

The compaction tests were conducted under a constant
temperature of 120 °C and compaction force of 1500 N (cor-
responding to a pressure of almost 8.5 MPa). A schematic
of the adopted equipment and the mechanical and thermal
cycles is depicted in Fig. 2.

2.3 Sample characterization

All samples, those produced through MatExt and those made
by compression molding, were characterized to determine the
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Fig.2 Schematic of the thermomechanical compaction equipment

density of the components. To this end, the dimensions were
measured through a centesimal micrometer. Then, the weight of
the samples was measured through a balance model XT1220M
by Precisa. This enabled the estimation of the density of the
samples and how it was influenced by the adopted process
parameters. Compression tests were performed according to
ASTM D695 standards. A universal testing machine mode
C43.50 equipped with a load cell with a full scale of 50 kN was
adopted. The tests were conducted under different strain rates
ranging between 5 X 10~ and 5 x 107! 7.

For each deposition condition and testing condition, five
replicates were performed. The final experimental plan is
summarized in Table 2.

Optical microscopy was adopted to better understand
the morphology of the samples before and after the
mechanical tests. To this end, a stereoscope model M205
by LEICA was adopted to determine the morphology of

Table 2 Levels of the full factorial experimental plan

Level Extrusion multiplier (%) Strain rate (s~')
I 96 5% 107!
i 100 5% 1072
I 104 5% 1073
v Compaction 5% 107
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the upper surface. In addition, a metallographic micro-
scope model DM5000 by LEICA was adopted to provide a
better understanding of the mesostructural features (inter-
layer neck and void sizes). To better observe the inner
defects of the samples, and the influence of the material
flow, some samples were cross-sectioned and polished
using abrasive paper (up to 2400 grit). To this end, the
samples were previously cross-sectioned using a cooled
diamond blade. Then, the samples were molded and pol-
ished according to the standard metallographic procedures.

3 Results
3.1 Physical characteristics of the samples

Figure 3 compares the densities of the samples produced
with different extrusion multipliers (EMs) and those of
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Fig.3 Influence of the extrusion multiplier (in FFF) and thermome-
chanical compaction on the density of the samples

Cross section 96% Cross section 100%

samples produced through thermomechanical compaction.
As can be inferred, increasing EM from 96 to 100% leads
to an increase from 1.17 to 1.21 g cm™ (corresponding to
4% of the increase), while further increase leads to a minor
increase in density of almost 2%. This density-saturation
phenomenon was already observed in previous studies [26,
33]. The comparison of the density achieved when using the
highest extrusion multiplier (EM = 104%) and the thermo-
mechanical compaction indicates that the adoption of EM =
104% leads to a slightly lower density (almost 2% lower) as
compared to thermomechanical compacted samples. In addi-
tion, the mean value of the density achieved by compacted
samples corresponds to the density of the PLA reported by
the filament manufacturer (1.25 g cm™). This indicates that
the developed compaction process enabled to removal of
almost all voids from the samples made by MatExt.

To better analyze the influence of the manufacturing con-
ditions on the density of the samples, optical microscopy and
SEM analysis were adopted to observe the cross sections of
the samples. Figures 4 and 5 show the cross sections of the
samples made under different processing conditions.

Image analysis was performed to determine the poros-
ity dimensions produced under different processing con-
ditions. Figure 6 depicts void detection and statistical
dimension characterization using a cross-sectional image
of a sample produced with an extrusion multiplier of 96%.
Starting from an image of the cross section (Fig. 6a), the
software determines the presence of voids that are sub-
sequently identified through different colors (Fig. 6b).
Then, the dimension of the voids is determined as shown
in Fig. 6¢, d. The same procedure was followed to analyze
the cross section of samples produced under different con-
ditions (i.e., different extrusion multipliers and material
extrusion/compaction process).

Cross section Compacted

Cross section 104%

Fig.4 Cross sections of the samples produced under different processing conditions: a EM = 96%, b EM =

pacted

@ Springer

100%, ¢ EM = 104%, and d com-



The International Journal of Advanced Manufacturing Technology (2023) 128:1199-1211

1203

HV curr det  mode HFW wD 5mm
10.00kV  1.6nA ABS All 16.5mm  10.4 mm Apreo 2

det ~ mode H
6nA_ ABS Al 1.

Fig.5 Cross section of the samples made by SEM analysis at 8 magnification (a) and 100x magnification (b)
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When the extruder multiplier was set to 96%, the normal
value of the major axis dimension was 170 mm. This value
decreased to 125 mm (for EM = 100%) and to 65 mm (for
EM = 104%). The voids almost disappeared for the com-
pacted samples (the porosity with the highest major axis
dimension was 20 mm). Similarly, the normal void area was
determined for each condition. For EM = 96%, the normal

value of the void area was 0.015 mm?. This decreased to
0.01 mm? for EM = 100% and further reduced to 0.0025
mm? for EM = 104%. The influence of the deposition condi-
tions (and the adopted process) on the normal value of the
characteristic dimension of the voids is depicted in Fig. 7.
These results indicate that increasing EM involved
significant reduction of the dimensions of inner voids.
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Fig.7 Normal dimensions of voids produced under different deposi-
tion conditions and compaction

Table 3 Density and relative densities calculated according to differ-
ent manufacturing conditions

Manufacturing condition Density (g cm™) Relative
density
(%)

96% 1.17 93%

100% 1.21 96%

104% 1.23 98%

Compaction 1.25 100%

Increasing EM from 96 to 104% reduced the voids area
to one-sixth from 15,000 mm? (for EM = 96%) to 2500
mm? (for EM = 104%).

Both the cross sections and the quantitative measure-
ment of voids indicated that thermomechanical compaction
allowed to fulfill the inner voids almost completely. Thus,
the density of these samples was assumed as that of a real
full density sample. Thus, the relative density pj calculated
by normalizing the density of the sample p¢ by that of the
full density sample (rpp) was calculated for all conditions,
according to Eq. 1:

p)
pr=— (1)

PFD

The values of the relative densities of the samples pro-
duced using different extrusion multiplier are reported in
Table 3.

Morphological analysis was also conducted on the sam-
ples to determine possible influence of the processing condi-
tions on the surface appearance. Figure 8 shows the exter-
nal surfaces of the samples made under different processing
conditions and produced by MatExt and compaction tests.

The surfaces were subsequently analyzed using LEICA
Map software for 3D reconstruction and analysis. Figure 9a
depicts the geometry of a sample produced with by MatExt
setting the extrusion multiplier to 104%, while Fig. 9b shows
the surface of the compacted samples. As can be inferred,
the sample produced through MatExt process shows typi-
cal features given by layer-by-layer deposition. On the other
hand, the sample made by compaction shows a smoother
geometry, as also shown in the virtual cross section, depicted
in Fig. 9d. This further indicates that the compaction experi-
ments enabled to produce sufficient material flow to remove
the mesoscale features (owing to the previous MatExt pro-
cess) almost completely.

3.2 Mechanical behavior of the samples

Figure 10 shows a macrograph of a sample used in com-
pression tests before and after the mechanical test. As can
be observed, after the tests, the sample shows a barreling
effect on the sides. This was achieved for all the samples
irrespective of the processing conditions or the manufactur-
ing process (MatExt or compaction).

The typical engineering stress-strain curve is depicted in
Fig. 11. The engineering stress was calculated as the ratio
of the load by the initial sample diameter, and engineering
strain was calculated as the ratio of the deformation by the
initial sample height. The curve showed typical characteris-
tics of compression tests on polymers [34, 35]. Indeed, they
showed an elastic regime upon the onset of yielding (peak
of the stress). Then, post-yielding behavior involving strain

Fig. 8 External surfaces of the samples produced under different processing conditions: a EM = 96%, b EM = 100%, ¢ EM = 104%, and d com-

pacted
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Fig.9 Surface analysis performed on two samples: a printed with extrusion multiplier set to 104% and b compacted. Virtual profile of the sam-

ples: ¢ EM = 104% and d compacted.

Fig. 10 Macrograph of a sample before and after compression tests

softening (stress drop) was observed. The stress held almost
constant (steady state flow) upon the onset of the strain hard-
ening (owing to molecular chains’ alignment towards the
loading path).

The influence of the manufacturing process (MAtExt or
compaction), the extrusion multiplier, and the strain rate on
the yield strength, strain-softening, and strain-hardening
behaviors can be retrieved from Fig. 12.

As can be seen, increasing the material extrusion involved
higher stress which indicates a higher load-bearing capabil-
ity of the material. The samples made by the compaction

200

Yield Strength . .
Strain Hardening

150+ \ .

Steady State Flow

0 0.1 0.2 0.3 0.4 0.5 0.6
Strain [mm/mm]

Fig. 11 Stress-strain curves of the samples produced under different
processing conditions

process showed the highest yield strength irrespective of
the strain rate. This was due to the higher relative density of
compacted samples than MatExt samples. However, a partial
contribution was also provided by the aging of the polymer
during compaction. The presence of aging was more evi-
dent from the analysis of the post-yielding behavior. Indeed,
the strain softening behavior was more marked on the com-
pacted samples as compared to MatExt samples, which
were also strongly influenced by the extrusion multiplier.
The compacted samples showed a severe strain softening
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Fig. 12 Stress-strain curves 200
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with a stress drop from 117 to 85 MPa after yielding (cor-
responding to 27%). Strain softening is commonly related
to the aging of the polymer. Indeed, the thermomechani-
cal compaction was performed at 120 °C. Such temperature
is well below the melting temperature of the PLA (almost
175 °C). Thus, the steep drop as well as the narrow defor-
mation involving such a drop indicates the occurrence of
polymer aging [36]. MatExt samples showed minor strain
softening. These samples did not experience artificial aging
owing to the thermal cycle of the compaction. Consequently,
the aging was limited to that developed during the MatExt
process. These samples showed a smoother reduction of
the stress after yielding. Besides, the stress drop in these
samples diminished by reducing the material multiplier. As
an example, for EM = 96%, the stress reduced from 84 (at
yielding) to 77 MPa (corresponding to 8.3%). In these sam-
ples (EM = 96%), the strain softening was almost imper-
ceptible. However, if the true stress was plotted, the strain
softening would be more marked (since the actual cross-
sectional area of the sample is often larger than the initial
cross-sectional area).

The influence of the process, processing conditions, and
strain rate, on the yielding and post-yielding behavior of the
samples recorded during the compression tests, was further
investigated by computing the yield strength, the strain sof-
tening drop, and the steady state flow, as reported in Fig. 13.

As can be inferred, the compressive yield strength
increased with the extrusion multiplier. This was due to
the higher density of the samples which showed higher
load-bearing capability. In addition, even if the samples
produced at 104% did not reach the density of compacted
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ones (a difference of 2% was determined, as shown in
Fig. 3), they showed close yield strength values as com-
pared to those measured on compacted samples. Increas-
ing the extrusion multiplier led to an increase in mechani-
cal characteristics. The reduction of the dimensions of the
void resulted in yield strength, steady-state flow, and strain
hardening. However, the steady-state flow increases less
than the yield strength; thus, a higher extrusion multiplier
led to higher strain softening (post-yielding stress drop).
This phenomenon may be due to a porosity distribution
that is similar during deformation, irrespective of the
value of the extrusion multiplier. The strain-softening drop
in the compacted specimens was more localized, and this
was due to the aging phenomenon. Indeed, the compac-
tion process involved slow cooling from the steady com-
paction temperature (120 °C). This also explains why the
compacted specimens exhibited higher yield strength and
drop at a steady state than the specimens with an extrusion
multiplier of 104%, despite having very similar densities.
Actually, the compacted specimens underwent thermal
cycles at temperatures up to 120 °C.

Higher strain rates involved yield strength and steady-
state flow increase. Similarly, the latter showed a lower
increase than yield strength. Thus, higher strain rates led
to higher strain softening (post-yielding drop) with greater
localization of deformation in shear bands. As for strain
hardening, this also increases as the strain rate increases.
Strain hardening, however, occurs at higher strain val-
ues. Increasing the strain rate, therefore, postpones strain
hardening. This phenomenon was related to the inversion
of curves that occurs after steady-state flow, which leads
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Fig. 14 Empirical model developed to describe the influence of the
density of the samples and the strain rate

curves with lower strain rates to grow faster than those
with higher strain rates.

An empirical model was developed to describe the
influence of the density of the samples and the strain rate.
A linear fit model was developed, such as that reported in
Fig. 14. The developed model, described by Eq. 2 (where
x represents density and y represents log(strain rate)),
showed a good fitting with the experimental data since the
coefficient of determination R* was 0.984 and the adjusted
coefficient of determination was 0.9805. Both values were
very close to unity indicating a good fitness of the devel-
oped model.

3.3 Analysis of material flow during compression
tests

Additional compression tests were performed at intermediate
values of the strain to analyze the material flow during the
compression tests. To this end, these tests were performed
by setting the crosshead displacement value to 10 mm and
5 mm, which led to an engineering strain of 33% and 66%,
respectively. These samples were subsequently cross-sec-
tioned to determine the size, shape, and position of the inner
voids. Figure 15 shows the cross section of the samples, for
each value of the extrusion multiplier. These compression
tests were conducted at a strain rate of 5 x 1072 57",

The analysis of the cross sections revealed several issues
concerning the deposition distribution. Firstly, poor adhe-
sion between the external skin and the infill layers was
observed. This led to larger porosities as can be observed
in Fig. 15a (left side) and Fig. 15d (left side). This uneven
adhesion led to remarkable skin separation from the infill
during deformation, as shown in Fig. 15b, e, and h.

The cross sections of not-compressed samples revealed an
uneven distribution of the porosities along the vertical direc-
tion. Indeed, the bottom of the samples was characterized by
smaller voids. As shown in Fig. 16, this region (in contact
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Fig. 15 Cross sections of the
samples produced under differ-
ent manufacturing conditions
(96%, 100%, 104%, and com-
paction) and compressed with
different strain (33% and 66%)

EM 104%

COMPACTION

with the building plate) was approximately 1.5 mm in height.
Thus, as also reported in [33], this region is more compact
than the overlying layers. During the deposition process,
the temperature of the building plate was set to 60 °C. Such
value was higher than the Tg of the adopted PLA (55 °C).
Consequently, the molecular chains within these regions
rearranged leading to a much more compact arrangement.
During the compression tests, this region showed lower
deformation as compared to the overlying layers. Thus,
the samples did not show a perfectly barrelling profile, but
rather a barrel with a bottom neck. The cross sections of the

Fig. 16 Higher magnification
of a sample printed with EM =
96% showing smaller voids in
contact with the building plate
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samples before compression also reveal significant differ-
ences between the different deposition conditions. Indeed,
for EM = 96%, many voids were already connected verti-
cally. This defect disappeared almost completely for EM =
100% and EM = 104%.

The distribution of the voids for strain values of 33% and
66% is indicative of the inner deformation within the sam-
ples. For relatively low strain (33%), the filaments moved
radially (with the exception of the central one). In corre-
spondence with the horizontal symmetry plane, the higher
side deformation occurred (since the free edges). At higher
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strains, the characteristic regions of compressed samples are
clearly visible, namely the shear bands, the dead material
zone, and the side regions. During the compression of the
samples, the shear bands are a narrow zone where intense
plastic deformation occurs. Here, the void dimension was
reduced dramatically owing to intense shear strain. In the
dead material zone, the region in contact with the compres-
sion plates and surrounded by the shear bands reduced strain
occurred leading to lower void reduction. Finally, in the side
regions, moderate deformation occurred leading to minor
void closure. In addition, in the central zone, a macroscopic
void resulting from the coalescence of the voids from the
dead metal zone is visible.

These four characteristic regions are clearly visible on
the samples made with the extrusion multiplier set to 96%,
while for higher-density samples, the porosities within the
dead material zone are almost imperceptible. In addition, in
the specimens made with an extrusion multiplier of 104%
and compressed up to a 33% deformation, the only visible
voids are those located along the external sides.

Figure 17 depicts the cross section of two samples pro-
duced with an extrusion multiplier EM = 96% after com-
pression performed at different strain rates. The cross sec-
tions clearly indicate the great influence of the strain rate
on strain localization. Indeed, for a lower strain rate (5 X
10~*s™1), a more uniform void distribution was observed (as
shown in. Fig. 17a). On the other hand, at a higher strain rate
5 x 107! s_l), the deformation was uneven, and the shear
bands are clearly visible in Fig. 17b.

4 Discussion

Additive manufacturing processes are rapidly evolving from
the initial niche role of rapid prototyping. Today, owing to
the significant advantages of these components, the constant
development of new materials, as well as the introduction
of increasingly precise and repeatable machines, additive
manufacturing processes are widely used in rapid tooling
and also for the production of secondary structures.

To this end, the ability to predict the mechanical behav-
ior of the components and how this is influenced by the
parameters of the printing process is crucial. The aspect
that most limit the mechanical characteristics of the com-
ponents obtained by additive manufacturing is represented

Fig. 17 Effect of the strain rate
(during the compression tests)
on the distribution of the voids

Strain rate 5104 s

by the internal voids of the components. This is particu-
larly significant in the fused deposition modeling process,
due to the high viscosity during the deposition phase. The
presence of such voids affects several aspects of a physi-
cal nature (e.g., density, thermal conductivity), and of a
mechanical nature (stiffness, yield strength, etc.).

The study is aimed at understanding the relationship
between the characteristics of voids and the mechani-
cal behavior of components. To this end, a campaign of
experimental tests was conducted through which the rela-
tionship between porosity, density, and mechanical char-
acteristics was better deepened. To verify the relationship
between density and mechanical characteristics, some
specimens were subjected to a thermal compaction pro-
cess. This process has led to the production of specimens
with a density of 1.25 g cm™, which equals the density of
the base material. The thermal compaction process also
eliminated the typical layer-by-layer finish present on all
MatExt components.

The samples made by MatExt showed characteristics sim-
ilar to those made by thermal compaction. The yield strength
of the specimens was substantially related to the relative
density of the component, as confirmed by Eq. 2. However,
the characteristics of post-yielding are different. While com-
pacted specimens showed marked strain softening, MatExt
specimens are characterized by a lower stress drop. This dif-
ference was related to the lowest cooling rate during thermal
compaction leading to greater aging of the polymer. Through
the realization of compression tests at different deformations
and the cross-sectioning, it was possible to qualitatively
observe the deformation field. In fact, the samples showed
three different regions: (1) shear bands where the deforma-
tion localization takes place (and to which strain softening is
linked); (2) dead material region—in contact with the com-
pression planes where there are minor deformations; and (3)
side region where partial deformation occurs.

The increase in the deformation rate led to an increase
in yield strength but also to a greater localization of the
deformations and consequently a greater strain softening. To
describe the influence of density and strain rate on mechani-
cal characteristics, a linear regression model was developed,
which showed a very good fitting, with a correct coefficient
of determination R* of 0.98.

The results from the optical microscopy of the cross sec-
tions indicated the presence of uneven distribution of the

EM 96%
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porosities during the compression tests. In addition, an
unexpected formation of a large void in the central region
of the samples was observed. This large void was produced
through the coalescence of smaller voids which “moved”
towards the sample center during compression. To better
understand the deformation behavior of MatExt components,
a numerical model of the compression test would be ben-
eficial. This represents the next step toward a more compre-
hensive understanding of the mechanical behavior of such
components and will be pursued in next research.

5 Conclusions

This study investigated the influence of the extrusion multi-
plier on the yielding and post-yielding behavior of MatExt
samples under quasi-static compression tests. These tests
were conducted under different strain rates ranging between
5x 107 and 5 x 107! s7!. Additional samples were pro-
duced to achieve a full-density sample through the ther-
momechanical compression of MatExt samples. A cross-
sectional analysis was carried out to better investigate the
deformation behavior of the samples during the compression
tests. The main achievements of this study are as follows:

e The yield strength of the samples (both made by the
MatExt and thermomechanical compaction) can be well
predicted by a linear fitting model accounting for the den-
sity of the material and the logarithm of the strain rate.

e The density of the samples produced with the extrusion
multiplier set to 104% was just 2% lower than the density
of thermomechanical compacted samples, which were
assumed as real full-density samples.

e The post yielding behavior of the samples was highly
influenced by the manufacturing process (MatExt or ther-
momechanical compaction), the extrusion multiplier, and
the strain rate. Thermomechanical compacted samples
were characterized by higher strain softening as com-
pared to MatExt samples. This was due to the physical
aging of the polymer during the thermomechanical com-
paction. These samples also showed a narrower region
where stress drop developed.

e MatExt samples showed lower softening which reduced
with the adopted value of the extrusion multiplier. In
samples made with EM = 96%, the stress drop was
between 4 MPa and 11.5 MPa (for strain rates of 5 X
107%t05x 107 s7, respectively) while for EM = 104%,
the stress drop was between 16 MPa and 27.4 MPa (for
strain rates of 5 X 107 to 5 x 107! s7!, respectively).

e The cross sections of the samples showed severe strain
localization forming shear bands. Such a region of high
deformation was characterized by the closure of the voids
produced during material extrusion processes. The region

@ Springer

in contact with the compression plates (dead material
zone) was still hosting larger voids as well as the side
region where lower plastic deformation occurs.
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