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Introduction

Additive Manufacturing, also known as 3D printing, 
indisputably marks a new era in the manufacturing indus-
try over the last decades [1], with great prospects for both 
researchers and the industry [2, 3]. Transitioning from 
rapid prototyping to additive manufacturing has led to 
the achievement of new technological advantages [4]. 
The development of new materials geared toward indus-
trial production has been a pivotal outcome [5]. One of 
the merits of additive manufacturing lies in its capacity 
to fabricate complex structures using a diverse range of 
materials, thereby necessitating an exploration of the 
mechanical behavior of various materials under differing 
loading conditions [6].

Among the explored materials for additive manu-
facturing, thermoplastics take a prominent place, often 
utilized through the Fused Filament Fabrication (FFF) 

	
 N. Vidakis
vidakis@hmu.gr

M. Petousis
markospetousis@hmu.gr

I. Ntintakis
ntintakis@hmu.gr

C. David
david@ihu.gr

D. Sagris
dsagris@ihu.gr

N. Mountakis
mountakis@hmu.gr

A. Moutsopoulou
amalia@hmu.gr

1	 Department of Mechanical Engineering, Hellenic 
Mediterranean University, Heraklion 71410, Greece

2	 Department of Mechanical Engineering, International 
Hellenic University, Serres Campus, Thermi 62124, Greece

Abstract
Herein, a research and engineering gap, i.e., the quantitative determination of the effects of the compressive loading rate 
on the engineering response of the most popular polymers in Material Extrusion (MEX) Additive Manufacturing (AM) 
is successfully filled out. PLA (Polylactic Acid), ABS (Acrylonitrile Butadiene Styrene), PP (Polypropylene), and PA12 
(Polyamide 12) raw powders were evaluated and melt-extruded to produce fully documented filaments for 3D printing. 
Compressive specimens after the ASTM-D695 standard were then fabricated with MEX AM. The compressive tests were 
carried out in pure quasi-static conditions of the test standard (1.3 mm/min) and in accelerated loading rates of 50, 100, 
150, and 200 mm/min respectively per polymer. The experimental and evaluation course proved differences in engineer-
ing responses among different polymers, in terms of compressive strength, elasticity modulus, toughness, and strain rate 
sensitivity index. A common finding was that the increase in the strain rate increased the mechanical response of the 
polymeric parts. The increase in the compressive strength reached 25% between the lowest and the highest strain rates the 
parts were tested for most polymers. Remarkable variations of deformation and fracture modes were also observed and 
documented. The current research yielded results with valuable predictive capacity for modeling and engineering model-
ing, which hold engineering and industrial merit.
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technique [7–9], which belongs to the material extru-
sion (MEX) family of 3D printing methods. FFF tech-
nique stands out as an economical and straightforward 
method for producing 3D printed components, owing to 
its cost-effectiveness, user-friendly nature, and expedient 
processing velocity [10]. This expeditious prototyping 
procedure finds its applicability across diverse sectors, 
including automotive, aerospace, medical, construction, 
and electrical domains [11]. Beyond conventional ther-
moplastic materials such as PLA (Polylactic Acid) and 
ABS (Acrylonitrile Butadiene Styrene) [12], novel mate-
rials have emerged in the realm of additive manufactur-
ing. Prominently, utilized polymeric materials such as PP 
(Polypropylene) [13] and PA12 (Polyamide 12) [14] have 
emerged, contributing to the dynamic evolution of addi-
tive manufacturing.

ABS and PP are primarily petroleum-derived poly-
mers, meaning that they are produced from petrochemi-
cal sources [15]. On the other hand, PLA and PA12 are 
thermoplastics made from living organisms, which means 
that they are characterized as bio-based polymers [16]. 
The increasing awareness among consumers about the 
environmental repercussions of petrochemical-sourced 
polymers has ignited interest in previously untapped sec-
tors [17].

PLA is one of the most widely used materials in addi-
tive manufacturing [18], for various reasons such as its 
sustainability and eco-friendliness [19–22]. The perfor-
mance of parts made by the PLA polymer has been stud-
ied and applied in a diverse range of applications [23–25]. 
PLA is classified as a semi-crystalline polymer, charac-
terized by a melting temperature spanning from 170 to 
180  °C [26]. Components derived from PLA exhibit a 
pronounced resistance to deformation [27, 28]. The 
behavior of PLA samples in different raster angles has 
been studied [29]. Compared to conventional plastics, a 
PLA part degraded from six months to two years [30]. 
As a result, PLA holds potential for applications where 
short-lived lifespan and biodegradability are strongly 
desired, such as in plastic containers [31].

ABS (Acrylonitrile Butadiene Styrene) belongs to the 
family of thermoplastic polymers, constituting a widely 
utilized member of this category [32]. ABS finds applica-
tion in 3D printing, predominantly through MEX or FFF 
3D printers. This prevalent thermoplastic material gar-
ners popularity owing to its suitability for desktop 3D 
printing and its material attributes [33]. The impact of 
critical process control parameters on the surface rough-
ness, dimensional accuracy, and porosity of ABS samples 
have been studied already [34, 35]. Furthermore, ABS 
polymers exhibit remarkable resistance against vari-
ous chemical compositions [36]. With a glass transition 

temperature of 105 °C, ABS plastic finds its suitability in 
applications involving relatively secure and user-friendly 
machinery, particularly emphasizing the significance of 
safety in household equipment [37]. The orientation of 
the raster was discovered to impact the tensile strength 
of ABS parts, whereas the width of the printed beads and 
the temperature of the bed exhibited minimal influence 
on this characteristic [38].

Polypropylene (PP) is the world’s second most widely 
utilized thermoplastic due to its favorable amalgamation 
of robust mechanical attributes, inert characteristics, and 
enduring stability over extended periods [39]. It finds 
its applications in diverse sectors such as automotive, 
construction, household articles, and injection molding 
processes [40]. However, in AM techniques still, only 
a limited number of commercially accessible PP-based 
filaments exist [28]. PP printability is dependent on its 
tendency to deform during the 3D printing process [41]. 
Pure PP 3D printing filaments are available, as well as 
infused with additives such as glass fiber, talc powder, 
or an ethylene copolymer [42]. Of notable significance 
is PP’s intrinsic chemical stability, rendering it impervi-
ous to a diverse array of chemical agents, encompassing 
acids and alkalis [40]. Additionally, polypropylene dem-
onstrates resistance to impact-induced stress, thereby 
evading fracture and fragmentation [43]. Moreover, the 
material’s robustness is evidenced by its capacity to 
endure a multitude of stress cycles, spanning into the 
millions, while maintaining structural integrity without 
succumbing to failure [44].

PA 12 (Polyamide 12) substantiates its position as a 
versatile thermoplastic, renowned for its range of addi-
tive applications [14]. The performance of parts made by 
the PA12 polymer has been studied [14, 45–47]. It is a 
prevalent material, facilitating the fabrication of utilitar-
ian components and prototypes with functional attributes 
[48]. Components fabricated from PA12 exhibit notable 
robustness, enduring stability over prolonged temporal 
spans, manifesting chemical resistance, and an excep-
tional degree of versatility [49].

The mechanical properties of polymer parts fabri-
cated by additive manufacturing have been studied in 
the literature [50–53]. Numerous research papers have 
addressed the examination of Fused Filament Fabrication 
(FFF)-processed polymers under diverse loading condi-
tions [54–57]. A substantial number of these studies have 
concentrated on investigating the strain rate sensitivity 
exhibited by polymeric materials processed via Additive 
Manufacturing (AM) [58–61]. Conversely, the assess-
ment of the behavior of polymeric AM materials through 
compression tests has not undergone comprehensive 
exploration [22, 62–66].
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This present manuscript is dedicated to reporting the 
compression response of polymeric materials, including 
ABS, PLA, PP, and PA12, in the context of AM process-
ing. Compressive loads and stresses are important in 
mechanical structures [67, 68]. They are common types 
of loadings, which are not often assessed in the literature, 
especially for 3D parts, probably due to the large size 
of the samples, which require a lot of material and time 
to be prepared for testing in accordance with the corre-
sponding standard [69].

Herein, among others, the strain rate sensitivity metric 
during the compression experiments is also investigated. 
This parameter, usually denoted with the “m” index, is criti-
cal in dynamic loading phenomena, especially in polymeric 
materials. Such phenomena are common in industrial envi-
ronments. The strain rate sensitivity parameter is calculated 
as shown in the following Eq. (1) [70–72]:

m =
∆ln (σ)

∆ln(ε̇)
� (1)

The scope of the present manuscript encompasses the 
execution of compression tests under various struc-
tural loading conditions. Samples from the four afore-
mentioned polymers were prepared from raw materials 
with a thermomechanical method (filament extrusion 
and 3D printing of samples with the MEX method, 
employing the prepared filaments). The samples were 
tested with test speeds varying from 1.3 to 200 mm/min 
(2.16 × 10–5 s-1–3.3 × 10–3 s−1) and their performance 
and behavior are presented and analyzed. The fracture 
mechanism in all cases was also analyzed and presented 
in the study. It is pertinent to note that the analysis of 
anisotropy in 3D-printed structures has not been under-
taken in the current study. It is worth highlighting that 
the consideration of strain rate and compression sensi-
tivity as design factors has previously been employed to 
evaluate the anisotropic characteristics of printed struc-
tures [73]. To the authors’ best knowledge, no similar 
study exists so far for these four polymers in MEX 3D 
printing, reporting their mechanical performance under 
such loading scenarios. Herein, the experiments were not 
conducted with steady-state conditions only with the test 
speeds the standards instruct, as the literature presents so 
far. Higher test speeds were investigated, to investigate 
the effect of higher strain rates on the behavior of the spe-
cific 3D-printed polymeric materials under compression 
loads. No similar study, to the authors’ best knowledge, 
addresses this subject in the literature so far for these 
polymeric materials. The effect of high strain rates under 
compression loads has been presented for other poly-
meric materials in 3D printing, i.e., Polycarbonate (PC), 

Polyethylene terephthalate glycol (PETG), Polymethyl 
methacrylate (PMMA), and Thermoplastic polyurethane 
(TPU) [74]. The results of the study can be directly 
exploited in industrial environments for the design of 
parts to be built with these four popular polymers with 
the MEX 3D printing process.

Materials and Methods

Materials for Extrusion

Five specimens of each polymer, i.e., Polylactic acid 
(PLA), Acrylonitrile Butadiene Styrene (ABS), Polypro-
pylene (PP), and Polyamide 12 (PA12) were fabricated 
by using the material extrusion (MEX) 3D printing tech-
nique. Specifically, the raw materials were procured as 
follows: PLA thermoplastic, from Plastika Kritis SA of 
Heraklion, Crete, Greece, ABS from INEOS Styrolution 
(INEOS Styrolution Group GmbH, Frankfurt, Germany), 
PP from JULIER (Fujian, China) and PA12 by Arkema 
S.A. of Colombes, France.

Methods

The flowchart diagram (Fig. 1) shows the methodological 
approach used. The process starts from the raw material 
preparation to the subsequent filament fabrication pro-
cess, continuing with the execution of compression tests 
as presented in Fig. 1. Each of these sequential stages is 
expounded upon in a comprehensive manner within the 
subsequent sections.

Filament Preparation and Extrusion

The filament fabrication started with a drying procedure 
of the raw materials within well-defined and meticu-
lously regulated conditions. Then the extrusion of fila-
ments follows, using the 3D Evo Composer 450 desktop 
extruder (3D Evo, Utrecht, The Netherlands). The fila-
ment’s nominal diameter was set to 1.75 mm. The accept-
able tolerance was ± 0.07  mm. The filament’s diameter 
was controlled via an integrated optical sensor. The raw 
material traverses a sequence of four distinct heating 
zones during the extrusion process in the extruder cham-
ber. The temperatures within these heating zones neces-
sitate meticulous control, contingent upon the intrinsic 
properties of the polymer material. The extrusion specifi-
cations pertinent to each polymer material are presented 
in Table  1. Post-extrusion, the filament’s diameter, and 
surface roughness were checked for assessment and 
verification.
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specimens. Determining optimal 3D printing settings for 
each polymer material necessitated a preliminary prepa-
ratory experimental procedure. Table 2 shows the setting 
of 3D printing of each polymer material.

Testing Procedure

The Instron KN1200 (Norwood, Massachusetts, United 
States) device was used for the compression tests. To eval-
uate the behavior of each polymer under different condi-
tions the compression speed varied from 1.3 to 200 mm/
min. In particular, the tested speeds were 1.3, 50, 100, 
150, and 200 mm/min (2.16 × 10− 5 s− 1 – 3.3 × 10− 3 s− 1) 
to cover a broad range of compression rates in working 
conditions. For each polymer five specimens have been 
evaluated at constant room temperature in each different 
testing speed scenario. All tests were conducted in ambi-
ent room conditions (23 °C temperature, 55% humidity). 
The compression properties were calculated from the 

Fabrication of Compression Specimens

The additively manufactured compression test specimens 
were fabricated according to the American Society for 
Testing and Materials (ASTM) D695-02a standard. For 
each distinct material, a series of five samples (prismatic, 
measuring 12.7  mm × 12.7  mm × 25.4  mm) per strain 
rate (overall one hundred samples), were fabricated with 
the Fused Filament Fabrication (FFF) technique using the 
Intamsys Funmat HT 3D printer (Shanghai, China). All 
filaments were dried for four hours at a temperature of 
50 °C. For consistency, a uniform infill density of 100% 
was applied to all specimens, while a nozzle featuring 
a diameter of 0.4  mm was universally employed in the 
fabrication of these specimens. Similarly, the 3D print-
ing orientation and direction remained consistent for all 

Table 1  Extrusion specifications for all four polymer materials during 
filament fabrication

PLA ABS PP PA12
Heat Zone 1 (°C) (nozzle) 195 190 195 210
Heat Zone 2 (°C) 205 230 205 220
Heat Zone 3 (°C) 205 240 205 220
Heat Zone 4 (°C) (hopper) 175 220 195 185
Rotation Speed of screw (rpm) 8.5 5 3 8.5
Rotational speed of winder (rpm) 3–15 3–15 3–15 3–15

Table 2  3D printing settings for the fabrication of the specimens
PLA ABS PP PA 12

Print Speed (mm/s) 70 40 40 40
Extrusion Temperature (°C) 210 260 250 270
Bed Temperature (°C) 50 90 110 90

Fig. 1  The methodological flowchart encapsulates distinct phases, starting from the preparation of specimens, progressing through the extrusion 
process, the fabrication phase, and the subsequent testing procedure. On the right-side images from the experimental steps conducted are depicted
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The MFR measurement unveiled the material’s melt vis-
cosity and flow behavior.

Results & Discussion

Assessment of the Thermal, Structural, and 
Rheological Characteristics of the Four Polymers 
Tested

TGA graphs for the four polymeric materials assessed are 
depicted in Fig. 2. TGA analysis was conducted to con-
firm that degradation temperatures were at least 100 °C 
greater than processing temperatures for the four poly-
mers. For completeness, the thermal properties of the 
polymers were further assessed with DSC with the results 
shown in Fig. 3b. As depicted in Fig. 3b, there are dif-
ferences in the phase change temperatures between the 
polymers and the absorbed energy during the test.

The Raman spectra for each one of the four poly-
mers are presented in Fig. 3a. The acquired peaks were 
checked against the published literature. In the supple-
mentary material of the study, a table is provided for each 
polymer with the corresponding literature documentation 
to support the findings. Viscosity and stress vs. shear rate 
graphs for each polymer, as they were determined by the 
rheology tests are presented in Fig. 3c. The rheology dif-
fers between the polymers. ABS has the highest viscosity, 
then PLA, then PP, and PA12 showed the lowest viscosity 
values. Figure 3d shows the corresponding MFR values 
derived from the rheological tests. ABS has the lowest 
MFR, and the PP polymer has the highest one, almost 
an order of magnitude higher than ABS. Such differences 
justify the different 3D printing conditions required to 3D 
print parts with each polymer.

Compression Results of the PLA Polymer

Figure 4a illustrates the stress-strain curves under com-
pression at various speeds: 1.3, 50, 150, and 200 mm/min. 
Notably, at 200 mm/min, the PLA sample demonstrates 
higher performance, surpassing 25  MPa. It closely par-
allels the performance of the 150 mm/min sample. The 
performance at 100 mm/min is almost 25 MPa. Figure 4b 
shows the compressive strength of PLA polymers across 
each compression speed. The highest strength (sb) occurs 
at 200 mm/min, while the yield strength (sY) is greater 
for a compression speed of 150 mm/min. The compres-
sion Modulus of Elasticity for each compression speed is 
detailed in Fig. 4c. At 200 mm/min, the PLA polymer’s 
modulus of elasticity spans from 1.5 to 1.8 GPa, with an 
average value of 1.75 GPa. For a compression speed of 

experimental data. The yield stress was determined by 
applying the 0.2% offset method [75].

Raman Spectra, Thermal and Rheological Properties 
Evaluation for the Four Polymers Tested

The polymeric materials were subjected to thermogravi-
metric analysis (TGA) (PerkinElmer Diamond, Waltham, 
USA, 10  °C per minute rate, from room temperature 
to up to 550  °C). To further assess the thermal proper-
ties of the specific polymeric raw materials tested, Dif-
ferential Scanning Calorimetry (DSC) was also carried 
out (TA-Instruments, DSC-25 Discovery Series, New 
Castle, Delaware, USA, 15 oC/min step, heating cycle 
25–300–25 °C).

Raman spectra were acquired on a modified LabRAM-
HR Spectrometer, by HORIBA Scientific in Kyoto, Japan. 
An optimal wavelength of 532  nm using a solid-state 
laser module with an ultimate generated power of 90 mW, 
was used for excitation. The illumination of the sample 
was made with excitation light. The resulting Raman sig-
nals were gathered using an Olympus LMPlanFL-N 50× 
microscopic objective lens with a numerical aperture of 
0.5 and an operating distance of 10.6 mm. To reduce the 
power, a Neutral Density filter with 1% transmittance 
was employed, resulting in a measured power of 400 µW 
on the specimen. The laser beam’s focal spot measured 
approximately 1.70 μm laterally and around 2.0 μm along 
the axis. A spectral resolution of approximately 2.0 cm− 1 
was achieved using a 600-groove grating. The Raman 
spectral range spanned from 50 to 3900 cm− 1, and three 
optical windows covered each measurement point. Each 
measurement point was subjected to an acquisition time 
of 10 s with 5 accumulations.

The rheological properties were evaluated using a 
Discovery Hybrid Rotational Rheometer DHR-20, manu-
factured by TA-Instruments. This instrument was outfit-
ted with two parallel plates and an Environmental Test 
Chamber, ensuring precise temperature control for the 
analysis of rheological attributes. The measurements 
were conducted continuously above the melting point of 
the composites to maintain their fluidity. Each data point 
was recorded over a 10-second duration to prevent over-
heating of the sample. This approach safeguarded the 
sample’s structural integrity while allowing for the col-
lection of precise data for the rheological analysis.

Rotational rheometry tests were integrated with Melt 
Flow Rate (MFR) measurements to evaluate the flow 
properties of the materials under specific temperature and 
pressure conditions. This procedure adhered to the estab-
lished international standard ASTM D1238-13, which 
outlines the testing protocol for Melt Flow Rate (MFR). 
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compression sensitivity index (m) in relation to the cor-
responding compression values (%) for diverse loading 
conditions.

Compression Results of PP Polymer

Figure 6 illustrates the results of compressive testing on 
3D-printed specimens made with the PP polymer. The 
data reveals similar compressive stress values (in MPa) 
for compression speeds of 50 and 150 mm/min (Fig. 6a). 
The higher compressive stress was found at 200  mm/
min. The sB was higher for the 200 mm/min speed value, 
while the sY value was higher at 150 mm/min. Compara-
tively, the outcomes for 100  mm/min and 150  mm/min 
speeds are almost similar (Fig. 6b). Concerning the com-
pression modulus of elasticity, a higher value (0.33 GPa) 
was observed at the compression speed of 200 mm/min 
(Fig. 6c). The sensitivity index (m), relative to the corre-
sponding compression values (%), under various loading 
conditions, is illustrated in Fig. 6d.

150  mm/min, the average value is 1.65 GPa, while for 
100 mm/min, it exceeds 1.65 GPa. Figure 4d presents the 
computed compression sensitivity index (m) in relation 
to the corresponding compression values (%) for varying 
loading conditions.

Compression Results of the ABS Polymer

The stress-strain curves corresponding to compres-
sion speeds of 1.3, 50, 100, 150, and 200  mm/min of 
3D-printed specimens made with the ABS polymer are 
illustrated in Fig.  5a. Notably, the highest compressive 
strength is observed at 200 mm/min, while the lowest one 
is witnessed at 1.3 mm/min. Figure 5b presents the com-
pressive strength across distinct compression speeds. The 
results show that the highest sB occurs at a compression 
speed of 200 mm/min, while the sY is greater at 150 mm/
min. The compression Modulus of Elasticity is relatively 
consistent for compression speeds of 50 and 100  mm/
min, both exceeding 1.8 GPa. The maximum value is 
recorded at 200  mm/min, over 1.9 GPa, as depicted in 
Fig.  5c. Figure  5d provides insight into the computed 

Fig. 2  3D printing and extrusion temperatures for each polymeric material studied herein correlated with the respective thermal degradation 
response, as it was derived during the experimental procedure with thermogravimetric analysis (TGA)
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Compressive Strength of the Samples

Figure  8 presents the individual behavior of each one 
of the four polymers to withstand static compression 
loads across varied compression rate loading scenarios. 
In Fig. 8a, the maximum compressive strength is shown, 
while Fig.  8b exhibits the maximum compressive yield 
stress. Additionally, Fig.  8c illustrates the compressive 
modulus under various strain rates (s− 1).

Compressive Toughness and Strain Rate Sensitivity 
of the Samples

The calculated toughness of each polymer for all com-
pression speeds is shown in Fig.  9a. From the results, 
the toughness of ABS is much higher than the other three 
polymers, with PP having a lower value. PLA and PA12 

Compression Results of PA12 Polymer

Figure 7a shows the results of compression stress-strain 
curves for 1.3, 50, 100, 150, and 200 mm/min compres-
sion speed. From the results, the highest compressive 
stress (more than 50 MPa) was observed at 150 mm/min. 
For 200 mm/min compression speed, the stress is about 
20 MPa. The result of compressive strength shows the sB 
and sY are higher for 150  mm/min compression speed 
(Fig. 7b). Figure 7c shows that the highest compression 
modulus of elasticity for PA 12 polymer was observed at 
200  mm/min. Figure  7d shows the calculated compres-
sion sensitivity index (m) concerning the corresponding 
compress values (%) for different loading conditions.

Fig. 3  For the four polymers tested (A) Raman spectra, (B) DSC graphs, (C) rheological properties, and (D) MFR
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Fig. 5  (A) Compression stress—strain (MPa-%) curve of ABS polymer at 1.3, 50, 100, 150, and 200 mm/min compression speed, (B) compression 
strength for ABS polymer (C) compressive modulus of ABS polymer, and (D) index m—strain (%) graph for ABS polymer

 

Fig. 4  (a) Compression stress—strain (MPa-%) curve of PLA polymer 
at 1.3, 50, 100, 150, and 200 mm/min compression speed, (b) compres-
sion strength for PLA polymer (c) compressive modulus of PLA poly-

mer, and (d) index m—strain (%) graph for PLA polymer. The grey bar 
depicts the maximum sensitivity index reported for the PLA polymer. 
The value is presented with a different color as well
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Samples Morphological Characteristics

Figure 10 refers to the behavior of the PLA polymer under 
various compression loading speeds. At a compression 
speed of 1.3 mm/min, overhangs emerged along the full 
sample length, subsequently. They were confined to the 
central section (Fig. 10a). With an increased compression 

polymers seem to have a similar value of compressive 
toughness. Figure  9b presents the found compression 
index “m” to the maximum strain (%) observed to frac-
ture. The PP polymer is a highly dependent polymer on 
the strain rate (highest strain rate sensitivity index). On 
the other hand, the PA12 polymer has a lower dependence 
of ‘m’ on strain rate.

Fig. 7  (A) Compression stress—strain (MPa-%) curve of PA12 polymer at 1.3, 50, 100, 150, and 200 mm/min compression speed, (B) compres-
sion strength for PA12 polymer (C) compressive modulus of PA 12 polymer, and (D) index m—strain (%) graph for PA12 polymer

 

Fig. 6  (A) Compression stress—strain (MPa-%) curve of PP polymer at 1.3, 50, 100, 150, and 200 mm/min compression speed, (B) compression 
strength for PP polymer (C) compressive modulus of PP polymer, and (D) index m—strain (%) graph for PP polymer
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the different test speeds and the formation of cracks at the 
failed sample. For example, the ABS deforms with the 
specimens forming a “C” shape, while the PA12 speci-
mens form an “S” shape. Additionally, the ABS samples 
developed cracks that are evident in all test speeds, while 
the PA12 samples have high cracks at the highest speeds 
tested (150 and 200 mm/min, at 100 mm/min a very small 
crack is developed, Fig.  11C). No cracks are visible in 
the PP samples even at 200  mm/min speed of testing. 
The remaining (plastic) deformation in the PP samples 
after the completion of the experiment is also reduced 
compared to the other three polymers. It should be noted 
that, due to the 3D printing structure of the samples, dif-
ferences were expected between the samples. Still, the 

speed of 50  mm/min, overhangs become more pro-
nounced and closer to the middle height (Fig. 10b). Fig-
ure 10c shows the sample behavior under a compression 
speed of 100 mm/min, revealing substantial deformation. 
The deformation of the specimen under a compression 
speed of 150 mm/min is demonstrated in Fig. 10d, where 
overhangs were evident at the middle specimen height. 
Figure  10e displays the deformation of the sample at 
200 mm/min, indicating the presence of cracks at the top 
and bottom areas. For the remaining materials, the corre-
sponding compression test experiment images at various 
strain rates are shown in Figs. 11, 12 and 13 respectively. 
Differences can be observed in the response of the sam-
ples, related to the deformation of the samples (shape) in 

Fig. 9  (a) Compressive toughness vs. the compression speed for PLA, ABS, PP, and PA12 polymers, and (b) maximum observed index m vs. the 
maximum strain observed at the fracture of the specimen for all four tested polymers

 

Fig. 8  (a) compressive strength to strain rate, for all four materials (b) compressive yield point (MPa), and (c) compression modulus of elasticity 
(MPa) (all graphs with logarithmic scale axis)
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no cracks across all compression speeds (1.3, 100, and 
200 mm/min), showcasing superior performance relative 
to the other polymers.

Discussion

Polymers exhibit viscoelastic properties, and their 
mechanical response is highly sensitive to both the rate 
at which an external mechanical load is applied and the 
temperature of the surrounding environment, referred to 
as operational temperature [72, 76, 77]. This was verified 
in the study, with the increase in the compressive strength 
of all four polymers with the increase of the strain rate 
applied during the experimental procedure. The tem-
perature was kept constant throughout the experiments, 
as mentioned above. At low strain rates strain hardening 
phenomena in polymers exist but are barely present [78]. 
However, polymeric chains can potentially undergo some 

deformation shapes were consistent across the replicates 
in each loading scenario studied.

Morphological analysis of the specimens was con-
ducted using optical microscopy (Kern OKO 1, Albstadt, 
Germany). Figure  14 provides the morphological fea-
tures at compression speeds of 1.3, 100, and 200  mm/
min for all four polymers. For PLA at 1.3 mm/min, ini-
tial overhangs appear on the outer surface of the sam-
ple (Fig. 14a). At a compression speed of 100 mm/min, 
larger overhangs are observed on the outer surface. When 
the compression speed is set to 200  mm/min, a crack 
appears without affecting the entire sample width. Ini-
tial cracks are noticeable on the inner surface of the ABS 
sample at 1.3 mm/min (Fig. 14b). These cracks expand 
for compression speeds of 100 mm/min and 200 mm/min. 
Similar trends are seen in the PA12 sample, with an ini-
tial crack at 1.3  mm/min that enlarges at 100  mm/min 
and leads to fracture at 200 mm/min (Fig. 14c). In con-
trast, the behavior of the PP sample (Fig. 14d) displays 

Fig. 10  PLA polymer specimens’ deformation at different compression speeds, a) at 1.3 mm/min, (b) at 50 mm/min, (c) at 100 mm/min, (d) at 
150 mm/min, and (e) at 200 mm/min. The specimens were numbered in the study, and the number of each specimen is depicted in each picture
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more sensitive to strain rate changes, and it is reported 
herein that the PP polymer is the most sensitive one 
among the four polymers studied. For the PLA and the 
ABS polymer, this scattering in the “m” metric values is 
lower. The “m” values between the lower and the higher 
strain rates differ by about 25% in these two polymers.

The observed buckling in the specimens examined 
diverges from the conventional Euler elastic buckling 
observed in bulk materials, where it is contingent upon 
the material’s stiffness and the geometric shape of the 
specimen. In the case under consideration, the specimens, 
structured through the FFF method, exhibit layering and 
anisotropy. Consequently, when subjected to longitudinal 
compression loading, the structure experiences collapse 
induced by shear stresses, leading to the formation of 
shear bands. These shear bands undergo slipping, ulti-
mately resulting in the rupture of the material at the point 
of maximum shear stresses. While the macroscopic defor-
mation may simulate flexural buckling, it is important to 

degree of alignment or orientation, resulting in enhanced 
toughness. This orientation contributes to the material’s 
ability to resist deformation more effectively and carry 
heavier loads [72, 79, 80]. Furthermore, different types 
of polymers can exhibit varying degrees of strain hard-
ening, leading to increased toughness [72, 81–83]. This 
was also verified in the study and is directly related to the 
strain rate sensitivity index “m”, which was calculated 
for all polymers tested. As shown the PP polymer had 
a higher strain rate sensitivity index “m” than the other 
three polymers, which had similar values for this index. 
While polymers are commonly used in applications with 
low loads, the rate at which the load is applied can even 
lead to a “catastrophic fracture,” underscoring the impor-
tance of considering parameters, such as the strain rate 
sensitivity index “m” in material selection. Herein, 3D 
printing structures were examined, which have different 
mechanical behavior than the bulk materials. As the “m” 
metric increases, it shows that the specific polymer is 

Fig. 11  ABS polymer specimens’ deformation at different compression speeds, a) at 1.3 mm/min, (b) at 50 mm/min, (c) at 100 mm/min, (d) at 
150 mm/min, and (e) at 200 mm/min
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the creation of shear bands. This poor filament bonding 
can be a quality of the specific PLA grade examined or 
attributed to the 3D printing settings used. For example, 
a minor increase in the nozzle temperature could lead to a 
less viscous filament during the extrusion process, which 
may contribute to a better bonding between the strands. 
This requires additional tests to be defined on the specific 
PLA grade, which was not within the scope of the study.

The behavior of materials under varying strain rates 
is a crucial factor in understanding how they react in 
dynamic loading scenarios. In components constructed 
using Additive Manufacturing (AM) technology, this 
aspect becomes even more crucial. This is because the 
3D printing parameters used in the construction process 
introduce a form of anisotropic behavior, which has a 
substantial impact on the mechanical characteristics of 
the resulting 3D printed components. This phenomenon 
primarily arises from the quality achieved in the fusion of 
the structural elements during the build and the bonding 

note that the fundamental cause is not elastic deforma-
tion typical in bulk materials but rather the shear failure 
of the structure. Consequently, the material fails at the 
maximum compressive load, leading to the inference that 
this load signifies the ultimate compressive strength of 
the specimen. The compression test was terminated upon 
reaching an axial specimen deformation of 10 mm, rather 
than waiting for the formation of cracks or the material 
to fracture. The observed lower material toughness of the 
PP is attributed to its surface area under the stress-strain 
curve being the smallest in comparison to the other mate-
rials tested.

Especially for the PLA polymer, the overhangs formed 
during the axial compression of the PLA specimens are 
a result of shear bands sliding. The exclusive appearance 
of overhangs in PLA observed consistently across all 
tests at different strain rates, suggests a pronounced shear 
failure tendency in this material. This may be attributed 
to poor filament bonding which leads to a tendency for 

Fig. 12  PA12 polymer specimens’ deformation at different compression speeds, a) at 1.3 mm/min, (b) at 50 mm/min, (c) at 100 mm/min, (d) at 
150 mm/min, and (e) at 200 mm/min
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polymers showed a stiffer response (lower deformation 
for the same applied engineering load). The increase in 
the modulus of elasticity varied from about 10% (PLA) to 
almost 30% (PP) between the four polymers studied. As 
a result, constructions can be designed to be more light-
weight, the safety factors can be increased, and parts can 
be stiffer and with decreased dimensions.

Comparing the findings herein with the literature, it can 
be concluded that they are in good agreement, with a sim-
ilar response reported for the PLA polymer in 3D printed 
parts. A similar pattern for the increase of the strength is 
reported and the strength values are rather close [85, 86]. 
Similar strength values are reported for the ABS poly-
mer for both 3D printed [87] and non-3D printed parts 
[88, 89]. For the 3D printed parts [87], the deformation 
of the samples as shown under the microscope, evolves 
in a similar manner to the samples in the current study. 
Corresponding comparison results are derived for the 3D 
printed polyamide and polyamide composites [90–92], 

that occurs both within and between layers throughout 
the manufacturing process of these components [84].

Herein, the importance of the compressive loadings 
and the investigation of the polymeric materials was jus-
tified and reported. The differences in the response of 
the polymeric materials further justify the merit of such 
investigations, especially in 3D printed parts, evaluat-
ing also the effect of the process on the performance of 
parts built with it. Since the strain rate hardening phe-
nomena were confirmed in all four different 3D printed 
polymeric parts investigated, the results can be exploited 
in the design of the parts. The parts can withstand higher 
engineering loads in cases in which the operating con-
ditions indicate higher strain rates for the applied engi-
neering loads. The increase in the compressive strength 
reached 25% for most of the polymers. The yield stress 
had a similar increase and response to the compressive 
strength in all four polymers. The modulus of elasticity 
also increased, i.e., with the increase of the strain rate the 

Fig. 13  PP polymer specimens’ deformation at different compression speeds, a) at 1.3 mm/min, (b) at 50 mm/min, (c) at 100 mm/min, (d) at 
150 mm/min, and (e) at 200 mm/min
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close. Still, none of the aforementioned studies is similar 
to the current study parts tested in the range of strain rates 
applied herein. Most of the studies focus on composites 
tested with dynamic loads and some of the works are not 
on 3D printed samples, or samples 3D printed with other 
than the MEX 3D printed process were tested. Finally, 
the compression toughness and the strain rate sensitivity 

bulk [93, 94], and 3D printed [95] PP polymer or its com-
posites. The difference between the values reported in the 
different studies can be attributed to various parameters, 
such as the different grades of the polymers, the differ-
ent 3D printing settings, etc. Still, similar patterns are 
observed with the increase of the strain rates in the tests 
and the values on the studies on 3D printed samples are 

Fig. 14  Morphological characteristics at 1.3, 100, and 200 mm/min compression speeds for (a) PLA, (b) ABS, (c) PA12, and (d) PP polymer 
samples
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