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Effects of anisotropy and infill pattern on
compression properties of 3D printed CFRP:
mechanical analysis and elasto-plastic finite

element modelling
Francesco Bandinelli, Martina Scapin and Lorenzo Peroni

Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, Italy

Abstract
Purpose – Finite element (FE) analysis can be used for both design and verification of components. In the case of 3D-printed materials, a proper
characterization of properties, accounting for anisotropy and raster angles, can help develop efficient material models. This study aims to use compression
tests to characterize short carbon-reinforced PA12 made by fused filament fabrication (FFF) and to model its behaviour by the FE method.
Design/methodology/approach – In this work, the authors focus on compression tests, using post-processed specimens to overcome external
defects introduced by the FFF process. The material’s elastoplastic mechanical behaviour is modelled by an elastic stiffness matrix, Hill’s anisotropic
yield criterion and Voce’s isotropic hardening law, considering the stacking sequence of raster angles. A FE analysis is conducted to reproduce the
material’s compressive behaviour through the LS-DYNA software.
Findings – The proposed model can capture stress values at different deformation levels and peculiar aspects of deformed shapes until the onset of
damage mechanisms. Deformation and damage mechanisms are strictly correlated to orientation and raster angle.
Originality/value – The paper aims to contribute to the understanding of 3D-printed material’s behaviour through compression tests on bulk
3D-printed material. The methodology proposed, enriched with an anisotropic damage criterion, could be effectively used for design and verification
purposes in the field of 3D-printed components through FE analysis.

Keywords Anisotropy, Composite materials, Finite element analysis, Material properties

Paper type Research paper

1. Introduction

Short fibre-reinforced polymer composites represent an
interesting class of materials, combining the lightweight and
ductility properties of the polymeric matrix with the high load-
bearing capability of several types of fibres (Tekinalp et al.,
2014; Ning et al., 2015; Zhang et al., 2018; Khan et al., 2021).
One of the most used additive manufacturing techniques is
fused filament fabrication (FFF) (Turner et al., 2014; Turner
et al., 2014; Bikas et al., 2016; Wickramasinghe et al., 2020),
where the component is built layer by layer through the direct
deposition of fused material through a heated nozzle. Despite
its popularity, there is still much work needed to fully
understand themechanical behaviour of FFF components, and
the characterization of printed materials is an ongoing process
(Zhao et al., 2019; Yao et al., 2020; Fang et al., 2021; Scapin
and Peroni, 2021; Zouaoui et al., 2021; Athale et al., 2022;
Bandinelli et al., 2023).
The building strategy of the FFF process introduces peculiar

aspects of the printed material, among which mechanical
anisotropy is the most relevant. The printing process is based

on the deposition of fusedmaterial on a printing bed, where the
nozzle moves combining translations along X and Y directions
(as shown in Figure 1), and the vertical growth of the
component is assured by the bed motion along the Z direction,
which creates the characteristic layers. The poor adhesion
between different layers and different rasters makes the
material inhomogeneous, creating weak interfaces and voids
that play a fundamental role in defining the mechanical
behaviour of the whole structure (Zhang et al., 2018; Sood
et al., 2009; Fallon et al., 2019; Birosz et al., 2022). As already
observed in many past works (Ziemian et al., 2012; Garg and
Bhattacharya, 2016; Dudescu and Racz, 2017; Gonabadi et al.,
2020; Calignano et al., 2020), the weakest direction in terms of
tensile properties is the growth direction of the print (Z
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direction), because of poor adhesion. The lateral interface
between rasters is also a critical aspect of the material’s
integrity; in fact, the newly fused material is deposited in a later
stage with respect to the previously deposited one, with a time
delay that depends on the printing speed and strategy (Sun,
2008; Sood et al., 2012; Samy et al., 2022). Material adhesion
depends on many printing parameters as well as material
properties such as viscosity and wettability. In the case of fibre-
reinforcedmaterials, the bonding between two distinct portions
of material is particularly critical because of the presence of
fibres in the matrix that enhance discontinuity and increase the
viscosity (Zhang et al., 2018; Fallon et al., 2019).Many authors
focused on the characterization of tensile properties with
particular attention to the effects of material orientation and
raster angle, observing a relevant influence of both parameters
on thematerial’s anisotropy (Zhao et al., 2019; Yao et al., 2020;
Zouauoi et al., 2021; Bandinelli et al., 2023; Dudescu and
Racz, 2017; Gonabadi et al., 2020; Guessasma et al., 2016;
Kannan et al., 2020; Zeybek et al., 2023). Generally, tensile
testing is the most used material characterization method to
find the elastic modulus, yield and ultimate tensile strengths.
Especially in the case of anisotropic materials, tensile tests
could be insufficient to fully understand the mechanical
behaviour, as different deformation and failure modes could be
involved depending on the nature of the load applied. With the
aim of complete material characterization, compression tests
on bulk FFF materials should be considered along with tensile
ones, but only some works focus on this type of testing to obtain
the material’s properties (Athale et al., 2022; Sood et al., 2012;
Guessasma et al., 2016; Zeybek et al., 2023; Song et al., 2017;
Tabacu and Ducu, 2020; Corvi et al., 2023; Peng et al., 2022).
Athale et al. (2022) focused on the characterization of PA12
with short carbon fibres, observing a neat difference between
tensile and compression properties. Zeybek et al. (2023)
focused on PA6 with short carbon fibres, obtaining a
dependency of compression properties on the strain rate of

deformation. Among previous works, to the best of the authors’
knowledge, only a few use compression properties of FFF
materials to represent their compressive behaviour using finite
element (FE) models (Athale et al., 2022; Guessasma et al.,
2016; Song et al., 2017; Tabacu and Ducu, 2020; Corvi et al.,
2023). The present work has the objective of characterizing and
modelling the compressive behaviour of an FFF-printed
composite material, made of a polyamide matrix (PA12) and
reinforced with short carbon fibres, using compression tests on
cubic specimens built with different orientations in space and
different stacking sequences of raster angles. Compression tests
are used to evaluate both elastic and plastic properties, and
obtained data are subsequently used to define a material model
that describes the elastic regime, the transition between the
elastic and the plastic regime and, finally, the evolution in the
plastic regime, before the onset of damage mechanisms. Plastic
deformation mechanisms are fundamental for a complete
understanding of 3D-printed polymers’ behaviour, especially
when dealing with the design of components, failure analysis
and design of manufacturing processes (Bandinelli et al., 2024).
Hence, the present work is particularly focused on the plastic
behaviour of 3D-printedmaterials and a possible strategy for its
modelling. The final scope of this work is demonstrating the
possibility of using FE calculation methods as design and
verification tools for this special class of materials. The present
work adopts a commercial FE software named LS-DYNA
(Livermore Software Technology Corporation (LSTC), 2012),
as well as a correlated optimization software named LS-OPT
(Stander et al., 2019).

2. Materials and methods

The material analysed in the present work is Nylforce Carbon
produced by FiberForce (Treviso, Italy) composed of a nylon
matrix (PA12) reinforcedwith short carbon fibres (20%Wt.) and
characterized by significant mechanical properties, low density

Figure 1 Representation of the printing process in the reference system of the printer
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(1g/cm3) and resistance to high temperatures (long term at 90°
C–120°C and short term at 150°C). Previous work by the
authors on the same material showed a strong anisotropic nature
in tensile conditions. Specimens printed with a645° raster angle
with a 0° orientation with respect to the printing bed exhibited an
ultimate tensile load of 35 MPa, whereas specimens with a 90°
orientation with respect to the printing bed exhibited a much
lower 16MPa (Bandinelli et al., 2023).
For the present work, specimens are printed with a cubic

shape, with a final side dimension of 10mm. The slicer
software used for the specimen’s preparation is Cura Slicer
(version 5.2.1). The printer used is the Ultimaker S5
(Ultimaker B.V., Utrecht, NL) with a 0.4mm Olsson ruby
nozzle (3DVerkstan, Stockholm, Sweden). The filament used
is produced by FiberForce with a diameter of 2.85mm. The
printing parameters are adjusted to have the optimal results in
terms of geometrical accuracy, raster bonding and layer
adhesion. In this sense, the printing temperature is set to 270°
C, the printing chamber is enclosed and heated through an
electrical resistance and a fan to maintain a temperature of 80°
C, material’s flow rate is raised to 120% of its default value and
the printing speed is set to 40mm/s while layer height is set to
0.2mm. These changes enhance raster bonding and layer
adhesion, as the material has a longer cooling time, promoting
better chemical and physical adherence between material
deposited in different moments of the print. Longer cooling
time promotes the crystallization of the polymeric matrix,
increasing mechanical performances (Calignano et al., 2020;
Ferreira et al., 2020; Yu et al., 2023). Furthermore, higher
chamber temperatures promote low cooling rates and low-
temperature gradients, limiting the warping of the final parts
and the formation of voids (Wang et al., 2007; Yu et al., 2020).
As already stated in Ferrell et al. (2021); Ginoux et al. (2023);

Phillips et al (2022); Sola et al. (2023), FFF material
characterization is particularly difficult when dealing with the
repeatability of results, because of numerous influences of
different printing parameters on the final component.
Furthermore, the absence of a standardized testing procedure
results in obtaining different mechanical properties between
various research works on the same material, highlighting the
need for standardization, especially from the specimen
fabrication point of view. Up to date, ASTMD695 and ASTM
D1621 can be used for compression tests on plastics, although
they are not intended for 3D-printed materials they provide few
indications to deal with anisotropic materials. It is of
fundamental importance to describe the procedure followed for
the realization of test specimens, because each parameter plays
a role in the result, and the FFF process involves many
parameters to be controlled (Samy et al., 2022; Phillips et al.,
2022; Chacón et al., 2017).
In the present work, the experimental campaign conducted to

study the mechanical behaviour of the material and to find its
properties is divided into two phases: the first phase is aimed to
assess the repeatability of the results and observe the influence of
raster angle on the compression properties of the material; the
second one is instead aimed to extend the mechanical behaviour
analysis to the dependence of the material’s compression
properties from its orientation with respect to the load. In the
latter phase, the work is focused on two stacking sequences of
raster angles only: the most anisotropic (0° raster angle

configuration) and the most isotropic configurations (135° raster
angle configuration), based on the paths of raster deposition.
This is intended to highlight differences in the behaviour of the
samematerial. Specimens used in the present work do not follow
the standards for plastic compression testing but are designed to
analysemultiplemanufacturing and loading cases.

2.1 Specimens tested along themainmaterial’s
directions
For the first phase of the experimental campaign, specimens are
realized to be tested as printed, aligning the loading directions with
themain directions X, Y and Z of the printing reference system, as
shown in Figure 1. Four different raster angles are analysed: the 0°
configuration (in which rasters are aligned with the Y direction),
the 645° configuration, the 0°/90° configuration and, finally, the
0°/45°/90°/135° configuration. These specimens were printed in
four batches consisting of 24 cubes (a total of 8 repetitions for each
combination of loading direction and raster angle) to conduct a
statistical analysis of the mechanical properties to evaluate the
repeatability of the printing process and testing procedure.
Specimens were characterized by a slight curvature of the face in
contact with the build plate, showing the effects of shrinkage and
warping as observed in past works (Tekinalp et al., 2014; Samy
et al., 2022;Wang et al., 2007; Ferrell et al., 2021; Cattenone et al.,
2019;Trofimov et al., 2022).

2.2 Specimens printed with various orientations
between loading andmaterial directions
For the second phase of the experimental campaign, inclined
specimens are printed to investigate the effects of material
orientation and anisotropy.
These specimens are realized by progressive rotations of the

previous cubic samples along each of the material’s main
directions X, Y and Z. They are printed with the help of printing
supports (made by the same material). The rotation angles
considered are 15°, 30°, 45°, 60° and 75°, to have a progressive
transition from one main material’s direction to the other as
shown in Figure 2 (Ning et al., 2015), where the latter represent
the endpoints of the inclined series. Specimens rotated along one
axis represent the transition between the remaining two.
Figure 3 shows the orientation procedure of specimens

printed with progressive inclination around the y-axis,
observable in Figure 2 as the top left row of specimens.
Continuous lines represent the material’s layers while small
arrows show the direction of the compressive load so that
relative orientation between the material’s directions and
load direction (z) is visible.
Printing supports are a critical feature of 3D printing, in fact,

they inevitably introduce a defective surface in the finished
component as can be observed in Figure 4, especially for low
angles such as in the case of 15° inclined specimens (or
equivalently 75°), where the spacing of layers’ profiles is more
evident (Buj-Corral et al., 2019). Printing on inclined supports
inevitably suffers from the stair-step effect (Reddy et al., 2018).
This phenomenon is typical of the FFF process and leads to
rasters being deposited on non-planar faces, with the result of
rough and inaccurate surfaces. Furthermore, specimens Z15
and Z75 presented defective surfaces because of rasters’ angle
with respect to the external faces, which caused prominent
ridges (right image in Figure 4).
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Considering the possible influence of the phenomena just
discussed, the authors focused on a new specimen realization
procedure to obtain more consistent results. Supports were
replaced by bulk material, and the specimen’s dimensions were
augmented to 12mm to allow post-printmilling (Figure 5).
The final shape of the specimens is identical to the previously

described one, having the same dimensions (side dimension of
10mm). This procedure allows to obtainmore reliable results.

2.3 Testing procedure and equipment
The test methodology involves compression tests on the cubic
specimens, which are subjected to a compression load at a
constant engineering strain rate of 0.01 s�1 until the reach of at
least 50% of engineering strain, to obtain material behaviour at
elevated levels of deformation. Mechanical testing is conducted
with the electromechanical testing machine Zwick100
(ZwickRoell GmbH & Co. KG, Ulm, Denmark) with a 100kN

load cell. The experimental setup is completed by two PixeLINK
PL-B777 cameras with 5MP resolution and equipped with a
1/2.5” sensor (PixeLINK, Ottawa, Canada) and a TokinaMacro
100 F2.8D camera lens (Kenko Tokina Co. Ltd, Tokyo, Japan).
The anisotropic nature of the material analysed requires the
observation of two different faces of the cubic specimens, to
capture the deformation behaviour in the two directions
perpendicular to that of the application of the load. Video
recording was conducted through the waveform generator
Lecroy WaveStation 2012 (Teledyne Lecroy, Chestnut Ridge,
NY, USA), to impose an image-capturing frequency of 4Hz.
Subsequent video analysis was conducted using Tracker software
(tracker.physlets.org).

3. Experimental results

The results of the compression tests are analysed evaluating stress
and strain in the different printing configurations and observing
the effect of both raster angle and build orientation. Data from
mechanical tests are elaborated to find the mechanical properties
of the material. The elastic phase is used for the evaluation of
elastic modulus in the testing direction z (Figure 3). The next
phase is the deviation of 0.2% of strain from the proportionality,
which in the present work is considered as the elastic limit of the
material. The transition between elastic and plastic phases is
different from specimen to specimen, showing dependence on
material orientation and raster angle.

3.1 Experimental results of as-printed specimens
Compression tests conducted on the as-printed specimens
described in Section 2.1 show a clear effect of raster angle on
the mechanical properties of the material. In Table 1 elastic
moduli are reported (with standard deviations in brackets):

Figure 2 The left image shows specimens used for evaluating the dependence of compression properties from material orientation with respect to the
load applied; the right image shows a scheme of the rotations applied to investigate the material’s anisotropy

Figure 3 Scheme of specimens rotated around the y-axis, from the
printing configuration with supports (top image) to the rotated
configuration used for compression tests (bottom image)
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Results of the compression tests on these specimens show some
peculiarities that lead to the conclusion that their mechanical
properties are strongly influenced by printing supports (Turner
et al., 2014). The results emphasize the negative impact of
printing supports on elastic moduli, observed by comparing
inclined specimens with those tested in the main material
directions. Especially looking at the specimens between Z and
X directions (from Y15 to Y75), the trend of inclined
specimens is significantly lower than expected, which can be
explained by the presence of printing supports (Figure 6), as
they introduce a defected surface that is relatively extended
with respect to the specimen’s dimensions (Figure 4).
Irregularities of the external surfaces induce higher deformation
in earlier stages of compression, thus lowering the elastic
modulus. The graphs also show that specimens inclined by 15°
and 75° to the main directions are remarkably out of trend with
respect to the others, especially X15, Y15 and Y75 specimens.

The 0° raster angle configuration shows the highest anisotropy,
with the Y direction (coinciding with that of the deposition of the
rasters) being the stiffest. This result is expected as fibres are
mainly aligned with the deposition direction, so the material
exhibits its maximummechanical resistance (Tekinalp et al., 2014;
Heller et al., 2016; Mulholland et al., 2018; Tessarin et al., 2022).
X and Z directions of the 0° raster angle configuration show
remarkably similar behaviour, with an almost identical elastic
modulus. The other raster angle configurations substantially show
analogous results, with material directions having perfectly
comparable elastic moduli despite having different raster angles.
This is because these three configurations introduce a theoretical
symmetry between the X and Y directions. Compression loading
in the latter configurations encounters the same orientations of
rasters (and fibres) (namely, 0°, 45°, 90° and 135°) and should
give comparable outputs in terms of mechanical properties.
However, the experimental evidence shows a systematic difference
between the X and Y directions, with X being the stiffer. This

Figure 5 Specimens used for the second phase of the experimental campaign and detail of specimen X45, where dashed white lines delineate the
contours of the post-processed specimen

Figure 4 Details of X15 (left), X30 (centre) and Z75 (right) specimens, showing the effects of printing supports on the first layers deposited for the first
two and the effects of the raster’s path for the last one
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could be found in the warpage of the portion of the cube that is in
contact with the building plate as specimens report curved bottom
faces. The curvature is observed to be around the x-axis, so when
load is applied in the Y direction the stiffness experienced is lower
due to a pre-deformed configuration. Stacking sequences as
145°/�45° and 0°/90° are more subjected to warping because of
higher residual stresses induced by the printing strategy, which has
been shown to affect the cooling phase (Samy et al., 2022; Wang
et al., 2007; Trofimov et al., 2022). The results of these tests
demonstrate that the specimens (as printed) are not completely
adequate and should be post-processed to avoid the effects of
warping.

3.2 Experimental results of post-processed specimens
For as the post-processed specimens are concerned, only the 0°
and the 0°/45°/90°/135° configurations were tested. The
authors decided to focus on these two stacking sequences to
analyse the most anisotropic and the most isotropic
configurations, respectively. Observing the elastic moduli
obtained for the 0° raster angle configuration, it is evident that
the deposition direction Y has the highest elastic modulus, due
to the alignment of the load direction with that of the rasters,
followed by X and Z directions that are almost comparable.
This is because of the fibres’ alignment during the extrusion
phase (Heller et al., 2016; Mulholland et al., 2018; Love et al.,
2014). For as the elastic limit is concerned, the 0° raster angle
configuration shows an analogous trend, in fact, the Y direction
results in the highest value, while the Z and X directions show
lower and similar values. Experimental values of the material’s
properties in the 0° configuration are reported in Table 2 (with
standard deviation in brackets).
Where the elastic moduli Exx, Eyy, Ezz and yield values Yxx,

Yyy, Yzz are identified using compression tests along the three
main material’s directions (X, Y and Z), whereas �xy, �xz, and

�yz Poisson’s ratios are derived from video analysis of
transversal deformation.
The second configuration analysed has the following stacking

sequence of raster angles: 0°/45°/90°/135° so that each layer is
rotated by 45° with respect to the previous one. This printing
strategy generates, as expected, an almost isotropic result in the
printing plane (XY) in terms of elastic moduli and elastic limits,
as rasters have four alternated deposition directions (Yao et al.,
2020; Dong et al., 2017; Retolaza et al., 2021). X and Y
directions are stiffer than the Z direction, and the anisotropy is
less noticeable with respect to the 0° configuration. Specimens
tested along the main material’s direction appear to behave very
similarly and show analogous deformation (and failure)
mechanisms: they deform almost equally along the two
transverse directions (as confirmed by Poisson’s ratios values)
and show crack openings while being compressed. For as the
elastic limit is concerned, the 0°/45°/90°/135° raster angle
configuration shows remarkably similar yield values in the three
main directions X, Y and Z. Experimental values of the
material’s properties in the 0°/45°/90°/135° configuration are
reported in Table 3 (with standard deviation in brackets).
Observing the material’s properties in the two different

stacking sequences it is obvious to notice the effect of the raster

Figure 6 Trends of elastic moduli concerning material orientation in the case of inclined specimens tested as printed

Table 2 Experimental values of material’s properties of the specimens
with 0° configuration

Exx (MPa) Eyy (MPa) Ezz (MPa)

1393 (90) 2530 (44) 1495 (68)
mxy (2) mxz (2) myz (2)
0.115 (0.013) 0.400 (0.021) 0.250 (0.018)
Yxx (MPa) Y (MPa) Yzz (MPa)
41.58 (1.72) 54.81 (0.95) 41.96 (0.80)

Source: Table by authors

Table 1 Elastic moduli of specimens tested as printed

Elastic modulus (MPa) Stacking sequence
Material direction 0° 145°/�45° 0°/90° 0°/45°/90°/135°

X 1,021 (79) 938 (69) 953 (37) 968 (31)
Y 1,618 (57) 775 (46) 818 (31) 812 (56)
Z 986 (35) 1,181 (50) 1,172 (41) 1,178 (36)

Source: Table by authors
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angle on the final printedmaterial. This single parameter changes
the distribution of the material’s stiffness in its directions,
affecting its anisotropy. This suggests that raster angle is a
fundamental choice for design purposes and should be selected
with regard to the final application in a similar fashion as in
laminate composites, where fibre orientation plays a crucial role.

4. Modelling methodology

The printing process is accurately represented by a reference
system based on three axes: X, Y and Z (as shown in Figure 1)
(Paul, 2021). The modelling methodology considers the
directionality of the material’s behaviour and will be treated
accordingly.

Tests on specimens with different orientations in space provide
valuable information on the dependence of elastic and plastic
properties from relative orientation between material (X, Y and
Z) and loading directions (z) (as shown in Figure 7), giving an
insight into the characteristic anisotropy of printed materials
(Guessasma et al., 2016; Zeybek et al., 2023). Also, the latter
type of test increases the number of experimental information
about the mechanical behaviour of the material, strengthening
considerations and reliability of the trends observed.
Compression tests only conducted along the main material’s
directions cannot give a complete overview of the characteristic
anisotropy of FFFmaterials and should then always come along
with those where loading and material’s directions do not
coincide. This allows for an appropriate consideration of the
behaviour of the material, especially when dealing with shear
stress acting between printed layers. Shear tests are difficult to
perform, and the evaluation of shear elastic and plastic
properties can be conducted by uniaxial tests on inclined
specimens (Bandinelli et al., 2023).

4.1 Numerical modelling
Composite materials for 3D printing, such as the one analysed in
this paper, show an almost linear elastic behaviour in the region of
small deformations, followed by a plastic behaviour for larger
deformations. For these reasons, it is plausible to consider a
material model based on an elastic stiffness matrix for the

Figure 7 Scheme representing the orientation of specimens during fabrication (on the left) and testing (on the right) in the 0° printing configuration

Table 3 Experimental values of material’s properties of specimens with
0°/45°/90°/135° configuration

Exx (MPa) Eyy (MPa) Ezz (MPa)

1,679 (178) 1,761 (105) 1,530 (133)
mxy (2) mxz (2) myz (2)
0.320 (0.023) 0.400 (0.027) 0.400 (0.019)
Yxx (MPa) Yyy (MPa) Yzz (MPa)
42.27 (1.65) 41.01 (2.06) 39.04 (2.01)

Source: Table by authors

Effects of anisotropy and infill pattern

Francesco Bandinelli, Martina Scapin and Lorenzo Peroni

Rapid Prototyping Journal

Volume 30 · Number 11 · 2024 · 142–158

148



description of the elastic phase and a yield criterion with a
contextual hardening law for the evolution in the plastic region
(Zouaoui et al., 2021; Bandinelli et al., 2023; Kucewicz et al.,
2018; Bhandari et al., 2020). For as the elastic phase is
concerned, an orthotropic elastic matrix is considered to describe
the material’s behaviour. In particular, nine independent elastic
constants are needed to fully characterize the material’s
orthotropy: the elastic moduli in the three main material’s
directions (X, Y and Z), the elastic shear moduli in the planes
identified by the three main directions and three Poisson’s ratios.
Elastic moduli of X, Y and Z directions are derived from
experimental values, as well as three out of six Poisson’s ratios.
Shear elastic moduli are evaluated by comparing trends of
experimental and numerical elastic moduli with respect to the
material’s orientation. In this sense, the latter is calculated by

equation (1), usually adopted for composite materials (Daniel,
2006):

Ez;th ¼ 1
Eii

cos4u1
1
Gji

� 2�ij
Eii

� �
sin2u cos2u1

1
Ejj

sin4u
� ��1

(1)

where z indicates the direction of load application as shown in
Figure 7. The letter z indicates the angle between the specific
material’s direction and the load direction z, so a 0° angle
corresponds to Eii while a 90° angle corresponds to Ejj. Shear
elastic moduli are then numerically evaluated by minimizing
differences between experimental and theoretical values of
elastic moduli in the different building angles. The remaining
Poisson’s ratios are found thanks to the symmetry of the elastic
matrix bymeans of equation (2):

�ij
Eii

¼ �ji
Ejj

(2)

For what the transition between the elastic and the plastic
regimes is concerned, the material’s behaviour is modelled
throughHill’s anisotropic yield criterion (Hill, 1948):

F syy � szzð Þ2 1G szz � sxxð Þ2 1H sxx � syyð Þ2

12Lt2yz 12Mt2xz 1 2Nt2xy ¼ 1 (3)

where the subscripts of stresses in equation (3) refer to the
material reference system described in Figure 1. As already
stated in Bandinelli et al.(2023); Colby (2013), Hill’s
parameters F, G, H, L, M and N do not only define the

Table 4 Material properties adopted in the FE simulations in the LS-DYNA environment for the case of 0° raster angle, in the general orthotropic
configuration

Exx (MPa) Eyy (MPa) Ezz (MPa) Gxy (MPa) Gxz (MPa) Gyz (MPa)

1,400 2,530 1,500 570 505 470
mxy (2) myx (2) mxz (2) mzx (2) myz (2) mzy (2)
0.115 0.208 0.400 0.429 0.250 0.149
F (1/MPa2) G (1/MPa2) H (1/MPa2) L (1/MPa2) M (1/MPa2) N (1/MPa2)
0.000135 0.000494 0.000299 0.001422 0.001303 0.001295
Cr (2) Qr (2) Crs (2) Qrs (2)
4.028 0.474 0.001 8.097

Source: Table by authors

Table 5 Material properties adopted in the FE simulations in the LS-DYNA environment for the case of 0° raster angle, in the transversely isotropic
configuration

Exx (MPa) Eyy (MPa) Ezz (MPa) Gxy (MPa) Gxz (MPa) Gyz (MPa)

1,450 2,530 1,450 550 510 510
mxy (2) myx (2) mxz (2) mzx (2) myz (2) mzy (2)
0.144 0.250 0.400 0.400 0.250 0.144
F (1/MPa2) G (1/MPa2) H (1/MPa2) L (1/MPa2) M (1/MPa2) N (1/MPa2)
0.000214 0.000466 0.000214 0.00141 0.00139 0.00141
Cr (2) Qr (2) Crs (2) Qrs (2)
4.263 0.463 0.033 0.418

Source: Table by authors

Figure 8 FE model of the compression test in LS-DYNA environment
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transition between elastic and plastic phases, but they also drive
the subsequent one, where the plastic behaviour is described
through the evolution of the yield surface. In a purely
experimental approach, the elastic limits evaluated by

compression tests represent the yield value to be used in Hill’s
anisotropic yield criterion but could not be representative of the
whole plastic behaviour. The use of optimization software helps
consider the entire post-yielding phase of the behaviour,

Table 6 Material’s properties adopted in the FE simulations in the LS-DYNA environment for the case of 0°/45°/90°/135° stacking sequence

Exx (MPa) Eyy (MPa) Ezz (MPa) Gxy (MPa) Gxz (MPa) Gyz (MPa)

1,720 1,720 1,530 605 400 400
mxy (2) myx (2) mxz (2) mzx (2) myz (2) mzy (2)
0.320 0.320 0.400 0.356 0.400 0.356
F (1/MPa2) G (1/MPa2) H (1/MPa2) L (1/MPa2) M (1/MPa2) N (1/MPa2)
0.000430 0.000430 0.000425 0.00207 0.00207 0.00122
Cr (2) Qr (2) Crs (2) Qrs (2)
3.701 0.554 0.035 1.050

Source: Table by authors

Figure 9 Comparisons between experimental (squared markers) and numerical distributions (continuous lines for the generic orthotropic model and dashed
lines for the transversely isotropic ones) of elastic moduli in the 0° configuration (on the left) and in the 0°/45°/90°/135° configuration (on the right)
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leading to more representative parameters. The hardening
phase is then modelled with Voce’s isotropic hardening law
(equation (4)) (Voce, 1948) so that the stresses in the different
material’s directions are driven by a unique curve that links
equivalent stress to equivalent plastic strain:

s «peq

� �
¼ s0 1Qr1 1� exp �Cr1«

p
eq

� �� �h i

1Qr2 1� exp �Cr2«
p
eq

� �� �h i
(4)

where Qr1, Qr2, Cr1 and Cr2 are Voce’s parameters. The
individuation of the hardening law requires the knowledge of the
formulation of the equivalent plastic strain, which is quite an
expensive computation for an anisotropic material such as the
one analysed in the present work (Zhang et al., 2018). The
calculation is assigned to the FE software and the hardening
curve is found by means of an optimization procedure in LS-
OPT software, that adjusts Hill’s and Voce’s parameters to have
the best numerical fit between experimental and FE load-
displacement curves.

Figure 10 Comparisons between experimental and numerical (orthotropic model) engineering stress–strain curves of the 0° configuration
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4.2 Finite element model
From experimental observations different hypotheses are made
about thematerial model used in the FEA: the 0° configuration is
represented with the assumptions of both a generic orthotropic
model and a transversely isotropic one (with X and Z directions
considered equal), while the 0°/45°/90°/135° configuration is
represented by a transversely isotropic model only (with X and Y
directions considered equal).
The FE analysis is conducted to represent the material’s

compressive behaviour in the test condition. In this sense, a FE
model is built inside the LS-DYNA environment to simulate the
compression tests on all the specimens. For each specimen 343

(7� 7� 7) fully integrated solid elements are used, while 162 (2�
9 � 9) constant stress solid elements are used for each of the two
rigid plates that are used to apply the compressive load. Between
the latter, one is fixed in space, while a prescribed motion of 6mm
is imposed on the other (Figure 8). An anisotropic elasto-plastic
material model (MAT 157) is used to model the printed material,
as it accounts for anisotropy both in elastic and plastic regimes,
whereas a rigid elastic material (MAT 020) is used to model the
testing machine’s steel plates. Material’s orientation in space is
accounted for by specific parameters of MAT157’s card, where a
global material’s coordinate system is specified, so each specimen
has its own while the geometry of the simulation is kept equal. A

Figure 11 Comparisons between experimental and numerical engineering stress–strain curves of the 0°/45°/90°/135° configuration
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node-to-surface contact is added to transfer load, with a friction
coefficient of 0.08.
Tables 4 and 5 report the material’s properties used for

the simulations in the case of 0° raster angle in both the
general orthotropic configuration and transversely isotropic
configuration, respectively.
Table 6 reports the material’s properties used for the

simulations in the case of 0°/45°/90°/135° raster angle stacking
sequence, considering a transversely isotropicmaterial model.

5. Results and discussion

The following analysis compares experimental and
numerical material properties as well as engineering stress–

strain curves and deformed shapes at the end of the
compression tests.

5.1 Elastic behaviour
Experimental and numerical elastic moduli of the 0° and 0°/45°/
90°/135° configurations are presented in Figure 9, showing
good fitting of the material models used. Here continuous and
dashed curves represent numerical values of the compressive
elastic modulus and its dependence on the material’s
orientation is derived from equation (1) which exactly reflects
values of the FE simulations (Zhao et al., 2019; Daniel, 2006).
For as the 0° configuration is concerned, the generic orthotropic
elastic model can better represent the trend of elastic moduli
(with a maximum error of 5.09% of specimen Y75), but the

Figure 12 Comparisons between experimental and FE trends of engineering stress with respect to specimens’ orientation
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assumption of a transversely isotropic model is considered
acceptable, as the maximum deviation between experimental
and numerical moduli is 8.9% (specimen X45). Observing
trends of the 0°/45°/90°/135° configuration, the hypothesis of a
transversely isotropic model appears more appropriate as
specimens rotating around the z-axis present almost identical
elastic moduli, and the two remaining trends are almost
overlapping. It can be noted that in the 0° configuration, the
isotropic plane appears to be XZ, while in the 0°/45°/90°/135°
configuration it appears to beXY.

5.2 Plastic behaviour
As previously discussed, the FE model is generated to
describe the plastic behaviour of the material, adopting Hill’s
yield criterion and Voce’s isotropic hardening law. In this
work, neither damage nor failure are analysed using FE, but a
phenomenological discussion is given in the following. This
said the authors choose to identify the onset of damage
mechanisms with the decrease in true uniaxial compressive
stress and restrict the validity of the comparison between FE
models and experimental data accordingly. Figures 10 and 11
display a comparison between curves of the experimental and
FE analyses in the cases of the 0° (comparison with the
orthotropic model only) and 0°/45°/90°/135° configurations,
respectively, showing good accuracy in representing the
plastic behaviour of the material in the range of validity. This
is further motivated by the fact that a single material model

(one for each printing configuration) can describe the
material’s behaviour in 18 different cases, which represent
various relative orientations between loading and the
material’s directions. The experimental curves shown are
selected by being the closest to the corresponding mean
curves. The experimental curves display once again the
significant difference between the two printing
configurations, showing how the 0°/45°/90°/135° stacking
sequence is more prone to damage and failure. In the 0°
configuration, only 5 specimens out of 18 (X60, X75, Y, Z60,
Z75) are prone to failure, whereas others show almost no sign
of a decrease in true uniaxial compressive stress.
Figure 12 displays comparisons between experimental and

FE results with engineering stress evaluated at different
engineering strains, where the first are mean values of the
corresponding tests. This comparison shows a good
agreement between the experimental and numerical values
considering the range of validity of the model (the grey
background represents strain levels at which the onset of
damage occurred, therefore the region in which the presented
model has no validity).
FE models are also able to capture an accurate

representation of the deformed shapes of some specimens.
Figure 13 shows the comparison between numerical and
experimental deformed shapes for some of the specimens:
The numerical model is not able to capture deformed

shapes when damage and failure mechanisms occur but

Figure 13 Comparison between numerical and experimental deformed shapes, with values of effective strain
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accounts for the anisotropic nature of the material; in fact,
the model does not represent the damage and failure
mechanisms and therefore fails to capture this type of
behaviour. As an example, specimens X60 show premature
failure for both stacking sequences of raster angles, so their
deformed shape cannot be entirely represented by the FE
model. It is interesting to notice the difference in final shapes
between the same specimens of the two different printing
configurations, both in FE models and experimental
pictures, that highlights the effect of the stacking sequence of
raster angles.

5.3 Damage and failure
In this section, a phenomenological discussion about damage
and failure mechanisms observed during compression tests is
proposed. In the case of the 0° configuration, considerable
damage is observed for the Y specimen, which has the highest
stiffness and where the Z direction is perpendicular to the
loading direction. Specimens Y, as already observed in Zeybek
et al. (2023), show two perpendicular shear bands that drive the
opening of a central crack (as shown in Figure 14). Specimens
X show a deformation behaviour driven by the separation
between layers, along the Z direction, but do not reach a failure

condition. The specimens tested along the Z direction show a
transversal deformation behaviour that is mainly driven by the
stretching of the raster’s interfaces along the X direction, but
again no failure condition is reached.
Specimens X60, X75, Z60 and Z75 are the closest in terms

of orientation to the Y specimens and are in fact characterized
by high stiffness. Their orientation in space facilitates damage
because printed layers are favourably aligned for delamination
and shear sliding (Figure 15), but only X60 and Z75 show
failure mechanisms: shear sliding and delamination of printed
layers respectively. Other specimens do not show signs of
failure, except for X45 and Y75 specimens that presented signs
of shear failure in only one test.
In the case of the 0°/45°/90°/135° configuration, many

specimens are subjected to damage and premature failure, with
interlayer delamination being the principal cause (Guessasma

Figure 15 Shear deformation mechanism and failure of the X60
specimen in the 0° configuration

Figure 14 Shear bands (dashed white lines) and central crack opening (white circle) observed in the Y specimens of the 0° printing configuration
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et al., 2016), followed by shear failure where the printed layers are
favourably oriented. Specimens X, Y, Z15, Z30, Z45, Z60, and
Z75 showed the first failure mode in all tests because the printed
layers are always perpendicular to the load direction. Specimens
X45, X60, X75, Y45, Y60 and Y75 showed the second failure
mode in all tests (except for one Y45 specimen) because
the printed layers are favourably oriented to shear sliding.
The explanation for the 0°/45°/90°/135° configuration being
more prone to failure is found in the deposition pattern, in fact,
rasters crossing with different orientations promote the formation
of voids and enhance residual stresses, decreasing the layer
adhesion strength (Khan et al., 2022; Turner et al., 2014).
Damage and failure mechanisms strongly depend on

material orientation, so an anisotropic criterion should be
considered to model the material’s failure behaviour. In the
present work, an isotropic hardening law is used to represent
the plastic evolution, so there is no possibility of describing the
anisotropic nature of thematerial’s failure.

6. Conclusions

3D-printed material’s characterization is not an easy task, and
its anisotropic nature poses many challenges from the
behaviour modelling point of view. Most of the literature works
focus on the tensile characterization of printed materials,
leaving their compression behaviour unsolved. Compression
tests are a useful tool to characterize FFF material’s behaviour
and the use of post-processed specimens (presented herein)
allows for a more representative study of the mechanical
properties. The present work delivers an effective procedure to
characterize the compressive behaviour of 3D-printed
materials, focusing the attention on the post-processing of
specimens and the FE modelling technique. No work to date,
to the authors’ knowledge, has explored a more complete
combination of raster angles and building orientations, making
this work valuable as a reference for anisotropy studies in the
field of 3D-printed materials. Among different findings, the
present work highlighted the dependency of mechanical
behaviour (both elasto-plastic behaviour and failure modes) on
both building strategy and orientation in space. The material
model based on an elastic stiffnessmatrix with a combination of
Hill’s yield criterion and Voce’s isotropic hardening law is able
to represent the short carbon-reinforced PA12 anisotropic
behaviour, also capturing some aspects of the deformation
modes. Once enriched with a failure criterion, the FE model
can be effectively used for verification and design purposes.
Future work will be conducted to deepen the understanding of
failuremodes and novelmaterial’s characterization techniques.
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