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a Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics, Műegyetem rkp. 3, H-1111, Budapest, 
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A B S T R A C T

3D-printed thermoplastic composites reinforced with continuous fibers exhibit nonlinear mechanical responses mostly due to the viscoelastic matrix and the presence 
of voids. We present a layer-level constitutive material modeling framework to address this behavior. Unidirectional and multidirectional composites were prepared 
using Composite Filament Co-extrusion technology, then, the engineering constants required to describe the transversely isotropic materials were determined with 
tensile tests. We chose carbon fiber reinforcement and polyamide matrix, and the fiber volume fraction was 9.5–13.6 %. We used the Bogetti relationship based on the 
explicit Ramberg-Osgood equation to describe the stress-strain curves above the yield criterion. We applied the Hill model to rescale the principal stress-strain curves 
to the shear curve with good accuracy. 4-point bending simulations were prepared to evaluate the application boundaries, which showed that the model is applicable 
for thinner plate-like structures (with a thickness limit of 3 mm). Lastly, microtomography was employed to analyze the microstructure, quantify void content, and 
identify 3D-printing defects. A significant void content was found in the multidirectional specimens (19 %), which may account for the scatter in the test results and 
modeling discrepancies. Overall, we demonstrate the suitability of the proposed modeling method for describing nonlinear behavior, and it contributes to more 
accurate finite element models for 3D-printed thermoplastic composites.

1. Introduction

Continuous fiber-reinforced 3D-printed composites are becoming 
more popular in engineering applications. Application areas include 
aerospace and automotive, where lightweight, high-strength compo-
nents are advantageous [1–3]; and robotics and automation, where high 
levels of customisability and potential added functional features are 
beneficial [4–6]. However, for 3D-printed composites to be suitable as 
load-bearing components, the predictability of their mechanical 
response and failure are key.

The mechanical characterization of 3D-printed continuous fiber- 
reinforced composites is complex due to their inhomogeneous and 
anisotropic nature. Inhomogeneities arise from manufacturing defects 
and the composite’s multi-component structure [7,8]. Anisotropy results 
from the directional alignment of fibers, which enhances mechanical 
properties along the fiber direction [9]. With micromechanical models, a 
mechanically homogeneous layer is modeled by considering the con-
stituent ratios and their engineering constants. Using mixing rules, the 
material properties of a layer can be calculated based on the mechanical 

characteristics of the fibers, the matrix, and the fiber volume fraction. 
Then, macromechanical models (often plate theories) are used to 
describe the laminate based on the properties of the homogeneous 
layers, and the layer order [10].

In the case of 3D-printed thermoplastic composites reinforced with 
continuous fibers, the nonlinear mechanical response may arise due to 
several factors. The thermoplastic matrix exhibits nonlinear behavior 
under large deformations due to viscoelasticity [11]. Interactions be-
tween the fibers and the matrix, including delamination, slip, and un-
even stress distribution, further increase the nonlinearity by disrupting 
the effective load transfer. Different approaches have been used to 
address the nonlinearity of orthotropic material properties as a function 
of load. Chen and Sun [12] proposed a three-parameter plastic potential 
to describe the plastic behavior of Kevlar-aluminium composites, 
following the preliminary results of Kenaga et al. [13]. Later, Sun and 
Chen [14] developed this work further, where the nonlinear orthotropic 
material properties were derived on a micromechanical basis. They 
postulated fully linear elastic material properties for the fiber and 
isotropic ductile material behavior for the matrix material according to 
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the Mises flow law [15]. The obtained relations were finally verified by 
mechanical tests on oriented unidirectional (UD) specimens.

However, in the case of 3D-printed composites, fewer methods can 
be found to address nonlinearity. I. M. Alarifi [16] presented a finite 
element analysis for short carbon-fiber reinforced polyethylene tere-
phthalate glycol (PETG) composites. A quasi-isotropic, linear elastic 
material was assumed, and a nonlinear geometry was used to calculate 
stress and strain. The finite element (FE) model provided an approxi-
mation for yield strength, strain at failure, and elastic modulus, with the 
largest relative errors of 32 %, 20 %, and 29 %, respectively. Generally, 
the model curves followed well the experimental curves until the yield 
point, but the deviation increased at the hardening phase. Hou et al. [17] 
presented a constitutive model for continuous aramid fiber-reinforced 
poly (lactic acid) (PLA) composites. The material properties were 
determined experimentally, and the Classical Laminate Theory with 
Hashin failure criterion was applied. The modeled stress-strain curve did 
not follow well the nonlinear response shown on the measurement 
curve. Avanzini et al. [18] presented an embedded elements approach 
for carbon fiber-reinforced polyamide (PA) composites. The fibers and 
the matrix were assigned material properties and assembled. Unlike 
homogenization methods, equivalent layer properties were not calcu-
lated, but the lamina properties were defined using the embedded fiber 
and matrix elements. The model predicted the elastic moduli with a 
maximum of 3.6 % error, however, it can only be used for the initial 
stress-strain phase as non-linear materials were not considered. Seifans 
et al. [19] presented an elastic/viscoplastic model to predict the creep 
behavior of carbon fiber-reinforced PA composites. In the model, an 
orthotropic and homogeneous material is assumed. The authors found 
that 3D-printed composites are more prone to deformation than con-
ventional thermoplastic composites, probably due to the higher amount 
of defects they contain. Polyzos et al. [20] presented a numerical 
three-step multi-scale model for continuous fiber-reinforced PA com-
posites. At the micro-scale, the concentric cylinder micromechanical 
model was developed and the Representative Volume Element (RVE) 
concept was implemented to predict the elastic properties. At the 
meso-scale level, the authors applied different void models to account 
for the porosity. Lastly, different fiber orientations and layer orders were 
analyzed at the macro-scale. The authors highlighted that the porosity 
and the unique and often weak interfacial properties of 3D-printed 
composites require special modeling methods. Gao et al. [21] devel-
oped a progressive failure finite analysis model for continuous carbon 
fiber-reinforced PA composites. The RVE was defined based on micro-
graphs, then the Chamis model was used for tensile strength prediction. 
Failure was predicted with a three-dimensional Hashin criterion. Over-
all, the method was proven useful in the case of linear response.

In this paper, we present a layer-level constitutive material model for 
modeling the non-linear mechanical response of continuous fiber- 
reinforced 3D-printed composites. Literature shows that current 
methods do not characterize adequately the stress-strain relationship 
above the yield point, due to the viscoplastic nature of the thermoplastic 
matrix and the porosity of the composites. We present a novel simulation 
process with the combination of the Hill yield criterion and the Bogetti 
equation, which is suitable for the modeling of nonlinear behavior. The 
method contributes to more reliable simulation predictions for 3D- 
printed composites.

2. Computational simulations

2.1. Linear characteristics

Plate theories provide a link between the layer-level mechanical 
model and the laminate-level behavior. Kirchhoff plate theory, or clas-
sical laminate theory (CLT), can be applied to thin plates with small 
deformations [10,22]. In the method, the laminate thickness is neglected 
and considered as a composite shell, thus the plate is only considered in 
a plane stress state. The basic assumption of plate theory is that the plate 

can only deform with strains interpreted in the midplane and along the 
curvature of the midplane. The layers do not move relative to each other, 
so there is no interlayer deformation. In this case, the value of the 
interlayer stiffness is infinitely large, and therefore no interlayer shear 
stress occurs. When applying the CLT theory, linear characteristics are 
assumed which means that the stiffness matrix of each layer operates 
with constant moduli, assuming a linear relationship between elonga-
tion/curvature and the corresponding force/moment in the deformed 
state. Thus, the deformation vector can be given by the midplane 
elongation and the curvature, taking into account deformations due to 
thermal expansion.

The FE models were built in ANSYS Workbench 2021 R2, Mechanical 
in combination with the Ansys Composite PrePost (ACP) module for 
automated composite layup build. In the computations, first, the sub-
matrices [A], [B], and [D] are constructed for each finite element, and 
then the stiffness matrix of the complete finite element model system is 
constructed. In the third step, the software iterates the deformed shape 
giving the energy minimum, and then gives the layer-level specific 
strains. Finally, the specific strains are used to calculate the values of the 
layer stresses using the orthotropic Hooke’s law (Eq. (1)). We have used 
shell elements in which only in-plane stress states are assumed. We 
characterized the materials by the four engineering constants: E11, E22, 
G12, and ν12. 
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(1) 

where ε (−) is the normal strain in the principal direction, γ (−) is the 
shear strain, E (MPa) is the Young’s modulus in the principal directions, 
ν (−) is the Poisson’s ratios relating strain in one direction to stress in 
another, G (MPa) is the Shear modulus in the principal planes, σ (MPa) is 
the normal stress and τ (MPa) is the shear stress.

2.2. Nonlinear characteristics

In the linear orthotropic material model, the elements of the stiffness 
matrix correspond to the partial derivatives of the stress in a given di-
rection with respect to the strain in the same direction [10]. Therefore, if 
the elements of the matrix Q are expressed in terms of material con-
stants, it will be suitable for describing linear behavior only. If the 

Fig. 1. a) Main types of elastoplastic models: 2) ideally plastic, 3) nonlinear 
hardening, 4) nonlinear softening, 5) brittle softening; b) Parts of a bilinear 
elastoplastic model.
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behavior of the material under consideration at higher deformations is 
other than linear, the model will be inaccurate, as new moduli would 
have to be defined for each stress level. The material behavior of com-
posites with thermoplastic matrix exhibits significant nonlinearity. In 
thermoplastic polymers, secondary chemical bonds form between the 
linear molecular chains, making them more easily separable. As a result, 
thermoplastic polymers experience permanent deformation even under 
lower stress levels. Additionally, they exhibit viscoelastic behavior, 
which contributes to their nonlinear characteristics. Fig. 1/a shows the 
main types of models describing elastoplastic behavior: ideally plastic, 
nonlinear hardening, nonlinear softening, and brittle softening [23,24]. 
Fig. 1/b shows the parts of a linear elastoplastic model. Once the yield 
point is crossed, plastic deformation starts immediately, i.e. the model 
behavior is time independent and the deformation is irreversible. The 
theory contains two essential elements, the yield criterion and the 
hardening rule.

To describe the nonlinear behavior, an elastoplastic model typically 
used for plastic deformation in materials was applied. Fig. 2 shows a 
flowchart of the method presented in this paper. This model defines a 
stress threshold corresponding to the yield point, beyond which plastic 
deformation begins. In this setting, plastic deformation initiates imme-
diately after the yield point is surpassed, indicating that the model is 
time-independent with irreversible deformation. The theory includes 
two essential components: the yield criterion and the hardening rule. To 
describe the stress-strain curve in a given in-plane direction above the 
yield criterion, we used the Bogetti relationship (Eq. (2)) [25]: 

Y = E⋅X
[
1 +

(
E⋅ X

Y0

)p]1
p

(2) 

where Y (MPa) is the stress in fiber, transverse, or shear direction, X (−) 
is the strain and E, Y0, and p are shape parameters describing the initial 
slope, the asymptote, and the curvature, respectively.

Then, we applied the Hill yield criterion (Eq. (3)) [26]. General 
nonlinear orthotropic material models are typically approximations 
implemented in a finite element solver. In ANSYS, Hill’s orthotropic 
plastic law is available, which is typically used for thermoplastic matrix 
composites. By combining the linearly elastic orthotropic material 
model with the Hill plastic model, an orthotropic elastoplastic material 
model is created that accurately captures the measured nonlinear 

behavior in both the elastic and plastic regions. 
f(σ)= σ − σY (3) 

where f (−) is the current value of the function defining the yield law, σ 

(MPa) is the equivalent of stress and σY (MPa) is the current yield cri-
terion. The value of f indicates the deformation stage of the curve. If f <
0, the curve is in the elastic deformation stage, and if f = 0, the material 
undergoes elastoplastic deformation (f should not take a positive value).

For nonlinear hardening behavior, the yield stress is a function of the 
equivalent plastic elongation, so the Hill criterion can be written ac-
cording to Eq. (4): 
f(σ)= σ − σY (εp) (4) 

The equivalent stress in the Hill model is a generalization of von 
Mises theory for orthotropic materials, where the stress components in 
each direction are weighted by the R-ratios. R1, R2, and R3, as well as 
R12, R23, and R13, are indexed to the principal directions of the ortho-
tropic materials.

When describing the behavior of continuous fiber-reinforced com-
posites, to determine the individual R values we have to consider the 
geometric characteristics of the unidirectional (UD) layers and the me-
chanical properties arising from material inhomogeneity. For tensile 
stresses aligned with the fiber direction, the material exhibits linear 
behavior, so the model should be configured so that the stress value does 
not approach the theoretical yield stress. This is to ensure a linear 
response throughout the simulation. Therefore, we set the R1 value for 
the fiber direction to a very high value (or infinity). The UD layers can be 
represented by transversely isotropic material models, so the ratio 
values of R2 to R3 and R12 to R13 remain consistent. From this, a modified 
version of the Hill yield criterion can be derived, accounting for 
nonlinear transverse stress and shear. The equivalent stress is given with 
Eq. (5), and the equivalent increase in strain is given with Eq. (6). 

σ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(σ2)2

R2
2

+ 3τ
2
12

R2
12

√
(5) 

dε
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̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2
2⋅(dε

p
2)

2 + R2
12
3 ⋅(dγ

p
12)

2
√

(6) 

Thus, stress deformation curves can be constructed (Eq. (7) and (8)), 

Fig. 2. Flowchart of the method presented in the paper.
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taking into account that the total deformation component in a given ply- 
specific principal direction can be given as the sum of elastic and plastic 
deformations. 
εi = ε

e
i + ε

p
i (7) 

γij = γ
e
ij + γ

p
ij (8) 

where εe
i , γ

e
ij (−) are the elastic deformations and εp

i , γ
p
ij (−) are the plastic 

deformations.
The elastic deformations can be given with the engineering constants 

according to Hooke’s law (Eq. (9) and (10)): 

ε
e
ii =

σii
Ei

− νji
σjj
Ej

− νkj
σkk
Ek

(9) 

γ
e
ij =

τij
Gij

(10) 

Using these relationships, the connection between total strain and 
the current stress state in the shear and transverse directions (where 
nonlinearity is assumed) can be derived. The R parameters are scaled 
relative to a reference yield curve, allowing the stress-strain relationship 
in the isolated direction to be determined by scaling in both directions 
using the equations above. By designating one direction as the reference, 
the other can be derived accordingly; here, the transverse direction is set 
as the reference. Assuming plasticity occurs only in the transverse di-
rection and in shear, and applying the Bogetti equation for the post-yield 
behavior, the stress-strain relationships in shear and transverse tension 
can be expressed with the following relations. The assumption is based 
on the properties of unidirectional composites: fibers have significantly 
higher strength and stiffness than the matrix and exhibit limited plas-
ticity, remaining elastic or failing in a brittle manner. Also, since fibers 
primarily carry the load, failure typically occurs through fiber rupture or 
fiber-matrix delamination, rather than plastic deformation. 

γ12 =
τ12
Gxy

+ Y0
(3τ12 −

̅̅̅3√ R12s0
)

ER12
(

Rp
12Yp

0 −
( ̅̅̅3√

τ12 − R12s0
)p)1/p (11) 

ε22 =
σ2
Ey

+ Y0(σ2 − R2s0)
ER2

(Rp
2Yp

0 − (σ2 − R2s0)p)1/p (12) 

The equation introduces the parameters E, Y0, and p, which affect the 
initial slope, asymptote, and curvature above the yield criterion of the 
reference stress-strain curve. The parameter s0 is the starting point of the 
reference yield curve, i.e. the reference yield point above which the Hill 
model is activated. The accuracy of the curves obtained from the sim-
ulations was qualified with the Normalized Root Mean Square Deviation 
(NRMSD), calculated between the average stress-strain curve and the 
average force-displacement curves and the model curves, in the case of 
tensile test and 4-point-bending test results, respectively. The NRMSD is 
given as: 

NRMSD (%)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n
i=1

(yi − ŷi)2
√

max
i=1….n

(ŷi)
(13) 

where yi is the measured value, ŷi is the modeled value and n is the 
number of data points.

3. Materials and methods

3.1. Specimen design

Samples with various fiber orientations and layer configurations 
were designed to measure the longitudinal, transverse, and in-plane 
shear characteristics. For determining the longitudinal elastic modulus 
(E11) and Poisson’s ratio (ν12), unidirectional specimens with a 0◦ fiber 
orientation were used, where 0◦ aligns with the direction of the tensile 
load. To measure the transverse modulus (E22), unidirectional speci-
mens with a 90◦ orientation were used. The results of the 90◦ specimens 
were also used for fitting the parameters of the Hill reference nonlinear 
stress-strain equation. For the shear modulus (G12), biaxial specimens 
with a symmetrical and balanced layering of ±45◦ orientation were 
applied. The biaxial specimens were also used to fit the R12 parameter 
used in Eqs. (5) and (6). Additionally, unidirectional specimens with 30◦

Fig. 3. Layer orders of the specimens a) UD 0◦, b) UD 90◦, c) MD 45◦/135◦. For the UD 30◦ and UD 45◦, the fiber orientation is rotated with respect to 0◦ and the 
layering is the same as in a). For MD 0◦/90◦, the fiber orientation is rotated with respect to 0◦ and the layering is the same as in c).
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and 45◦ orientations, along with multidirectional specimens (MD) with 
0◦/90◦ orientation, were tested to assess the effects of multiaxial stress 
states and to validate the fitted Hill model in FE analysis. All biaxial 
specimens had a symmetrical and balanced layering configuration. The 
layer orders can be seen in Fig. 3 and the layer properties are shown in 
Table 1. Due to the continuous fiber laying process, contour lines are 
formed at the edges of the specimen. The orientation of the fibers placed 
along the contour lines differs from the orientation to be tested and may 
affect the measurement results. In order to eliminate this effect, the 
specimens were machined from larger plates using a precision circular 
table saw.

Samples for 4-point bending were prepared with UD 0◦-layer order. 
To investigate the effect of thickness on the accuracy of the modeling 

method, samples were prepared with thicknesses of 1.5 mm, 3 mm, and 
4 mm. The thicknesses are chosen so that the thickness of the top and 
bottom layers is constant, and only the thickness of the reinforced layers 
can be varied.

We applied solid infill with 100 % infill density for all specimens. By 
using 100 % infill, we aimed to eliminate the variability caused by 
different fill patterns, as the purpose of the measurements was to eval-
uate the effects of fiber orientations and to measure the intrinsic prop-
erties of the composites. We also aimed to achieve a continuous material 
structure with minimal porosity to ensure compatibility with the con-
tinuum mechanical model used for fitting. Following the recommenda-
tions on the materials datasheet, we set the nozzle temperature and the 
bed temperature to 265 ◦C and 60 ◦C, respectively. The printing speed of 
the first layer was 20 mm/s to ensure proper adhesion to the print bed. 
The printing speed of the PA layers and the polyamide/continuous 
carbon fiber (PA/CCF) filament was set according to the datasheets to 
40 mm/s and 5 mm/s, respectively. Cooling was not applied. In the 
slicing software, the ‘macro-layer’ method was applied, where the 
diameter of the composite fiber determines the reference layer height 
and the heights of other layers are adjusted accordingly. The reference 
macro-layer height is an integer multiple of the unreinforced layer 
height.

3.2. Materials and 3D printing

Samples were manufactured with a COMPOSER A3 3D printer 
(Anisoprint 3D Printing Technology Limited company, Luxembourg), 
and the G-code files were generated with AURA 2, the dedicated soft-
ware for the printer. The 3D printer (Fig. 4/a) is based on Composite 
Filament Co-extrusion technology (Fig. 4/b), which means it features a 
dual extruder print head including two hot-end blocks: one dedicated to 
the matrix and the other to the composite filament. The specimens were 
produced with Anisoprint Smooth PA matrix and continuous carbon 
fiber reinforcement (Anisoprint CCF-1.5K) (see Fig. 5). The Anisoprint 
Smooth PA material is a polyamide-12 (PA12) filled with 10 wt% short 
carbon fibers with a density of 1.06 g/cm3. The continuous carbon fiber 
filament is impregnated with resin. Its diameter is 0.35 mm, and the 
fiber volume fraction is 60 %.

3.3. Mechanical properties

Tensile tests were conducted according to the ISO 527–5:2021 [28] 
and the ISO 14129:1997 [29] standards using a Hegewald&Perschke 
Inspekt table 50–1 instrument with 50 kN load cell (Kraftmesszelle) and 
with a crosshead speed of 2 mm/min. For strain measurement, an 
Epsilon 3560-BIA-025M-010-ST three-channel biaxial extensometer was 
used (Fig. 6/a). According to the ISO 527–5:2021 standard, we deter-
mined the σ11 - ε11 and σ22 - ε22 curves by testing 0◦ and 90◦ UD spec-
imens. According to the ISO 14129 standard, the τ12 - γ12 curve can be 
given. The specimens used for validation (with fiber orientations other 

Table 1 
Layer orders of the specimens for mechanical testing.

Sample 
type

Mechanical 
testing

Layer type Layer 
height 
(mm)

Orientation Material

UD 0◦ Tensile test Top 0.5 [135/45] PA
Reinforcing 1.08 [0]3 PA +

CCF-1.5K
Bottom 0.5 [45/135] PA

UD 90◦ Top 0.5 [135/45] PA
Reinforcing 1.08 [90]3 PA +

CCF-1.5K
Bottom 0.5 [45/135] PA

MD 45◦/ 
135◦

Top 0.36 [135/45] PA
Reinforcing 1.44 [45/135/ 

135/45]
PA +
CCF-1.5K

Bottom 0.36 [45/135] PA
UD 30◦ Top 0.5 [135/45] PA

Reinforcing 1.08 [30]3 PA +
CCF-1.5K

Bottom 0.5 [45/135] PA
UD 45◦ Top 0.5 [135/45] PA

Reinforcing 1.08 [45]3 PA +
CCF-1.5K

Bottom 0.5 [45/135] PA
MD 0◦/ 

90◦
Top 0.36 [135/45] PA
Reinforcing 1.44 [0/90/90/ 

0]
PA +
CCF-1.5K

Bottom 0.36 [45/135] PA
UD 0◦ 4-point 

bending test
Top 0.5 [0] PA
Reinforcing 0.5 [0] PA +

CCF-1.5K
Bottom 0.5 [0] PA

UD 0◦ Top 0.5 [0] PA
Reinforcing 2 [0] PA +

CCF-1.5K
Bottom 0.5 [0] PA

UD 0◦ Top 0.5 [0] PA
Reinforcing 3 [0] PA +

CCF-1.5K
Bottom 0.5 [0] PA

Fig. 4. Continuous fiber-reinforced 3D printing a) Anisoprint Composer A3, b) Composite Filament Co-extrusion technology [27].
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than 0◦ and 90◦) were tested according to ISO 527–5. At least 5 speci-
mens were tested for each sample type.

The composites were modeled in the FE environment as two- 
dimensional shell elements. The engineering constants required to 
describe the transversely isotropic materials were determined and are 
the input parameters for the CLT-based simulation. The E11 and Pois-
son’s ratios are derived from the stress-strain curves determined from 
the longitudinal (0◦) tensile test results (Eqs. (14) and (15)). The 
transverse modulus values (E22) were determined as the chord modulus. 
The value of G12 was determined from the tensile curve of ±45◦ speci-
mens as the chord modulus (Eq. (16)). Thus, the engineering constants 
are E11 = 22.5 GPa, E22 = 903 MPa, G12 = 446 MPa and ν12 = 0.345. 

E= σ0,0025 − σ0,0005
ε0,0025 − ε0,0005

(14) 

ν12 =
⃒⃒
⃒⃒dxy
dxx

⃒⃒
⃒⃒ (15) 

G= τ0,0025 − τ0,0005
γ0,0025 − γ0,0005

(16) 

4-point bending tests were conducted according to the ISO 
14125:1998 [30] standard on a Hegewald&Perschke Inspekt table 50–1 
instrument (Fig. 6/b). The calculated deformations were derived from 
the displacement of the crosshead. The crosshead speed was 2 mm/min. 
Samples were prepared with thicknesses of 1.5 mm, 3 mm, and 4 mm, 

Fig. 5. 3D-printed samples a) tensile specimens according to ISO 527–5, b) tensile specimens according to ISO 14129, c) 4-point bending specimens according to 
ISO 14125.

Fig. 6. Test arrangements a) tensile testing with biaxial extensometer, b) 4-point-bending test.
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for which the support spans were 24.75 mm, 49.5 mm and 66 mm, 
respectively. At least 5 specimens were tested for each sample type.

3.4. Microstructure

Scanning Electron Microscope (SEM) images of the fracture surfaces 
were taken with a JSM 6380LA scanning electron microscope from Jeol 
Ltd. (Japan). The samples were sputtered with gold to avoid static 
charging.

X-ray tomography measurements were performed with Nikon XT H 
225 ST (Nikon, Japan) equipment to obtain information on the in-
homogeneity and porosity of the 3D-printed specimens. The resolution 
was 3–5 μm. The instrument consists of a single reflection X-ray tube, the 
applied accelerating voltage was 225 kV, the cathode current was 65 mA 
and the data acquisition time was 0.5 s. For the measurements, the 
samples were placed on a five-axis sample holder and rotated once along 
the vertical axis. During the rotation, the device captured 1250 images. 
To analyze the porosity, we used the VG-EasyPore porosity analysis 

Table 2 
Measured fiber weight and volume fractions of the composites with different 
fiber orientations.

Sample 
type

Sample 
mass before 
burnout (g)

Sample 
mass after 
burnout (g)

Pan 
mass 
(g)

Fiber 
weight 
fraction, Vf 
(%)

Fiber 
volume 
fraction, vf 
(%)

UD 0◦ 46.3 40.8 39.1 23.8 11.7
UD 30◦ 45.7 40.0 38.2 24.2 12.4
UD 45◦ 34.1 28.9 27.5 20.9 9.5
UD 90◦ 46.3 40.6 38.8 23.8 12.1
MD [0/ 

90]
38.7 32.2 30.2 23.3 13.6

MD 
[45/ 
135]

51.3 42.5 39.2 27.6 13.6

Fig. 7. a) Bogetti curve fitted against the transverse tensile results where plastic strain is plotted against stress; total strain against stress shown in the case of b) UD 
90◦, c) UD 0◦, d) UD 30◦, e) MD 45◦/135◦, f) UD 45◦ specimen types; g) fitting of the Poisson’s ratio to the UD 0◦ test results.
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algorithm.
To determine the fiber volume fraction, samples were placed in a 

Denkal 6B furnace at 500 ◦C for 4 h. The test method was defined ac-
cording to the ASTM D 3171-99 standard [31]. The mass of the samples 
before burning and the mass of the remaining fibers after the decom-
position of the matrix material were also measured. The fiber volume 
content (vf) was obtained with Eq. (17). 

vf =
(mfibers − mvessel

)

b⋅h⋅L⋅ρf
⋅100 (%) (17) 

where mfibers (g) is the mass of fibers remaining after burning including 
the vessel, mvessel (g) is the mass of the sample holder, b, h, and l (mm) 
are the width, thickness, and length, respectively and ρf = 1.8 (g/cm3) is 
the density of the carbon fibers.

Table 2 presents the measured fiber content for samples with varying 
orientations.

Fig. 8. Total deformation obtained via FEM and photographs of the samples after failure in the case of a) UD 0◦, b) UD 90◦, c) MD 45◦/135◦, d) UD 30◦, e) UD 45◦

specimen types.
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4. Results and discussion

4.1. Tensile load simulations

In polymer composites with continuous fiber reinforcement, 
nonlinear behavior during loading can result from both the tough matrix 
and the varying orientations of the fibers. For fibers aligned in the 
0◦ orientation, an almost completely linear response to tensile loading is 
observed. However, for fibers in other orientations, the stress-strain 
curves display degressive characteristics. This phenomenon may occur 
because the reinforcing effect of the fibers is most pronounced when the 
applied stress aligns with the fiber direction (0◦ orientation). As the fiber 
orientation deviates, the matrix material’s nonlinear viscous behavior 
becomes increasingly dominant.

To address the nonlinearity, elastic constants and constants of the 
Bogetti equation were fitted to the tensile test results of the 0◦, 90◦, and 
± 45◦ specimens. Then, the model was validated with the off-axis tensile 
tests. The bottom and top layers were treated as the matrix of the entire 
composite, allowing the specimen to be considered as a homogeneous 
layer. Using the Hill model, the principal stress-strain curves are 
rescaled using the R-ratios (Hill parameters), so that the behavior of 
other orientations can be modeled with a principal reference curve and 
corresponding R-values. The initial dataset was the tensile curves ob-
tained with 90◦ UD specimens. First, the elastic components were 
extracted from the transverse specimen tensile curves, and the Bogetti 
equation was fitted to the resulting stress-plastic deformation curve 
(Fig. 7/a). The fitted parameters were E = 700 MPa, Y0 = 17 MPa, and p 
= 1.8. This curve served as the reference for the hardening rule, which 
requires a series of stress-plastic deformation data points. Then, we 
determined the R parameters, with the approximation that the plastic 
deformation is initiated immediately upon application of the load. Thus, 
s0→0. The R parameters acquired with Eq. (18) were R1 = 106, R2 = 1, 

and R12 = 1.81. The value of R1 is set to a sufficiently large number to 
ensure that only linear behavior is assumed for 0◦. R2 is set to 1 because 
the 90◦ curves are used as a reference. 

γ12 =
τ12
G12

+ Y0⋅3τ12

ER12
(

Rp
12Yp

0 −
( ̅̅̅3√

τ12
)p)1/p (18) 

Fig. 7/b-f shows the model curves obtained with the Finite Element 
Modeling (FEM) method and the experimental tensile curves. The 
Poisson’s ratio was measured on UD 0◦ specimens using a biaxial 
extensometer. The results are shown in Fig. 7/g. The fitting resulted in a 
Poisson’s ratio of 0.3355. The NRMSD values are also shown in Fig. 7. 
The highest deviation was obtained in the case of the MD 45◦/135◦

samples (38.9 %). It can be seen that the curves obtained by the 
modeling method are generally a good approximation of the measure-
ment results. The estimates follow well the nonlinear characteristics of 
the different UD and MD samples. Fig. 8 shows the total deformation 
obtained via FEM and photographs of the samples after failure. The 
photographs show that the crack propagation follows the fiber orien-
tation. This is due to the weaker contact between the fiber bundles, and 
the micrographs also revealed the presence of voids between the 
bundles.

In general, these 3D-printed composites have lower mechanical 
properties, due to the lower fiber content achieved by 3D printing and 
the presence of voids and other printing defects [32]. Despite this, the 
reference Hill curve describing the transverse behavior can be well 
rescaled to the shear curve, as the average fit is good in the case of the 
45◦/135◦ specimens despite the significant scatter. The micro-
tomography results show that the 45◦/135◦ samples have a high void 
content (18.76 %), which may explain the scatter. In the validation tests, 
the simulations generally reproduced the measurements with high ac-
curacy. For the 30◦ UD case, the model slightly overestimates the stiff-
ness, and for the off-axis cases, the model curve appears to show a 

Fig. 9. Measured and modeled force-crosshead displacement curves in the case of specimen thickness of a) 1.5 mm, b) 3 mm, and c) 4 mm.
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slightly higher nonlinearity. Similar mechanical properties are reported 
in the literature for 3D-printed carbon fiber reinforced composites with 
PA matrix. Chacón et al. [33] reported a tensile strength of 239.8 MPa in 
case of UD composites with 15 % fiber volume content. Azarov et al. 
[34] prepared UD composites with Anisoprint 3D printing equipment as 
in the current study. The authors measured a tensile strength of 330 MPa 
at 18 % fiber volume content.

4.2. Application boundaries

In the tensile test simulations, the composites were modeled as two- 
dimensional shells, with all out-of-plane effects, including interlayer 
stresses, neglected. This approximation is sufficiently accurate only for 
thin, plate-like components. As validation, four-point bending tests were 
conducted. The flexural specimens were prepared with varying thick-
nesses, oriented at 0◦, and with the same fiber content as the tensile 
specimens. The composite specimen’s layering was configured in the 
Ansys Composites PrepPost (ACP) module in ANSYS Workbench 2021 

R2, while the grips and loads were specified in the Static Structural 
module. Frictionless contacts with a Normal Lagrange setting were 
applied at the support and thrust roller interfaces. In the case of constant 
support distance, as the thickness increases, the effect of inter-layer 
stiffness intensifies. This results in an overestimation of deflection in 
the simulations.

Results are shown in Fig. 9. The measured force-crosshead 
displacement curves show an initial linear phase, followed by a 
plateau. The initial phase results from the tensile response of fibers 
oriented at 0◦. At the initial phase, the model approximates the curve 
from below. This is because the interlaminar stiffness was zero, how-
ever, at this phase, it would contribute to the bending stiffness signifi-
cantly. The plateau may be attributed to the nonlinear behavior on the 
compressed side, or fiber pullout due to weak adhesion between the 
fiber and matrix. The plateau can also be caused by the fact that at large 
deflections the test specimen’s test cross-section rotates like a rigid 
body, which does not mean actual deformation, so the force increment 
that produces this is no longer proportional to the value measured in the 
previous linear section. When fiber-matrix separation occurs, the matrix 
behavior becomes dominant at larger deflections. Unlike the measured 
results, the simulation curves remain linear, as the model does not ac-
count for differences in tensile and compressive characteristics. For 
standard plate-like specimens, the simulation curve aligns closely with 
the measured values. However, as the thickness increases, the simula-
tion considerably underestimates the force values, due to the two- 
dimensional model’s omission of interlaminar stresses. In thicker spec-
imens, these interlaminar effects become more pronounced, causing 
measured values to exceed those predicted by the simulation.

Table 3 
Measured porosity of the unreinforced PA, and the 
composites with different fiber orientations. Measure-
ments were taken with microtomography.

Sample type Porosity (%)
Unreinforced PA 5.47
UD 0◦ 6.89
UD 45◦ 11.17
MD [0/90] 19.97
MD [45/135] 18.76

Fig. 10. a) Microtomography images taken from UD 45◦ and MD 45◦/135◦ type samples; SEM micrographs taken from MD 45◦/135◦ type sample with b) 100x and c) 
200 magnification, and UD 90◦ type sample with d) 35x and e) 200× magnification.
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4.3. Microstructure

To evaluate the mechanical test and to construct the material model, 
it is essential to understand the specific defects associated with the 
production technology and their frequency in the test specimens. The 
actual fiber content and porosity were determined, and the quality of 
adhesion between fibers and matrix was also assessed. Micro-
tomography measurements were conducted to determine the porosity of 
unreinforced PA and fiber-reinforced PA specimens. The pure PA spec-
imen exhibited a porosity of 5.47 %, indicating a high-quality print. In 
contrast, unidirectionally and bidirectionally reinforced specimens 
showed significantly higher porosity within the reinforced layers. 
Table 3 summarizes the measured porosity of the neat PA, and the UD 
0◦, UD 45◦, MD 0◦/90◦, and the MD 45◦/135◦ type specimens. The 
highest porosity was measured in the case of the MD 0◦/90◦ type (~20 
%). The lower porosity values are in line with the literature [35,36]. Liu 
et al. [35] also observed that lower porosity can be achieved by applying 
slower printing speed.

Fig. 10 shows microtomography images of a unidirectional and a 
bidirectional sample. The bidirectionally reinforced specimens exhibi-
ted even larger gaps, which was reflected in their increased porosity 
values. It was observed that larger air gaps formed along the fiber paths, 
revealing a drawn-out infill pattern in both the pure PA and composite 
specimens. Scanning electron microscopy was used to capture images of 
the tensile test specimens after failure. Fig. 10/b and c were taken from 
MD 45◦/135◦ type specimens. The micrographs suggest that the fibers 
are well embedded in the PA matrix, and Fig. 10/c also reveals frag-
ments of matrix material on the fiber surfaces. The residues on the 
surface indicate good fiber-matrix bonding. Fig. 10/d and e were taken 
from a UD 90◦ type specimen. When the fibers are deposited in several 
layers in the same orientation, it can be seen that less matrix material is 
placed between them during production, resulting in voids. This was 
also shown in the microtomography images. Lack of impregnation can 
induce premature failure due to inadequate load transfer between the 
fiber and the matrix.

5. Conclusion

We present a layer-level constitutive material model to describe the 
nonlinear mechanical response of continuous fiber-reinforced 3D- 
printed composites. Unidirectional and multidirectional samples were 
prepared for tensile testing using Composite Filament Co-extrusion 
technology with polyamide matrix and carbon fiber reinforcement. 
Thermoplastic composites exhibit significant nonlinearity, as permanent 
deformation occurs under lower stress levels and the thermoplastic 
matrix exhibits viscoelastic behavior. We determined the engineering 
constants required to describe the transversely isotropic materials, then 
we applied the Bogetti relationship based on the explicit Ramberg- 
Osgood equation to describe the curve above the yield criterion. The 
principal stress-strain curves were rescaled using the Hill model and it 
was shown that the Hill curve describing the transverse behavior can be 
rescaled well to the shear curve. Application boundaries were evaluated 
with 4-point bending simulations. We show that for standard plate-like 
specimens (1.5 mm thickness), the simulation curve closely fits the 
measured values. However, as the thickness increases (above 3 mm), the 
simulation underestimates the force values because the two-dimensional 
model does not take into account differences in tensile and compressive 
properties and inter-layer stresses. Our method extends the current ca-
pabilities for constitutive modeling of 3D-printed thermoplastic com-
posites. As the use of 3D-printed continuous fiber reinforced structures 
becomes more widespread in industries requiring lightweight yet strong 
materials, accurate characterization of nonlinear behavior is important 
for predicting the mechanical properties and for safe application.
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