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Abstract. This research deals with the influence of thickness on the mechanical properties of
polyamide (PA12) samples produced by the SLS 3D technology. Experiments included fracture
toughness and simple tensile tests on samples with thicknesses ranging from 0.50 mm to 2.00 mm.
The experiment revealed that the thickness of the specimen significantly affected the tensile strength
and Young’s modulus. The measured tensile strength (22–34 MPa) was notably lower than the
41 MPa reported by the manufacturer. As a result, a numerical analysis using ATENA software
showed substantial discrepancies between the FEA predictions and the experimental data. This led to
a modification of the material model and the determination of the effective Young’s modulus fit to thin
polyamide samples, which improved the agreement of the numerical and experimental data.
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1. Introduction
3D printing technology is currently one of the most
progressive additive manufacturing methods in many
industries. This technology allows for the model of
more complex structures and opens the door to many
innovations, which is why this type of manufacturing
is currently being widely explored.

In the biomedical industry, 3D printing is important
in the development of intraosseous implants. This
technology offers the possibility of creating porous
structures on the surface of implants that connect
bone and implant by bone cells that grow in the
pores and provide interaction between bone and im-
plant [1, 2]. Trabecular and gyroid structures are
the two main types commonly used on the surface of
implants [3]. These porous structures are composed
of beams (trabecular) or walls (gyroid) systems that
provide mechanical loading capacity.

In the production of trabecular structures for the
implant surface, the thickness of the beams is around
150–350 µm. The research of the TAČR project [4]
shows large discontinuities between beams and weak-
ening of the beam cross-section (Figure 1). Therefore,
the concept of trabecular structures has been replaced
by a more reliable gyroid structure that is less prone to
local defects [3]. The gyroid is a continuous structure
with a periodic morphology, constant curvature, and
interconnected open pores [5]. However, the gyroid
structure uses very thin structural elements (walls)
with a thickness of about 150–350 µm, which is the
printing limit for 3D printing technology nowadays.

Unfortunately, the gyroid structure also exhibits sig-
nificant defects, which subsequently cause differences
between the experimental results and the numerical

Figure 1. Example of trabecular structure defects
produced using 3D printing technology [4].

analysis. These defects are caused by imperfect weld-
ing of powder balls, which fall off and thus weaken the
thickness of the supporting structure. Bending and
simple tension experiments [7] showed that the me-
chanical properties guaranteed by the manufacturer
cannot be taken into account for 3D printed speci-
mens of thin thickness. It is necessary to determine
the degree of inaccuracy and deviation of the actual
properties from the experiment and theoretical ones,
to replace expensive and complex experiments with
numerical solutions.

All of the studies mentioned above dealt with the
mechanical properties of the titanium alloy Ti6Al4V,
which is currently the most widely used alloy for
the production of intraosseous implants. However,
this material is expensive to produce, so the research
was conducted on polyamide PA12, where printing
polyamides is much cheaper and more accessible.

Nowadays, the nylon materials can be taken into ac-
count as a potential replacement for metal implants [8],
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Figure 2. Comparison of experimental data with numerical analysis for the fracture toughness case [6].

due to their bio compatibility, chemical stability, tun-
able mechanical qualities, and ability to be manufac-
tured by 3D printing technology [9]. Nylon is used
mainly in the dental industry, where the advantage of
using this material is that it is not that expensive to
produce. However, the service life of a nylon implant
is shorter than that of the metal one [10]. The sec-
ond usage for nylon materials in bioapplication is an
external fixation sleeves, which can be designed and
used for the patient’s needs [11]. All this mentioned
use of nylon material in the medical industry leads
to the same problem as in the use of metal materials,
where the load-bearing elements of the structure are
very thin and it is necessary to study nylon material
for this application.

It is crucial to understand the defects during the
3D printing manufacturing of nylon materials. One
of the defects is the porosity of the printed samples.
Since nylon materials undergo thermal processes with
temperature profiles that introduce meso- or micro-
heterogeneities such as voids and pores into the printed
parts [12]. These types of defect could influence the
mechanical properties of the final parts [13]. Another
problem accompanying powder printing is the shrink-
age and warping of the material. Shrinkage is caused
by the cyclic heating and cooling of each layer dur-
ing the manufacturing process and is divided into
two forms: sintering shrinkage and thermal shrinkage.
Warping is also a defect caused by shrinkage due to an
increase in internal stresses during printing process. It
is caused by the recoating process, in which a heated
layer is applied with a lower temperature. This causes
a heat exchange in the different regions, leading to
non-uniform temperature gradients that result in an
internal stress build-up. [12].

Rodríguez et al. [14] evaluated the mechanical prop-
erties in a tensile experiment with different thicknesses
and proved that thickness slightly influences the ten-
sile strength. In addition, the SEM images of the
sample surface in this study showed insufficient sinter-
ing of the powder balls on the sample porosity, which
leads to a change in the cross-section of the sample

and can significantly affect its mechanical properties.
Other studies [15, 16] showed that for thinner samples
(up to 0.6 mm thick) with standard shape, the tensile
strength of the sample is significantly reduced. Studies
on components or whole structures have subsequently
also shown this trend [17, 18].

Previous research [6] was about the fracture tough-
ness of very thin polyamide samples produced by SLS
3D printing technology. The experiment was designed
according to a suitable standard from which the geom-
etry of the samples, the experimental procedure, and
the final fracture toughness calculation were used. The
experiment was carried out on samples with widths
ranging from 0.50 to 2.00 mm. The ortotrophy of 3D
printing was accounted for by varying the orientation
of the print, where layers were printed perpendicular
or parallel to the expected crack propagation. A more
detailed description of the experiment and results is
given in Section 3.1.

The research complemented the numerical analysis
calculated in the ATENA software [20]. The geome-
try of the numerical model copied the experimental
sample geometry, and a basic material model was de-
termined. The datasheet for PA12 [21] contains only
basic mechanical parameters such as Young’s modulus,
tensile strength, and elongation at break. Therefore,
mechanical parameters, such as compressive strength
and fracture energy, had to be retrieved from other
experiments for the numerical analysis. Unfortunately,
the comparison of the experimental data and the nu-
merical analysis data showed significant differences as
seen in Figure 2.

These large differences led us to take a closer look at
the numerical analysis and detect errors that may be
causing the differences. The diagrams show that the
linear part of the experimental data and the numerical
analysis do not match, which seems to be the first
problem. This is probably due to the chosen material
model, where for thin samples, the guaranteed me-
chanical properties cannot be taken from a datasheet.

Based on this, a simple tensile experiment was de-
signed for a thin PA12 sample. It should show the
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Figure 3. Schematic representation of SLS technology printing process [19].

actual behaviour of the thin samples in their linear
part. Then, the effective Young’s modulus and ulti-
mate tensile strength for these samples can be easily
determined in the numerical model for this type of
loading (simple tensile) in numerical analysis. Once
the mechanical parameters for the simple tensile nu-
merical analysis are determined and agree with the
experimental data, they can then be used for the
numerical analysis of fracture toughness.

2. Material and method of
manufacture

The experiment examined PA12 Smooth by Sin-
terit sp. z o.o. processed by SLS 3D printing technol-
ogy. Nylons are an important part of the thermoplas-
tic polymer family and are also known as polyamides
(PA) due to their repeating units connected by amide
bonds. There are many subtypes with different crys-
tal structures and material properties (Nylon 6, Ny-
lon 12, Nylon 66, and others) [22]. Nylon 12 has
longer aliphatic chains than other polyamides, which
causes high pressure resistance, flexibility of impact
resistance, low density, and good mechanical resis-
tance [23].

Powder bed fusion (PBF), also known as selective
laser sintering (SLS), is one of many printing methods
for additive manufacture. It is often used for printing
metal and polyamide parts. This technology fuses
powder balls in layers with a high heat source. Pulsed
laser, electron beam, or ultraviolet light can be used
as heat sources [24]. Figure 3 shows a schematic
representation of the SLS 3D printing process.

Nowadays, 3D printing technologies are commonly
used for additive manufacturing in many industries.
The problem of SLS technology in powder printing
starts with thin samples, where one of the significant
weaknesses is the inadequately welded powder balls
and the other is the inconsistent sample width. In-
adequately welded powder balls subsequently fall off

Figure 4. The result of the confocal microscope
measurement, showing in the detail unevenness of the
sample surface [6].

during sample handling, and this causes a weaken-
ing of the sample width, leading to a reduction in
load-carrying capacity and basic mechanical proper-
ties such as modulus of elasticity. Figure 4 shows
the roughness and differences in thicknesses on the
sample surface measured with a confocal microscope.
These differences can easily reduce the width of the
specimens and affect the values in the experiments
and subsequent calculation of mechanical properties.

3. Experimental part
Two types of experiments were conducted to validate
the results of the numerical analysis. Initially, an ex-
periment on fracture toughness [6], followed by a com-
plementary simple tensile test was carried out. Both
experiments involved specimens with widths ranging
from 0.50 mm to 2.00 mm, with geometries according
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Figure 5. The geometries of specimens for fracture
toughness experiment according to EN ISO 12737 [25].
The upper picture is SAMPLE 2, and the lower picture
is SAMPLE 3 [6].

to relevant standards. A Mark 10 load press was used
to apply the loads in both experiments. The fracture
toughness test was further improved with 3D macro
Digital Image Correlation (DIC) to monitor crack
propagation and measure crack length, providing real-
time, high-precision data throughout the experiment.

3.1. Fracture toughness experiment
The fracture toughness experiment was carried out
according to EN ISO 1273 [25]. With minor modifica-
tions, the geometry of the specimens, the experiment
procedure, and the final calculation of the fracture
toughness value were taken from the standard. In the
last research [6], I investigated the fracture toughness
of two specimen geometries as shown in Figure 5.

These geometries were selected after a pre-test ex-
periment on four different geometries. The dimensions
of these specimens showed the most linear increase
in values due to the sample thickness and the best
handling during the experiment. Finally, compared to
SAMPLE 4, which had the largest dimensions, there
was not as much torsion at the free end during the
loading, which subsequently affected the results.

The orthotropy of the material was considered by us-
ing different printing directions, referred to as H (hor-
izontal) and V (vertical). Orthotropy refers to the
characteristic of a material having varying properties
along different perpendicular axes, which is typical for
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Figure 6. Schematic of the proposed printing direc-
tion to account for the orthotropy of the material [6].

composite materials. Figure 6 illustrates the schematic
of the proposed printing directions, showing how the
material’s mechanical behaviour changes depending
on the orientation of the print layers.

According to standard EN ISO 1273 [25], the calcu-
lation of fracture toughness values, follows the exact
solution for the critical stress intensity factor KQ as
shown in:

KQ = FQ

B
√

W
∗ f(a/W ), (1)

where FQ is the force determined from the experi-
ment data, B is the sample thickness, and W is the
length of the ligament. An essential parameter in the
calculation is the geometric factor f(a/W ), which is
a dimensionless function of a

W . The final result of
the fracture toughness KQ is shown in Table 1 and
Figure 7.

3.2. Tensile experiment
According to EN ISO 527-1, 2 [26, 27], a tensile exper-
iment was performed. The main object of the experi-
ment was to determine the ultimate tensile strength of
very thin specimens. The second objective was to take
a closer look at the linear behaviour of thin samples
in a simple tensile experiment. The geometry of the
specimens given by the standard is shown in Figure 8.

The ortotrophy of the material was accounted for by
using a different print orientation, as was the case for
fracture toughness. Vertically printed specimens had
layers printed parallel to the tension load, while hori-
zontally printed specimens had layers perpendicular to
the tensile load. Figure 9 shows a schematic example
of printing samples for botch print orientations.

The experiment showed a problem with loading
thin specimens, especially specimens with a width
of 0.50 mm. Inserting these specimens into the grips
damaged the expanded part of the specimens, causing
deformation in this part, as can be seen in Figure 10.

For this reason, these specimens were marked as
defective measuring pieces and are not included in the
final tensile strength evaluation. Figure 11 shows the
L-D diagram values for the 0.50 mm thick specimens.
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Thickness [mm] 0.50 0.75 1.00 1.25 1.50 2.00
SAMPLE 2 – H 2.00 ± 0.60 2.64 ± 1.12 1.65 ± 0.23 1.87 ± 0.09 2.16 ± 0.45 2.37 ± 0.31
SAMPLE 2 – V 0.99 ± 0.37 0.91 ± 0.38 0.93 ± 0.11 1.35 ± 0.35 0.94 ± 0.07 1.09 ± 0.15
SAMPLE 3 – H 1.54 ± 0.22 1.33 ± 0.48 1.50 ± 0.15 1.73 ± 0.38 2.01 ± 0.33 2.20 ± 0.36
SAMPLE 3 – V 1.20 ± 0.41 0.72 ± 0.11 1.30 ± 0.42 1.03 ± 0.06 1.21 ± 0.15 1.09 ± 0.15

Table 1. Summary of fracture toughness results KQ obtained in the experiment, where H denotes horizontally
printed specimens and V denotes vertically printed specimens [6].
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Figure 7. Final fracture toughness results for individual sample thicknesses with different printing directions [6].

Figure 8. Geometry of dog bone used in the experi-
ment with variable widths from 0.50 to 2.00 mm.
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Figure 9. Samples print orientation for horizontal
and vertical samples.

Figure 10. Example of 0.50 mm thick samples after
measurement, where you can see defective samples
that cannot be evaluated.
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Figure 11. Load-distance diagrams show the selected
values for the tensile strength calculation – the colored
lines are the selected files for the calculation, and the
gray shaded lines are the defective samples.
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Figure 12. Stress–strain diagrams for specimens with widths 0.50, 1.00, 1.50, and 2.00 mm. Blue curves indicate
samples printed in the horizontal direction, and red curves indicate samples printed in the vertical direction.

The color curves are then used in the final evaluation
of the tensile strength value.

This resulted in the experiment being conducted
on a limited number of samples, making the results
for this thickness not sufficiently reliable. The same
applies to the 1.25 mm thick samples, for which three
samples were only printed. The other samples had
a sufficient sample number for their result to be taken
as relevant. In the experiment, there were differences
in the result for vertically and horizontally printed
specimens, especially in the maximum load for speci-
men breakage. Figure 12 shows these differences for
each print orientation.

From these measurement data was calculated the
ultimate tensile strength of each specimen width. The
ultimate tensile strength for each specimen was calcu-
lated as:

ft = Fmax

A0
, (2)

where ft is the tensile strength, Fmax is the maximal
force from experiment data and A0 is the cross-section
area measured for each samples.

Table 2 and Table 3 show the tensile strength results
for each specimen width in both print directions. No
values are given for the horizontal printed specimens
of 0.50 mm and 1.25 mm width due to inadequate
handling during the experiment or the small number
of specimens for the experiment.

Samples widths Tensile strength
[mm] [MPa]
0.50 25.30 ± 0.06
0.75 22.61 ± 1.55
1.00 28.26 ± 1.87
1.25 32.51 ± 1.19
1.50 32.48 ± 0.97
2.00 34.24 ± 2.88

Table 2. Tensile strength for the vertically print
samples.

Samples widths Tensile strength
[mm] [MPa]
0.50 -
0.75 11.76 ± 1.04
1.00 21.29 ± 0.95
1.25 -
1.50 21.16 ± 2.62
2.00 20.07 ± 1.45

Table 3. Tensile strength for the horizontally print
samples.
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Figure 13. Overview of tensile strength values de-
pending on specimen thickness.

As expected, the values for vertically printed sam-
ples were greater than those for horizontally printed
samples, which is because vertically printed specimens
have layers printed parallel to the loading. Thus, more
stress is required to break their layers. Whereas hori-
zontally printed specimens have layers perpendicular
to the loading, so less stress was needed to break the
specimen. In this fact, the horizontally printed speci-
mens often fractured in the middle of the tapered part
of the specimen compared to the vertically printed
specimens.

Both printed directions show a large value increase
between widths 0.75 mm and 1.00 mm. For horizon-
tally printed samples the values then increase slightly,
while for vertically printed samples they are around
the same value, as shown in Figure 13.

Anyway, the PA12 technical datasheet [21] gives
a tensile strength value of 41 MPa, which is still much
higher than the highest value taken from the experi-
ment, which proves that for thin specimens the man-
ufacturer’s certified values cannot be considered at
present.

Due to the small number of samples tested in hori-
zontal printed orientation, the calculation of Young’s
modulus was solved only for vertically printed sam-
ples. Subsequently, the experimental results for this
printing orientation are verified by numerical analysis.
The formula for calculating Young’s modulus solved
in the linear part of each test sample can be obtained
as follows:

E = σ

ϵ
, (3)

where stress was determined as σ = F
A and strain as

ϵ = ∆L
L0

. Unfortunately, the length between grips was
not measured during the experiment, so the original
length L0 had to be set to 20 mm, which is the length
of the narrowed part. For this reason, it had to be
emphasized that Young’s modulus results here serve
only as an indication for subsequent investigation of
the value by numerical analysis.

The result shows an increase in values with increas-
ing thickness, as shown in Table 4.

Samples widths Young’s Modulus
[mm] [MPa]
0.50 215.75 ± 8.38
0.75 209.66 ± 17.29
1.00 212.61 ± 25.48
1.25 250.34 ± 10.50
1.50 254.24 ± 13.51
2.00 260.01 ± 14.17

Table 4. Young’s modulus for the vertically print
samples.

The results of Young’s modulus measurements again
showed that the values for very thin samples are much
lower than the values given by the manufacturer. In
Section 4, the value of Young’s modulus is investigated
using numerical analysis to approximate the agree-
ment between the experiment and numerical analysis
results.

4. Numerical analysis
The numerical model was created using GiD 16.0.6
software, which served as a preprocessor for numerical
analysis. The finite element analysis (FEA) was car-
ried out in ATENA 2024 software [20], which served
for the nonlinear concrete structure analysis. Still, this
software can also be used with appropriately chosen
material models for other materials. This software is
effective for the numerical simulation of experiments,
for the crack progression initiation and determination
of the maximum load capacity before failure.

ATENA software allows the calculation to be per-
formed by three different iterative methods to solve
nonlinear equations (Full Newton-Raphson method,
Modified Newton-Raphson method and Arc-length
method). In my case, the experiment simulation used
deformation as a displacement controlled, so I used
the Full Newton-Raphson method in the calculation.
The method looks for a solution in the tangent direc-
tion at the initial point of the calculation step, where
the tangent stiffness matrix gives the direction in the
continuum [28]. The calculation is divided into several
steps with several iterations, and in each iteration,
a new tangent stiffness matrix is calculated. The
loading step ends when the condition of an admissible
difference between successive iterations is satisfied [29].
A schematic description of the Newton-Raphson iter-
ative method is shown in Figure 14.

As described in the introduction, the manufac-
turer provides insufficient information on the mechan-
ical parameters of the PA12 material. The appli-
cable parameters for FEA from the manufacturer’s
datasheet include density ρ = 1 010 kg m−3, Young’s
modulus E = 1.47 GPa, ultimate tensile strength
ft,u = 41 MPa and elongation at break ϵu = 0.13 [21].
In this fact, the value of the fracture energy Gf and the
Poisson’s ration µ had to be determined from another
experiment. Other research has shown that the values
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Figure 14. Full Newton-Raphson method for FEA
used in structural problems, where F is the load and
d is the displacement [29].

Material properties PA12 material
Young’s modulus E [GPa] 1.47
Poisson’s Ratio µ [-] 0.4
Density ρ [kg m−3] 1 010
Thermal expansion α [K−1] 10−12

Tension Strength ft [MPa] 41
Fracture Energy Gf [kN m−1] 7

Table 5. Material properties used in the calcu-
lation [6], where the density, tensile strength and
Young’s modulus are values taken from the manu-
facturer’s datasheet.

in the experiments were around 6.2–7 kN m−1 [30, 31]
for fracture energy and around 0.37–0.43 [30–33] for
Poisson’s ratio. The material properties used in the
FEA of previous research [6] are given in Table 5.

The first simple tensile calculation was performed
on the material model mentioned in Table 5. The
calculation used a specimen with a width of 2.00 mm.
The deformation was set as a displacement of 4 mm
in the element axis and located in the middle of the
extended part. The quadratic mesh with quadrilat-
eral (hexahedra for 3D calculation) elements of size
0.25 × 0.25 mm in the merged part of the specimen
was set for the calculation. The dimensions and shape
of the numerical model were according to the speci-
mens from the experiment.

The calculation was split into two types. The first
was carried out in a 3D environment, but the outcome
differed considerably from the experimental results,
and the computation time for this case was exten-
sive. Therefore, the environmental 2D calculation was
performed using plane stress, where the result did
not match the experiment either, but the calculation
was many times faster. The differences between the
computation time of the two methods are due to the
number of elements, where there are fewer elements
and nodes in the plane stress against the 3D problem.
Figure 15 shows the calculation result compared with
the experimental data.

The results showed huge differences between the
FEA and the experiment data. This is due to an
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Figure 15. Comparison of experimental data and
calculation results with material properties taken from
the Table 5.

unsuitable chosen material model and material prop-
erties. From the first view, Figure 15 (as in Figure 2)
shows that the elastic part of FEA and the experi-
ment data did not match. The experiment showed a
much lower value of Young’s modulus (200–260 MPa)
than the value given in the manufacturer’s datasheet
(1.47 GPa), which led to a parametric study of the
effective Young’s modulus value. In general, for 3D
printing of thin samples, the values given by the man-
ufacturer cannot be taken into account, and it is
necessary to choose effective values for these samples
to match reality. Therefore, a selection of the effec-
tive Young’s modulus for the following FEA is needed
to obtain a better agreement between the numerical
analysis results and the experimental data.

The effective determination of Young’s modulus Eeff
used the material model of previous calculations with
a change in Young’s modulus value. The appropriate
chosen value should help to better fit the FEA results
with experimental data and approximate the linear
part behaviour to the actual behaviour from the exper-
iments. For this reason, several models with varying
values of Young’s modulus (M1 – E = 1.47 GPa, M2 –
E = 0.47 GPa, M3 – E = 0.25 GPa) were created
using plane stress for faster calculations.

Figure 16 shows the load diagrams for each model
with different values of Young’s modulus. Model 3
with an Young’s modulus value Eeff = 250 MPa best
fits the experimental data, so this effective Young’s
modulus was used in further calculation. The effec-
tive value also corresponds to the experiment values
ranging from 200 to 260 MPa, which are mentioned
in Table 2. There is still a minor reservation in the
result between the experimental data and FEA due to
the inappropriate chosen material model (quasi-fragile
material) used in the calculation.

The second thing to refining the results is the choice
of a suitable material model for calculation. The calcu-
lations used for the material Cementitious2 described
a quasi-fragile material where compressive failure is
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Figure 16. Parametric study of the value of Young’s
modulus with a comparison of FEA results with ex-
perimental data.

based on the theory of plasticity and the formation
and propagation of cracks are based on fracture me-
chanics [28]. Polyamides tend to exhibit an elasto-
plastic behaviour, which can be defined in material
Cementitious2-User, where the tensile strength is char-
acterized by a function with values corresponding to
the strain.

For this reason, the material model with elasto-
plastic behaviour using the Cementitious2-User was
created. From the tensile diagram provided by the
manufacturer [21] shown in Figure 17, the elastic
tensile strength was determined as ft,EL = 18 MPa
and the elastic strain as ϵEL = 0.02. The stress
function can be easily solved as:

ft(σy) = σy

fu,t − fy,t
(4)

where σy is stress corresponding to the strain, fu,t is
ultimate tensile strength determined as 41 MPa and
fy,t is yield strength determined as 18 MPa. Then,
using the dependence of the plastic strain (ϵp) and
the ratio ft(σy) created a plastic behaviour function
where I took the values from the tensile diagram given
by the manufacturer (Figure 17) and the calculated
values used in FEA is shown in Figure 18.

Another calculation option is the VonMises plastic-
ity model typically used for numerical analysis of steel
structures and materials. In the calculation using this
model, when the load reached a capacity, the speci-
mens did not rupture but only stretched in the most
stressed part. For the VonMises model, the tensile
strength was set as ft = 41 MPa and the hardening
modulus 5 MPa. A comparison of these material mod-
els with effective Young’s modulus for a 2.00 mm thick
specimen is shown in Figure 19.

A material models parametric study of printed sam-
ples with elasto-plastic behaviour showed the best
agreement between the experimental data and the
FEA results with the Cementitious2-User material
model, where the plastic tensile strength behaviour

was described by the function. For each thickness,
the calculation with this material model definition
and the effective Young’s modulus Eeff was performed.
Comparisons of the experimental data and FEA re-
sults for widths 0.50 mm and 2.00 mm are shown in
Figure 20.

It is visible in the diagrams that the FEA results
show a collapse when the load reaches maximum. This
is because the tensile strength function after its peak
is not described. The behaviour beyond the peak is
not detailed by the manufacturer in the datasheet, and
as a result, the function following the peak remains
unspecified.

After determining the appropriate material model
and effective Young’s modulus from a simple tensile
calculation, this knowledge could be used to perform
a calculation that simulated the fracture toughness
experiment. The numerical results of a previous re-
search [6] dealing with a large-scale study of the frac-
ture toughness of thin polyamide specimens showed
huge differences between the numerical results and
the experimental data. The tensile behaviour of the
material and fracture energy Gf mainly influenced the
fracture toughness calculation. To improve the agree-
ment between FEA results and experimental data, the
effective Young’s modulus and elasto-plastic material
model were used in the calculation. This modification
showed a remarkable calculation refinement, as shown
in Figure 21.

The FEA fracture toughness results showed a large
approximation of the results against the FEA re-
sults in previous research [6]. The result did not
match perfectly, which can be noticed by the insuf-
ficient definition of others’ strength functions. In
the Cementitious2-User material model, it is possible
to describe not only tensile strength as a function
but also compressive, shear, and tension-compressive
strengths.

5. Results and discussion
Previous research [6] has looked at the fracture tough-
ness of very thin PA12 samples, where the research
was divided into experimental and numerical parts.
The experimental part included extensive testing of
sample thicknesses ranging from 0.50 mm to 2.00 mm.
Orthotropy was also included in the experiment using
different printing directions. Numerical analysis was
performed using the ATENA software to simulate the
experiment, where the results showed huge differences
between the numerical analysis and the experimental
data.

The differences were most likely due to a unsuitable
chosen material model and the selection of inappropri-
ate material parameters. The quasi-fragile material
model was used in the calculation, which in this case
was not the correct consideration because the PA12
material has an elasto-plastic behaviour. It is well
known that for thin 3D printing samples using SLS
powder technology, the material properties given by
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Figure 17. The stress-strain diagram of PA12 material obtained from the simple tensile experiment mentioned by
Sinterir sp. z o.o. [21]. Using the tangent line in the linear part of the diagram, it was then easy to determine the
elastic and plastic parts, allowing for the subsequent determination of the material’s plastic behaviour within the
model.

Figure 18. Diagram showing the tensile strength
function used in the Cementitious2-User material
model.

the manufacturer cannot be taken into account and
effective values for these thin samples need to be de-
termined.

The manufacturer provides insufficient information
on the mechanical properties of PA12 in its datasheet.
Some of the properties listed are Young’s modulus
and tensile strength, which can be easily determined
from a simple tensile test. Therefore, this research
deals with a simple tensile experiment to observe the
linear part of the specimens under load, from which
Young’s modulus and the ultimate tensile strength
for these thin specimens can be determined and then
used these determined values for simple tensile and
fracture toughness numerical analysis.

In both types of experiments, samples with nominal
widths of 0.50 mm and 0.75 mm exhibited substantial
variations and instability in the results. However, be-
yond a certain thickness, the measured values became
more consistent and increased with thickness. For
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Figure 19. Parametric study of differences material
models used in FEA calculation for a 2.00 mm thick
specimen.

tensile and fracture toughness calculations, width is
a critical parameter. Thinner specimens (0.50 and
0.75 mm) showed considerable discrepancies between
the assumed and measured thicknesses. These in-
consistencies can be attributed to 3D printing imper-
fections and ineffective welded powder balls on the
surface.

In the simple tensile experiment, orthotropy was
applied by varying the printing directions. However,
significant defects were observed in the horizontally
printed specimens, limiting the number of usable sam-
ples. In that fact, further numerical analyses were
performed only for vertically printed samples.

One printing direction proved dominant for a given
load type, namely that direction with layers printed
parallel to the load direction. The simple tensile exper-
iment showed increasing values due to the thickness of
the specimen and significant differences between the
material properties given by the manufacturer and
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Figure 20. Comparison of experimental data and FEA calculation using Cementitious2-User material model described
by a tensile strength function as the elasto-plastic material. Also the Effective Young’s modulus Eeff = 250 MPa is
used in the calculation.

0 1 2 3
Distance [mm]

0

10

20

30

40

Lo
ad

 [N
]

Thickness 0.50 mm

Experimental data
FEA calculation

0 1 2 3 4 5
Distance [mm]

0

50

100

150

200

250

300
Lo

ad
 [N

]

Thickness 2.00 mm

Experimental data
FEA calculation

Figure 21. Comparison of results between FEA and experimental data in the case of fracture toughness using an
elasto-plastic material model and the effective Young’s modulus Eeff = 250 MPa.

Material Datasheet Experiment
properties
Young’s modulus 1.47 0.21–0.26
E [GPa]
Tension Strength 41 22–34
ft [MPa]

Table 6. Comparison of material properties given by
manufacturer’s datasheet versus experimental results
of vertically printed samples. The increase in values
in the experimental data is due to increasing sample
width.

the material properties found in the experiment, as
shown in Table 6. This highlights that standardized
parameters may not apply to very thin samples.

After the simple tensile experiment was conducted,
it was necessary to determine the effective parameters
for numerical analysis. The results were validated
through finite element analysis (FEA) using ATENA
software [20]. Initially, a parametric study was carried

out to determine the effective Young’s modulus, which
was found to be Eeff = 250 MPa. This value corre-
sponds to Young’s modulus solved in the experimental
data. The material model was then adjusted to be an
elasto-plastic material using the Cementitious2-User
material model. These adjustments to the material
properties and material model proved to be very effec-
tive, and the results of the numerical analysis began
to match the values from the experiment.

6. Conclusion
The FEA of simple tensile showed a perfect match in
the values for the specimen thickness of 2.00 mm. An
effective Young’s modulus study was performed for
this thickness, so the agreement between experimental
and numerical results is favorable. For a thickness
of 0.50 mm, there is already less difference in the re-
sults. Subsequently, a numerical simulation of the
fracture toughness experiment was performed using
the effective Young’s modulus and a material model
derived from the simple tensile test. The modification
in the material model showed a significant improve-

273



Petr Bočan, Aleš Jíra Acta Polytechnica

ment in the correlation between the FEA results and
the experimental data.

However, the FEA results still did not fully match
the experimental results. This discrepancy could re-
sult from the use of a single value of the effective
Young’s modulus for all thicknesses. Therefore, it
would be advisable for future research to establish
a coefficient ∆t that would accurately adjust the pa-
rameters for the required thicknesses. Furthermore,
insufficient definition of other strength functions in
the material model, which were not critical in the
simple tensile test, may have contributed to the mis-
match. Another limitation of the material model is
its lack of a detailed description of the elasto-plastic
behaviour after reaching the peak stress. All these
findings on improving the numerical analysis of 3D
printed polyamide samples are the main focus of fur-
ther research.
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