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Abstract Polyamide 12 (PA12) is a core material in many 3D-printing techniques, including selective laser
sintering (SLS), and its mechanical characterization helps to better understand behaviors of additively man-
ufactured parts made from this polymer. In this paper, the elastic response of SLS-produced PA12 is shown
to be nonlinear. Standard test samples with different orientations with regard to the scanning direction are
3D-printed with the use of PA2200 powder, and their elastic response is investigated under uniaxial tension
at different strain rates. Mooney—Rivlin hyperelastic models are proposed to address the observed nonlinear
elasticity of the samples. Cyclic response of the specimens is shown to be stabilized after a few transient cycles
so the material parameters are determined for trained samples after shakedown in their response. The obtained
parameters are found to depend on the loading speed; thus, a rate-dependent hyperelastic constitutive model is
presented for PA12 produced by selective laser sintering. This model is validated by comparing its numerical
prediction with empirical responses under simple tension tests.
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1 Introduction

Polyamide 12 (PA12 or Nylon-12) has been vastly utilized in several 3D-printing methods such as Selective
Laser Sintering (SLS) due to its large processing window between the crystallization and the melting tempera-
tures [1,2]. SLS-produced polyamide parts have been employed in various areas including offshore applications
[3], automotive industry [4], and bioengineering [5—7]. Pantographic lattice structures, which contain inter-
secting arrays of parallel fibers, are also usually fabricated by selective laser sintering of PA12. The arrays are
interconnected by pivots, and this configuration makes pantographs undergo very large deformations, leading
to their high toughness. This also gives rise to an outstanding strength-to-weight ratio. Pantographic structures
can be considered mathematically-driven metamaterials [8—10] whose responses can be tuned by adjustments
in their geometry and properties of their construction. Successful applications of such products need thorough
investigations on their fabrication, characterization, and modeling; thus, numerous works have been so far
done on different aspects of these topics from different points of view [11-16].

The first work on basic phenomena regarding powder properties and fabrication parameters in selective
laser sintering of polymers was conducted by Gibson and Shi[17]. They studied the influence of part bed
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temperature, laser power, scan size and spacing, slice thickness, building orientation, and post-processing
including coating and surface finishing on the relative density, tensile strength, and surface hardness of the
products. Since then, each of such details has been more deeply discussed in other investigations. An SLS-
produced part is generally a mixture of fully melted and partially melted polymer; thus, the so-called Degree of
Particle Melt (DMP) has considerable effects on mechanical properties since it affects crystallinity percentage
[18,19]. Accordingly, relative density, bulk and surface strength, and dimensional accuracy of the products
depend on laser energy density and scanning speed [20,21], which determine DMP. There are also reports
on the influence of thickness on the mechanical properties of selective laser-sintered PA12 because spatial
distribution and morphological characteristics of probable pores inside the product are shown to vary with
thickness [22,23].

The point-wise manufacturing in SLS may give rise to poor densification and, hence, the formation of
pores in the products [24]. Since the morphology, dimensions, and distribution of such pores are different for
different build directions, the mechanical properties of SLS-produced parts may show dependencies on the
printing orientation [25]. Another reason for such a possible anisotropy is the layered manufacturing owing to
which differences in bond strength within each layer and between two adjacent ones occur, and these differences
are not the same for all build directions [26]. An additional hypothesis is that direction-dependency is due to
different thermal histories for different built orientations [27]. The outcome of these effects altogether is the
potential of anisotropy in the mechanical properties of selective laser-sintered products; however, different
extents of anisotropy have been reported in different studies [28]. While considerable anisotropies are found
in some studies [29], negligible direction dependencies are seen in some others [30]. In particular, the elastic
response of SLS parts for all print directions has been shown to be nearly identical for a specified loading speed
[26,31]. Moreover, if recycled powders are not used, the anisotropy is proved to be significantly suppressed
[32,33].

In 3D-printing of a specified material, whether the product is designed to be dense, porous, or a cellular
lattice structure, several investigations on different manufacturing techniques and various types of polymers
as well as metals have shown that the obtained behaviors vary by varying the process parameters [34,35].
Consequently, for theoretical studies on the mechanical responses of additively manufactured products, the
constitute equations and mechanical properties of the base material should be directly determined by examin-
ing bulk specimens that are 3D-printed with the same production parameters [36,37]. Modeling and numerical
simulation of SLS-produced PA12 parts have been mainly conducted for pantographic structures under mono-
tonic loadings [38], and various issues have been investigated by usually assuming linear elastic response for
the material [8,39]. However, characterizations of Polyamide 12 have shown several kinds of material non-
linearity such as elastoplasticity [25], viscoelasticity [40], viscoplacticity [41], and viscoelastoplasticity [26].
Yang et al. [42] showed that even the elastic part of the response is not linear so nonlinear elasticity is required
to be employed when studying the elastic response of SLS-produced PA12 parts such as pantographs. They
cut samples from a pantographic structure and conducted uniaxial tensile tests. Founded on the calculated
strain energy from the experimental stress—strain response, they determined the required material parameters
of different hyperelastic models and examined their numerical predications compared with empirical results
for shear test of the pantographic structure.

The main aim of the present work is to improve available findings on nonlinear elasticity of SLS-produced
Polyamide 12. Standard samples for simple tension test are manufactured by selective laser sintering of PA2200
powder. Different build orientations are chosen, and the elastic response of the specimens is investigated under
uniaxial tension at different strain rates. Negligible direction-dependency but clear nonlinearity is seen in
the obtained results; thus, different Mooney—Rivlin hyperelastic models are examined to determine which
one more appropriately reproduces the empirical results. Cyclic response of the specimens shows shakedown
after a limited number of transient cycles; thus, determination of the material parameters is conducted for
the stabilized cycle. The material parameters are shown to be dependent on the loading speed. Consequently,
rate-dependent hyperelastic models for SLS-produced PA12 are presented.

2 Materials and methods

Polyamide PA2200 powder with the average grain size of 56 um provided by EOS GmbH-Electro Optical
Systems was utilized in selective laser sintering machine FORMIGA P 100 equipped with 30 W CO» laser of
10.6 um wavelength. Dog-bone samples, with the dimensions shown in Fig. 1, were manufactured for simple
tension tests according to ISO-527 standard. To examine the effects of build direction on the tensile stress—
strain response, as shown in Fig. 2, four different orientations for 3D-printing of the samples were chosen.
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Fig. 1 Dimensions (in millimeters) of the standard test samples

Fig. 2 Different orientations of the manufactured standard samples

The letters A, B, C, and D stand for the directions compared to the scanning direction. The longitudinal axis
of samples A is along the scanning direction of the 3D printer.

To obtain every response for each direction, the corresponding experiment for each loading rate and
specimen type was repeated three times to be assured of the repeatability of the empirical findings. Tension
tests were carried out according to ISO-527 standard on an MTS Biosystem machine of the maximum load up
to 25 kN. Extension of the gauge length during the experiments was recorded by means of an extensometer
according to Fig. 3 in which the arranged test setup is shown. To study the effects of strain rate, three different
loading speeds of 0.05, 0.5, and 5 mm/s were selected. Figure4 shows a typical elastic response for direction
C where the criterion of 0.2% strain offset is considered since the force-elongation curve clearly deviates from
linearity compared to the dotted trend line. To address the observed nonlinearly, the theory of hyperelasticity
is developed to model the elastic behavior of the SLS-produced Polyamide 12 specimens.

According to a formerly presented approach [43], the method of potential functions was applied to derive
hyperelastic constitutive equations. This approach consists of formulation or selection of a scalar function
relating a stress tensor with a strain tensor or their rate measurements (the function has got a physical sense
of potential elasticity energy cumulated in a deformed medium). In our study, we assume that the material is
homogeneous, isotropic and hyperelastic. We decided the Mooney—Rivlin (MR) potential function to be the
best to model the mechanical behavior of the material:

n
W= Y cpg(h =3 (I —3), (1)
P.q=0
where: I1, I,—first and second invariant of the right Cauchy tensor, respectively, ¢ ,,—material constants with

coo = 0. We considered two forms of relationship (1), i.e., two-parameter (Eq. 2) and five-parameter (Eq. 3)
MR models:

¥ =cioy —3)+co1 (12 —3), (2)
W =cio (I —3) +cot (Ia —3) +c20 (11 —3)* + c11 (I —3) (Ia — 3) + coa (12 — 3)°. 3)
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Fig. 3 Test setup to obtain tensile stress—strain responses of the specimens
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Fig. 4 Elastic loading—unloading curve for sample C at the loading speed of 0.05 mm/s

The constitutive equation was formulated with the use of the following equation:

14
Sii =2——, 4
ij acij ( )

where §; j—second Piola-Kirchhoff stress tensor, C;j—right Cauchy tensor. In the considered case of loading
(uniaxial tensile tests), a non-zero stress component will be along the tensile force direction, namely S1;. Thus,

the constitutive equation will show the change of stress S;; as the function of deformation defined by means
of stretch ratio A. The following forms of S;; were derived for the two potential functions ¥ (5) and ¥; (6):

2 3

S = e (A = 1) (co1 + c104) Q)
2

S = s (A3 — l) (2C()2 + 3ciiA + 001)»2 — 6002)»2 + 4C02)\.3 + c10k3

—36‘11)»2 — 3611)»3 + 3C11)»4 + 4C20)\.2 — 6620)»3 + 26‘20)»5) . (6)
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Fig. 5 Elastic tensile force-elongation responses of samples A to D at the loading speed of 0.05 mm/s
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Fig. 6 Stress—stretch ratio responses for simple tension tests at three loadings speeds

All the constants in the above equations were determined based on experimental data by matching the theoretical
curves described by (5) and (6) to the experimental measurements. The least square method was used, and the
Marquardt algorithm was adopted to accomplish this task [44].

3 Results and discussion

The obtained elastic force-elongation responses for tension tests of samples A to D under the loading speed
of 0.05 mm/s are illustrated in Fig. 5. As is seen, the curves are very close to each other, i.e., no considerable
direction-dependency exists for the behaviors of the manufactured specimens. This independency was found
for the other examined loading speeds as well. The observed isotropy is attributed to the well-calibrated SLS
machine that is able to produce uniform samples with very low variations between different build orientations
[5]. Moreover, considering similar studies on possible anisotropies in selectively laser sintered Polyamide
12 parts [26,31], the elastic responses of the examined specimens are expected to be nearly identical for all
print directions. Results for the least studied loading speed of 0.05 mm/s are shown in Fig. 5, but the reported
isotropy was observed for higher strain rates as well. However, for each built orientation, the obtained results
depend on strain rate. Shown in Fig. 6 are the stress—stretch ratio curves for three loadings speeds of 0.05, 0.5,
and 5 mm/s. Visually, a slight increase of Young’s modulus is obtained by increasing the loading speed [26].
As a result, the material parameters of any constitutive model depend on strain rate, and this will be shown
later in this work. Beforehand, it is worth noticing that the observed residual elongation in Fig. 4 at the end of
a complete loading-unloading cycle leads to differences in the response of the subsequent cycles. As is seen in
Fig. 7, for the studied SLS-produced Polyamide 12 samples, the transient responses converge to a stabilized
response after 10 cycles; thus, shakedown phenomenon exists. In other words, the so-called training through
an adequate number of cyclic loading should be conducted prior to any material characterization, modeling,
identification, and practical application of selective laser sintered PA12 parts. The reported material parameters
in this paper are determined for the stabilized response.

The material parameters of different MR models for the three examined loading speeds of 0.05, 0.5, and
Smm/s are brought in Table 1. As expected from Fig. 6, for each parameter, the utilized Marquardt algorithm
yields different values for different loading speeds. In other words, the present approach provides a strain
rate-dependent constitutive model using which the observed nonlinear elasticity in SLS-produced Polyamide
12 can be studied.

To evaluate the validity of this approach, equivalent linear elastic response of the material is compared
with available data in the literature. Based on the 2-parameter Mooney—Rivlin model, the modulus of rigidity
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Fig. 7 Cyclic response at the loading speed of 0.05 mm/s until the stabilized cycle

Table 1 Material parameters of different versions of MR model for stabilized response of SLS-produced PA at different loading
speeds

0.05 mm/s 0.5 mm/s 5 mm/s

Parameter 2-Parameter 5-Parameter 2-Parameter 5-Parameter 2-Parameter 5-Parameter
(MPa) model model model model model model

cl0 -4.32E4-03 —6.28E+04 —1.48E403 3.41E+03 5.39E4-02 3.88E+4-04
c01 4.66E4+03 6.33E4-04 1.80E+03 -3.10E4-03 —2.45E402 —3.86E+04
c20 2.29E+4-09 —3.34E4-08 —1.49E+4-09
cll —4.66E4+09 6.78E4-08 3.04E+09
c02 2.38E+4-09 -3.44E4-08 —1.55E+09

Table 2 The values of Young’s modulus (GPa) at different loading conditions

0.05 mm/s 0.5 mm/s 5 mm/s
First cycle 1.68 1.77 1.77
Tenth cycle 1.87 1.75 1.59

is 2 (c10 + co1). For instance, at the loading speed of 0.05 mm/s, this leads to Young’s modulus of around 1.87
GPa for the stabilized response. This number is in a good agreement with the reported elastic modulus of
Polyamide 12 produced by selective laser sintering [45] and indicates that the proposed hyperelastic model in
the present work predicts the elastic response of SLS-produced PA12 with a reasonable accuracy. To show the
effects of strain rate as well as cycling on the mechanical properties, Young’s moduli of the first and the tenth
(stabilized) cycle for the three studied loading speeds are summarized in Table 2. For the first cycle, where the
as-built specimens are loaded, Young’s modulus is expected to slightly increase with an increase in the loading
speed [26]. However, during cyclic loading, various phenomena happen that may lead to an unpredictable
trend in variations of Young’s modulus [46]: on the one hand, if significant damage is accumulated inside the
structure, Young’s modulus decreases in the course of cyclic loading. On the other hand, closure/compactness
of microcracks and voids within the structure may occur during cycling. This makes the specimen stiffer against
deformation and leads to an increase in Young’s modulus. Therefore, the resultant of these two events is not
easily predictable. Among several affecting parameters, loading frequency plays a pivotal role on the influence
of each of these two reverse phenomena [46]. Consequently, once the stabilized response is achieved in the
present study, it is seen in Table 2 that Young’s modulus increases at the loading speed of 0.05 mm/s, almost
remains the same at the loading speed of 0.5 mm/s, and decreases at the loading speed of 5 mm/s compared to
the first cycle.

Comparison of the experimentally obtained stress-stretch ratio curves with the theoretically predicted
responses for different loading speeds in Fig. 8 also verifies the presented approach in constitutive modeling of
the material. As is seen, both examined versions of the MR model reproduce the empirical results with almost
the same precision. Consequently, the 2-parameter model with less computational requirements suffices for
practical purposes. The mathematical model of the PA12 material we are developing here can be utilized in
modeling of pantographic structures printed by SLS technique. This form of the structures’ modeling might
be an alternative to other approaches, like homogenization method [47,48] or Cosserat approach with granular
motif [49].
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4 Conclusions

The focus of this paper is hyperelastic modeling of SLS-produced Polyamide 12 to address nonlinear elasticity
observed in simple tension test of standard samples. Two- and five-parameter Mooney—Rivlin models are
examined, and both are found to be able to reproduce the empirically obtained results. Consequently, two-
parameter Mooney—Rivlin hyperelastic model is sufficient in practice. Shakedown in cyclic loading is observed
so that the material’s response varies cycle by cycle but converges to a stabilized response after a limited
number of transient cycles. Accordingly, training should be conducted on 3D-printed Polyamide 12 prior to
any characterization, determination of material parameters, and practical application of such products. During
training, the present findings show that Young’s modulus may increase, remains almost unvaried, or decrease
depending on the loading speed. Each model parameter is found to vary by varying the loading speed; thus,
the proposed approach in this work provides a rate-dependent modeling scheme for nonlinear elasticity in
SLS-produced PA 12 parts. The presented findings promote available knowledge on the mechanical behaviors
of 3D-printed Polyamide 12 products such as pantographic structures. Extensions of this work are already
planned to investigate inelastic responses as well.
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