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IN ORDER TO CHARACTERISE THE MATERIAL AND DAMAGE BEHAVIOUR of additively
manufactured polyamide 12 (PA12) under quasi-static load and to implement it in
a numerical model, experiments under quasi-static load as well as microstructural
investigations were carried out. Selective laser sintering (SLS) was used as the manu-
facturing process. For the classification of the material behaviour, quasi-static cyclic
tests with holding times as well as tensile tests were performed. X-ray refraction and
computed tomography (CT) were used to investigate the damage behaviour. The
Chaboche model, which has already been applied for metallic materials under ther-
momechanical loading, served as the basis for the selection of the numerical material
model. The same procedure was used for the selection of the damage model, where the
Gurson—Tvergaard—Needleman (GTN) model was chosen, which was already used for
porous metallic materials. The Chaboche model shows very good agreement with ex-
perimental results. Furthermore, the coupling with the GTN model allows a very good
modelling of the damage behaviour. Finally, it could be shown that the selected mod-
els are suitable to simulate the material and damage behaviour of 3D printed PA12.
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1. Introduction

TECHNOLOGICAL PROGRESS REQUIRES the development of new materials. The
development also involves the evaluation of their performance. More and more
often design materials, plastics and metals are made with AM (additive man-
ufacturing) technology. For practical applications, the 3D printed parts should
withstand various amounts of mechanical and environmental stresses during their
service life. It is important to know the required strengths for each application
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under various loading conditions, and at the very least, the physical properties
of 3D-printed parts should be similar to those manufactured by conventional
methods, such as injection moulding. While AM provides the opportunity to
quickly step forward from design to product especially for parts that are diffi-
cult or impossible to machine, challenges remain for predicting the mechanical
performance [1]. The AM process of depositing layers of polymeric material re-
sults in structural components with anisotropic properties and residual stress,
which is a major challenge. Researchers and Original Equipment Manufacturers
(OEMs) must establish standardised methods of determining material proper-
ties from AM processing rather than the mechanical properties of a particular
design. Very few papers highlight the complexity in related material properties,
AM mesostructure, and part design for standardised testing. Despite the impor-
tance of this problem for the success of AM, the literature available in this field
is sparse [2]. AM is the most appropriate technique for fast creating structural
components and enables building complex parts, which could not be created with
traditional technologies, like injection moulding process.

Investigations already carried out on metallic materials produced convention-
ally and additively have shown that it is possible, on the one hand, to develop
material models for quasi-static loading and, on the other hand, to convert infor-
mation on the inhomogeneous material structures obtained from X-ray refraction
and CT analysis into a numerical model, [3, 4, 5]. Therefore, the approach of
this paper is to investigate existing material and damage models of metals and
transfer them to additively manufactured PA12.

For the description of the material behaviour, a quasi-static cyclic test with
implemented holding times as well as tensile tests were tested. For the description
of the damage behaviour, X-ray refraction and computed tomography were car-
ried out. With the results from the experimental part, the material and damage
parameters of the selected numerical models could be determined and verified.
For the numerical description of the material behaviour, the Chaboche model was
applied, which was already used for metallic materials under thermomechanical
loading. The Gurson—Tvergaard—Needleman model, which was used for porous
metallic materials, served as the basis for the choice of the damage model. By cou-
pling the Chaboche and GTN model it is possible to cover the material behaviour
of the 3D printed PA12 and the damage behaviour considering the microstructure.

2. Experimental part

2.1. Sample preparation according to standards

The selective laser sintering (SLS) method was used to create specimens for
the experiments. A sPro 230 printer from 3D Systems was used. It was run with
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a laser power of 70 W, a scanning speed of 10 m/s for the filling and 5 m/s
for the contour, and a layer thickness of 0.08-0.15 mm. The temperature of
the printing chamber and the process was 170°C and 200°C, respectively. In this
work, 3D printed specimens of PA12 were investigated. PA12 is a semi-crystalline
thermoplastic material and commonly used for SLS printing.

Currently, 47 standards exist for polymers, but only 20 of them can be used
with restrictions and the others are not usable [2]. Therefore, the geometry of the
specimens was chosen according to DIN EN ISO 527-2 [6], Fig. 1a. All samples
were printed as shown in Fig. 1b. With the manufactured samples, quasi-static
cyclic tests (Sec. 2.2) and tensile tests (Sec. 2.3) were carried out.

a) b)

Layer
build-up

20

Fig. 1. Specimen: a) dimension of specimen, b) single printing layers are in the zy-plane, the
build-up direction of the layers is the z-direction.

2.2. Quasi-static load

The characterisation of the material started with a quasi-static cyclic test,
which included holding times at different displacement levels. This procedure
was proposed by HAUPT [7]. The holding times is chosen to 1000 s followed by
change of displacement with a speed of 5 mm/min to the next level and the
procedure is repeated, Fig. 2.

Displacement [mm]
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FiGg. 2. Conditions for the quasi-static cyclic test with holding times at different
displacement levels.
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This type of test enables classifying the materials with respect to their rate-
dependent and rate-independent behaviour. The rate-dependent material be-
haviour distinguishes two classes: viscoelastic and viscoplastic materials. Exper-
imentally, viscoplasticity is characterized by an equilibrium hysteresis, obtained
from connecting the stress-strain pairs, measured at the endpoints of holding
times. In case of viscoelasticity, this procedure gives an equilibrium line.

2.3. Tensile test

After the investigation of the material classification, tensile tests were per-
formed with new specimens. Seven tensile tests at a displacement rate of 5
mm/min were done with a testing machine of Hegewald & Peschke - Inspekt-
Table 10 kN at 23°C, according to DIN EN ISO 527-2 [6]. The deformation of the

specimens has been traced by a 3D Digital Image Correlation (DIC) technique.

2.4. Digital image correlation

For the Digital Image Correlation (DIC), an ARAMIS 3D Camera measur-
ing system was used for full area and point based measurements. DIC is a non-
contact optical full-field measurement of deformations. A reference image serves
as the basis for the measurement of deformations. For this reason, a unique black
and white pattern is sprayed onto the virgin specimen. The stochastic patterns
are used to identify discrete image areas, that are determined by analysing image
information with the subpixel accuracy. With this method, point and area mea-
surement results are generated and used in materials research and component
testing to determine the static behaviour of samples.

The basic correlation function is described by:

N/2
(2.1) C(x,y,u,v) = Z (I(x+iy+j)—T"(z+u+iy+v+7))>?
i,j=—N/2

where C' is a function of z and y, which are the coordinates of the reference
image. The displacement and disparity are defined as u and v, respectively.
I is the image before deformation and is a function of the pixel values = + ¢
and y + j. I* is the image according to the correlation and is a function of
the pixel values with the applied displacements. The whole function C is ac-
tually the sum of the squared differences between the reference image and the
deformed image, whereby the function is summed over the subset size N. By
loading the geometry data into the program, it is possible to analyse the nor-
mal stress in the tensile direction (z-direction in Fig. 1b) using the measured
deformations.
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2.5. Scanning electron microscopy

The scanning electron microscope (SEM) utilizes a focused beam of high-
energy electrons to generate surface images of solid samples. Signals resulting
from the interactions between electrons and samples provide information about
the sample, to include external morphology, chemical composition, and crys-
talline structure and orientation of the material. Conventional SEM techniques
provide fields of view ranging from lcm to 5 um, corresponding to magnifications
of 20x to 30.000x. Here, magnifications of 40x for the whole fracture surface
and 150x for an analyse of an edge area were used.

In order to specify the pore size and the location more precisely, X-ray refrac-
tion and computed tomography (CT) were performed with a virgin (V) specimen
and a sample of the tensile test (T).

2.6. X-Ray refraction

X-ray refraction [8] is employed as a scanning technique to extract the spa-
tially resolved internal relative specific surface [9]. It has been successfully ap-
plied to characterize pore size distributions, interface orientations, e.g. of ce-
ramics [10, 11, 12]. It is based on the deflection of X-rays at inner surfaces in
complete analogy to the refraction of visible light at interfaces of media hav-
ing different refraction indices, numerically expressed by Snell’s law. As a major
difference, the X-ray refraction index n = 1 — ¢ (J being the refraction decre-
ment in the order of 1077 to 1079) is slightly smaller than unity. This implies
on the one hand, the inversion of focusing properties [13| and very small scat-
tering angles (some seconds to minutes of arc) with the critical angle ©.;; of
total reflection as the upper limit (Og = \/%) In the case of the investi-
gated polyamide, using Mo-Ka radiation (17.4 keV), § is 7.72 - 1077, resulting
in Oy = 4.5 arcmin. Although the spatial resolution of the scanning mea-
surement is limited by the incident beam cross section (500 x 40 pum?), the
technique is sensitive to any surface of pores, cracks or material interfaces down
to the nanometer size region. Rather than imaging individuals the result of the
measurement is the specific surface, i.e., the density of (oriented) surfaces in-
tegrated over the gauge volume (500 pm x 40 pm x thickness of the speci-
men).

For the X-ray refraction measurements, an approximately 25 mm long piece
was cut from the measuring length of a tensile and virgin specimen and examined
with the following experimental set-up. The experimental equipment consists of
a standard fine structure X-ray generator (operated at U = 40 kV, I = 0.8 mA)
providing nearly monochromatic radiation (Mo-Ka). The refraction effect was
measured using a modified small-angle scattering X-ray camera of the Kratky
type collimation in combination with two scintillation detectors. This allows for
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F1a. 3. Laboratory set-up of the scanning X-ray refraction technique [12].

the simultaneous detection of the X-ray refraction intensity Iz and the trans-
mitted intensity I7 behind the sample, Fig. 3.

By measuring the two intensities with and without (index 0) a specimen in
the beam, one obtains the so-called refraction value C, - D:

_Ir/Iro

2.2 C. -D=
(22) " It/Irg

L,

where D is the sample thickness. For the derivation of Eq. (2.2), the reader
is referred to [14]|. Usually, It and Iry are used to calculate the absorption
property u- D = —In(Ip/I1g), p being the linear attenuation coefficient. With
priorly known pug (tabulated or reference data) and macroscopic thickness D
(measured), the porosity p is estimated as:

(2.3) p=1 +1n(%>/(u0 - D).

F1G. 4. Detail of the experimental set-up with samples mounted a) horizontally (Q||7d,
sensitive for transverse surfaces) and b) vertically (QLTd, sensitive for axial surfaces),
@ pointing upwards in both measurements.
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Since the X-ray refraction strongly depends on the orientation of the surfaces,
the measurements were performed with the tensile direction T'd of the samples
(z in Fig. 1b) parallel and perpendicular to the scattering vector @ of the camera
system. A detail of the experimental setup with the two types of mounting is
shown in Fig. 4: in a) horizontal mounting: @ 1 and T'd 1 (giving Cyy, - Dpar) and
in b) vertical sample mounting: @ T and T'd — (giving Cyy, - Dperp)-

2.7. Computed tomography

In order to be able to describe the sizes of the pores as well as the pore
distribution also qualitatively, computed tomography analyses (CT) were carried

3 in size were taken from

out. For this purpose, pieces of about 5 x 5 x 5 mm
the border within the measuring length of a tensile and virgin specimen. The
specimens were scanned on a GE v|tome|x L 180/300 equipped with a 180 kV
transmission target (tungsten thin film onto diamond window). The X-ray tube
was operated under 50 kV and 150 pA. The two specimens were stacked on top
of each other and 3 scans were acquired over the full height of the stack. The
voxel size was 8 um, the integration time was 2000 ms per projection, with 3142

projections for each 360° rotations, Fig. 5.

X-ray source sample detector
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step by step le
1
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Fic. 5. Schematic diagram of an X-ray computed tomography system [15].

The raw CT data was reconstructed using GE proprietary reconstruction
software. Then the CT data was processed, analysed, and visualised with Thermo
Fischer Scientific Avizo software (version 9.4) [16]. The pores were separated
from the polymer matrix based on their greyscale value in the reconstructed CT
volume. This operation is called segmentation and a threshold value was selected
according to Otsu’s method, [17]. The assessment of the porosity content value
as a function of the selected threshold value was estimated by measuring the
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evolution of the porosity content by varying the threshold. A variation of +500
greyscale values (CT data were 16 bit data, ranging from 0 to 65535) resulted
in a porosity content variation of +0.2%.

3. Results
3.1. Material behaviour

3.1.1. Quasi-static test. For the classification of the material, the results of quasi-
static cyclic tests with holding times were used. Figure 6 illustrates results of the
cyclic test and an equilibrium hysteresis (dotted line). This is the first evidence
of viscoplastic material behaviour.
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Fic. 6. Results of cyclic tests with holding times. Solid line: experimental technical
stress-strain data, dotted line: connecting the end points of the holding times results in an
equilibrium hysteresis.

3.1.2. Tensile test. Tensile tests were carried out to investigate the mechanical
properties. Three of seven specimens failed and broke outside of the measuring
length. The results of the four valid tests are shown in the technical stress-strain
diagram, Fig. 7. The mean values of the material properties and their standard
deviation obtained from the tensile tests are listed in Table 1.

Table 1. Mean values and standard deviation.

Mean value | Standard deviation
Young’s Modulus [MPa) 1604.25 29.72
Elongation at break [%] 7.42 0.25
Ultimate tensile strength [MPa] 40.62 1.39

The quasi-static cyclic tests with holding times clearly showed viscoplastic ma-
terial behaviour of additively manufactured PA12. The same behaviour could
already be observed for aluminium and cast iron in previous studies [18, 19].
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Fia. 7. Results of tensile test PA12, v = 5 mm/min, at 23°C.

Furthermore, the characteristic material properties could be determined by the
tensile tests, as well as brittle material behaviour without a pronounced yield
strength. These results are the basis for the selection of the material model,
which is described in detail in Section 4.1.

3.2. Damage behaviour

3.2.1. Scanning electron microscopy. To describe the damage behaviour, the mi-
crostructure of fracture surfaces of the specimens were examined by means of
a scanning electron microscope (SEM) after the tensile tests, Fig. 8. The spec-
imens do not have a homogeneous material structure and contain pores. In the
fringe area, it was found that the printing process does not produce a smooth
surface and that small notches are formed on the surface.

Fia. 8. Scanning electron micrographs, [20] a) fracture surface 40x magnification, b) Section
of the upper edge area, 150x magnification.

3.2.2. X-Ray refraction. Figures 9 and 10 show the results of the refraction mea-
surement. Figure 9 depicts the topographs of Cy,-Dyqr (left) and Cp, - Dperp (right,
rotated 90° with respect to the measurement). The transmission measurements
in horizontal orientations of the samples are shown in Figs. 11 and 12.
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Fia. 9. C,, - D topographs obtained from horizontally (left) and vertically (right) mounted
samples: V: virgin, T: tensile loaded. The different pixel size (scan increments) is due to the
beam cross section (see above). The directions of scattering (Q) and tensile (7'd) are
indicated.
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Fig. 10. Cumulative Cy, - D profiles of samples T and V in both orientations, revealing the
significantly higher specific surface in T.

The samples show distinct refraction signals. In the virgin state, the refrac-
tion values C, - Dpgr = 0.23 and Cyy, - Dperp = 0.27 indicate internal surfaces,
which are attributed to pores. They show a small anisotropy (elongation in the
tensile direction). The tensile loaded specimen exhibits refraction values 0.54
and 0.47, respectively, almost twice as large as the virgin sample. Since porosity
does not change, the additional internal surface is supposed to be due to cracks.
Cm - Dpar > Cpy - Dperp indicates that they are preferentially oriented perpendic-
ularly to the tensile direction (i.e. oriented along the transverse direction, y in
Fig. 1b).
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Fig. 11. p - D topographs of samples T and V (obtained from horizontal mounting).
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Fic. 12. Cumulative p - D profiles of samples T and V.

3.2.3. X-Ray computed tomography. Figure 13 shows the generated CT images
of the virgin and tensile specimen. A porosity of 3.7% of the virgin and 3.6%
of the tensile samples was measured. The distribution of the cavities over the
specimen is very uniform, so that no stronger melting of the surfaces and edges
can be expected due to the printing process.

F1a. 13. 3D CT rendering of porosity (blue) for virgin (V, bottom) and tensile (T, top)
specimens, with 2D orthoslices in the background (grey).
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Within the investigated components, pores of different shapes occurred.
These were classified according to their sphericity. Pores with a more spheri-
cal shape have a small shape factor and pores with a large aspect ratio or small
roundness have large shape factors. Figure 14 shows a selection of measured pore
shapes. From left to right, the shape factor increases, i.e. the pores’ resemblance
to spheres decreases.

Shape factor = 3 | Shape factor = 5 §Shape factor = 10§Shape factor = 20

0.lmm 0.2mm
— —_

Fia. 14. Selection of pore shapes. From left to right, the shape factor increases, which
distinguishes the shape more and more from a sphere.

Furthermore, the CT measurement has shown an increase of spherical shapes
from the virgin to the tensile loaded specimen, Fig. 15. In the virgin state (blue
dots), more pores of larger shape factor are identified. After tensile loading (red
dots), the shape factors of the pores become smaller, indicating that the pores
become more spherical. In addition, a bimodal pore size distribution is observed.
The analysis exhibits a minimum at 100 pm (equivalent diameter). The tensile
specimen contains a larger portion of small pores. This tendency is in accordance
with the refraction results. Considering the large pore size fraction, the center
of gravity shifts from 191 pm (for V) to 171 pm (for T).

The porosity content values obtained from the CT analysis are smaller than
those obtained from X-ray transmission (Table 2). However, the CT results are
comparable to the closed porosity values obtained by DUPIN et al. [21] for laser
sintered parts made of Duraform PA 12. While the CT value is limited by the
spatial resolution (voxel size 8 um), X-ray transmission is sensitive to any size
of pores. Beyond size, the latter is an average porosity, irrespective of closed or
open pores.

Table 2. Porosity of virgin and tensile specimen calculated from X-ray
transmission.

Type of test | px-ray (%) | per (%)
Virgin 5 3.7
Tensile 4 3.6

Both X-ray refraction and CT analysis have shown that 3D printed mate-
rials already exhibit porosity in their virgin state. The pores are distributed
homogeneously. For the simulations, spherical cavities were initially assumed
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Fia. 15. Scatter plot of the pore shape factor as a function of equivalent diameter of the
virgin specimen (blue dots) and after tensile load (red dots). The density of scatter points
indicates the bimodal size distribution, the decrease of the shape factor after tensile load and
that the average pore diameter in a range of 0.1 to 0.3 mm becomes smaller.

as damage. The selected damage model, which is described in more detail in
Section 4.2, is also based on this assumption.

3.2.4. Digital image correlation For the DIC evaluation, the normal stress in the
tensile direction was selected. In Fig. 16a, the analysed area is indicated in the
virgin state. At about 3.7% strain, first indications of shear bands are observed
(Fig. 16b). During further tensile load, at about 7.4% strain (immediate before
the fracture), the shear bands are clearly marked (Fig. 16¢).

F1a. 16. Results of digital image correlation — normal stress in z-direction, a) virgin state,
dark grey marked area is the selected investigation area, b) at 3.7% elongation, c¢) at 7.4% of

elongation.
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This shear band formation is typical for semi-crystalline polymers [22]. They
usually occur at an angle of 30-45°. Shear flow for semi-crystalline plastics is
achieved by sliding, twin formation and martensite-like transformations. Such
phenomena can also be observed in other crystalline solids.

4. Numerical simulation
4.1. Material model by Chaboche

Based on the experimental results (sec. 3.1), a material model was selected
and the simulation was performed. The numerical analysis allows calculations
for complex geometries using data from experimental studies to describe the
material. The purpose of numerical analysis is to establish the correlation of the
results obtained from the experiment with the numerical simulation. Reaching
convergent results allows to adapt complex material models to the behaviour
of the material. This enables analysis of more sophisticated geometric models
in a complex load scenario in the future. A variety of existing material models
were examined and discussed with respect to their applicability to additively
manufactured plastics. As described in Section 3.1, additively manufactured
PA12 exhibits viscoplastic behaviour. For metals behaving like viscoplastics, the
Chaboche model was used in the past, e.g. [18]|. Applying the material model in
presence of a thermomechanical influence, e.g. cast iron (GJS, GJV, GJL [23])
or cast aluminium alloys [19] is one of many examples, for which this model can
be used. Therefore, this work deals with the development of material specific
fitting of the material model by Chaboche — and a limitation on purely isother-
mal experiments at 23°C. The Chaboche model is composed of a differential
equation system. The origin of this model is the subdivision of the total strain
rate £ into an elastic €% and a viscoplastic &P part. Here, the definition of the
viscoplastic strain rate is decisive. This consists of the viscoplastic multiplicator
A and the direction n. The flow function ¢ is the closure of the elastic domain.
The flow function depends on the one hand, on the yield stress oy, the devia-
toric stress s and on the other hand, on the kinematic hardening. The kinematic
hardening is taken into account by the back stresses ¢;. This is described by the
accumulated plastic strain p and the hardening parameters C and ~.

4.1) ' = g + £,

o = E(e) = E(¢"" — &™),

(4.2)

B VLY G e S > P08
4. P = . = —_— = —glp - vpfil—l
(4.3) € An {aa} S ey - ,

. 2 . .
(4.4) oy = gCZEvp — Vi p.
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The Chaboche model described here contains three parameters in its orig-
inal form, which are determined experimentally. These are the Young’s modu-
lus F and the two hardening parameters +; and C;. Depending on how many
back stresses are used, the number of parameters changes. Best results could
be achieved with two back stresses and thus a total of five parameters. The pa-
rameters were adjusted by a fitting tool [24]|. Afterwards, the parameters were
implemented in Ansys and the numerical simulation was carried out.

4.2. Damage model by Gurson—Tvergaard—Needleman

Since the CT results (Sec. 3.2.3.) suggest to assume spherical pores, the dam-
age model of Gurson—Tvergaard—Needleman [25] was applied. TVERGAARD and
NEEDLEMAN |[25] extended the model of GURSON [26] in 1984. The extended
model considers growth, nucleation and coalescence. Based on the experimen-
tal results and microstructural analysis, coalescence was not considered in this
paper. Thus, the GTN model used, is composed of the following Eqs. (4.6) to
(4.10) for strain controlled nucleation.

02 3q2 0

(45) o = 2o coon(P20E) 1 iy
Yy )
(4'6) f = fgrowth + fnucleationa
(4.7) forowtn = (1— )P+ 1,
~pl _pl 2
. ngp _L(EP —EN)

4.8 nucleation = ————=—2=€ 2\ SN )
(4.8) Jructeat SV
(4.9) fo = f(t = O).

The flow function ¢ is defined by von Mises equivalent stress o4, two Tver-
gaard—Needleman parameters ¢; and go, effective hydrostatic stress o, and the
void volume fraction f. The void volume fraction is the summation of growth and
nucleation. Nucleation is regulated by the maximum void fraction for nucleated
voids fy, effective plastic strain 2, rate of the effective plastic strain & l, mean
strain € and the deviation Sy.

For the numerical simulation, the porosity of the virgin sample is needed. This
was measured in an initial porosity fy at time ¢ = 0. Due to the different values
for the initial porosity of the X-ray refraction and CT analysis, the average
of both analyses was taken for the initial porosity and amounts to 4.7%. In
addition to the initial porosity, ¢1, ¢2, fn, € and Sy have been determined as
damage parameters with an own fitting tool. The optimized parameters were
also implemented in Ansys 17.2. The adapted material and damage parameters
are shown in Table 3.
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Table 3. Adapted material and damage parameters.

Unit | Chaboche | Chaboche+GTN

Young’s Modulus E [MPal] 1450 1450
Poisson ratio 7 0.4 0.4
Yield Stress or | [MPa] 17.50 17.50
Hardening parameter Cyv | [MPa] | 7920.469 7920.5
Hardening parameter T 387.81 387.81
Hardening parameter C> | [MPa] 600.026 600.026
Hardening parameter Y2 63.986 63.986
1. Tvergaard—Needleman constant ¢ - 1.2
2. Tvergaard—Needleman constant ¢ — 1.1
Initial porosity fo - 0.047
Nucleation porosity fn - 0.12
Mean strain En - 0.15
Strain standard deviation SN - 0.06

4.3. Validation of models

Based on the experimental results, the Chaboche material model as well as
the damage model were adapted. Tensile test 6 (see Fig. 7) was selected as a basis
for the fitting procedure. Figure 17 shows the result of test 6 (black solid line)

compared to the adapted Chaboche model (blue dotted line).

50
AL e
<
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A :
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O | Test 6 Chaboche
----- Test 6 Chaboche + GTN
001 2 3 4 5 6 7 8 9 10 11 12
Strain [%]

Fic. 17. Results of the numerical simulation compared with experimental technical
stress-strain data of the tensile test. The largest deviation between Experiment and
numerical simulation is 1.6 MPa for Chaboche model and 1.4 MPa for the coupled

Chaboche+GTN model.

Using solely the Chaboche model, the material behaviour is described very
well, but it is not possible to simulate the fracture at the measured strain. There-
fore, the Chaboche and the GTN model were coupled. The coupled model en-
abled to find a good agreement for both the material and the damage behaviour,

Fig. 17.
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Figure 18 shows the results of the normal stress in z-direction. A homoge-
neous stress field develops when the Chaboche model is used solely (Fig. 18a).
When coupling the Chaboche and GTN models, an inhomogeneous stress field
with shear bands is observed (Fig. 18b). Similar results were obtained from (ex-
perimental) digital image correlation (Fig. 16).

a)

Fia. 18. Using the Chaboche model, a homogeneous stress field is created in the numerical
simulation (a), which cannot represent the development of shear bands. By coupling the
Chaboche and GTN models (b), it is also possible to image shear bands that became visible
in the experiment (see Fig. 16¢c) and thus take the microstructure into account.

5. Discussion

The purpose of this study was to characterize additively manufactured PA12
under quasi-static loading and to develop a material and damage model based on
experimental investigations of the microstructure. The results have shown that
the viscoplastic material behaviour can be mapped very well with the selected
Chaboche law, which has already been applied to metallic materials. The cou-
pling of the Chaboche approach with the damage model of Gurson—Tvergaard—
Needleman also resulted in a very good agreement between experiment and nu-
merics. Furthermore, microstructural investigations have shown that pores and
cavities occur inside the material and that the surface has a high roughness due
to the manufacturing process.

A crucial point was to decide whether the material behaviour of the 3D
printed PA12 can be reproduced with a viscoplastic material model. Through
the quasi-static cyclic tests with holding times according to HAUPT [7], on
the one hand, viscoplastic material behaviour could be determined and on the



524 D. SCHOB et al.

other hand, a very good agreement between experiment and numerics could be
achieved by the selection of the Chaboche model. Thus, it can be ascertained
that the material model according to Chaboche can be used for simulation of
the material behaviour of 3D printed PA12.

A further focus of the investigations was to determine whether the selected
damage model of Gurson—Tvergaard—-Needleman properly describes the results
of the microstructural investigations. The GTN model assumes spherical pores.
Indeed, pore shape factors, extracted from CT results, indicate a preferred oc-
currence of nearly spherical pores. However, in addition to the spherical pores,
other possible damage initiators could be involved. On the one hand, X-ray re-
fraction indicated the occurrence of additional surfaces preferentially oriented
perpendicular to the tensile direction. Other thermoplastic polymers (such as
polyethylene (PE) and polypropylene (PP)) are known to show cavitation under
tensile load [27]. Cavitations are small elongated voids formed in the amorphous
region between crystals. At small strains, those cavitations are located at polar
parts of spherulithes and are oriented perpendicular to the tensile direction. On
the other hand, SEM images revealed a considerable surface roughness, which
can promote notch effects.

In summary, it can be stated that, although only spherical voids have been
assumed as damage initiators, very good results have been achieved between
experiment and numerics. At this stage, it cannot be quantified to which extent
cavities have an influence on the damage.

The validation of the experimental results and the adaptation of the mate-
rial and damage model showed that the material and damage behaviour of 3D
printed PA12 can be mapped by Chaboche and GTN models under quasi-static
loading.

6. Outlook

In future studies, it will be investigated, whether the Chaboche and GTN
models can be applied to additively manufactured plastic components under
cyclic loading. Alternatively, different models, e.g., the Bodner-Partom model
[28] or suited modifications of the current model are evaluated. Furthermore, the
temperature as load or as self-heating influence, which plays a crucial role in cyclic
tests for polymers, is to be implemented in the numerical model. With a focus on
the damage initiators, it should also be determined whether a different damage
model, where cavities and notch effects are taken into account, is better suited. In
connection with this, various production parameters (such as laser power, laser
displacement speed, slip distance and pressure pattern) will be systematically
examined with regard to various load scenarios (static, cyclic, relaxation). In
addition, the relative alignment of the assembly and load directions will be varied.
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