]

DE GRUYTER
OPEN

Michat Doroszko, Andrzej Seweryn

DOI 10.1515/ama-2015-0012

Modeling of the Tension and Compression Behavior of Sintered 316L Using Micro Computed Tomography

MODELING OF THE TENSION AND COMPRESSION BEHAVIOR OF SINTERED 316L
USING MICRO COMPUTED TOMOGRAPHY

Michat DOROSZKO*, Andrzej SEWERYN*

*Faculty of Mechanical Engineering, Department of Mechanics and Applied Computer Science, Bialystok University of Technology,
ul. Wiejska 45C, 15-351 Biatystok, Poland

m.doroszko@doktoranci.pb.edu.pl, a.seweryn@pb.edu.pl

received 3 March 2015, revised 17 July 2015, accepted 20 July 2015

Abstract: This paper describes the method of numerical modeling of the tension and compression behavior of sintered 316L. In order to
take into account the shape of the mesostructures of materials in the numerical modeling, X-ray microtomography was used. Based
on the micro-CT images, three-dimensional geometrical models mapped shapes of the porosity were generated. To the numerical calcula-
tions was used finite element method. Based on the received stress and strain fields was described the mechanism of deformation
of the materials until fracture. The influence of material discontinuities at the mesoscopic scale on macromechanical properties of the po-

rous materials was investigated.
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1. INTRODUCTION

Austenitic steel 316L is one of the most commonly used bio-
materials for internal fixation devices due to its advantageous
combination of mechanical properties, corrosion resistance and
cost effectiveness when compared to other metallic implant mate-
rials (Disegi and Eschbach, 2000).

Modeling and simulation methods have made significant con-
tributions to understanding of the mechanical properties of cellular
materials in conjunction with their structures (Ashby et al., 2000;
Rammerstorfer et al., 2002). Determination of the relationships
between the structure and properties of cellular materials
is a difficult issue because of the complex spatial structure
(Kujime et al., 2007; Maruyama et al., 2006). Until recently,
in most three-dimensional FEM models were used the simplified
control volumes (De Giorgi et al., 2010; Marcadon, 2011; Nammi
et al., 2010). Such analyses did not include the effect of the com-
plex geometry which is required for the proper calculation of
stress and strain values in the material (Michailidis et al., 2010).
Irregular morphology of pores in sintered 316L prevents the use of
the geometries simplifications.

Recent researches into cellular materials has been using
models mapping the realistic geometries. The most popular meth-
od of obtaining cross sections is X-ray computed microtomogra-
phy (micro-CT). The largest number of works describe the FEM
modeling of the strength properties of cellular metallic materials,
such as Al open-cell sponge and close-cell foam (Veyhl et al.,
2011), porous Al (Michailidis et al., 2010), Ni-foam (Michailidis,
2011), and sintered metal fibers (Veyhl et al., 2013).

This paper presents numerical modeling (FEM) of the tension
and compression behavior of porous sintered 316L. Based on
high resolution micro-CT images, the structures of the porous
materials (on a mesoscale) were mapped as 3D models. On the
basis of numerical results, the effect of sintered porous
mesostructures on their mechanical properties was described.
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2. DETERMINATION OF THE TRUE STRESS-STRAIN CURVE
OF THE SOLID 316L

Modeling of the tensile and compression behavior of porous
316L required the determination of the true stress-strain curve
of the solid 316L (Sandvik Sanmac 316L). For this reason was
carried out the monotonic axial tensile test of the solid material.

In the experiment were used specimens compliant with
EN ISO 6892-1:2009. Strength tests were conducted at room
temperature using an MTS 322 computer-programmable, hydrau-
lic test machine. For experiments axial extensometer were used
with gauge length of 25 mm. The applied rate of specimen dis-

placement was wu, = 0.02mm/s, which corresponds
to an initial strain rate of &, = 0.0008 1/s.
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Fig. 1. Boundary conditions used for modeling of the tensile behavior
of the axisymmetric model

In order to determine the true work hardening curve of the sol-
id 316L the hybrid method (experimental-numerical) was used
(Derpeniski and Seweryn, 2011). The curve was further used to
define the plastic deformation behavior of sintered 316L in the
numerical models. The boundary conditions used in the calcula-
tions shown in Fig. 1. The calculations used an elastic-plastic
material model with isotropic hardening. The value of Young's
modulus E; = 202 GPa was determined empirically and Pois-
son's ratio was v; = 0.3. The received curve opq — &¢q
(Fig. 2a) defining the solid 316L nonlinearity was obtained itera-
tively. A comparison of the numerical results and experiments
is shown in Fig. 2b.
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Fig. 2. Comparison of numerical and experimental curves of solid 316L: a) stress-strain, b) force-elongation

The critical force and elongation at which the fracture occurs is
determined at the moment when the stress g; has reached the
maximum, critical value 6, = 1510 MPa (Fig. 3).
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Fig. 3. Distributions of principal stress g+ at the initial fracture moment

3. NUMERICAL MODELING OF THE TENSION
AND COMPRESSION BEHAVIOR OF THE POROUS 316L

For the investigation 3 samples were obtained with porosities
of 41, 33 and 26 % using an average pressing pressure of 200,
400 and 600 MPa respectively. In order to take into account
the shapes of porous mesostructures in numerical calculations,
the microtomography was used. The microtomographic images
were obtained by the SkyScan 1172 high resolution micro-CT
which is located at the Faculty of Materials Science and
Engineering, Warsaw University of Technology. The procedure
of mapping three-dimensional porous structures using micro-CT
is shown in Fig. 4. Three porous models were separated with the
dimensions 0.45 x 0.2 X 0.6 mm, one for each of the

porosities. The 3D geometric models were created using
Materialise Mimics software.

For the numerical modeling, MSC.Marc software based
on finite element method (FEM) was used. In the calculations
were used Tetra 134 tetrahedral isoparametric 4-node finite
elements (Marc® 2010, Product Documentation). For modeling
of the tensile and compression behavior of the porous materials
the boundary conditions based on nodal displacements
and contact were used (Fig. 5). Application of the fixed
displacements in appropriate directions define the symmetry
conditions. To modeling of the compression behavior were used
two approaches (compression | and Il). The first approach was
applied for macroscopic deformation ¢ < 0.1 because further
deformation causes a distortions of meshes which are inconsistent
with the physical process of compression. In compression | and Il
self-contact was applied in order to take into account the effect
of closing the pores. For models used in compression Il added
bases and rigid contact surfaces which prevent improper
distortions such as in the case of compression I. Coulomb model
was used to modeling of friction in contact. The calculations used
the elastic-plastic material model using the Huber-von Mises
plasticity yield criteria. Young's modulus E; = 202 GPa and
Poisson's ratio v, = 0.3 determined experimentally were
assumed. The material nonlinearity was determined by the curve
Ocq — Eeq (Fig. 2a).
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Fig. 5. The boundary conditions used for modeling of the tension and compression of sintered 316L
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Fig. 6. Huber-von Mises Stress distributions indicating plastic zones initiation

4. NUMERICAL RESULTS

To indicate the plastic zones initiation, Huber-von Mises stress
distributions were used in models deformed in 0.1%. Plastic zones
initiation are localized in notches in the pores shape. An example
of the stress distributions in the sinter with the 41% of porosity
shown in Fig. 6. Fig. 6 shows similarity between stress distribu-
tions obtained for the tension and compression in small strain
(macroscopic) range. This is due to the solid 316L deformation
process in small strain range, where tensile and compressive
stress values are equal.

Because of not taking into account the fracture criteria in the
calculations, critical strain ec (macroscopic nominal strain) at the
macro fracture in tension was determined on the basis of experi-
mental results (Falkowska and Seweryn, 2015). In the investiga-
tion it was assumed that crack initiation in the material occurs at
the maximum principal stress value o, = 1510 MPa, received
experimentally for solid 316L (Fig. 2a). Principal stress o1 distri-
butions at the macro fracture moment shown in Fig. 7. Locations
where have been achieved stress values close to the critical o,
were indicated using arrows. Areas of crack initiation are localized
in notches in the pores shape as in the case of plasticity initiation.

TENSION - Macroscopic deformation ¢,

41%, £, = 0,017 33%, £, = 0,032

Fig. 7. Principal stress o1 distributions at the critical strain moment &,
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TENSION

In Fig. 8 is shown comparison of the principal stress distribu-
tions obtained using two approaches of compression (I and II)
when macroscopic strain € = 0.1. As seen the stress distribu-
tions are similar to each other. This means that the both methods
may be used alternatively up to 10% of macroscopic strain. De-
formation larger than 10% using the method of compression |
causes a distortions of meshes (Fig. 9). Principal stress distribu-
tions in sinters with porosity of 41% and 26%, deformed in 20, 30
and 40%, obtained using compression Il shown in Fig. 10. Loca-
tions where compressive stresses reach the highest values are
bridges with the smallest cross sections and notches in the shape
of the pores.

Based on the stress and strain fields, the mechanism of mac-
roscopic deformation was investigated. The influence of material
discontinuities at the mesoscopic scale on macromechanical
properties of the sintered materials describes nominal stress-
strain curves shown in Fig. 11. The presented results indicate that
value of porosity it is crucial factor which determine the tension
and compresssion behavior of the porous materials. The mechan-
ical properties decrease with the increase in porosity. It should be
noted that there is high compliance between the results obtained
by both methods used for compression modeling.
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Fig. 8. Huber-von Mises Stress distributions indicating plastic zones initiation

Macroscopic deformation: 40%
COMPRESSION | COMPRESSION 1l

Fig. 9. Huber-von Mises Stress distributions indicating plastic zones initiation

a) porosity: 41% COMPRESSION I

b) porosity: 26%
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Fig. 10. Principal stress distributions obtained using compression Il for porous 316L with porosity of: a) 41%, b) 26%
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Fig. 11. Nominal stress-strain curves obtained for the sintered 316L

5.

CONCLUSIONS

The paper presents modeling of the tensile and compression

behavior of sintered 316L with a porosity of 41, 33 and 26%,
taking into account the pore shapes at the mesoscale.

The macromechanical properties of the sinters depends

on the stress values in the bridges which connect the mesostruc-
tures. The deformation mechanism have reflection in the received
hardening curves and showing an increase in values of Young's
modulus, yield strength and ultimate strength with decreasing
porosity. The presented results can be useful in design process
of external and internal fixators to decribe the macroscopic non-
linearity of sintered 316L.

Due to the insufficient micro-CT accuracy, an important issue

is research on methods which reduce the impact of the non-
mapped geometries on mechanical properties of the materials.
One of such method was proposed by Veyhl C. et al. (2013).
Its application to the model described in this paper will be the
subject of future research.

Taking into account the stress concentration in bridges of the

mesostructures, an important issue is to model the damage ac-
cumulation process and cracking at these locations.
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