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Abstract: Metals with certain porosity are a new class of materials with extremely low density and a
unique combination of excellent mechanical, thermal, electrical, and biocompatible properties.
Absorption of impact and shock energy, dust and fluid filtration, construction materials, and
most importantly, biocompatible implants are all potential applications for metallic foams. An
orthopaedic implant made of metallic foam can provide an open-cell structure that allows for the
ingrowth of new bone tissue and the transport of body fluids. Due to its strong biocompatibility
and stable fixation between the implant and human bone, titanium foam has recently received
much attention as an implant material. Finite element modelling is a suitable method to obtain
an efficiently designed implant. Accurate finite element analyses depend on the precision before
implementation as well as the functionality of the material properties employed. Since the
mechanical performances of titanium foam and solid titanium are different, a constitutive model
for porous metal is required. The model of Deshpande and Fleck in the finite element analysis
software ABAQUS is used to describe the compressive and flexural deformation properties of
titanium foam with 63.5% porosity. The finite element simulation results were compared with
the practical mechanical properties obtained by compression testing of the foam. Finally, the
material modelling was used to investigate the stress distributions on the dental implant system.

Keywords: finite element analysis; ABAQUS; titanium foam; sintering; dental implant; material modeling; mechanical properties;
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1. Introduction

The importance of biological implant fixation for bone and dental applications was
recognised more than forty years ago [1]. Metal foams, a new class of materials, are
increasingly used in structural components, automotive parts, sound and vibration
absorbers, heat exchangers and biomedical implants [2,3]. This is due to their remarkable
combination of properties, including low density, high specific stiffness, high specific
strength and strong energy absorption [4]. Particularly intriguing is the ability to modify
the porosity of cellular materials to match the strength and elastic modulus of bone
[5]. Metallic foams have recently undergone a significant improvement in terms of
research and development. The requirements for the porous implant are a certain
pore morphology, pore size, porosity, and high purity to ensure the biomechanical
properties and biocompatibility [6,7]. Methods to produce biocompatible implant
metal foams are far from perfect, because the requirements for the porous implant
are a certain pore morphology, pore size, porosity and high purity to ensure the
biomechanical properties and biocompatibility [8,9].

Titanium foams (Ti foams) are preferred over other metal foams in a number of
critical applications, including biomedical implants that must be biocompatible.
The main motivation for using cellular metals is to increase the coefficient of friction
between the implant and the surrounding bone, which allows mechanical interlocking
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of the bone with the implant component through
significant bone ingrowth and good stability [10].
Additionally, to reduce the stress shielding effect,
the stiffness of the implants can be adjusted by
varying the porosity of the implants [11-13]. The
present study addresses one of these possibilities,
a successful biomedical application of Ti foams in a
dental implant system.

The use of simulation tools for finite element
analysis has played a crucial role in the development
of lightweight cellular structures [14-16] as well as
dental implants [17]. The accuracy and efficiency
of the material models used for dental implants
depends on the use of finite element method to
analyse structures and components. Porous titanium
hasslightly differentmechanical propertiesthansolid
titanium when subjected to loading. Solid titanium
is an incompressible material whose volume does
not change during deformation, whereas titanium
with a porous structure is a compressible material
whose volume changes during deformation.
Consequently, porous metal yields under both
hydrostatic loading and deviatoric loading. In Ti
foam, different forms of porosity lead to different
mechanical properties and failure mechanisms
[18,19]. To simulate metal foam using finite element
method, an effective metal foam constitutive model
isneeded. Inthe last decade, finite element packages
such as LS -DYNA and ABAQUS have been used to
build constitutive models for metal foams [20,21].
However, few simulations of Ti foam under complex
loading conditions have been studied and reported.
The aim of this study was to examine whether the
model of Deshpande and Fleck, which is included in
the ABAQUS finite element technique as a material
model for crushable foams, can be used to describe
the properties of Ti foam. Furthermore, the stress
distribution on Tifoam for dental implants subjected
to complex stress conditions is investigated.

2. Experimental

2.1. Mechanical Properties of Metallic Foams

Metal foams have a large number of cells or
pores, similar to a sponge, which distinguishes
them from solid metals. The cell topology, relative
density, cell size and cell shape of a metal foam are
defined microstructurally [22]. At the macroscopic
scale, the term porosity is used to describe the
fraction of porous area in foams. The mechanical
properties of cellular metals are affected by their
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microstructure [23]. There are three regimes in the
stress-strain curve of a metal foam in compression.
One is the linear elastic law, which corresponds
to the bending of the cell or the stretching of the
surface. The second law is the stress plateau rule,
which corresponds to progressive cell collapse
caused by elastic buckling or plastic yielding.
The third law is the densification rule, which
corresponds to the collapse of cells in the material
and the resulting stacking of cell edges and faces
against each other. Low density metal foam, on the
other hand, can be deformed to a significant strain
before compaction [24]. For effective applications
as functional parts, understanding the plastic yield
point and subsequent plastic flow behaviour of a
metal foam is critical. Metal foams can yield under
both hydrostatic and deviatoric loading compared
to solid metals [4]. As a result, both the von Mises
equivalent stress and the mean stress influence the
yield criterion.
2.2. Sintering of titanium foam

The powder metallurgy space holder technique
was used to produce porous titanium monoliths.
The titanium (Ti) powder with a particle diameter
range between 50 pm and 100 um was provided by
Micro&Polo, Slovenia. The ammonium bicarbonate
powder with a particle diameter of about 200 um,
provided by Sigma-Aldrich, Germany, was used
as a space holder during green body formation.
Evaporation of ammonium bicarbonate, which
has almost no strong solubility in titanium, was
used to produce open-pore structures. Titanium
powder at 60 vol% was homogeneously mixed with
carbamide at 40 vol% for 15 minutes. While mixing
the powder, a binder, polyvinyl alcohol (PVA) with
99+% hydrolysis from Sigma-Aldrich, Germany, was
used in an amount of 5 wt%. The green bodies were
then produced using 500 MPa unilateral pressure
under a cold compression technique in a Manual
Hydraulic Press - KBr pelletizer. The equipment had
a 13 mm diameter cylindrical powder hopper with a
lower punch that served as arigid base and an upper
punch that applied uniaxial pressure. The samples
were heat treated in a tube furnace under argon
atmosphere to burn out the binder and sinter the
porous Ti monoliths. The heat treatment consisted
of two steps: first heating to 550 °C at a rate of
5 oC/min for 30 minutes to burn out the binder,
and then heating to 950 °C at the same rate for 2
hours. The test specimens were cooled to room



Figure 1: Both wire mechanism variants (basic position).

temperature in the oven. The resulting total porosity
(P in %) of the porous titanium foams was calculated
using equation (1). Here, ps denotes the density
of Ti and p denotes the density of the porous Ti
specimen, which is determined as the volume-to-
mass ratio.

P=[1 —ﬁjxloo (1)

Ps

However, the authors have explored the
compressive mechanical properties of different
ratios of Ti and carbamate where 50 vol%, 60 vol%,
and 70 vol% Ti were taken into account. The best Ti-
foam have been selected considering the enough
strength bearing and existence of sufficient porosity.
2.3. Material Modelling for Metallic Foams

Classical plastic theory cannot be used to explain
such behaviours because the mechanical properties
of metal foam differ from those of solid metal. Several
constitutive models have yet to be established. The
yield point has been shown to depend on both the
mean stress and the von Mises equivalent stress,
and both models are phenomenological.

The yield surface is a Mises circle in the deviatoric
stress plane and an ellipse in the meridional (p-q)
stress plane for the plastic part of the mechanical
action. Deshpande and Fleck [25] created a 3D
model based on Al foam experiments designed
with a finite element package. ABAQUS is an
acronym for ABAQUS Deshpande and Fleck created
the phenomenological isotropic model for metallic
foams (2000). The uniaxial compressive yield stress
as a function of the corresponding plastic strain
must be defined by the strain hardening curve.
In defining this dependence at finite strains, the
"true" (Cauchy) stress and log strain values should
be given. For pressure-dominated loading, both
models predict similar effects.

The volumetric strain hardening model, on the
other hand, assumes perfectly plastic behaviour
under hydrostatic tension, while the isotropic strain
hardening model predicts the same behaviour
under both hydrostatic tension and hydrostatic
compression. The contribution of mean stress to
the yield function in the crushable foam model
is realized by a material parameter known as the
shape factor, which determines the aspect ratio
of the elliptical stress. This shape factor is used to
quantitatively distinguish metal foams from solid
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metals in terms of their plastic properties. The yield
function (F) is provided as equation (2).

F:,/q2+oc2 (p—po)2 -B (2)

The von Mises equivalent stress is ¢, and the
mean stress is p. The yield ellipse's size is defined by
B, which is defined in equation (3).

B=ap, =, 1+(%J2 (3)

In hydrostatic compression, p, denotes the yield
strength. The absolute value of the yield strength
in uniaxial compression is denoted by o . The yield
surface's shape factor (o) can be presented as the
equation (4). The ratio of the initial yield stress in
uniaxial compression and the initial yield stress in
hydrostatic compression is presented by k.

3k
“ 9-k* “

As shown in Fig. 1, equation (2) describes an
elliptical yield surface in the stress plane of von
Mises stress versus mean stress.
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Figure 1: Crushable foam model with volumetric hardening:
yield surface and flow potential in the p-q stress plane.

The isotropic hardening model's flow potential
is setas

G=\/q2 +/)’2p2 (5)

3 =% (6)
'B_JZ 1+vp

The plastic Poisson’s ratio vp can be as the
equation (7)
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The plastic strain (8”’) is as equation (8) where
A denotes the nonnegative plastic flow multiplier.
Only linear elastic behaviour can be used to model
the elastic property. The Young's modulus Ef for
metal foam, which is based on foam porosity, must
be used.

oG (8)
el

e

2.4. Selection of Ti-foam Material Parameters

The Young's modulus (E), the Ti-foam
yield strength (o), the shape factor (o), the
compressible yield stress ratio (k), the elastic and
plastic Poisson's ratio (v,vp), and the hardening
relation are all needed material parameters for the
crushable foam model. To represent the shape
of the workpiece during deformation, the plastic
Poisson's ratio was chosen. The parameters k is
calculated using equation (4) and o is determined
from using equation (7). For initial calibration
and validation of the crushable foam model, the
strategy was to use information from Imwinkelried's
experimental results [25]. The model was then used
to predict the mechanical behaviour of Ti-foam
during compression and bending at different levels
of porosity.

3. Results and Discussion

3.1. Finite Element Analysis of Compression Tests

To assess the accuracy of the crushable foam
model in capturing the mechanical behaviour of Ti-
foam, a compression test of a 63.5% porosity Ti-foam
cylinder with 13 mm diameter and 15 mm height
was simulated as shown in Fig. 2. The upper flat die
was subjected to a 10 kN force, while the lower flat
die was left alone. Rigid surfaces were used to model
the dies. For the cylindrical workpiece, axisymmetric
elements were used. The contact surfaces were
given a friction coefficient of 0.5 [26]. The ultimate
tensile strength, yield strength and strain up to
break of the T-foam have been obtained using the
compressive strength tests and those are 16.9 MPa,
11 MPa, and 31% respectively.

The yield stress (o, ) and Young modulus (E)
of 63.5% porosity Ti-foam were determined using
(9) and (10) respectively those are obtained from
Imwinkelried's experiments [25].
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Applied force 10kN

Upper die

Cylindric Ti-foam

Lower die

Figure 2: Cylindrical specimen model in ABAQUS for
simulations of compression tests.

E=E,(-0.024+15.8607) ()

3

o, :(ay)s[—0.068+7.684p3 j (10)

Here Es denotes the fully solid titanium's Young's
modulus, which is 110 GPa for pure titanium grade
4 [25]. Whereas, (Gy)s denotes the yield strength
for the fully solid titanium which is 650 MPa. The
relative density of the metal foam is represented
by pr. According to Imwinkelried's experimental
results, it is linearly proportional to percent porosity.
To represent the shape of the specimen, the plastic
Poison's ratio (vp) was assumed to be 0.34. From
equation (6), the compressible yield stress ratio
(k) was found to be 0.98. Fig. 3 shows a contour
plot of von Mises tension of compressed Ti-foam.
Total number of nodes is 3504 and total number
of elements is 2955 with 2955 linear hexahedral
elements of type C3D8R.
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specimen.

The vyield stress for Ti-foam with 63 percent
porosity is 70 to 80 MPa. Assume a concentrated



force of 10 kN, and very few places have a stress
result of about 70 to 90. So, the permissible results
can be achieved for dental applications having the
load of 17.1 N, 114.6 N, and 23.4 N in the lingual, axial,
and mesio-distal directions [27]. Fig. 4 depicts the
displacement plot in compression of the specimen.
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Figure 4: Displacement plot in compression of the compressed
specimen.

3.2. Finite Element Analysis of Three-point bending Test

Using the same material model used in the
compression tests, a three-point bending test of
Ti foam with 63.5% porosity was simulated for
comparison with the bending test of Imwinkelried
[25]. Fig. 5 shows a simulation of the three-point
bending test model. Steel sheet bodies were
used to model two support rollers and the upper
movable roller. Two support rollers were installed
with a distance of 72 mm gap between them. The
width and height of the specimen were 20 mm and
5 mm, respectively. The upper movable roller was
lowered to a depth of 5 mm. C3D20R, the standard
three-dimensional standard quadratic hexahedral
elements, were used to mesh the specimen. The
total number of nodes was 88901, with a total
number of 20000 elements.

Applied force (1 mm/min)

ISmm

€27
5,7}”7

€27
5,7]07

Figure 5: The model set up in ABAQUS for the three-point
bending test.
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Fig. 6 depicts the deformed shape of a Ti foam
specimen with a 63.5% porosity under a 3-point
bending load. It is clear that the stress is localized,
with the highest equivalent stress occurring near
the bending region. The model of Deshpande
and Fleck used to define the properties of the Ti
deformation foam was calibrated and a comparative
analysis was performed with the experimental
results of Imwinkelried [25]. The results are in broad
agreement. The total stress at the outer surface of
the beam is zero, and the stresses at the centroidal
position are balanced. If one thinks about it, this
finding is obvious since the stresses above and below
the X-axis of the beam, which is in compression and
below the axis, which is in tension, increase at the
same linear rate. Bending performance for bone
implantation has shown excellent results [28,29].

lard 6.14-2 Fri Oct 02 15:48:03 Central Europe

- 1000
n Scale Factor: +1.000e+00

Figure 6: Contour plot of von Mises stress on the bending
specimen.

3.3. Application of Ti-Foam Model on Dental Implant

For the purpose of FEM simulation, a simple
model was used in this study. The use of fully
porous titanium has the ability to solve fracture and
stress shielding problems in bone [11,12]. A three-
dimensional finite element analysis for a Ti foam
dental implant system was performed to investigate
the feasibility of using Ti foam as a dental implant.
Fig. 7 portrays a three-dimensional simple model
of a Ti foam dental implant and a supporting bone
system.

An implant and the underlying cancellous and
cortical tissues form the dental implant model.
In Fig. 7, the implant and cortical bone is visible,
however, the cancellous bone existed in between
them and inside the cortical bone. All rotational
and translational movements in the model were
constrained by the boundary conditions. The
interface between the implant and the bone and



between the cortical bone and the cancellous bone
was assumed to be perfect. Fig. 7 shows that the
implant is loaded in the lingual, axial, and mesio-
distal directions with forces of 17.1 N, 114.6 N, and
234 N, respectively [26,27]. 3D solid continuum
components were used to construct the finite
element mesh. Fig. 8 shows how the shape of the
implant was simplified.

Force in axial direction
(114.6 N)

Force in mesio-distal
direction (23.4 N)

Force in lingual direction
(17.1N)

Ti-foam Implant

Cortical bone

Figure 7: ABAQUS model of a dental implant having
surrounding bone system with applied loads and boundary
conditions.

Figure 8: The finite element mesh of (a) Implant part, (b)

Cortical Bone, and (c) Cancellous Bone.

The tests were performed on the porous
titanium implant. The stress distribution is uniform
around the implants. Fig. 9 shows that the highest
equivalent stresses in the implants are concentrated
on the neck side. 7700 quadratic hexahedral
elements of form C3D20R were used to mesh the
part, and the total number of nodes was 34671.
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Figure 9: The Ti-foam implant with von Mises stresses
distribution within it.

4, Conclusions

To explain the behaviour of the porous structure
of titanium, the model of Deshpande and Fleck
was used, which is available in the finite element
simulation program ABAQUS as a model for
crushable foam. The required material properties
were chosen based on Imwinkelried's experimental
results. The model was calibrated, and a comparative
analysis with experimental data with a porosity of
63.5% was performed for both compression and
bending, with acceptable agreement.

Fairly great agreement was obtained in these
tests. The dental implant device was simulated using
a crushable foam model with calibrated parameters.
In this test, it can be seen that the surrounding
bone of the Ti foam implant system was subjected
to further stresses. This means that more stresses
were transferred to the surrounding bone when
the Ti foam implant was used. As a result, the stress
shielding problem can be solved.

This is an abbreviated analysis to demonstrate
the applicability of Deshpande and Fleck's model to
the Ti foam implant system. For future application,
a thorough investigation of the design and
optimization of the Ti foam implant and the dental
implant system is required.
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