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Abstract: FGM dental implants are a very good alternative with respect to
homogenous implantén this study by focusing omechanicaproperty as one of

the most important factors in implant designthe static behaviour of
Ti/Nanostructure HA (hydroxyapatite) FGM dental impldras beerfabricated

and investigated experimentally and numerically At the first step, the
nanostructure hydroxyapatite powders were ssitedby natural origin At the
second step, the initial powders were cold compacted in order to fabricate Ti/HA
FGM samples for 4 different volume fraction exponents (N=1/3, 2/3, 1, 2). Then
the compacted powders have been sintered using a vacuum fuimaghich
compressive strength of each particular sample was finally asséssiee
dimensional geometrid model of FGM dental implant system and surrounding
bonewascreated by using the macro programming language in ANSYS software
and then finite element analysis ued static forces was performed. Finalhet
experimentalresults strength testsiere compared with numerical solutians
Accordingto the resultsthe FGM dental implants madef Ti/HA under static
forces weresufficiently safe As a reslt, FGM sample with volume fraction
exponent of N=2/3 was chosen as the best sample.
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1 INTRODUCTION

Usually, single phase materials with a bioactive coating
layer are being used for dental implants. coated
metallic implants make stress shielding in the
surrounding bone and over time poor survival of
coatings are the current problems resulting severe
biocompatibility issueg1]. The problems mentioned
above can better be solved by introducing the concept
of a functionally gradednaterial (FGM).The gradual
distribution of components ian FGM can eliminate
the macroscopic interface, such as that in a direct joint
of two material42].

A typical FGM is an inhomogeneous composite made
from different phases of material comsénts (usually
ceramic and metal). Within FGMs the different
microstructural phases have differémctions[3]. The
required functionof a dental implant varies at the
outside of the jawboneinside it, and at jawbone
boundary as we[H].

On the outside of the benthe implant material needs
to have sufficient mechanical strength to bear the
occlusal force, whereas the pafftthe jawbone must
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economical aspect, this meahod is affordable and
available[32].

A combination of biological and biomechanical factors
is responsible for thefailure of supported fixed
prostheses. Coratry to natural teeth, the biologic
aspects of implants problems are fairly low. The most
common problems of implants which have a
biomechanicalorigin occurs after loading on implant
[33].

Many studies of the biomechanical responses of
conventional dental implants have been repofgt
41]. Despite their clinical importance, research
concerning the static and dynamic characteristics of
FGM implants is stillimited.

Without considering the effect of surrounding
trabecular bone, Hedia and Mahmoud employed a two
dimensional axisymmetric finite element model to
investigate the stress distribution in an FGM implant
subjected to an axial static lodd2]. Hedia later
improved the analysis by including this effect in
another numerical investigati¢#3]. It should be noted
that the configurations of tooth and jaw are neither
planar nor symmetric, but are highly irregular.

have stress relaxation, osteoconductivity, and adequate In addition, inclined occlusal forces may often be

boneimplant bonding strength so that thew bone is
created spedly and attaches directly to it. Then we
should choose some type bfomaterials toinclude
biometalsand bioceramicdor FGM dental implants to
satisfy these necessary properties simultaneously.

In the last few years, a variety of metallic biomaterials
and bioceramics were investigated for FGM dental
implants such as titanium/hydroxyapatite (Ti/H[],
[5-14], titanium/cobalt (Ti/Co)[5], titanium/zirconia
(TilZroy) [15-17], titanium/silica (Ti/SiQ) [18],
titanium nitride/hydroxyapatite (TiN/HA J19], [20],
hydroxyapatitepartially stabilizedzirconia (HA/PSZ )
[21], and hydroxyapatite/yttria stabilized tetragonal
zirconia (HA/Y-TZP )22].

Hydroxyapatite (HA, Ca (PQy)s (OH),) is the main
mineral constituent of human teeth and bones. It shows
excellent biocompatibility with hard tissues and also
skin and muscle tissues. Moreover, HA does not exhibit
any toxic effects and can directlyotd to the
surrounding bone. Besides that, Hfas mechanical
properties close to tHeumanbong23], [24]. HA is the
most  weltknown  biocompatible  material for
implantation inside the bonf5]. There are several
methods for the fabrication of FGM amdrous FGM
dental implantssuch as cold isostatic pressing (CIP)
[7], [15], [18], spark plasma sintering (SPEB), [10],
[11], [19], [22], hot pressind6], [12], [13], [16], [21],
and powder metallurgy (PM]2], [5], [8], [9], [14],
[17], [26-30].

The powder metallurggPM) process is a suitable route
for FGM fabrication[31]. In the PM process, the waste
metal is significantly less than other methods. From
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applied, which makes the implant/bone system neither
in a plane state nor in a symmetric state. Hence, it is
important that a  thredimensional  model,
incorporating the interaction between the implant and
the surrounding bone, be adopted to provide a more
accurate interpretation of the stress and displacement
distributions in the implant and tiperiimplantedbone
tissues.

In a comprehensive parametstudy, Yang and Xiang
studied the biomechanicakhaviorof an FGM dental
implant in surrounding bone by using a three
dimensional finite element method (FEN#4]. They
highlightedthe influence of the material properties, the
volume fraction index, the occlusal force orientation,
and the osseointegration quality on the maximum-von
Mises stress, deformation distribution, natural
frequencies, and haonic response. They reported
larger volume fraction index that helps to reduce the
maximum stress difference at the impildne
interfaces and slightly raises the fundamental
frequency, but significantly increases the amplitudes of
maximum stresses and displacements under dynamic
forces.

Lin et al., evaluated boneemodelingwhen replacing
the titanium dental implanwith a hydroxyapatite/
collagen (HAP/Col) FGM model. At theistudy, the
remodelingsimulation was performed over a 4 year
healing period. They reported th&GM dental implant
can better stimulate boneesmodeling activity, and
relieve the peak stress in the cancellpesiimplant
tissues,however; more HAP/Col content in FGM can
causes the reduction in structural stiffnpEs.
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Another study by Lin et al. explores an optimal design
of FGM dental implant for promoting a loAgrm
success by using the computational bone remodeling
and design optimization. They reportea better
performance in bone turnover which can be achieved
by lowering the FGM material gradient, but this will at
the same itme reduce the stiffness of implantation,
consequently placing the beamplant interface at
higher risk of damage during the early healing stage.
According to theirresearchthis problem can be solved
by the multiobjective optimization processes, which
are yet to be employed in biomechanical studies up to
date[46].

Despite the ability of finite element softwarker
processing data, one of the greatest challenges to
analysis dental implants are difficulties to modeling
human maxilla and mandible, simulation mechanical
behavior of implants and the force applied on them.
Material properties and boundary conditiorst
dentistry are very complicated and often there is no
information about it, so a set of assumptions at finite
element analysis are applied and st®ssin response
models are rebuild simpler.

Applying these assumptions in addition to facilitating
modding also affected the accuracy of resul].
Because of these simplifications at fanitelement
analysis, it is important to verify numerical results with
experimental tests. Ifact, just a finite element analysis
without considering the real conditions cannot
guarantee theafetyof dental implants under static and
dynamic loading. At pnéous studies,there was no
comparison between numerical and experimental FGM
dental implants strength and no previous work has been
done. In this study commercially pure Ti (OB was
chosen as metallic phase of FGM dental implants
because of its good mieanical properties (elastic
modulus, toughness fatigue, and strength)excellent
corrosion resistance compared with other metallic
biomaterials, good biocompatibility, high strength per
weight ratios, benign and safe biologic response, low
density, resignce against electrochemical
decomposition and destructionf23], [24], [48]
However Ti and its alloys have sufficient mechanical
properties but theyare bioinert and cannot promote
tissuebonding to the implants. To improve bioadtyvi

of dental implants and increase Osseointegration, HA
was chosen as a bioceramic phase for FGM samples.
The main objective of this paper is to fabricate a FGM
dental implant with suitable mechanical properties by
focusing on strength and good biocompiéitip to
eliminate exciting problems ofcurrently coated
implants.

To reach these purposes at the first step, Ti/lHA FGM
dental implants has been fabricated by powder
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metallurgy technique at different volume fraction
exponents and strength of samples has been
investigated using compression tests at two parts
including richer Ti region and richer HA region. At the
second step thredimensional finite element method
were appliedd compare results of experimental tests
with FEM results under static loadingextensive
numerical results are obtained to show the influences of
material properties and compositional profile on the
static behavior of the FGM dentalimplant and
surroundingbone system.

2 EXPERIMENTAL PROCEDURE

2.1. Raw materials and powder processing

To fabricate FGM implants, the powder metallurgy
method was applied. As compositions of FGMs,
titanium and hydroxyapatite powders were chosen.
Commercially pure titanium (GPi) grade 4 with a
particlesize smaller than 4dicrometerg325 meshes)
and irregular morphology B@oji Unique Titanium
Industry Co. LTD China) were used as theetallic
phase. The chemical composition of Ti powder was
(Wt.%): Ti>99.5, 0.4, Fe0.07, G0.02, H0.02,
N<0.02.

Hydroxyapatite was derived
according to following steps:

from bovine bone

(1) Diaphysis part of bovinéemoral bone was boiled
for 2h andthe bone marrow and all pieces of meat and
fat were removed.

(2) By applying direct flame to the cleaned bone for 2h
at the temperature of 400 °@rganic components
(collagen) were burnedThe product of this thermal
process contained some char duduoningof organic
components.

(3) To remove the remaining char,ettblack powder
(bone ash) was placed in an air furnace at the
temperature of 800 °C for 2h afidally, it was cooled
inside the furnaceBahrololoom et al., showed théte

best heat treatment temperature for the conversion of
bone ash to hydroxyapatiteas 800 °C. The optimum
temperature for heat treatment was found to be°800

(4) The particle size of the heat treated bone ash was
milled for 16: 30" h to get
ball mill system consisting of an alumina cup and balls
was used to mpare fine particles after heat treating.

The feed ratio was 18.5 g powder to 96 g ball (1 to 5
weight ratio). The speed was fixed at 250 rpm and the
milling
mode (Fig. 1).

© 2017 IAU, Majlesi Branch

t i me h with pause a@rtd reeetse 1 6 : 30



60 Int J Advanced Design and Manufacturing Technology, Vol. 10/ No. 1/ March — 2017

mixture of composite material§Voigt model) and
MATLAB software (R2009a) was utilized. The
titanium volume fraction can be represented as
following function of the distance along the Z axis,

Eq. ().
0w — 1)

Where h is the thickness of tt
< o) is a volume fraction exp
material variation profile through the FGM layer

thickness. In thistudy,four different volume fractions

(N=1/3, 2/3, 1 and 2) were considdito compare the

effects of volume fraction changes on mechanical
properties. Coordinate of 2t / 2< Z < h/ 2) fun
chosen at the center of FGMs as shown in Fig. 3. The

volume fraction of HA is:

Fig.1  Hydroxyapatite powder after heating in air furnace

2.2. Powder pressing mold @ P W @)

Mixture of Ti and HA powders were cold compacted
using a biaxial cylindrical moldH= 20 mm, D= 6 mm)
to obtain better uniformity of mechanical properties
(Fig. 2).

The effective material propertiéy of the FGM layer,
i ke _Young Es andrtbednall exEansion

coefficientlU, can then be expressed as:

0 0w 0w (3)

@F

Where P,, and V,, are the material properties and
volume fraction of the metallic phase (Ti) aRdand

V. are the material properties and volume fraction of
the ceramic phase (HA). Table 1 lists the Ydisng

modulus, Poissds ratio, and mass density of the
materials useth this experimental study.

Wt.% Ti
Pure { Lo
ﬁ F -
Fig.2  Symbolic design of biaxial powder presses mold
2.3. Fabrication of Ti/HA FGM FGM <
To fabricate Ti/HA FGMs with different volume 5
fractions, weight values of Ti and HA powders for each
layer were calculated and were mixed withw@ % L1 v
aqueous solution%5 polyvinyl alcohol (PVA), then «— Wit.% HA
they were pressed biaxial layer by layer (every layer ®6 mm

with different ratio of Ti/HA) adjusted to preesigned
compositional profile of Ti/HA FGM into the
cylindrical mold at the pressure of 25BIPa by
universal apparatusHOUNSFIELD, H50KS) at the

Fig. 3  Dimensions and configuration of FGM dental
implant in the experimental study

ambient temperature. Egs. (1) and(2) give a composition profile changing
. . . continuously fromTi-rich at the top end to the HAch
2.4. Ti and HA powder weight values calculation at the bottom. As shown in Fig. 4, the plesigned

Titanium and hydroxyapatite powders weight values Ccompositional profile of Ti/HA FGMs is affected by
for each layer were calculated using a simple rule of different volume fraction exponents.
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2.5. FGM samples sintering

A thermal cycle to remove glue and also to sinter the
pellets was chosen based on Fig. 5. This theoyak
was carried out in &acuumfurnace with avacuum
level of 1x10* Torr. At first, samples were heated at
200 °C and to eliminate humidity, they were kept at
this temperature for 1 h. After that, samples were
heatedup to 500°Cand kept at this tempature for 1 h

to eliminate glue, then up to 800 °C were heated for 2 h
kept at this temperature and were heated up to 1100 °C
and kept at this temperature for 2 h to complete two
steps sintering procedg9]. All heating steps were
performed at the rate of 5 °C/min.

1200

1100

1000 \
900
800 \
700 \

600 A\
500

| p—d \

800

Temperature (*C)

s =
e &
—

400 1000

Time (Min)

(1] 200 600

Fig.5 The thermal cycle which was used for sintering of

Ti/HA FGM [51].

2.6. Mechanical properties evaluation

To investigate the strength of FGM samples,
compression tests were used with a crosshead speed of
1 mm/min. After sintering process, the length of
samples increased to 18 mm due to porosity. So to
investigate thestrengthof Ti/HA FGMs at different
critical regions, the saptes were cut by saw to 2 parts
including Ti riched region and HA riched region.
Compression tests applied by a universal testing
machine HOUNSFIELD: H30KS: UK) device and
engineering stresstrain diagrams were drawn and
required data was extracted.

3 NUMERICAL STUDY

3.1. FGM dental implant modeling

A 3-D model of a mandibular section of bone with
missing second premolar and its superstructures were
used in this study. For simulation, a commercially type
dental implant (Nobel Biocare, Branemark,
Gothenbug, Sweden) was usedAs threads can
maximize the contact surface area angrove implant
stability{50, 51} a V-threaded FGM implant with an
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interval of 1.2 mm and an angle of 60%® used in this For numerical solutionfinite element method (FEM)
studyf44, 52] The implant (15 mm in height and 3.7 was used to analysis model by ANSY&, Mechanical
mm in diameter) and the 7 mm long Ti abutment were APDL. To ensure the full and impeccable modeling of
connected by an internatrew(13 mm in height and 1 components in ANSYS software, thesambled model
mm in diameter)The implantabutment structure was  of FGM dental implant/surrounding bone system in
implanted in the mandibular section where the ANSYS finite element software was remodeled by

trabecular bone is surrounded by a 2 ok cortical macro programming language.
bone layer (Fig. 6)The mesial and distal section planes
were not covered bgortical bone. 3.2. Material properties assumption

In this study theabutment, internal screw, cortical
bone, and trabecular boneedreated as linear isotropic
homogeneous elastic material&able 1 lists Young
modulus, Poissds ratio, and mass density of the
materials used in theumerical examples. The fixture
Implant-Cortieal component is Ti/lHA FGM so phases change gradient
Bone Interfice and with changing iTphase to HA phase, gradually
along longitudinal direction, the material properties
change gradually too.

Abutment Serew

Abutment

FGM Implant

Trabeclular Bone Table 1. Material properties used in theumericalstudy

Cortical Bone

) E }

Material (GPa) 3 (ka/n?) Reference

Yang and

Abutment 110 0.35 4500 Xiang[44]

Yang and

Screw 110 0.35 4500 Xiang[44]

Fig.6 A section of FGM dental implant/bone system gg{,ical 14 03 1700 Rho et a[53]

The threedimensional geometrical model of the Trabecular

implant/surrounding bone system was created using the Bone 03 270 Rho et a[53]
CAD/CAM software (CATIA V5R19).The geometry _ Benzing et
of the human mandible takes the shape of that created Ti 110  0.35 4500  al[54]and Lin et
from a CT database through imagegmentation and al[38]
spline reconstructidB5]. At first, every single part of HA 40 0.27 3219 Hedia and
the dental implant system and surrounding bone Mahmoud42]

including fixture, abutment, screw, cortical bone and
trabecular bone were modeled in CATIA software. 3.7 mm

Models from Part Design and Assembly Design m
workbenches of CATIA software were msferred to
drafting workbench. Then detail amdsemblydrawing
have been prepared along with a complete detail of
shapes and dimensions as a design for manufacturing
(DFM). In Fig. 7 draft of thdixture has been shown as
the mainpartof this study.

Wt.% Ti

,

Wt.%

13

Fig.8 Configuration of the FGM dental implant with layer

Detail B .
Seale:  15:1 details

Fig.7  Configuration of the FGM implant and details of The FGM dental implant model in finite element
the thread analysis was divided io 15 segments with theame
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height. In this structure, the applied occlusal force is
mainly carried by the cortical bone around the upper
part of the implant. A much higher volume percentage
of Ti in this region and more HA in the lower regiisn
desirable,as it can provide sufficient loazhrrying
capacity and at the same time minimize the material
mismatch between the implant and the surrounding
bone tissues (Fig. 8).

As mentioned in the previous section, properties of
FGM implant in thelongitudinal direction Z-axis
depend on location and effective valug) (of them
such as vy o ug gndPoissontsdtiao @B¢uas

an arbitrary point of themplant, that can be determined
by the rule of mixtureFrom Eqgs. (1through (3) we
have:

OMY O O o © (4)

TRy ow ] (5)
Where Oy and
poi sson’s ratio
young' s mo d u Inu ss
respectively Equations (1) and (2) gives a composition
profile changing continuously from Ti rich at the top
end to HA rich at the bottom (Fig. 9). According to
data from Egs. (4) and (5), the mechanical properties of
Ti/HA FGM denta implant for different volume

ar e young' s

fraction exponents are presented in Figs. 10 and 11.

Mechanical properties of Ti/HA FGMs change
gradually from one side to another one. The numbers of
layers were determined in Fig. 8. In finite element
analysis for FGM sanies, 15 layers were used which
are pure HA and Ti in the first layemd he last one
respectively.

¥ 4
6
5 —N=2
4 -=-N=1
3 N=2/3
> -——N=1/3
ez 9
Eo
N
-2
-3
-4
-5
-6
-7
o 20 40 60 80 100
Ef (GPa)
Fig. 9  Longitudinal variation in material properties of

FGM implant

As shown in Figs. 10 and 11, with increasing volume
fractionof Tial ong | ayers, the
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Poisson'satio increases gradually but the gradient of

diagrams varies with different volume fraction
exponents (N).

120 -

=
o
o

[0}
o

N
o

Young's Modulus, GPa
[e2]
o

N
o
I

o

HA 2 4 6 8 10 12 Ti
Layers

mo d
‘© fandy @l o x Fig DaRdltag i anslhi p
anadt i poiosfsot i t ani unmi/HAFGM

bet ween

0.4 -

m —
2 02 - e N=1/3
3 == N=2/3
£ 0.15 - ]
S N=1
0.1 1 e N =2
0.05 -
0 T T T T T T T T T T T T T T 1
HA 2 4 6 8 10 12 Ti

Layers

Fig. 11 Relationshipbe we e n ratio

TilHA FGM

poi sson’ s

3.3. Interface conditions

To definition interface conditions between implant
bone surfaces, it was assumed that osseointegration was
established completely (100%)which does not
necessarily simulateclinical dtuations. These are
inherent limitationsof this study, so in software the
interface condition was bonded between all surfaces in
the fixture-bone interface. The similar interface
condition (bonded) was assumed between fixture

y

Y 0 dhitrent SbuttéhlckelvahdfixtResdew as well.
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The ' Bonded type simulates perfect osseointegration
in which the implant and the surrounding cortical bone
are fully integrated so that neither sliding nor
separation in the implantortical bone interface is
possible[44]. In quick loading finite elemergtudies,it

has been proved that friction coefficient changes have
not significant effects on increase or decrease of
compressive or tensile stresses of the Hdiig So all
surfaces of model merge together in ANSYS software
and friction contact on jawbone is ignored.

3.4. Finite element modeling

Finite element model required in FE analysis is created
by discrediting the geometric (i.e. CAD) modeto
smaller and simpler elements. Hexahedetements in
the fixture, abutment, screw, cortical bone and
trabecular bone correspond to SOLID45 type elements
in ANSYS element library witkeach node having three
degreesof freedom. SOLID45 is used for the-[B
modeling of solid structures. The element is defined by
eight node having three degrees of freedom at each
node: translations in the nodal x, y, and z directions
(Fig. 12). The element has plasticity, creep, swelling,
stress stiffening, large deflection, and large strain
capabilites. A reduced integration option with
hourglass control is availab[B5].

The number of elements for FEM model and each
component are psentedin Table 2 and in the
following the finite elemenimodels are shown in Fig.
13.

Element coordinate M
system {shown for
KEYORT4)= 1)

MNOP
|
K KL
J

Tetrahedral Option -
not recommended

Surface Coordinate System

Fig. 12 SOLID45 Geometry [57]

Table 2 Number of elements in FE model

Component Element
Abutment 974
Screw 871
Fixture 10093
Cortical Bone 2153
Trabecular Bone 12145
Total 26236
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3.5. Loading and boundary conditions

Loading of the implants, in-B, with forces of 17.1 N,
114.6 N, and 23.4 N in a lingual, an axial, and a
mesiodistaldirection, respectively (Fig. 14), simulated
average masticatory force in a natural, oblique
direction. These components represented the
masticatory force of 118.2 N inthe angle of
approximately 75° to the occlusal plan€he force
magnitudes, as well ake acting point, were chosen
based on the work of Mericsiatern[56].

(© (b)

Fig. 13 Finite element meshes view of (a) fixture,
(b) abutment and screw and (c) the integrated system

Axial direction

(114.6 N) Mesiodistal direction

23.4N)

direction

A A

Fig. 14 Applied loads and boundary conditions in FEM
model
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The FEM model was fixed at the bottom surface of
mandibular as shown in Fig.14 and models were
constrained in all directions at the nodes on the mesial
and distal bone tod.he dental implant/supporting bone
system shown in Fig. 14 comprises a Ti/HA implant, a
metallic abutment, an internal screw connecting the
implant and abutménand surrounding trabecular bone
and cortical bone in the mandibular section. The
occlusal force is exerted directly on the top of the
abutment and then transmitted down to the implant
through the screw connection from its upper part to the
middle and laver parts implanted in the trabecular
bone.

4 EXPERIMENTAL RESULTS AND DISCUSSION

In the following, the average stresdrain diagrams for
every Ti/HA FGM samples in Figs. 1& are presented

and then the average gompr

and average strain at tlgg. point for FGM samples
with different volume fraction exponents are shown in
Table 3.

15 -
oyc = 13.634 MPa
g 10 - £ in oyc = 0.051
=
]
S 5
o
O T T 1
0 0.1 0.2 0.3

Strain

Fig. 15 The average engineering stressain diagram for
FGM implant with N=1/3 at Ti riched region

15 +
[
Q10 - cyc = 11.459 MPa
2 ¢ in oyc = 0.03
]
S 5
n

0 T T 1
0 0.05 0.1 0.15
Strain

Fig. 16 Theaverage engineering stressain diagram for
FGM implant with N=1/3 at HA riched region

30

25 - oyc = 26.102 MPa
gin oyc = 0.039

N
o
1

Stress, MPa
e
o (6)]

[6)]
1

o

0 0.05 0.1 0.15
Strain

Fig. 17 The average engineering stressain diagram for

FGM implant with N=2/3 at Ti riched region

6 -

S oyc = 5.234 MPa
Sy - g in oyc = 0.024
p
o 3
o
&2

1 -

0 T T 1

0 0.05 0.1 0.15
Strain

Fig. 18 The average engineering strassin diagram for
FGM implant with N=2/3 at HA riched region

16 -
1‘2" ] oyc = 14.791 MPa
S ¢ in eyc = 0.063
S 10 -
s 8 -
g 6 -
& 4.
2
0 T T 1
0 0.1 0.2 0.3

Strain

Fig. 19 The average engineering stressain diagram for
FGM implant with N=1 at Ti riched region
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Fig. 20 The average engineering strasain diagram for
FGM implant with N=1 at HA riched region
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Fig. 21 The average engineering stressain diagram for
FGM implant with N=2 at Ti riched region
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Fig. 22 The average engineering strasmin diagram for
FGM implant with N=2 at HA riched region

Table 3 The compressive yield strengthEEM implants

Oy, MPa € igh O
i N Ti HA Ti HA
region region region region
1 13 13634 11459  0.051 0.03
2 2/3 26102 5234 0039  0.024
3 1 14791 6787  0.063  0.043
4 2 10545 8405  0.092  0.048

© 2017 IAU, Majlesi Branch

Table 4 shows he average displacement of FGM
implants withdifferent volume fraction exponenfiom
the compression testto compare with numerical

results.

Table4 Average

di spl acemeppointof FGM

di spl acegmmt

| N Ti region HA region
1 1/3 0.459 0.27

2 2/3 0.351 0.216

3 1 0.567 0.387

4 2 0.828 0.432

According to diagrams and results of compression tests

in Table 3, t he

compressigror yield

samples with N=2/3 dTi riched regionis higher than
other sampleg26.102 MPa) For regions with more
HA contentthe samples with N=1/3 showed better
strengtlil1.459 MPa)pecause at these type of samples
the Ti content is more than other types andide all
layers except first onewhich is placed in trabecular

bone the percentage

of Ti volume fraction is higher

than HA Samples with N=1/3 duéo lower HA (as a

bioactive phase) cannot

satisfy osseointegration

property and have not good biocompatibility, so in total
by considering all properties such as mechanical
properties and osseointegratiothe samples with

N=2/3 seems to be a better choice for FGM dental

implants to satisfy all
time.

necessary properties at the same

About displacemenbr strain reverse results versus
strengthwere observedthat meamat this situation the
samples with higheand bettercompiession strength
have lower displacemenr strain As shown in Tables

3 and 4, the displacement and strain for samples with
N=2/3 is lower than other volume fraction exponents at
both regions so we can sdhat the FGM dental
implants with N=2/3 have muchmore desire strain or
displacement as predicted in compression strength

tests.

5 NUMERICAL RESULTS AN D DISCUSSION

The static analysis was performed on FGM dental

i mpl ant Wi

t h N=2/ 3 .lawAleec or d i

volume fraction changes d#GM functions have no
effect on stress ithe linear static analysis of samples
and volume fraction exponent just chasgeechanical
properties of layers and strain or displacem&ince

in finite element model the amount of force is constant
as well as crss section area of FGM sampleby

S

ng



Int J Advanced Design and Manufacturing Technology, Vol. 10/ No. 1/ March — 2017 67

young's modulus <changi ng hytirexyagatite @.8785). Whel rhaxirbuen Vono Mises a n t
and just result of displacement or strain will be value in pure Tilayer and number 12 layer were 7.05%
affected. Due to these reasons in static finite element and 7.53% of yield strength respectively, so the
analysis to obtain maximum Von Mises stress value, maximum Von Mises stress value in fixture under static

the staticanalysis for one of volume fraction exponents loading for both criticalayers did not reach the yield

is enough and it is equad maximum Von Mises stress  strength.

value for other samples with different volume fraction

exponents. Maximum Von Mises stresses that occurred | . s AN
at the FGM dental implant/surrounding bone system | sz DL 19 o

SUE -1 03: 50030

fixture, abutmentand bone are presented in Table L
DX =.117E-04
. . . SN =3181
Table 5 Maximum Von Mises stresselsie tostatic loads = S00EH00
(MPa)

Maximum Von

Component Mises Stress, MPa
FGM dental implant/surrounding 50
bone system
Fixture 34.2
Abutment 50
Bone 15.6

5.1. FGM dental implant/surrounding bone system

Figure 23represertd stress distribution in the FGM s181 B0 omens
dental implant/surrounding bone system in staic gy 23 The von Mises stress distribution in the FGM
loading. It is observd that under static loading dental implant/surrounding bone under static loading
conditions the maximum Von Mises stress occurred at

somepatt of abutment body and the value is 50 MPa. S AN
Abutmentis made from pure titaniumFor the static o1 vec 13 2018

04:07:30

loading, the maximum stress value within the abutment | ==
body was 10.31% of the yield strength. Maximum | 2%z
stress value at the integrated system of static loading | ™ ~**"
corditions was lower than the vyield strength (yield
stress point for Cfitanium grade 4thatis 485 MPa
[48]).

5.2. Fixture

As shown in Fig. 24the maximum Von Mises stress
under static loading for fixture were focused at some
part of thefirst thread (number 12 layer) and implant
cervical which is gunction point between fixture and
abutment (pure titanium layer). The maximum Von
Mises stress value in fixture obtathe34.2 MPa.

JI—

According to Fig. &he last layer is pure Ti and number P e T s P s T e P e
12 layer is a mix of Ti and HA but the percentage of Fig.24 The Von Mises stress distribution in Ti/HA FGM
pure Ti volume fractio is mud more (92.15%). If we fixture under static loading
assumecomplete osseointegration by use of Eq. 3 the
compressive yield stress of this layer (humber 12) is: 5.3. Abutment

- Figure 25showsstress distribution in abutment under
i , @, @ T UuBdwOW O (6) static loading. The maximum Von Mises stress was

located atthe abutment body. The maximum Von
s compressive yield strength for number 12 Mises stress for abutment made from pure Ti obtained

oo 50 MPa. This stress value is 10.31% of yield strength,
layer,, 44 @nd, . care pure Ti yield strength (485 MPa . ) . :
Ve w4 o gAre pure 1yl gth ( so the maximum Von Mises stress under static loading

[48]) and HA compressive yield strength {800 MPa on abutment body was lower than yield strength (the

[_24]). respectively. &, and cy, are volume frqction of yield stress point for GFi is 485 MPa).
titanium (0.925) and volume fraction of

where,
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NODAL 50LUTION AN
STEPSL DEC 13 2014
S =L 03:55:40
TIME=1
SEQV (AVG)
DI =.117E-04
SHN =. 1148407
SMX =. SOOE+08

——

L 1LaE+07 . 1Z0E+08 . 229E4+08 L 33TEH0E . 44EE+H03

L65TE+07 L 174E+08 . 263E+08 L 392408 . SODE+08

Fig. 25 The Von Mises stress distribution in abutment and
screw under static loading

5.4. Cortical and trabecular bone

Maximum stresses were located within the cortical
bone surrounding the implant and withie cervical of
fixture (Fig. 2. There was no stress within the
trabecular bone. Maximum Von Mises stress value
within the cortical bone surroundinge implant neck
was 15.6 MPa under static loading. For the static
loading, the maximum stress value within the cortical
bone was 9.18% of the yield stress (compressive yield
stress point for cortical bone is 2193 MPa[24]). For
static loading conditions, maximum Von Mises stress
value in the cortical bone did not reach the vyield
strength.

Fig. 26 The Von Mises stress distributiam cortical and
trabecular bone under static loading

The locations of critical elements in stress distribution
images and results of maximum Von Mises stresses
were very close to previous studigsl, 44, 57] The
FEM analysis thatwas performed at this study

© 2017 IAU, Majlesi Branch
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confirmed the safety of Ti/lHA FGM dental implants
under static loading coftibns.

5.5. Displacement of Ti/HA FGM implants under
static loading

As mentioned before, the volume fraction exent
changes in FGM implants hawsot effect on stress
contour in static loading but withffect displacement.

In Table 6 the maximum displacement of FGM samples
with different volume fraction exponent is presented.

Table 6 TheMaximum displacement values in FGM
implants under static loading.

Displacement, mm

Component TNZ13 N=2/3  N=1 _ N=2
FGM dental
implant/surround 0.0117 0.0117 0.0117 0.0117
ing bone system
Abutment 0.0117 0.0117 0.0117 0.0117
Fixture 0.0034 0.0034 0.0034 0.0035
2 4 7 1
Bone 0.0034 0.0034 0.0034 0.0035
2 4 7 1
0.00352 -
£ 0.0035 -
= 0.00348
£ 0.00346 -
& 0.00344
2 0.00342 -
S 0.0034-
50.00338—
% 0.00336 . . . )
= N=1/3 N=2/3 N=1 N=2

Volume Fraction Index, N

Fig. 27 Maximum displacements in FGM fixture with
volume fractiorexponent changes under static loading

It is observed that in FGM fixture by increasing volume
fraction exponenthe displacement value increaskie

to decreasiag of elastic modulus (Fig. 37In general
the value ofsamples displacement under static loading
is small. The maximum displacemenftthe fixture and
cortical bone are the same ath value of maximum
displacement iman integratedsystem of FGM dental
implant/surrounding bone under static loadougurred

in abutment.

The value of displacement in abutment is constant
because there is no change inchrenical properties. In
Figs. 2832 the displacement fields for FGM dental
implant/surrounding bone system with N=2/3 along
with componentsireshown as a sample
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HODAL SOLUTION AN
STEP=1 JUL 2 2015
SUB =1 22:16:50
TIME=1
USH (4VG)
RS¥5=0
DIR =.117E-04
SMX =, 117E-04

—

1] +260E-05 . 520E-05 . 780E- . 104E-04

. 130E-08 . 390E-05 . 650E-05 . 910E-05 .117E-04

Fig. 28 The Displacement field for FGM dental
implant/surrounding bone system under static loading

NODAL SOLUTION AN

STEP-1 JUL 2 2015
SUB -1 22:19:04
TIME-1

UsUN (AVG)

R3Y5=0
DMX =.117E-04
SMX =.117E-04

Fig. 29 The Displacement field for FGM dental
implant/surrounding bone system under static loading from
different view
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JUL 2 2015
22:20:59

NODAL SOLUTION

STEP=1
SUB =1
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M =, 117E-04
SMN =, 154E-05
S =, 117E-04

——
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Fig. 30 The Displacement field for abutment under static
loading
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TIME=1
Usm (AVE)
RSV3=0
DIX =, 344E-05
SMH = L07E-05
A =, 344E-05
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Fig. 31 The Displacement field for FGM fixture with
N=2/3 under static loading

AN

auL 2 2015
22:25:28
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STER=1
SUB =1
TIME=1
UsUM (AVE)
R3V3=0

DHX =.344E-05
MK =.344E-05

0 . 306E-05
-05 . 344E-05

Fig. 32 The Displacement field for cortical and trabecular
bones under static loading

6 COMPARISON ON NUMERICAL AND
EXPERIMENTAL RESULTS

To evaluate the precision and accuracy of compression
test and to confirm it, the obtained results from
experimental tests were compared wille numerical
analysis

6.1. Comparison of the strength results

In compressiortest every samplés separate to two
pars with equal length (9 mm) whichincludes Ti
riched regionand HA riched region so strength
comparisonwas performed for each of two regions
with FEM analysis under static loading. The finite
element model has Ifistinctlayers and separation line
of two regionsis located inthe cener of middle layer
exactly. While titanium have much more strength
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compare with HA bioceramjcso in stress analysis
under static loading for FGM implaRtA riched region

is more critical and sensitivbowever the strengthof

Ti riched regionis important too. In compressive
strengthtests observed th#éte failurefor both regions
occurred in a layer with more HA content.

As shown in Fig. 33thefailure at Ti riched regiors has
occurred inthe middle of layer 3 (Fig. 3) for sintered
FGM samples whiclare equivalent to layer 7 (Fig.)8
from finite element model. FAdA riched region the
yield strength occurred in layer number 1 (Fig. 3) for
sintered FGM samples whiehe equivalent to pure HA
layer (Fig. § from finite element model (Fig. 34). In
Fig. 33 the Von Mises stress distribution for FGM
dental implant under static loadirigs beershown to
be compare with the strength of sintered FGM
samples ali riched regia.

As shown in Fig. 33the sintered FGM samples &at
riched regiorreach yield strength at specified location
duringthe compressionest.

AN

DEC 13 2014
04:07:30

NODAL S0LUTION

$UB =1
TIME=1 2
SEQV (A7)
DIX =, 344E-05
SHN =335403

SMX =, 34ZE+08

Critical layer for
Tiriched region

398403

L TI0E+07 L LSAE+0E . ZZ9E408 . 304E+08
SE+07 L L17E+08 . 192E+08 . 26TE408 . 342E+08

Fig. 33 The Von Mises stress distribution in Ti/lHA FGM
implant; the critical layer in compressive strength test
specified for Ti riched region

In this region according to Von Mises stress
distribution in numerical solution, the maximum stress
under static loadings in the range of 4.13.9 MPa
while in results obtained from compression test (Table
3), yield stress offi riched regionfor each of volume
fraction exponents is higher than maximum stress
occurred in finite element model under static loading in
critical situation. In compression test the values of yield
stresses for volume fraction exponents (N=1/3, 2/3, 1
and 2) forTi riched regionobtained 13.636, 26.102,
14.791 and 10.545 MPa respectively that are higher
than maximum Von Mises stress value in FEM
analysis. So the strength of Ti/HA FGM dental
implants fabricated by powder metallurgy method
under static loading folli riched regionare safe and
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did not reach yield stresémongof all FGM samples
with different volume fraction exponents, the sample
with N=2/3 showedthe best strength atTi riched
region In return the sample with N=2 showethe
loweststrength in comparison withther typs of FGM
samples afTi riched region The reason is that the
percentage of HA volume fraction in layers of this
FGM function (N=2) is more tharother typs of
functions, so it is obvious the yield strength value will
be affeced by HA content. The more HA content will
results in lesyield gress.

Fig. 34 shows theVon Mises stress distribution in
FGM dental implant under static loading compare
with the strengthof sintered FGM samples fadA
riched region In compression test foHA riched
region failure of sintered FGM samples undertista
loading occurred in spe@#d location as shown in Fig.
34. Because the percentage of HA volume fraction at
this region is higher than other layers, in the other
words this layer at the FGM samples is more critical.

AN

DEC 13 2014
04:07:30

HODAL S0LUTION

SUB =1
TIME=1

SEQV (AVE)
DIX =, 344E-05
SHN =39840%
SMX =.342E+08

Critical layer for
HA riched region

396403

< 790E+07 . 154E+08 . 229E+06 . 304E+08
SE+07 L 117E+08 . 132E+08 . 267E+08 . 342E+08

Fig. 34 The Von Mises stress digiution in Ti/lHA FGM
implant; the critical layer in compressive strength test
specified for HA riched region

Based orthe results of thEEM analysisthe maximum
Von Mises stress value ithe critical layer for HA
riched regionis in the range of 0.398.15 MPa. By
comparison between results #EM analysis with
results of experimental tests as presented in Talike
maximum Von Mises stress values in critical layer did
not reach yield stress thecompressiottest.

Yield dgrength values forHA riched regionat the
experimental test for different volume fraction
exponents (N=1/3, 2/3, 1 and 3)e equalto 11.459,
5.234, 6.787 and 8.405 MRaspectively So theHA
riched regionunder static loading is safenoughand
never each yield strength. It is observed that between
different volume fraction exponents, the FGM sample
with N=1/3 hasthe highest strength forHA riched
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region due to the low percentage of HA volume
fraction in a critical layer in comparison with other
exporents at FGM function.

6.2. Comparison of displacement

By comparing displacement result®f experimental
tests in Tablel with resultsof FEM analysis in Tabl®,

it is observd that the maximum displacement value in
FGM fixture under static loading in finite element
model is much lower than displacement values in yield
point for FGM implants at experimental tests. The
displacements in vyield point for volume fraction
exponents sth as 1/3, 2/3 1 and\&ereobtained forTi
riched region0.459, 0.351, 0.567 and 0.828 mm and
for HA riched region0.27, 0.216, 0.387 and 0.432 mm
respectively. As a sample displacement field for FGM
dental implant with N=1/3is shown in Fig. 35
Displacement field in FGM sample with N=1/3 is in the
rarge of 0.00110.00342 mm (Fig. 36 while the
displacement value in yield stress point at compression
test for this sample afi riched regionwas obtained
0.459 mm and aHA riched regionwas obtained 0.27
mm which are much higher than displacement values
under static loading in FEM model for both regions. As
a resllt according to Tables 4 and &e strain and
displacement values at the yield strength point for FGM
implant with N=2/3 hadhe lowestvalue amag other
volume fraction exponents wliids an advantage here
and indicant more strength of this sample in
comparison with other samples of this study.

AN

JUL 2 2015
23:49:07

NODAL SOLUTION

STEP=1
SUB =1
TIME=1
usm

RE¥H=0
DM =.342E-05

(AVG)

SMN =.110E-05
SMR =.342E-05

. 110E-05

16E-05
. 342E-05

Fig. 35 The Displacement field for FGM fixture with
N=1/3 under static loading

According to a comparison between strength and
displacement results in experimental tests and
numerical solution, the FGM sample with N=2i&s
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lower layers by having sufficient volume fraction of
HA. In addition at the yield strengfoint, it shows less
strain.

7 CONCLUSION

One of the most important factors in implant design is
the strengthof dental implants. Stvestigation of the
static behaviors of dental implants hasvital rolein
preventingany permanent damage caused riss
implementation oftheimplant But just a FEM analysis
cannot guarantee the strength of dental implantsait r
environment because of somemsgiifications during
analysis; n this study the strength of Ti/HA FGM
dental implant fabricated by powder metallurgy method
was investigated by FEM analysis and experimental
tests which were not found in previous studi€he
major conclusions that can be drawn from this study
are:

1- The Ti/HA FGM dental implants have been
successfully fabricateieh four different volume fraction
exponents (N=1/3, 2/3, 1, ®y the powdemetallurgy
process and sintered in a vacuuuornace with a
vacuumlevel of 1x10" Torr according to two steps
sintering process.

2- Strength of Ti/lHA FGM dental implantavas
investigated by compressive strength test. The average
engineering stresstrain diagrams for each sample
were drawn and then yield strength and
displacement/strain at yield strength pointere
obtained forTi riched regionas well asHA riched
region The FGM dental implant with N=2/3 had
maximum strength amongther typs of volume
fraction exponents at this study and at thmedime
showed minimum strain value at the yield strength
point.

3- Predesigned compositional profile of Ti/HA FGMs

at different volume fraction exponents and mechanical
properties of FGM samples thelongitudinaldirection

by layers has been drawn and gradient changes of
propertiesvereevaluated.

4- The static finite element analysigas performed on
Ti/HA FGM dental implant and stress distribution for
each component under static loadimgs obtained.
According b results it is observed that the maximum
Von Mises stress for every component of FGM dental
implant/surrounding bone system wfasver than yield
stress; sathe safety of Ti/lHA FGM dental implants
under static loadingrasconfirmed.

chosen as the best sample; because not only have5- The displacementdid of FGM samples under static

optimum strength at richer in Ti and HA regions also
can provide suitable bigtvity for osseointegration at

loading was obtained and maximum displacement for
every componentvas calculated. It is observed that in
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FGM fixture by an increase of volume fractio
exponentthe displacement value increaseordinearly
due toadecreasef elastic modulus.

6- By comparison of experimental and numerical
results it is observed that yield strength of FGM
samples for Trichedand HArichedregions were more
than maximum Von Mises stress under static loading in
FEM analysis; sdhe strengthof FGM dental implants
fabricated by powder metallurgy method under static
loading do not reach yield strength and are safe.

7- By comparison of displacement results in
experimental works and FEMnalysis it is observed
that the maximum displacement value in FGM fixture
under static loading in finite element model is much
less than displacement values at vyield point in
experimental tests for FGM implants.
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