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Abstract Due to its good biocompatibility, porous tita-
nium is an interesting material for biomedical applications.
Bone tissue can grow inside the porous structure and
maintain a long and stable connection between the implant
and the human bone. To investigate its long term stability,
the mechanical behavior of porous titanium was tested
under static and dynamic conditions and was compared to
human bone tissue. A promising application of this mate-
rial is the coating of dental implants. A manufacturing
technique was developed and implants were produced.
These implants were fatigue tested according to modified
ISO 14801 and the micro structural change was examined.
The fatigue test was statically modeled using finite element
analysis (FEA). The results show that the implants resist a
continuous load which is comparable to the loading con-
ditions in the human jaw. The experiments show that the
porous titanium has bone-like mechanical properties.
Additionally the porous titanium shows an anisotropic
behavior of its mechanical properties depending on the
alignment of the pores. Finally, other potential applications
of porous titanium are outlined.

1 Introduction

Today, most endosseous dental implants are screw-shaped.
In the case of patients with ongoing bone resorption,
longterm stable fixation of these implants becomes diffi-
cult. A promising solution to this problem is provided by
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dental implants with a porous coating. To ensure bone
ingrowth, an interconnected pore system is necessary [,
2]. The ideal pore size for the ingrowth of bone tissue and
blood vessels lies in the range of 100-500 pm [3, 4]. The
porosity should be at least 50% [5]. Bone-like mechanical
properties of the implant material, particularly Young’s
Modulus are important factors in avoiding stress shielding
[2]. Bone ingrowth in the porous coating means that a
stable fixation of such dental implants is expected, even at
a reduced implant length. Different techniques exist for the
fabrication of dental implants with a porous coating: the
sintering of larger spherical powder particles on a dense
titanium core [6], microwave-sintering with a dense core
and a gradient porosity [7], plasma-spraying on a titanium
core [8], slip-casting with a titanium slurry on PU foam [9]
and a slip-casting process with a polymer space holder
(CSTi coating) [10]. Titanium and titanium alloys are
preferred materials for implant applications because of
their high specific strength and their good biocompatibility,
which is due to the formation of a durable TiO, layer on its
surface [11]. Titanium grade 4 and the o-f-alloys Ti-6Al-
4 V and Ti-6Al-7Nb are particularly well-known materials
for dental implants [12]. The aim of this work is to adapt
the space holder method for the manufacturing of dental
implants with porous coatings and the evaluation of the
mechanical properties of the porous titanium. The tech-
nique of fabricating porous titanium has been published
elsewhere [13, 14]. After the manufacturing route for
dental implants had been developed, these implants were
examined by a modified fatigue test approaching ISO
14801. The stress distribution during the fatigue test was
modeled using the FEA technique in order to identify the
highest loaded regions of the dental implant components.
The mechanical behavior was also tested for the FEA
calculations of dental implants and for other potential
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applications of the porous titanium. Therefore Young’s
Modulus and the strength on the porous titanium in
dependence of the pore size were measured under static
conditions. The anisotropic mechanical behavior, which
may have been caused by the manufacturing process, was
also taken into consideration [15].

2 Experimental
2.1 Fabricating and testing porous titanium samples

For the fabrication of porous titanium samples, a mixture
of 30 Vol.% titanium powder (grade 4, particle size

<45 um, supplier GfE, Niirnberg (Germany) produced by
the HDH (hydrogenization—dehydrogenization) process
and 70 Vol.% angular space holder (ammoniumhydrogen-
carbonate; (NH4)HCOs;; particle size fraction 125-250 and
355-500 pm) was uniaxially pressed to samples with a
diameter of D = 60 mm and a height of H = 12 mm with
a pressure of P = 350 MPa. To remove the space holder,
the green bodies were annealed for 10 h at 150°C in air.
After this, the samples were sintered at T = 1300°C for
t =3 h in argon atmosphere. The amount of impurities
(e.g., C, N, O) was measured with a LECO-System (N and
O: LECO TC-436 AR, C: LECO CS-344). The samples for
the static compression tests were fabricated by electro-
discharge machining with a diameter of D = 6 mm and a
height of H = 9 mm. One part of the samples was cut
parallel to the press-direction, the other part was cut per-
pendicular to this direction. Compression tests were
performed on a universal testing machine in air at room
temperature. The relative strain was conductively measured
with sensors at the pressure plates. Each sample was
compressed to a strain of ¢ = 50%, the crosshead speed
was 0.5 mm/min. Young’s Modulus and the o ,-strength

Fig. 1 Dental implants with a (a) titanium core — [CL17]
porous coating, a schematic ;
fabrication steps of type 1 using I

a screw for fixation, b schematic

fabrication steps of type 2

fixation using adhesive joining.
c type 1 with a massive tip, d

type 2 with persistent porosity

titanium tube —_—
with a porous coating

(c)
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were graphically determined from the elastic regime of the
stress-strain curve.

In order to examine the porous titanium mixtures with
small (125-250 pm) and large (355-500 pm) spacer par-
ticles, they were cold isostatically pressed to cylinders in a
rubber mould in a water-oil emulsion with a pressure of
P = 350 MPa. After the spacer had been removed and
sintering had been performed at 1300°C for 3 h, the sam-
ples for the fatigue test were cut into cylinders with a
diameter of D = 10 mm and a height of H = 15 mm by
electro-discharge machining. The fatigue testing was
performed using a “Schenk Zug-Druckpulser PHG N”
testing machine with a frequency of f = 50 Hz and R =
Omin/Omax = 0.1. The samples were tested at pressures
between 40 and 87.5% of the o(,-strength of the porous
titanium. The experiment was stopped after 4.3 10° cycles
and the plastic deformation of the samples was measured
with a calliper. Additionally with its mass the geometric
porosity P [%] of the porous titanium samples was calcu-
lated according to P = 1—(p/p,) where py is the density of
the porous sample and p, the theoretical density of pure
titanium (4.5 g/cmB).

2.2 Fabricating dental implants with porous coating

Figure 1 shows two options for the fabrication of dental
implants with porous coatings. In both cases, a mixture of
titanium powder (30 Vol.%) and space holder (70 Vol.%)
with a particle size fraction of 125-250 pm was cold iso-
statically pressed onto a titanium rod. The coating was
near-net-shape machined by turning in the unsintered state.
After the spacer was removed and sintering was performed,
the samples were machined by drilling and sawing to
achieve a tube with a porous coating. Finally, a dense
titanium core with an internal screw thread was pressed
into the tube part. In type 1 (Fig. 1a, c), the porous coating

(b)
titanium core —— ..m‘
titanium tube o — E — E
with a porous coating .
T

(d)
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was fixed by a screw on the tip of the implant. After
joining, the screw was machined by turning to achieve a
cone-like tip and roughened by sandblasting. Type 2 was
adhesively joined and allows the joint between the titanium
core and the porous tube to be improved by conjoining both
components by electron-beam welding at the interface
(Fig. 1b, d). Two types of dental implants were developed
because to survey two different kinds of manufacturing
methods. The diameter of each type was 5 mm, the height
was 12 mm.

2.3 Fatigue testing of dental implants

The dental implants underwent a fatigue test approaching
modified ISO 14801 (Fig. 2). Since the dental implant was
at an early state of development, the test was modified by
applying the force directly onto the massive titanium head
of the implants. For this test, the porous dental implants
were embedded in araldite under vacuum conditions to
infiltrate the porous structure. To simulate an extreme
loading condition, which may occur in cases of ongoing
bone resorption, the porous coating hangs 3 mm over the
edge of the polymer bush. The force was applied with a
plunger directly to the head of the implant in an angle of
30°. The tests were performed at a temperature of T = 37°C
in a physiological 0.9% NaCl solution. The implants were
tested up to 2 10° cycles with a frequency of 2 Hz with
different loading conditions of F = 200 und 300 N. After
the test, the failure behavior of the implants was examinated
with optical microscopy on an embedded grinding.

2.4 FEA modelling

Due to the similarity of the results of the FEA modelling
for both implant types, only the results of implant type 2
are shown here. The implants were designed with the
CAD-software “CATIA V5”. For the calculations, the
program “ANSYS 10.0 workbench” was used. Figure 3
exhibits the components of type 2 considered in the model:
titanium core, titanium bush, polymer resin (araldite) and
porous titanium infiltrated with araldite. Meshing was

lF=100N

infiltrated

_— titanium core
titanium

polymer—y
resin g

titanium bush

Fig. 2 Geometry of dental implant type 2
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Fig. 3 Chemical impurities of titanium after each fabrication step in
the space holder method. The horizontal lines show the requirements
for titanium grade 4 (max. content)

Table 1 Parameters for FEA Modelling

E (GPa) )
Titanium 105 0.31
Infil. titanium 6.4 0.33
Polymer resin 24 0.40

automatically done by the program. On the edge between
implant-head and shaft the mesh was additionally refined.
Calculations were performed for an implant load of
F = 200 N at the edge of the massive titanium core at an
angle of 30°. This force simulated a typical load for inci-
sors [6]. Due to the fact that the calculations were
performed with a half-model, the force was reduced to
F =100 N. Table 1 summarizes the parameters (E =
Young’s Modulus, v = Poissons ratio), which were used
for the linear-elastic calculation. The examinations of these
materials were done on test samples with the same
parameters under pressure load. The contact conditions are
as follows. A bonded contact was assumed between infil-
trated titanium and polymer resin. Between the core-bush
and core-infiltrated titanium, a friction contact with a
friction coefficient of u = 0.8 was used. This relatively
high friction coefficient shall consider the press fit between
both components.

3 Results
3.1 Chemical analysis of titanium
Figure 3 shows the carbon, oxygen and nitrogen contents

of the titanium powder, the powder after the space holder
was removed and the porous titanium after sintering. In
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addition, the requirements for titanium grade 4 are also
shown. Due to its fabrication process, the powder already
has a high content of these impurities. After the annealing
process for removing the space holder, a negligible
increase in the amount of these elements occurs. No further
distinct increase in the oxygen content was found until the
sintering process, while the contents of nitrogen and carbon
remained almost unchanged. As a consequence, the oxygen
content of the porous titanium lay marginally over the
requirements for titanium grade 4. A high content of these
elements in the titanium does not impact on the biocom-
patibility of the titanium but it does embrittle the titanium
matrix [16] thereby enhancing the risk of particle loss
under dynamic load conditions.

3.2 Mechanical behavior of porous titanium

Figure 4a shows the stress-strain curve for porous titanium
with a pore size of 125-250 um and a porosity between
54.3% and 59.6%. The mechanical behavior of human
bone tissue is also shown. The corticalis, the dense outer
layer of the bone structure, shows a brittle fracture
behavior. Contrary to this, the compacta, the inner, sponge-
like bone tissue, is characterized by high elongation. The
stress-strain curve of the porous titanium samples lies
between the curves for the corticalis and compacta and can
be adjusted well by varying the porosity.

Figure 4b shows the same information for porous tita-
nium with a pore size of 355-500 pm. The higher porosity
of all samples is surprising, since the same amount of space
holder particles and the same sintering parameters were
used as for small space holder particles. One possible

(a)
450 - ) P
>0 | pore size: 125-250 pm ":P . 275430/
400 |_sintering parameters: 1300 °C /3 h =55,5% e
3 AP
350 | perpendicular
L P=59,6 %
< 300 |
o L
A
@ | corticalis
O oq |-, according to Ashby
17 L
150
100 spongiosa
according to Ashby
50
0 " 1 " 1 " 1 " 1 " 1 " ]
0 10 20 30 40 50 60

strain [%]

Fig. 4 a Stress-strain behavior of porous titanium with a pore size of
125-250 pm compared to the mechanical behavior of human bone
tissue according to Ashby [18]. AP means uniaxially pressed titanium,
CIP means cold-isostatically pressed titanium. b Stress-strain
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explanation could be that the larger space holder particles
cause the compaction behavior of the green body to dete-
riorate resulting in a higher porosity of the samples after
sintering. Comparing the influence of fine and coarse space
holder particles on the mechanical properties, the anisot-
ropy of microstructure and therefore also the anisotropy of
the deformation behaviour is clearly higher in case of
coarse particles. Smaller space holder particles are pre-
ferred, if the main requirement of the application is a
homogeneous deformation behaviour in all spatial direc-
tions. Figure 5 shows a SEM picture of the pore structure
of porous titanium with a pore size of 355-500 pm. If this
picture shows mainly separated pores, the author in [15]
shows that porous titanium with a comparable amount of
space holder leads to an open porous foam. Additionally
authors in [17] show that bone tissue can growth inside a
porous titanium body with comparable properties. The
white arrows indicate the compaction direction. It is
obvious that there is a preferred orientation of the pores in a
horizontal direction, which results from an alignment of the
space holder particles during compaction.

The porous titanium samples show a typical elastic-
plastic deformation behavior like the metallic foams in [18,
19]. The curve can be devided in 3 sections: linear-elastic,
plateau and densification. Because of its relatively wide
pore distribution the sections have a fluent transition
between each other.

3.3 Fatigue testing of porous titanium

Figure 6 summarizes the results of the fatigue testing of
porous titanium with different pore sizes. Below a pressure

(b)
450 [ pore size: 355-500 ym
400 | sintering parameters: 1300 °C / 3h AP cip
| P=59,9 % P=59,8 %
350
< 300
o L
2 250}
@ L
© 200 |, corticalis AP
k) || according to Ashby perpendicular
150 P=59,6 %
100
spongiosa
50 according to Asﬂby/
0 L 1 L 1 L 1 L 1 L 1 L J
0 10 20 30 40 50 60
strain [%]

behavior of porous titanium with a pore size of 355-500 pm
compared to the mechanical behavior of human bone tissue according
to Ashby [18]. AP means uniaxially pressed titanium, CIP means
cold-isostatically pressed titanium
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Fig. 5 Uniaxially pressed porous titanium with preferred alignment
of the pores perpendicular to the compaction direction (white arrows)
of the greenbody. Pore size of the space holder fraction was 355—
500 pm
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Fig. 6 Irreversible deformation of porous titanium with different
pore sizes after a fatigue test with at least 4 10° cycles at different
stresses

of about 20 MPa (50% of the o(,-strength of the porous
titanium), no plastic deformation of the samples was found.
An increase in the load is coupled with the occurence of
irreversible plastic deformation. During fatigue testing,
irreversible deformation was already found at stresses
below ¢ ,, which increases disproportionately if the stress
approaches a(,. Even if this behaviour is not completely
understood, it is assumed that there is an influence of the
inhomogeneous distribution of wall thicknesses of sintered
struts (compare Fig. 2). Areas, where the amount of thin
struts prevails may deform already plastically at stresses
below a5, while the predominant rest of the sample is still
in the elastic regime. If the stress approaches the g, value,
an uniform plastic deformation of the samples becomes
dominant coupled with the disproportionate increase of the
deformation value. It should be noted that the average

Fig. 7 a, b Implant type 1 after the fatigue test with F = 300 N and 2
10° cycles. Formation of a notch (arrow) opposite the point where the
load is applied. ¢, d Implant type 2 with an additional weld seam
between the massive titanium head and the porous structure after the
fatigue test with F = 300 N and 2 10° cycles

<

Fig. 8 Von Mises stresses in dental implant type 2 with a loading of
F =200 N

L === b —— |

weight loss of the samples with coarse pores at each
loading level was 0.07%, even at low stresses, while the
samples with smaller pores did not show any weight loss.
Examinations of the lost particles with EDX revealed a
high amount of copper and zinc, indicating that they are
residuals from the electro-discharge machining of the
samples. Therefore, electro-discharge machining would
appear to be unsuitable for the shaping of porous titanium
implants.

The fatigue tests were done according the suggestions in
[19]. Actually there are only a few results of the fatigue
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behavior of metallic foams. These results depending
strongly on parameters like e.g., loading conditions, sample
geometry, materials and fabrication techniques. Thus a
comparison with of the results which were shown here is
actually not possible.

3.4 Fatigue testing of dental implants

After at least 2 10° cycles and a maximum force of
F = 200 N, no macroscopic damage of the dental implants
occured. The same result was found for samples loaded
with F = 300 N. After the test, the samples were examined
by light microscope. Figures 7a, b show the cross section
of implant type 1. Due to the fact that turning was chosen
as the fabricating process, the pores at the top side of the

ik

coating were closed. Coarse grains exist at the interface
between the porous coating and the titanium bush indicates
a good adherence of the porous coating. No clear damage
to the structure was visible, but opposite the point where
the load was applied, a notch between the head of the
massive titanium core and the porous coating was found.
This notch was probably caused by a slight distortion of the
core during load cycling. The result was confirmed on
implant type 2. Fatigue testing with F = 300 N resulted in
no damage to the porous coating but it did result in a slight
distortion of the core. To overcome this problem, an
additional weld seam at the interface between the massive
titanium head and the porous structure would be advanta-
geous. This distortion of the titanium core in the bush was
avoided (Fig. 7c, d).

(b)

[ -

50 i -
oo 30m 6000 e
. —

T —

Fig. 9 a, b Von Mises stresses of the components of implant type 2, a polymer resin, b infiltrated titanium, ¢ titanium bush, d titanium core

@ Springer



J Mater Sci: Mater Med (2009) 20:1763-1770

1769

Table 2 Von Mises stresses of implant components of dental
implants

Type 1 (MPa) Type 2 (MPa)

Polymer resin 27 15
Titanium core 130 154
Titanium bush 151 120
Infiltrated titanium 20 20

3.5 FEA modelling of the fatigue testing of dental
implants

Figure 8 shows the Von Mises stresses for implant type 2,
loaded with F = 200 N. The maximum stress occurs at the
point where the load is exerted on the implant. The core
and bush have to withstand the highest stresses, while the
infiltrated titanium and polymer resin are almost unloaded.
Figure 9 show the stress distribution of the implant com-
ponents polymer-resin (Fig. 9a) and infiltrated titanium
(Fig. 9b). The stress concentrations are generally opposite
where the load is applied. Those regions where sharp-
edged components are in contact with each other are rel-
atively highly loaded. The bush experiences maximum
loading at the edge, where the head of the massive titanium
core comes into contact with it (Fig. 9c). Figure 9d shows
the load distribution of the massive titanium core. As
previously mentioned, the maximum stress occurs in the
area where the load is exerted. Since this stress is of the
same dimension for both implant types, the stress at the
intersection between the head and the core was used for
comparative purposes. Table 2 shows the Von Mises
stresses of the components of both implants. Remarkably,
the loading of the infiltrated titanium was the same. For
implant type 1, the loading of the polymer resin and the
titanium bush was higher than that of implant type 2. As a
consequence, the loading of the titanium core is lower than
that of implant type 2.

4 Conclusion

The mechanical properties of porous titanium, particularly
the Young’s Modulus lie between those of the human bone
tissues compacta and spongiosa. The anisotropic behavior
of the porous titanium was shown in a static compression
test. This anisotropic behavior must be considered in the
construction of implant devices. The fatigue strength of
porous titanium was tested. When the load was lower than
50% of the g ,-strength of the porous titanium (20 MPa),
no plastic deformation occurred for more than 4 10° cycles.
When the load was increased to 87% of the o ,-strength,
irreversible deformation of 0.3% occurred. Two types of
dental implants with a porous coating, fabricated by the

space holder method, were subjected to a modified fatigue
test approaching ISO 14801. After 2 million cycles, no
macroscopic damage was found in many of the tested
implants. FEA calculations show equal loading conditions
for both implant types. The massive titanium core and bush
show the highest stresses of all implant components. Nev-
ertheless, all components are loaded significantly below
their o ,-strength, therefore damage by overstraining is not
expected under the conditions specified in ISO 14801.

The space holder technology has already been used for
further biomedical applications such as implants for the
spinal column. With the technology developed in this
work, the range of applications may be widened to the
porous coating of hip or knee implants to improve the
connection with the surrounding bone.
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