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dense titanium core and a porous foam composit

he biocomparibility of titanium
(T3 and uranium alloys has
been proven in many experi-
mental and clinical investiga-
tions. Those materials are now standard
materials for the production of biomedical
implants and are widely used in various
dental and orthopaedic applicanons [1,2].
The nfuence of surface tepography
on cell adherence and morphogenesis has
been widely reported and since the mid
1980s, interest has arisen in porous metals
as synthetic support for bone inregration
and regeneration for the fabrication of
orthopaedic and dental implants [3,4].
The main interests for using porous
metal comes from the increase of the fric-
tion coefficient between the implant and the
surrounding bone that provides betrer ini-
tial stabiliry and the fact that the intercon-
necred porosity allows tissue in-growth and
integration and better long term stability
The porous structure zlso helps in
adjusting the mechanical properties of the
implant to values close to those of bone in
order to provide a better stress transfer 1o
surrounding bone, yielding a betrer bone-
metal interface integrity and bone health
in the area surrounding the implant [3].
Different processes have been developed
to produce porous surfaces for orthopaed-
ic and dental applications, The mose com-
monly used are sintered beads and fibres
and thermal spray coating. During the last
few decades, research has focussed on the
development of highly porous strucrure or
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foams to obrain materials with preperries
closer to those of bones, structured for
better cell response.

A process has been developed recently
to produce highly porous titanium with
open porosity [6]. Titanium powder, a solid
polymeric binder and a foaming agenr are
dry-mixed rogether and moulded into the
desired shape. The moulded powder is
then heat-treated in a three-step heart cycle
including foaming, debinding and sintering,
During the feaming step, the binder melts
and flows around the merallic particles.
Once the binder is liquefied, the foaming
agent starts to decompose and generares
a gas that expands the material. After the
foaming step, the resulting material is a
solid pelymeric foam charged with metal-
lic particles. The marterial is then treared
at higher temperatures to decompose the

inlanis that |

o
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coat...

polymer while maintaining the celiular
steucture of the material.

After debinding, the material is sintered
to promote solid-state diffusion and to create
mertallurgical contacts berween the metallic
particles that provide mechanieal strength
to the foam. The process allows the produc-
tion of materials having different structure,
density and pore size. Typical porosity
levels range typically between 50 and 65%.
The compressive steength and rigidity of
these materials may also be adjusted. Their
cotrogion resistance in simulated body fuids
is similar to that of solid titanium {7]. More
derailed results on the morpholegy, proper-
ties and characreristics of these wtanjium
foams having different pore sizes could be
found elsewhere [8,9,10,11]. 1
marises the typical properties of the titanium

able 1 sum-

foam developed for dental applications.
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Figure 1. (g} Particle size distribution and (b} SEM microgroph of CpTi powder, Grade 1, <gsum.

The denral implant design needs a dense
core in order to permit the fixation of the
abutment and crown. The dense core (pre-
form) used in this study is produced by metal
injection mould (MIM). This process offers
a net-shape method of fabrication of the
internal features of the implant which are
critical for coupling with the surgeon’s tools
during the installation of the implant and
also with the adjustmeat of the aburment
system. MIM is attractive for its low produc-
tion costs when compared to the machining
reute normally used for dental implants.

In the past few yvears, interest in the devel-
opment of titanium based components has

risen significantly Several publications show
the progress in Ti and Ti-alloys manufactured
by MIM [12,13]. Due to the limited availabil-
ity of fine titanium powder with low inrer-
stitial contents, it is difficult to use powder
with particle size normally used in MIM (less
than 20 um). As a result, the powder fraction
usually used has a maximum diameter of 45
um, and this may have a significant effect on
dimensional variability Indeed, Zauner et al.
showed that in the green and solvenz-debound
states, dimensional variability increased with
increasing particle size [14].

The powder used in this study was
CpTi-Grade 1 (< 45 um) spherical powder

produced by plasma atemisation (APXC,
Montreal, Canada). Typical size distribu-
tion measured by laser diffraction and meor-
phology observed on a scanning electron
microscope are shown in Figure 2, Chemical
analyses performed using LECO analys-
ers indicate impurity levels of 0.126% of
oxygen, 0.008% of nitrogen and 0.005%
of carbon. The binder mixture used in this
work was composed of polyethylene, paraf-
fin wax and stearic acid.

The feedstock was prepared by mix-
ing 66%vol. of the CpTi powder with the
binder components in a planetary mixer
using an HV-type blade ar 150°C. Injection
moulding of the preform of the implanr was
performed on a Battenfeld Microsystem-50
micro moulding machine at a feedstock
temperature of 150°C and a mould tem-
perature of 45°C. A rypical production
run was composed of 200 parts. The firse
20 parts, during process stabilisation, were
rejected.  Pares were partially debound in
hexane at 40°C and the remaining poly-
ethylene was then eliminated during the
thermal debinding and pre-sintering per-
formed in purified argon up to 200°C. Parts
were finally sintered in a cold-wall vacuum
furnace with tungsten heating elements.
The sintering was conducted at 1280°C for
eight hours with a vacuum of ~10-° mbar.

metal-powder.net
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Figure 2, Dental implont design characteristics.

The sintering support was dense ytiria
{Y,0,} plates. Titanium foam was then
deposed on the surface of the MIM sintered
preforms using the following process [6].

Plasma-atomised CpTi spherical powder
{-180um, 0.12 wt.% oxygen) was admixed
with a polyethylene wax binder in a pow-
der form and a chemical foaming agent

(p.p"-oxybis[benzenesulfonyl hydrazide ).
The sintered MIM preforms were inserted
in cylindrical molds filled with the powder
mixture to produce the foam. The material
was then feamed at 210°C in air. During
foaming, the binder melts and forms a
suspension with the ocher particles. The
foaming agent ther: decomposes and forms
a gas that expands the suspension. After
foaming, the MIM preforms are covered
with a polymeric foam charged with the
titanium particles,

Mould design

The foam wasthendebound ar450°Cand pres-
intered at 800°C in Argon to remove the binder
and partially consolidate theticanium parrticles
together and bind the foam to the MIM dense
preforms. The threads were then machined
in the foam and the specimens were
finally sintered at 1400°C under vacuum
{1073.10°¢ Torr range} to fully consolidate the
porous coating,

The dense core shape is illustrated in

Figure 2. More than six features are
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specified fur the internal structure of the
implant.  The main internal features are
the 3.02 mm hexagonal hole for the screw
driver toot bit (3 mm hex. key} used by
the surgeon and the 2.0 mm internal hole
that will be tapped with fine treads for the
The 3.50 mm
abutment seat diameter is also an impor-

fixation of the abutment.

tant feature of the component. After the
final machining of the external threads,
the implant 15 10.0 mm long with a shank
diameter of 4.0 mm.

The mould design was optimised using
the NRC-IM1 parallel finite element com-
putation modelling software to simulate
the process in 3D and predict the behav-
tour of the feedstock during the mould
filling, compacting and cooling phases.

The simulaton for a metal injection
moulding compound, which is strongly
influenced by thermal conditions, predict-
ed several observed flow patterns: initial
free surface flow (or jerring) and folding
flow to form surface defects [13]. Several
gate configurations were proposed initially
(see Figure 3} and were validated using the
modelling software before machining the

(o)

Figure 3. Possible gate configurations,

optimised configuration. Figure 4 shows
the die filling simulation of the best gating
scenario {Configuration a).

Other gate configurations show impor-
tant jecting and flow folding (Configurarion
b) or a weld line in an important load bear-
The mould
cavity was machined accerding to the

ing area {Configuration ¢},

&) )

optimal configuration {gate location and
dimensions).

Process variability

A sampling of 30 preforms were ana-
lysed from the production in order to
evaluate the vamability of the process.

metal-powder.net
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Figure 4. Die filling simulation : 0.02 seconds filling time of the gate configuration (a).

(@ (6} {c}

Figure 5. The implant preform (a} as-moulded, (b) sintered states and (¢} details of the
internal features of the sintered preform.

50 Pi : September 2008

Figures 3a and 5b show the preform in
the as-moulded and as-sintered states and
Figure Sc presents a detailed view of the
internal features. The average sintered
density, measured by gas pycnometry, was
4.40 £ 0.04 g/om® (e 97.83  0.95%
density}. The shrinkage after sintering
was 10.90%.

The variability was measured fron: injec-
tion moulding to final sintering. The varia-
tions in injected volume and part weight are
llustrated in Figure 6 and summarised in
Table 2. The injection moulding step shows
a coefficient of variation {CV) of 0.0869%,
which is the lowest vanation measured on
all the parameters studied in this work.
This indicates a good control of the dosing
unit. The as-moulded weight shows a larger
variability (0.5402%) that is mainly related
o the reproducibility of the runner/part
separation. Indeed, it was observed that the
gate was breaking below or above the part
surface. This effect is significanc for small
parts less than 500 mg. Despite the fact that
this source variability is directly transmit-
ted ro the weight variability observed afrer
debinding/pre-sinteting and sintering steps,
it should not affect the dimensional vari-
ability of the internal features. However,
it should be noticed that the weight vari-
ability after debinding/pre-sintering and
the sintering steps were higher than afrer
moulding, After sintering, the variability
was 0.6505%. This increase in variability is
related ro variability of che binder content
from part to part. Individual weight losses
during debinding/pre-sintering step were
also evaluated and gave a mean value of
0.04789 + 0.00052 g for o CV of 1.0858%.
The sources of this vaciabiliry are still under
investigation but are expected to come from
the variability in the feedstock density and,
therefore, variability in parts density. This
source of variability will in turn have a
strong influence on the dimensional vari-
ability of the sintered parts.

metal-powder.net
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Figure 6. Histogram of the (o} injected
volume, (b} as-moulded preform weight and
(c) pre-sintered preform weight.

The dimensional variability of two

important internal features of the implant

was evaluated using a co-ordinates meas-
urement machine (CMM]}, which has a

repeatability of less than 1 pm. The lowest

{a)

(b}

Figure 8. Details of the Ti-foam layer (a) before and (b} after machining of the external threads.

variability was observed on the hexagonal
key hole with 0.10220% and 0.41012% for
the as-moulded part and the as-sintered
part respectively (see Table 2). This means
standard deviation (D) of 3.5 um, which is

close to reported values | . For the as-sin-
tered dimensions, the standard deviation
is 12.4 um, which is slightly larger than
reported values for water atomised 316L
stainless steel powders with particle size

Tbl e 2 P;i_:ces's statistics

i ‘-aé-méu[aég" :
Mean R _' 61 95043 4562 04604 - 39559 o 3:5253 " ;._3'.'39'6_3; g

§'M..e_diah'-_"‘__ {35452 ‘?}5‘?_3‘35 ) 04556 : 04598 L 39571 3_..52.60 -5._3961_:

5__[_3:_ o '0;3:(.583 ' -o'.d_clz.ziy:_zg‘ '_Q,gq'z:7.3oz* _§.o.q_i§9:5 " _6.1’::&61’9‘2 o065 ol.ob34;{ 'c_).'o:'1241

cv. (%) 0.0869 05402 o .o;'5_9.'8.4'” _ 0..6.50".5_ e _:0.15639'. {0.46113 | 0.10220 i 0.41612.
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(@) (b}

Figure . Implant with Ti-foam layer (a} with and (b} without externel threads.
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distribution smaller than 20 pm. However,
in [10], Heaney et al. reported SD of 36.2
um for sintered compoenent produced with
gas atomised powder smaller than 20 pm.
The larger variabilicy of the aburment/sear
diameter is most likely due to damage of
this sharp ridge during handling.

Implant microstructure

The evaluation of the porous/dense implant
has not shown increased dimensienal vari-
ability when compared {0 the as-sintered
preform.  The microstructure of the Ti-
foam layer is shown in Figure 7. The pore
size is typieally between 50 and 400 pum and
the porosity is interconnected.  Sintering
recks were formed during sintering and
metallurgical bonds were formed between
the foam and the dense ritamum core. As
shown in Figure 8, the machining of the
threads did not modify the structuze of the
Ti-foam layer. The surface of the threads
stitl show the open and interconnected
porosity needed for bone in-growth and
integration and better long term stability of
the implant. Microstrucrural investigation
has shown a good porous/dense interface
with good metallurgical bonds. The Ti-
foam layer showed an excellent strength and
machinability without any closure of the
porosity or delamination

The surface finish of the dense MIM core
can be modified in a secondary operation
(polishing} in order ¢ match the applica-
tion requirement {see Figurc 9}. Indeed, for
cerzain designs, the collar and the abutment/
tooth seat need a polished surface to a\{o&ird

any interaction with the gum tissue,
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