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(57) Abréegée/Abstract:

The invention relates to a method for producing a medical implant from a titanium alloy by precision casting the titanium alloy in a
mold corresponding to the implant to be produced. The invention uses a 3-titanium alloy, hot-isostatic pressing, solution annealing
and subseguent quenching. The invention also relates to a corresponding medical implant that is made from a titanium alloy in the
precision casting method. The titanium alloy I1s a R-titanium alloy and has a mean grain-size of at least 0.3 mm. The Iinvention
enables an efficient production of objects from [3-titanium alloys In the precision casting process. The invention thus creates the
possibility of combining the advantageous properties of [3-titanium alloys, particularly their excellent mechanical properties, with the
advantages of a production of objects in the precision casting process. Even implants having complex shapes, such as femoral
parts (1) of hip joint prostheses, which could not or could not be sensibly produced by conventional forging methods, can now be
produced from a R-titanium alloy thanks to the invention.
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- Abstract

The invention relates to a process for producing a
medical implant from a titanium alloy, by investment-
casting the titanium alloy in a casting mold which
corresponds to the implant that 1s to be produced. The
invention provides for using a pB-titanium alloy, hot
isostatic pressing, solution annealing, and then
quenching. The invention also covers a corresponding
medical implant which has been produced from a titanium
alloy wusing the investment <casting process. The
titanium alloy is a P-titanium alloy and has a mean
grain size of at least 0.3 mm. The 1nvention allows
economical production of objects from P-titanium alloys
using the investment casting process. The invention
thereby makes it possible to combine the advantageous
properties of P-titanium alloys, in particular their
excellent mechanical properties, with the advantages ot
producing objects by the precision casting process. The
invention enables even implants of complex shapes, such
as femur parts (1) of hip joint prostheses, which 1it
has Dbeen impossible (economically) to produce by

conventional forging processes, to be produced from a

B-titanium alloy.
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Method for producing a medical implant made of a beta-

titanium molybdenum alloy, and a corresponding implant

The 1invention relates to a process for producing a
medical 1mplant from a titanium alloy, and to a

corresponding implant.

Titanium alloys are in increasingly widespread use as
material for the production of implants. The benefits
of this material for use as prostheses include
important properties such as a high mechanical 1load-
bearing capacity, a high chemical stability and, not
least, excellent biocompatibility. With regard to the
material properties aspect, titanium alloys are the
material of choice for many different types of
implants, including bone plates, pins, artificial knee
and hip joints as well intervertebral disk prostheses.

The prior art has disclosed various processes for
producing the implants. The <choice of a suitable
process depends not only on the type of implant to be
produced but also on the titanium alloy used 1n each
instance. For shaping purposes, there are two maln
processes used for titanium alloys, namely forging, on
the one hand, and 1investment casting, on the other
hand. In principle, titanium alloys are forging alloys
(Peters/Leyens: Titan und Titanlegierungen [Titanium
and titanium alloys], Wiley-VCH-Verlag, 2002). However,
investment casting has the advantage of allowing even
complex shapes to be produced easily, whereas these
complex shapes cannot be achieved by forging or can
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only be achieved by joining a plurality of components.
However, the investment casting of titanium alloys
generally causes problems on account of the high
melting point and the high reactivity of titanium; an
additional problem 1i1s the low density of the alloys.
Only a few groups of titanium alloys are suitable for
investment casting. These 1include 1n particular what
are known as o-titanium alloys and some o/f-titanium
alloys. From the 1latter group, in particular alloys
comprising vanadium and aluminum, such as TiAl6V4, have
become 1mportant for the production of implants.
Implants, such as joint prostheses or dental implants,
can be produced successfully from this alloy by

investment casting.

However, there are certain concerns as to the long-term
compatibility of the alloying elements which are
typically used for o/P-titanium alloys, such as
Ti1Al6V4. Moreover, the modulus of elasticity of these
alloys 1s well above that of natural Dbone mat_erial,

which can lead to pathological changes to the bone.

The invention 1s Dbased on the object of providing
medical 1mplants with which these drawbacks are

alleviated.

The solution according to the 1invention 1lies 1in the
features of the 1independent <claims. Advantageous
refinements form the subject matter of the dependent

claims.

The invention provides a process for producing a
medical implant from a titanium alloy, comprising the
steps of 1nvestment-casting the titanium alloy 1n a
casting mold which corresponds with the implant that to
be producéd, and according to the invention it 1is

provided that a P-titanium alloy 1is wused, hot
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isostatically pressed, solution annealed, and then

quenched.

The process according to the 1invention makes 1t
possible to produce medical implants from a B-titanium
alloy by investment casting. The possibility of using
B-titanium alloys brings with it considerable
advantages with regard to medical 1implants. For
example, P-titanium alloys have favorable mechanical
properties, 1n particular a much lower modulus of
elasticity than the known a/P-titanium alloys. Whereas
the 1latter wusually have moduli of approx. 100 000
N/mm*, with titanium-molybdenum alloys it is possible
to achieve moduli which have been virtually halved, at
approx. 60 000 N/mm®. Furthermore, the biocompatibility
can be increased by using B-titanium alloys. Whereas
with the a/P-titanium alloy TiAlé6vV4 which is frequently
used there are certain concerns with regard to toxicity
of aluminum or vanadium 1ons that are released,
alloying elements which are harmless from a toxicity
perspective, such as molybdenum, can successfully Dbe
used for P-titanium alloys. It has been found that in
particular with titanium-molybdenum alloys, it 1is
possible to achieve excellent results with regard to
the mechanical properties and also with regard to
biocompatibility. It 1is preferable for the molybdenum
content or the molybdenum equivalent value to be
between 7.5 and 25%, more preferably between 12 and
16%. This allows a meta-stable P-phase to be achieved
by rapid cooling after casting. TiMol5 with a
molybdenum content of 15% has proven particularly

sultable.

Furthermore, the wuse of p-titanium alloy has the
advantage that even implants of complex shape can be
produced economically. In general terms, 1nvestment
casting 1s a shaping process which can be used to

produce even complex shapes economically compared to
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shaping by forging. However, it has been found that 1in
particular when used with the o- or o/B-titanium alloys

known from the prior art, 1nvestment casting has been
insufficiently able to produce sharp edges on the
implants. Consequently, the Dbenefits 1nherent to
investment casting, namely the ability to produce any
desired complex shapes, have not been fully realized.
In particular in the case of implants, however, it 1is
frequently desirable to provide sharp edges in order to
improve the anchoring of the implant. Sharp edges on
the 1mplants are very 1mportant for cement-free
implantation, which is 1in many cases the preferred
option for reasons of the 1long-term mechanical
stability of the implant. Surprisingly, it has been
found that the process according to the invention
achieves improved mold filling. This means that sharp
edges can be achieved with a high quality even for
implants of a complex shape. Therefore, the invention
gives access not only to implants with more favorable
properties with regard to mechanics and

biocompatibility, but also with regard to improving the
shaping achieved by investment casting.

During the solution annealing, the temperature profile
is expediently selected in such a way that the titanium
alloy 1is free of mw-phases. Thils counteracts the risk of

the mechanical properties being adversely affected by
the formation of a w-phase.

A  temperature Dbelow the [B-transus  temperature,
specifically at most 100°C below the P-transus
temperature, 1s expedient for the hot 1isostatic
pressing (HIP). Temperatures in the range from 710°C to
760°C, preferably of approximately 740°C, at an argon
pressure of approximately of 1100°C to 1200 bar have
proven suitable for a titanium-molybdenum alloy with
molybdenum content of 15%.
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Temperatures of at least 700°C to 880°C, preferably in
the range from 800°C to 860°C, under an argon shielding
gas atmosphere have proven suitable for the solution
annealing. The ductility of the alloy is thus improved.
There 1s no need for preliminary age-hardening before
or after the hot isostatic pressing. The subsequent
quenching preferably takes place with cold water.

It may Dbe advantageous for the object also to be
hardened at the end. This allows the modulus of
elasticity to be increased further, if required. For
this purpose, the hardening'preferably takes place in a

temperature range from approx. 600°C to approx. 700°C.

The 1invention also relates to a medical implant
produced in accordance with the above process and to a
medical implant in accordance with the further
1ndependent claim. This provides a medical implant made
from a B-titanium alloy which has a mean grain size of
at least 0.3 mm. For further explanation, reference is

made to the statements given above.

The following additional comments should be added: the
implant may be an orthopedic prosthesis, preferably a
joint prosthesis. Joint prostheses are subject to high
static and dynamic stresses. The transmission of load
to the surrounding bone structure is of particular
importance. This should be as physiologically favorable
as possible. A critical factor in this context is that
unfavorable transmission of load from the prosthesis to
the surrounding bone can lead to degeneration of the
bone tissue. This by no means infrequently leads to the
prosthesis coming 1loose. Tests have shown that
prostheses made from a material with a lower modulus of

elasticity produce a loading situation which is more

physiological than prostheses made from rigid material.

-The same applies in particular to prostheses with long

shafts, such as the femur part of a hip prosthesis or
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other joint prostheses. The modulus of elasticity of a
conventional titanium alloy, for example TiAl6V4, is
approx. 100 000 N/mm®, therefore well above the modulus
of elasticity of the cortical Dbone material of
approximately 25 000 N/mm*’. Lower moduli can be
achieved with the implant according to the invention.
For example, an 1mplant produced according to the
invention from TiMol5 has a modulus of elasticity of
approx. 60 000 N/mm’, i.e. only slightly more than half
the modulus of TiAlé6v4. This is a major advantage in
particular for joint prostheses with long shafts, such
as hip, knee, shoulder or elbow prostheses, since the
result 1s a significant improvement with regard to the

transmission of force to the bone.

Corresponding considerations also apply to an
embodiment of the implant according to the invention as
a dental prosthesis.

The invention is explained below with reference to the

drawing, which illustrates an advantageous exemplary
embodiment and in which:

Fig. 1 shows an 1image of the microstructure in a

cast state immediately after casting;

Fig. 2 shows an 1image of the microstructure after

the hot i1sostatic pressing;

Fig. 3 shows an 1mage of the microstructure after
the solution annealing wlth subsequent
quench;

Fig. 4 shows a view of a femur part of an exemplary
embodiment of an implant according to the

invention:
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Fig. 5 shows a view of a dental 1mplant as a further

exemplary embodiment; and

Fig. 6 shows a table giving mechanical properties of
the titanium alloy which has been processed

in accordance with the invention.

First of all, a description will be given of a way of
carrying out the process according to the invention.
The implant produced 1s explained later on the basis of

the example of a femur part of a hip prosthesis.

The starting material is a PB-titanium alloy with a
molybdenum content of 15% (TiMol5). This alloy 1is
commercially availlable 1in the form of small Dbillets

(ingots) .

A first step involves investment casting of the objects
which are to be cast. In the present context, an object
1s to Dbe understood as meaning an implant which has
been shaped suitably for 1ts final wuse, such as
endoprostheses, for example hip prostheses or other
joint prostheses, or immobile implants, for example
plates or pins or dental implants. The term does not
encompass billets which are 1intended for further

processing by shaping processes, 1.e. 1n particular
does not encompass 1ngots produced by permanent mold
casting for further processing by forging or other

shaping processes.

A casting installation 1s provided for the purpose of
melting and casting the TiMol5. The casting
installation 1is preferably a cold-wall crucible wvacuum
induction melting and casting installation. An
installation of this type can reach the high
temperatures which are required for reliable melting of
TiMol5 for i1investment casting. The melting point of

TiMol5 1s 1770°C plus a supplement of approx. 60°C for
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- 8 -—
reliable 1nvestment casting. Overall, therefore, a
temperature of 1830°C needs to be reached. The

investment casting of the melt is then carried out by
means of processes which are known per se, for example
using wax cover and ceramic molds as lost mold.
Investment casting techniques of this type are known
for the i1nvestment casting of TiAl6V4.

As can be seen from the 1mage (1000 times
magnification) 1n Fig. 1, dendrites are formed and
considerable amounts of precipitation occur 1in 1inter-
dendritic zones. This is a consequence of what is known
as the negative segregation of titanium-molybdenum
alloys. This effect 1s based on the specific profile of
the liquidus and solidus temperature of titanium-
molybdenum alloys. In the melt, the regions with a high
molybdenum content solidify first of all, forming the
dendrites which can be seen 1in the figure. This
depletes the remainder of the melt, 1.e. 1ts molybdenum
content drops. The inter-dendritic zones 1n the cast
microstructure have a molybdenum content of below 15%,
which can even drop to approx. 10%. As a result of the
molybdenum depletion, the inter-dendritic zones lack a
sufficient quantity of P-stabilizers, with the result
that . an increased o/P-transformation temperature is

locally established, leading to the precipitations that
are readily apparent i1n Fig. 1.

It 1s expedient for a surface zone which may form
during casting as a hard, brittle layer, known as the
(a~-case) to be removed by pickling. The thickness of
this layer 1s usually approx. 0.03 mm.

To counteract the unfavorable effect of the negative
segregation with the precipitations in the 1nter-
dendritic zones, according to the invention the
castings, after the casting molds have been removed

following the investment casting, are subjected to a
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heat treatment. This involves hot isostatic pressing
(HIP) specifically at a temperature just below the
Pp-transus temperature. It may be in the range from
710°C to 760°C and is preferably approximately 740°C.
The pressing 1is carried out using argon at a pressure
of from 1100 to 1200 bar. This causes the undesirable
precipitations in the inter-dendritic zones to be
dissolved again. However, fine secondary phases
precipitate again during the cooling following hot
1sostatic pressing, preferentially in the original
inter-dendritic zones (cf. Fig. 2, 1000 X
magnification). This leads to undesirable embrittlement
of the materials.

For this reason the objects have only a low ductility

following the hot isostatic pressing.

To eliminate the disruptive ©precipitations, the
castings are annealed in a chamber furnace under argon
shielding gas atmosphere. A temperature range from
approx. 700°C to 860°C with a duration of several
hours, generally two hours, is selected for this
purpose. In this context, there is a reciprocal
relationship between the temperature and duration; at
higher temperature, a shorter time is sufficient, and
vice versa. Following the solution annealing, the
castings are quenched with cold water. Fig. 3 (1000 x
magnification) illustrates the microstructure following
the solution annealing. Primary B-grains and, within
the grains, very fine inter-dendritic precipitations
(ct. cloud-like accumulation in the top left of the
figure) can be seen. The objects which have been
investment-cast using the process according to the
invention have f-grains with a mean size of more than
0.3 mm in their crystal structure. This size is typical
of the crystal structure achieved by the process

according to the invention.



10

15

20

25

30

35

CA 02597251 2007-08-08

- 10 -

The mechanical properties achieved following the

solution annealing are given in the table in Fig. 5.

The exemplary embodiment i1llustrated in Fig. 4 shows a
femur part 1 of a hip prosthesis. It consists of a PB-
titanium alloy, namely TiMol5. It has a body-centered

cubic crystal structure at room temperature.

The femur par 1 1s 1ntended for 1implantation at the
upper end of the femur. It has an elongate shaft 10 and
a neck 11 which adjoins 1t at an obtuse angle. At the
end of the neck remote from the shaft there is a joint
head 12 which, together with an acetabular part 2,
forms a Jjoint. Implantation 1involves complete or
partial resection of the head of the fiboneck, opening
up access to the medullary cavity of the femur. Via
this access, the shaft 10 of the femur "part 1 1is
introduced into the medullary cavity, where it 1is
anchored. Depending on the particular design, cement 1is
provided as anchoring means or the fixing takes place

wlthout the use of cement.

The femur 1 1introduces mechanical loads acting on the
hip prosthesis, whether the static loads when standing
or dynamic loads when walking, into the femur.
Physiologically compatible transmission of loads 1is
important for permanent reliable anchoring of the femur
part 1 i1n the bone material of the femur. If the femur
part 1 1s of rigid design, it absorbs a considerable
portion of the load, thereby relieving the load on the
bone material in particular in the upper region of the
femur. In the longer term, this leads to degeneration
of the femur i1n this region. This leads to the risk of
the femur part 1 coming loose and ultimately of the
prosthesis failing. To prevent this failure mode, it 1is
tavorable for the femur part 1 to be of less rigid
design. In particular the shaft 10 of the femur part 1 .

1s critical in this respect. In the cortical region,
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the bone material of the femur has a modulus ot
elasticity of approx. 20 000 to 25 000 N/mm’. According
to the 1nvention, the femur part 1 has a modulus of
elasticity of only approx. 60 000 N/mm’. Materials
which are conventionally used, such as TiAle6v4, have a
modulus of elasticity of approx. 100 000 N/mm’ or even
200 000 N/mm’ in the case of cobalt-chromium alloys.
The femur part 1 according to the invention therefore
has a physiologically compatible low modulus of
elasticity. The low modulus of elasticity is a major

advantage for the long-term -compatibility of the

. prosthesis in particular in the region of the shaft 10,

which 1s critical in this respect.

The 1nvention allows simple production of even complex
shapes by investment casting. For example, the femur
part 1 has a multiplicity of recesses and sawtooth-like
projections on its shaft 10. These are used to improve
anchoring of the femur part 1 in the femur, allowing
cement-free 1mplantation. A plurality of grooves 14
running in the longitudinal direction of the shaft 10
can be seen. They are arranged on both the anterior and
posterior side of the shaft 10 but may also be provided
on the lateral sides. A plurality of rows of sawtooth
projections 15 are provided in the upper region of the
shaft 10. Furthermore, an encircling ring 13 1is
provided at the transition to the neck 11. It can be
designed as a separate element, but the invention means
that 1t may also be integral with the shaft 10 and neck
11. Such complex shapes of prosthesis parts can
conventionally only be produced from TiAl6V4. However,
as has already been explained above, this material has
an undesirably high modulus of elasticity. Although it
is also known to produce femur parts from P-titanium
alloys, this <can only be done wusing the forging
process. Forging cannot produce shapes which are as
complex and, from a medical perspective, as
advantageous as the shape illustrated in Fig. 4. The
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benefit of the invention 1s that such complex shapes
can be achieved even for hip prostheses made from

B-titanium alloys.

Fig. 5 1illustrates a dental 1implant as a further
exemplary embodiment. A dental implant 3 of this type
has the function of an artificial foundation. It 1s
intended to replace the natural tooth root and 1is used
to secure dental prostheses (not 1llustrated) to 1its
head 32. The dental i1mplant 3 has to satisfy primarily
two different conditions. On the one hand, it has to be
able to withstand high 1loads. When chewing, static
forces of up to 550 N can act on a tooth. These forces
have to be absorbed by the dental implant as
fluctuating stresses over the course of years and have
to be introduced into the jaw bone. This leads to the
second condition, namely that of good bonding to the
bone. The introduction of the forces which occur during
chewing 1s not without problems, especially since
dental implants have only a very thin shaft 30. To
achieve optimum anchoring in the jaw bone and thereby
to counteract the risk of the implant coming loose, the
shaft 30 1s provided with a screw thread 35. The
anchoring can be further improved by the provision of
transverse openings 34, preferably as through-openings.
These promote growth of the dental implant 1into the
jawbone and are therefore highly beneficial to reliable
and permanent anchoring, but they do lead to stress
peaks and therefore to higher mechanical loading on the
shaft 30. The process according to the invention allows
dental implants 3 of this type to be produced by the
investment casting process from PB-titanium alloys. In
this context, it is possible for even complex shapes,
such as the screw thread 35 and the transverse openings
34, to be produced economically without the need for
complex remachining, for example by material-removing
machining. Therefore, when selecting a sultable

titanium alloy and during design and dimensioning,
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there 1S no need to take 1nto account the
machineability. It is in this way possible to realize
designs which would be virtually impossible to realize
with conventional shaping by forging or machining.
Moreover, the statements which have been made above in
connection with the femur prosthesis, whereby the risk
of degeneration of the surrounding bone structure 1is
minimized as a result of the low modulus of elasticity,
also apply to dental implants.
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Patent claims

1. A process for producing a medical implant from a
titanium alloy, comprising the steps of:

lnvestment-casting the titanium alloy in a casting mold

which corresponds to the implant that is to be
produced,

10 characterized by

using a B-titanium alloy,
hot 1isostatic pressing,
solution annealing, and

15 then quenching.

2. The process as claimed in claim 1,

characterized by
20

hardening following the quenching.

3. The process as claimed in claim 1 or 2,

25 characterized by

using a titanium-molybdenum alloy.

4. The process as claimed in claim 3,
30
characterized in that
the titanium-molybdenum alloy has a molybdenum content
of from 7.5 to 25%, preferably approximately 15%.
35

5. The process as claimed in one of the preceding
claims,
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characterized i1n that

the temperature profile during the solution annealing
1s selected in such a way that the titanium alloy is

free of a ?-phase.

6. The process as claimed in one of the preceding

claims,
characterized i1n that

the hot isostatic pressing takes place at a temperature
which is at most equal to a beta-transus temperature of
the titanium-molybdenum alloy and is at most 100°C

below the beta-transus temperature.

7. The process as claimed in ohe of the preceding

claims,
characterized in that

the solution annealing is carried out at a temperature
of from 700°C to 900°cC.

8. The process as claimed in one of the preceding
claims,

characterized i1n that

the quenching 1is carried out using preferably cold

water.

9. A medical implant which has been produced from a

titanium alloy using the investment casting process,

characterized in that

the titanium alloy is a P-titanium alloy and has a mean

grain size of at least 0.3 mm.
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10. The implant as claimed in claim 9,
characterized in that

1t 1s hot-isostatically pressed and solution-annealed.
11. The implant as claimed in claim 9 or 10,
characterized in that

the molybdenum content is between 7.5 and 25%.

12. The 1mplant as claimed in one of claims 9 to 11,
characterized in that

the titanium alloy is free of a ?-phase.

13. The i1mplant as claimed in one of claims 9 to 12,
characterized in that

the titanium alloy is free of vanadium and aluminum.
14. The implant as claimed in one of claims 9 to 13,
characterized in that

it is an orthopedic prosthesis.

15. The implant as claimed in claim 14,

characterized in that
the prosthesis is a joint prosthesis.

16. The implant as claimed in claim 15,
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characterized in that

1t 1s a femur part (1) of a hip joint prosthesis.
17. The implant as claimed one of claims 9 to 13,

charaCterized in that

1t 1s a dental implant (3).
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