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I npl ants are conmonly made from bi oconpati ble netals such as titanium
titani um based all oys, stainless steel or cobalt-chromum alloys, depending
on strength and wei ght considerations. Another consideration, particularly
for inplants which replace bone, is the elastic nodulus of the inplant.
closer the nmodulus of elasticity is to natural bone, the better the stress
redi stribution to adjacent bone. Better stress distribution results

pr ol onged

tissues with an inplant, it is
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The

own to apply a coating to the surface of

the inplant, by for exanple plasna spraying, which roughens the surface of
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t is an object of the present invention to provide an inproved
i npl ant, which preferably has inproved bone conpatibility and/or

RRE PP A ki o Rl g

i mpl ant. |
sur gi cal
wear resi
or which

orthopaedic implants (hip, shoulder, knee, ankle, elbow), cranio-facial
implants and spinal implants (such as a spinal cage or spinal disc). Such
implants are commonly made from biocompatible metals such as
titanium, titanium-based alloys, stainless steel or cobalt-chromium alloys,
depending on strength and weight considerations. Another consideration,
particularly for implants which replace bone, is the elastic modulus of the
implant. The closer the modulus of elasticity is to natural bone, the better
the stress redistribution to adjacent bone. Better stress distribution results

in prolonged useful life of the implant.

To increase bonding of surrounding tissues with an implant, it is known to
apply a coating to the surface of the implant, by for example plasma
spraying, which roughens the surface of the implant. The coating may be
of a different composition to the implant to improve wear resistance
and/or to provide enhanced biocompatibility (eg. TiN is exiremely inert
and can be applied as a coating to aluminium- or vanadium-containing

implants to prevent leaching of those metals from the implant.

it is an object of the present invention to provide an improved surgical
implant, which preferably has improved bone compatibility and/or wear

resistance and/or useful life and/or is stronger than known implants or which
at least provides the public with a useful alternative.



1 FEB 2006 WD 03/013396 PCT/ (B02/03723 -2- According to the present
invention, there is provided .a surgical inplant conprising: O)r@ mese
regi on, @8%3&)543)966‘ porous surface region extendi ng over a?cbf(g%ﬂ f‘%? art of

said core” Tegioh, wherein the porous surface region has i ned
pore volunme fraction. It wll be understood that as used herein, "pore
volunme fraction" of a porous regionis a ratio of pore volune in that
region to the total volune of that region, expressed as a percentage. The

i npl ant may be any shape as necessitated by its intended application. For
exanpl e the inplant may be elongate (eg. cylindrical) or disc-shaped. The

i npl ant may have an irregul ar shape, and the porous surface region my vary

|0, i cknREEOKRE to\herticReh PRAOR, SHEAR. roviEd ROL ool WilbIERRC! | on

Wi thin the porou§ surface regionIs to’5 por e
vol une freastippisihg:.-chosen according to the nature of the inplant. A higher
pore volunme fraction results in a lighter inplant wth a | ower nodul us of
el asticitfi} Preafeorabkgion tengores are interconnected and substantially
uniformy distributed within the porous surface region. Preferably, at
| east son®i) (aBPPesaUafHce negiomexendipy afertdidepgrepatiafsaid sore in the
range of frgm 100 mto about 750 p.m and nore preferably from about 200 tm
to 500 Um€8gion,

wherein the porous surface region has a predetermined pore volume

fraction.

it will be understood that as used herein, “pore volume fraction” of a

porous region is a ratio of pore volume in that region to the total volume

of that region, expressed as a percentage.

The implant may be any shape as necessitated by its intended application.
For example the implant may be elongate (eg. cylindrical) or disc-shaped.
The implant may have an irregular shape, and the porous surface region

may vary in thickness over the core region.

Preferably, the pore volume fraction within the porous surface region is 20
to 50%. The predetermined pore volume fraction is chosen according to
the nature of the implant. A higher pore volume fraction results in a

lighter implant with a lower modulus of elasticity.

Preferably, the pores are interconnected and substantially uniformly
distributed within the porous surface region. Preferably, at least some
{and preferably the majority) of the pores have a size in the range of from
100 pm to about 750 um, and more preferably from about 200 pum to 500

L.



WO 03/013396 | FEB 2006 PCT/ @GB02/03723 -3 Preferably, the porous surface

region is at least about 1 mmthick, and is nore preferably froonet»B 52 nmm
eglons

t o about jck, nost preferably 2 mmto 3 mmthick. D stinct
within th\gowogggggsurface region may have a different porePST4B02/0372

distribution and/or a different pore volune fraction such that there is a
pore size and/or pore volune fraction gradient within the porous surface
region. For exanple, there may be a pore volune fraction gradient along an
axis of the inplant and/or perpendicular to the axis of the inplant. The
core region may be fully dense'orAporog§; The degree of porosity of the
core region may be nore than, less than or the sane as the surface region.
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mat eri al s. nffaribi Tehdl icgui t abl e materials include titanium (eg. conmercial
purity [ASTM B 338 GR 2] titanium, stainless steel, titaniumbased alloys
(eg. Ti-Al-V alloys and Ti-Al-Nb alloys) and cobalt-chrom um based al | oys.

Particularly preferred materials are comercial purity titanium Ti-6A -4V,
Ti - 6A1- 7Nb Pistict negiong veihinsthe pokass sréade @gien.may have a different

pore size distribution and/or a different pore volume fraction such that
there is a pore size and/or pore volume fraction gradient within the porous
surface region. For example, there may be a pore volume fraction

gradient along an axis of the implant and/or perpendicular to the axis of
the implant.

The core region may be fully dense or porous. The degree of porosity of

the core region may be more than, less than or the same as the surface

region.

Preferably, the core region is relatively less porous than the surface region.

Preferably, the core region has a density of from 0.7 to 1.0 of theoretical
density (i.e. from 0 to 30% porosity).

The core region and the porous surface region may be constructed from
the same or different materials. Particularly suitable materials include
titanium (eg. commercial purity J[ASTM B 338 GR 2] titanium), stainless |
steel, titanium-based alloys (eg. Ti-Al-V alloys and Ti-Al-Nb alloys) and
cobalt-chromium based alioys.

Particularly preferred materials are commercial purity titanium, Ti-6Al-4V,
Ti-6Al-7Nb, Stellite 21 and stainless steel 316L.
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FEB 2006 PCT/ GB02/ 03723 Conveniently, the core may be integral with the

capsul e, although the <core nay be free standing. In either case, the core
may be of the same or different naterial to the powder and of the sane or
different material to the rest of the capsule. Preferably,.the
predeterm ned pressure of step (ii) |s410 3 nmbar (0.1 Pa) or |ess.
Preferably, the predeterm ned pressure of step (vii) is 10-1 nbar (0.1

Preferably, the porous surface region is diffusion bonded to the core
region. Thus, it will be understood that the interface between the core

region and the porous surface region does not introduce a weakness into
the implant.

According to a second aspect of the invention, there is provided a method
of manufacturing a surgical implant in accordance with said first aspect
comprising the steps of:-
M loading metallic powder having a predetermined particle size
distribution around a pre-formed core in a sealable capsule,

(i)  reducing pressure within said capsule to a predetermined pressure

below atmaspheric pressure,

(i)  pressurising said capsule with a process gas to a predetermined
pressure higher than the predetermined pressure of step (ii),

{(iv)  sealing said capsule,

(v)  heating said pressurised sealed capsule at an elevated temperature

and an elevated pressure for a predetermined time to produce an implant
precursor,

(vi}  cooling said sealed capsule, and
(vii) heating said implant precursor for a predetermined time at an
elevated temperature and a predetermined pressure below atmospheric

pressure, whereby to generate porosity in said implant precursor.

Preferably, the powder used in step (i) has a particle size range of from
about 50 pm to about 750 um (i.e. substantially all the particles are within

the specified size range). The powder may be produced, for eXample, by

gas atomisation or mechanical attrition.



Pa) or |less. The process gas of step (iii) may be an unreactive gas (eg.
.argon), or a reactive gas (eg. nitrogen), or a mxture of r eact Fyg 18hd

unr eacti v‘%oqﬁg’zgm the unreactive gas serving as a carrier 95;@40?,5%3]‘”

the reactive When nitrogen is present in the process g e surfaces
of the eventually formed pores becone nitrided thereby increasing wear

resi stance and chemcal inertness. Use of nitrogen is particularly

advant ageous when the netallic powder contains titanium As an alternative,
a separate nitriding step may be carried out after step (vii), preferably
at a pressure of from about 800C to anqt 1000C and at a pressure of from
about 10 to 100 MPa for 1 to 8 hours. Preferably the pressure of step (iii)
i.s fromabout 1 bar (1 x 105 Pa) to about 5 bar (5 x 105 Pa) positive
pressure. Preferably, the elevated tenperature of step (v) is from about 850

to about : ' [ [ of from
about 1 noun e gifyhg hoke e EhebBE R 5 Bt el B sPBa 025 10
step NO, t d i t i }

o ol er abl v e B g e e B i S 20y QM S the
i mpl ant  pr @iffarent mdtetiabte & posvdd aed iAtthyebine bheliffeRimamharrkdeosor  can
be separated fromthe capsule after step (vi) prior to step (vii). The

capsul e i stheorestmiféhelcapseteoved by, for exanple, machining it off on a

| athe. Preferably, the elevated tenperature of step {v_%i) is fromabout 900
to about 1Bugferalpyethe pregetesminedarpysure efatepdt) sut0T shban(thdriRa)ioran

about 80 hours, ref erab no nore than about 60 hou .a ven re
fess: Pl%fera%iy,t %predetermllnecp pressure of step (vsli) is q%‘Bem ar (9.1

Pa) or less.

The process gas of step (iii) may be an unreactive gas (eg. argon), or a
reactive gas (eg. nitrogen), or a mixture of reactive and unreactive gases,
the unreactive gas serving as a carrier or diluent for the reactive gas.
When nitrogen is present in the process gas, the surfaces of the eventually
formed pores become nitrided thereby increasing wear resistance and
chemical inertness. Use of nitrogen is particularly advantageous when the
metallic powder contains titanium. As an alternative, a separate nitriding
step may be carried out after step (vii), preferably at a pressure of from
about 800°C to about 1000°C and at a pressure of from about 10 to 100
MPa for 1 to 8 hours. .

Preferably the pressure of step (iii) is from about 1 bar (1 x 10° Pa) to

about 5 bar (5 x 10° Pa) positive pressure.

Preferably, the elevated temperature of step (v) is from about 850 to about
1100°C. Preferably, step (v) is carried out over a period of from about 1

hour to about 4 hours.



preferably no nore than about 48 hours. Preferably, step (vii) is carried
out for at least 6 hours and nore preferably for at |east 12 hopg9ppsl f step
(vii) is_performed with the precursor inplant in the capsule, the_ _capsule
is sepaﬁ¥$8305?3%1the inpl ant after step (vii), by for exZFpIEBO2EEBAi ni ng.

It wll be understood that the inplant formed by the above nethod will have
the shape of the interior surfaces of the capsule so that additional
machi ni ng steps may be required to obtain the final required shape for the

i mpl ant. However, an inplant having a shape substantially as required can
be produced by using a capsul e having_gp appropriately shaped interior
surface. Exanples of nethods by which an appropriately shaped capsule can
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the inplant, and so this nodification is particularly 1 FEB 200
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porosity within the porous region. According to a third aspect of the
present i @aRsuiedn conveniently prroovaddya fot examplepmaniniong milibact uring a
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to about 1300°C. Preferably, step (vii) is carried out for no more than

about 80 hours, preferably no more than about 60 hours, and even more

preferably no more than about 48 hours. Preferably, step (vii} is carried

out for at least 6 hours and more préeferably for at least 12 hours.

If step (vii) is performed with the precursor implant in the capsule, the

capsule is separated from the implant after step (vii), by for example

machining.

It will be understood that the implant formed by the above method will
have the shape of the interior surfaces of the capsule so that additional
machining steps may be required to obtain the final required shape for the
implant. However, an implant having a shape substantially as required
can be produced by using a capsule having an appropriately shaped
interior surface. Examples of methods by which an appropriately shaped

capsule can be made include electro-forming and direct laser fabrication.

In a slight modification of the above method, the rﬁetallic powder is partly
consolidated prior to encapsulation. This may be achieved by, for
example, selective laser Sinterin'g a mixture of the metallic powder and a
polymeric binder. Different powder fractions may be used to form

different regions of the implant, and so this modification is particularly



to form an i npl ant precursor of required shape, and (ii) heatin sai@
i npl ant precursor whereby to formsaid inplant. Preferably, stegFEB iZ§08; s

ef f ect ed whdsf1dseguced pressure, for exanple in a vacuun1owﬁﬂn6%m9&”§§) may
be effected by sintering the particles around a core. Preferably, said core
is fromO0.7 to 1.0 of theoretical density (i.e. has a, porosity of fromQO
to 30% . However, the core may have the sane, higher or |ower density. than
the resultant porous surface region. Preferably, substantially all said
metallic particles have a size of 750 mor |ess, nore preferably 500 m or

| ess and, nost preferably 150 pmor |less. Preferably, said particles have a
size of at least 50 m Preferably, said netallic particles are in adm xture

with a bi ndesfusfehnaskiaglilhn@kiahg NeaidisRNBbEbE ROtMARREpdrowder . More
preferably, step (i) is effected by “scanning a | aser (typically of power 20
to 40 W ongiosaid mixture of netallic powder and binder. 1 FEB 2096 WO
03/ 013396 PCT/ GB02/ 03723 -B Preferably, step. (ii) is effected from about

1000C to about 1 300C. It will be understood that in step (ii), any binder

present is burnt off. It wi | | be understoqd that step (i) can be effected
to give r eﬁﬁgﬁéé'@fg t%éhtsg'@sm:t 9.? thepreseipnyenting, Ma@@rlsa:irﬁm@ﬁ ar egi on

ol ant | oG MEHBRELT A LrRCIOUR 4 AOTERT (TR AR SR T S Ehanber o

and/or rec ﬁﬁ? Ve1-DE . ] connected to provide channel s or passages in
t he i npl an?& 151%‘(1}1%65‘[%@& g’?a under stood that such macroporosity can be

I ntroduced(j) nt 0 selectively sintering successive layers of metallic particles whereby
to form an implant precursor of required shape, and

(i)  heating said implant precursor whereby to form said implant.

Preferably, step (ii) is effected under reduced pressure, for example in a

vacuum oven.

Step (i) may be effected by sintering the particles around a core.
Preferably, said core is from 0.7 to 1.0 of theoretical density (i.e. has a
porosity of from 0 to 30%). However, the core may have the same, higher

or lower density than the resultant porous surface region.

Pre'ferably, substantially all said metallic particles have a size of 750 um or
less, more preferably 500 um or less and-most preferably 150 um or less.
Preferably, said particles have a size of at least 50 um. Preferably, said
metallic particles are in admixture with a binder such as a light and/or
heat sensitive polymeric binder. More preferably, step (i) is effected by
scanning a laser {typically of power 20 to 40 W) over said mixture of

metallic powder and hinder.



t he i nplant produced by the nodified nmethod of the second aspect which uses
sel ective | aser sintering. Enbodinents of the invention wll Qﬁ}%ﬁ
descri bed by way of exanple only, with reference to the acc'oﬂg ying

dr awi NQgSyi %ﬁg:@@: Figure 1 is a photograph show ng how magr0eR6sHEy can be
i ntroduce y the nethod according to the third aspect of the invention,

and Figures 2a is a schematic sectional representation of a replacenent

| unbar spinal disc in accordance with the present invention, Figure 2b is a
pl an view of the disc of Figure 2a, Figure 2c is a detail view of Fi-gure
2a, Figure 3a is a schematic sectional representation of a spinal cage in
accordance wth the present invention,.gdgure 3b is a plan view of the cage
of Figure 3a, and Figure 3c is a detail view of the cage of Figure 3a. 1
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contai ner of co rciral purity titanium (ASTM B havi ng an

i nternal deanrterstobdanatin 2tepnii) 2t Bhd@xpeisaat idbarmatef. of 25.4 mm was
filled with a gas atom sed powder consisting of particles of Ti-6Al-4V

all oy (Cruci ble Research, USA) having a predeterm ned particle size

di stribution. Were necessary, the powder was passed through sieves of
appr opr i atbwWitldye uadssstapa hiapstep; (Hwan bepﬁﬁﬁqtﬁgéosﬁi‘i@ regigesiadn. The
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with recesses extending inwardly from the surface of the implant, and/or
chambers within the implant. In addition, said chambers and/or recesses
may be interconnected to provide channels or passages in the implant. It
will also be understood that such macropoerosity can be introduced into

the implant produced by the modified method of the second aspect which
uses selective laser sintering.

- Embodiments of the invention will now be described by way of example

only, with reference to the accompanying drawings in which:

Figure 1 is a photograph showing how macroporosity can be introduced
by the method according to the third aspect of the invention, and

Figures 2a is a schematic sgctional representation of a replacement lumbar
spinal disc in accordance with the present invention,

Figure 2b is a plan view of the disc of Figure 23,

Figure 2c is a detail view of Figure 2a,

Figure 3a is a schematic sectional representation of a spinal cage in
accordance with the present invention,

Figure 3b is a plan view of the cage of Figure 3a, and

Figure 3c is a detail view of the cage of Figure 3a.



Pa) and back-filled with argon (105 Pa positive pressure) for 21 'BnmﬂEes.
After sealing, the container was H Pped for 4 hours at 950 C at' an external

pressure (]f) %g‘% a. Subsequently, the container was a||OV\ﬁ§: to
roomtenﬁg ] é%gnd at nospheric pressure, Ar renmaining u e’ﬁ/&g?z‘g’gﬁre in
the alloy matrix. The inplant precursor was nmachined out of the container

and heat treated at 1050 C for 48 hours under vacuum (<0.1 Pa). The degree
of porosity in the resultant inplant is given for different powder
fractions in Table 1 below. WD 03/013396 10 Table 1 PCT/ GBO2103723
ExPowder Por osi tycan poreSize Distribution of Pores (pn) .(urn)(l)size (pm>
350> 250> 150> 100> 50 | a<i25322.332--:327 1b<15032. 11. 043--- 651

| c<50031. 32. 049, - 21459 1 d125-15034+1.5.61--62268 1e150-18034. 62. 074- 1143372
1 f180- 2502pnaple #72- 1133473 19150-25034. 23. 0720. 22143172 1

150 50034, 21, 71021, 33204176 .1 250 42520, 241, 91191 S82R48E0 10950- 50033, 2
(ASTM B 338 GR 2) having an internal diameter of about 22 mm and an
external diameter of 25.4 mm was filled with a gas atomised powder
consisting of particles of Ti-6Al-4V alloy (Crucible Research, USA) having
a predetermined particle size distribution. Where necessary, the powder
was passed.through sieves of appropriate mesh to obtain a particular
particle size fraction. The container was filled without vibration, i.e. to
“tap density” only. Air was evacuated from the container (pressure <0.1
Pa) and back-filled with argon (10° Pa positive pressure) for 2 minutes.
After sealing, the container was HIPped for 4 hours at 950 °C at an
external pressure of 100 MPa. Subsequently, the container was allowed
to cool to room temperature and atmospheric pressure, Ar remaining
under pressure in the alloy matrix. The implant precursor was machined

out of the container and heat treated at 1050 °C for 48 hours under

vacuum (< 0.1 Pa).

The degree of porosity in the resultant implant is given for different

powder fractions in Table 1 below.



1425-50020. 1+2. 21161. 79274577 1 k500-75020. 7 3.61112. 69244169 %g{%g@ 2
Exanple 1 was repeated using powders having a size distributio 180- 250
,um and 150-500pm HI Ppi ngwas carried out at 1000 C and subseq‘)uent heat
treat ment (“34‘011:35 renoval fromthe container) was at 1050 FETEHO2AE Hours.
The results are shown in Table 2. Table 2 ExPowder Porositycan poreSize
Distribution of Pores (/..gym .(" m(l)size (pm> 350>250>1501> 100>50
2a180- 25040. 7 3. 3960. 36274780 2b 150-50038.82.11171. 37274878 L Exanmple 3
Exanpl e 1 was repeated using a powder having a size distribution of 250-
500, um H Ppi ng was carried out at 1000 C and subsequent heat treatnent
(after renoval fromthe container) was'®at 1050 C from 12 up to 48 hours

The results are shown in Table 3. t 1 FHB 2046 WD 03/013396 -11 Table 3
PCT/ GB02/ 0371231 ExTr eat mant Por ositycan poreSize Distribution of Pores (urr)

Tlrre (hr)(lsl—;n L Ll 2801650 10050

ey Powder | P5r6§ify Mean pore] Size Distribution of Pores (um)
(um) (%) size (um) | >350!>250|>150| > 100 | >50
la | <125 32+2.3 32 - - - 4 A7
1b | <150 | 32.1+1.0 43 - - - 6 51
1c { <500 } 31.3+£2.0 49 - - 2 14 59
1d [125-150| 34+1.5 61 - - 6 22 68

e |150-180| 34.6+2.0 | 74 ;
1f [180-250| 27.8+2.7 | 72 .
1g [150-250| 34.2+3.0 | 72 | 0.2
1h |150.500] 34.2+1.7 1 102 | 1.3
1 |250-425] 2821.9| 119 | 1.5
10 |250-500| 33.242.5 | 118 | 2.2
1] |425-500| 20.1+£2.2 | 116 | 1.7
1k |500-750| 20.7+3.6 | 111 | 2.6

14 33 72
13 34 73
14 31 72
20 41 76
28 48 80
28 46 77
27 45 77
24 41 69

Wl o] Ww| Wi =

Example 2

Example 1 was repeated using powders having a size distribution of 180-
250 pum and 150-500 ym. HIPping was carried out at 1000 °C and
subsequent heat treatment (after removal from the container) was at 1050

°C for 48 hours. The results are shown in Table 2.

Table 2 .
Ex. Powder | Porosity Mean pore}  Size Distribution of Pores {um)
(wm) (%) size (um) | >350 | >250 |>150| >100 | >50
2a | 180-250 | 40.7+3.3 96 0.3 6 27 47 80
2b | 150-500 | 38.8+2.1 117 1.3 7 27 48 78
Example 3

Example 1 was repeated using a powder having a size distribution of 250-
500 uym. HIPping was carried out at 1000 °C and subsequent heat
treatment (after removal from the container) was at 1050 °C from 12 up to

48 hours. The results are shown in Table 3.



3a1233.21.51172. 99264477 3b2433. 82. 11203. 010284676 3c3636. 1 7008
3.01234. 212284476 3d4833.22.51182. 29284677 Exanpl e 4 Exanpl e !1\\%& repeat ed
usi ng a powder _having a size distribution of < 150 pm Sub t

treat nen%oawoéi;”rﬁermval of the container was at 1050 C. Tﬁgq@s]%fﬂ??%are
shown in Table 4. Table 4 Ex. Treatnent Porosity can pore Size D stribution
of Pores (arm Tine (hr)(%ize (um >3501>-2501> 1501> 100 >50 4al24.1+0. 715-
- --- 4b. 24163.024- - --7 4c3625.65.827- - -212 4d4828. 33.631- - -317
Exanple 5 Exanple 1 was repeated using a powder having a size distribution
of 250- 425 pm Subsequent heat treat rreqt after renoval of the container was
for 48 hours at different terrperature's1. “The results are shown in Table 5.
Tabl e 5 ExTreat nent PorosityMean poreSi ze Distribution of Pores (urn

. Tenperature (C)(1)Size (un >350>250>150>100>50 5a1050C29+11171. 06274782

Table 3

| Treatment| Porosity Mean pore| Size Distribution of Pores (um)
" { Time (hr) (%) size (um) {>350({> 250|>150|>100|>50
3a 12 33.2+1.5 117 2.9 9 26 44 77
3b 24 33.8+2.1 120 3.0 10 28 46 | 76
3c 36 36.14+3.0 123 4.2 12 28 44 | 76
3d 48 33.2+2.5 118 2.2 9 28 | 46 {77

Example 4

Example 1 was repeated using a powder having a size distribution of
<150 pym. Subsequent heat treatment after removal of the container was

at 1050 °C. The results are shown in Table 4.

Table 4
- Treatment| Porosity Mean pore| Size Distribution of Pores (um)
Time (hr) (%)  |size um) }>350{>250{>150|>100| >50
4a 12 4.1+0.7 15 - - - - -
4b. 24 16+£3.0 24 - - - - 7
4c 36 25.6+5.8 27 - - - 2 12
4d 48 28.3+3.6 31 - - - 3 17
Example 5

Example 1 was repeated using a powder having a size distribution of 250-
425 um. Subsequent heat treatment after removal of the container was for

48 hours at different temperatures. The results are shown in Table 5.

Table 5
Ex. © Treatment Porosity | Mean pore| Size Distribution of Pores (um)
Temperature (°C)| (%) Size (wm) |>350(>250{>150{>100| >50
5a 1050°C 2941 117 1.0 6 27 47 82
5b 1100°C 26+1. 108 0.5 5 23 43 80
5¢ 1150°C - 26+3 102 0.2 4 20 47 73




5b1100C2611080. 55234380 L5c1150C2631020. 24204173 1 FEB 2006 VﬁE(gSmBISS%
PCT/ GB02/ 03723 -12 Exanple 6 Exanple 1 was repeated with various powders.
After the heat treatnment (1100 C for 48 hours) the inplants e essure
nitri deWO 315 e nitrogen, at 950 C and 50 MPa for 6 h gc\ﬁﬁff%sgg{ t he
internal surface of the pores wth a thin layer of titaniumnitride. The
results are shown in Table 6. Table 6 ExPowder PorosityMean poreSize

Distribution of Pores (urn) .m (% size >350>2501>1501>100>50 {.~(urn) 6a<
12544.7 3.7690031662 6bl125-15044. 84.79301143877 -

6c150- 18040. 82. 71071. 04214380 6d180- 25034. 7 3. 11140. 43234170
66250- 42531. 22. 6146515375989 6f 425- 50021 3. 1143313396186 Exanple 7 A 12.7

nm sol i d r:c | i n&qr'écal core of Ti-6Al-4V was centrally placed in the titanium
cont ai ner %@é@ ed above for Exanple 1. The space between

Example 1 was repeated with various powders. After the heat treatment
(1100 °C for 48 hours) the implants were pressure nitrided, in pure
nitrogen, at 950 °C and 50 MPa for 6 hours to coat the internal surface of

the pores with a thin layer of titanium nitride. The results are shown in

Table 6.

Table 6
- Powder | Porosity |Mean pore| Size Distribution of Pores (um)

{um) {%) size um) | >350 |>250{>150|>100| >50

ba <125 | 44.7+3.7 69 0 0 3 16 62
bb { 125-150 | 44.8+4.7 93 0 1 14 38 77
6c | 150-180 | 40.8+2.7 107 1.0 4 21 43 80
6d | 180-250 | 34.7+3.1 114 0.4 3 23 41 70
6e | 250-425 } 31.2:£2.6 146 5 15 37 59 89
6f | 425-500 | 271+3.1 143 3 13 39 61 86

Example 7

A 12.7 mm solid cylindrical core of Ti-6Al-4V was centrally placed in the
titanium container described above for Example 1. The space between .
the core and the inner cylinder wall was filled with Ti-6Al-4V powder
(particle size 500-710 um). The container was evacuated and backfilled
with Ar to 10° Pa positive pressure , sealed and HIPped at 950 °C for 4
hours at 100 MPa. Subsequent heat treatment after removal from the
container was at 1050 °C for 48 hours. This resulted in a sample having a
porous coating of 29+5% porosity with 43% of pores >50 um, 16%

> 100 um and 6% > 150 pum.



the core and the inner cylinder wall was filled with Ti-6Al-4V pl%:ﬁdﬁ@ﬁ
(particle size 500-710 m. The contai ner was evacuated and backLfE0I 80 with

Ar to 105 Pa positive pressure, sealed and Hi Pped at 950 C.f s at
100 MPa. “@B@’&iﬁ%ﬁnt heat treatnent after renpval fromthe P&%k?é?%gﬁwwas at

1050 C for 48 hours. This resulted in a sanple having a porous coating of
295% porosity with 43% of pores > 50 m 16% > 100 mand 6/ > 150 m 1 FEB
20011 WO 03/013396 PCT/ GB02/ 03723 -13 Exanple 8 Exanple 1 was repeated using
powder having a particle size < 125 pm After H Pping the part is machined
to renove the container and to reduce he di aneter of the part to - 17 mm
Unl i ke Exanple 1, no heat treatnent wa$ carried out at this stage.. The
resultant cylinder was then wused as the core in the sane way as Exanple 7,
the contai ner having an external dianeter of 38.1 mmand an internal

di anet er OE"W?? 35 mm Exanple 7 was then repeated, the core being
surrounded™ case with 250-425 pm size powder. The resultant inplant

had | ' L 2 it d
porous. out ST RIE 1"zt e BRATLBRE AN AR, Aoy i BB ER g T B ont 1),
Exanpl e 8 Aﬁ@pwmmhg%hé%rgg iriachiredd %d‘?erﬁ%%%et&r%ﬂﬁlc@?a iplraglee having

predeterm ned regions of differing porosity in a controllable manner. In
addi-tion, iHe didrheber ofitthey séread +hatminhe Upnidke Bxamsia beo hest ended to

produce an inplant having nore than 2 different |ayers of differing

porosity, treaimgnasets gaTiecsout alidisstagecadhdeesdtantantindat. was then
used as the core in the same way as Example 7, the container having an
rextern_al diameter of 38.1 mm and an internal diameter of approx 35 mm.
Example 7 was then repeated, the core being surrounded in this case with
250-425 pm size powder. The resultant implant had a porous core with a
mean pore size of 26 um (28.9+2.1% porosity) and a porous outer layer

with a mean pore size of 113 pm (24.9 +1.9% porosity).

Example 8 demonstrates the ability of the n;lethod to produce implants
having predetermined regions of differing porosity iln a controliablé
manner. In addition, it will be understood that the procedure can be
extended to produce an implant having more than 2 different layers of

differing porosity, i.e. graded porous siructures can be manufactured.

Example 9

Example T was repeated using powder having a predetermined size
distribution. After the heat treatment (1100 °C for 48 hours), samples
were machined into tensile test pieces such that the properties of the

porous material could be assessed. The results are shown in Table 7.



Exanpl e 9 Exanple 1 was repeated using powder
di stribution.

mat eri al

havi ng a predeter
After the heat treatnent (1100 C for 48 hours),

coul

nmac hi neqvbrag,(ah}sgpsi | e test pieces such that the properti e§C9FG%£EEB3

e assessed. The results are shown in Tabl

03/ 013396 -14 Table 7 PCT/ GB02/ 03723 Ex. Powder

0.2% PS 0. 3l

7b125- 15025. 7437601. 1383398 7c150- 25(Q26. 2435640. 8384399
7d250- 50027. 549374' 1. 8420439 Exanple 10 in order to denonstrate that

ze

smgmwere

por ous
2956 WO

Porosity UTS E El ongation

PS (pm (% (MPa) (GPa) (1) (MPa) (MPa) 7a< 50024. 638658. 1346367

Exanpl es where a pre-forned core is

there is a strong bond at the interface between the core and surface
regi ons, .I.ae[l;nlsei}e strength tests where carried

Ex. Powder | Porosity | UTS E |Elongation {0.2% PS| 0.3% PS
(wm) (%) (MPa) |(GPa) (%) (MPa) (MPa)
7a | <500 | 24.6 386 58 1 346 367
7b |123-150| 25.7 437 60 1.1 383 398
7c |150-250| 26.2 435 64 0.8 384 399
7d {250-500| 27.5 493 74 1.8 420 439
Example 10

In order tc} demonstrate that in the Examples where a pre-formed core is
bonded to a porous surface region, there is a strong bond at the interface
between the core and surface regions, tensile sirength tests where carried
out. In these tests, the powder (Ti-6Al-4V) was simultaneously
consolidated and diffusion bonded to a solid Ti-6Al-4V bar such that the
interface was at the midpoint of the gauge length of the sample. Two
powder fractions were assessed, 125-150 ym (test sample a) and 150-250
um (test sample b). In each case, the sample container was backfilled
with Ar to 10° Pa positive pressure. The initial HIP stage was carried out
at 950 °C for 4 hours at 100 MPa. The subsequent heat treatment stage
was carried out at 1100 °C for 48 hours. The resultant porosity was about

40% (test sample a) and 35% (test sample b).

In both cases the tensile UTS was about 400 MPa and failure occurred
remote from the interface within the bulk of the porous material. Routine
metaliographic investigations conﬁn_'ned that the interface remained
unaffected and that the interface was free of contamination (i.e. oxides)

and indistinguishable from the adjacent.matrix.

in the

nded to a porous surface region,



out. In these tests, the powder (Ti-6Al -4V) was sinultaneously corh'!sz“dated
and di ffusion bonded to a solid Ti-6A[-4V bar such that the innt BF c@e was

at the midpoint of the gauge length of the sanple. Two powder fractions
wer e ass@@ggﬂﬂmiﬁB-l 50pm (test sanmple a) and 150. 250 pn1€Fg§Fm9§ % D).
In each case, the sanple container was backfilled wth Ar to 10' Pa
positive pressure. The initial H P stage was carried out at 950 C for 4
hours at 100 MPa. The subsequent heat treatnent stage was carried out at
1100 C for 48 hours. The resultant porosity was about 40% (test sanple a)
and 35% (test sanple b). In both cases the tensile UTS was about 400 MPa and
failure occurred renote fromthe intefffce within the bulk of the por ous
material. Routine nmetallographic investigations confirned that the
interface FxamphedT unaffected and that the interface was free of
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15J by vol yaes podetéer béd Meddbd Yo 3t 60°C @ppichy teraberaliraapieaned).to 60C
(typically 50-100C) and fed onto the powder bed with a build height of 200

m per | ayePoldar 6BphstideRite < 380 . arfh 6ct ieveliumherbindeniypaddlBesed
using a 25 Wlaser. After the

to 25% by volume) was heated to 60°C (typically 50-100°C) and fed onto
‘s _ !

the powder bed with a build height of 200 um per layer (typically 100 to

500 um). Selective sintering was effected using a 25 W laser. After the
part had been built up, debinding was effected at 400°C for 30'minutes
(typically 200-500°C for 30 to 120 minutes) after which sintering was
effected at 1100°C (typically 1000-1350°C).

As can be seen from Figure 1, the part 2 has a generally porous cylindrical

‘region (porosity of about 20-25%), with a regular array of round recesses 6

around its outer periphery (“macroporosity”). The recesses 6 are 0.75 mm
! in circumference and extend inwardly by 3mm. Part 12 is similar to part

2 except that the recesses 6 are 2 mm in diameter.

Part 272 is also similar to part 2, except that the recesses 6 are 1 mm ir
diameter and 5 mm deep. In addition, a circular array of channels 8 is
provided. Each channe! is 1.5 mm in diameter and exiends from the top

surface of the part to its base.

Referring to Figures 2a to 2c¢, a replacement spinal disc is shown
schematically. The disc.comprises a per se known biomedical

semicrystalline polymeric disc 30 {for exampie_ polyurethane or



part had been-built up, debinding was effected at 400C for 30 m n&g?ﬂm
(typically 200-500C for 30 to 120 m nutes) after which S|nter|n

effected at 1100C (typically 1000-1350C). As can be seen 1, the
part 2 W03P18¥eral iy porous cylindrical region (por osiééﬂg'?@/%%%f
20-25%, with a regular array of round recesses 6 around its outer

peri phery ("nmacroporosity"). The recesses 6 are 0.75 nm in circunference
and extend inwardly by 3mm Part 12 is simlar to part 2 except that the
recesses 6 are 2 min dianmeter. Part 221 is also simlar te part 2, except
that the recesses 6 are 1 mmit dianmeter and 5 mmdeep. In addition, a
circular array of channels 8 is provi ed Each channel is 1 5 min
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conprising a core region and porous surfacé region extendi ng over at
| east a pandeutoadltﬁat:tbreeelrefgem carhiee pusenlitodether batlee eedl platdk¥2ng a

predet erm ned Fore volume fraction, the nethod conprising the steps of: (i)
| oadi ng nifiiraied MGWH@?G ﬁ@h’m@ri&l @5@6& erm ned parficle size distribution
around a pre-forned core in a seal able capsule,(!!) reducing pressure

The discs 32 themselves are generally kidney shaped (Figure 2b) and

comprise a substantially non-porous core region 32a adjacent the

polymeric disc 30 and a porous outer region (32b), remote from the

polymeric disc (30) (Figure 2c). The porous outer region facilitates tissue
in-growth.

Referring to Figures 3a to 3¢, a spinal cage 40 is generally in the shape of
a hollow tuber with a rectangular cross section. A core 42 of substantially
fully dense metal is surrounded by a porous outer metal region 44

(facilitating in growth of tissue). A passage 46 extends through the centre
of the cage 40.

It will be readily apparent from the foregoing that by careful selection of

powder fraction and process parameters, a desiréd porosity and pore size

distribution of the porous surface region can be obtained, according to the

particular end application intended for the implant. Although the above

Examples are cylindrical rods, it will be understood that they can be

readily machined to an appropriate shape depending on the proposed use.
" Equally, it will be understood that the container used to prepare the

implant precursor need not be cylindrical and can be of any desired

shape.



W thin said capsule to a predeterm ned pressure bel ow at nospheric

pressure, (iii) pressurlsing said capsule with a process gas to a

predet erm ned pressure higher 10 than the predeterm ned pressure of step
(0). (N sealing said capsule, (v) heating said pressurised seal ed@a@gyl e
at an el evated tenperature and an el evategd} -pressure for a predet e} fibn

time to produce an inplant precursor, (vi) cooling said sealed capsule, and
(vil) heating said inplant precursor foraamygedetermined tinme at an

el evated tenperature and a predeterm ned pressure bel ow at nospheric 15
pressure, whereby to generate porosity in said inplant precursor. 2. A

met hod as cl &i.med A methed of rhanwibetutngia sgidadimptantesegrisingd @pe (ediohasd a
particle size range of from about, 50 prn to about ?50. pm 20, 3. é net hod as
claimed in cIPRFINSIS\FACE reQRB SXIaNdiNgeovSF abiepsl dPAR §T SPISLAR £eaign. the BRMOKE 1) s
10-3 rnbag (QukaFaledibn heafg agaredétamih@aﬂp@@ velurhdRction, #RYmEeRed Rbriphiging® |
to 3, wherein the predetermined pressure of step (vii) islO3 nbar (0.1 Pa)
or less. 25 dhe /steps dd (hdoading reefallin pawdeshavisig @l aradstarmineds pariisler iz t he
process gas Qfistifibti ér‘éz'uhéi d Ere@far&lé‘& eBfel InV& s@3bleCapuleS@f tedlR presélire?

m xture of reactive an unreacti ve gases, the unreactive gas sérving as a
carrier or diwithémsaidoranste teacpredetermiaed peessere belout H@@Sﬁ’gefiqi Qregsdre.filcl ai m
5, wherein ni . 0 S ' : - |: in
any one of clpg%%l?'P'ngosegé%\%ﬂgi%Ml%aé ?lﬂﬁelg%i%ﬁgqétaeér%dété%b?g?fr%?seﬁggﬁﬁaf ter
step (viip, than thd-pRedafdfhined pressure of step (i), (iv) sealing said capsule, (v} heating

said pressurised sealed capsule at an elevated temperaiure and an elevated

pressure for a predetermined time to produce an implant precursor, {vi} cocling said

sealed capsule, and {vii) heating said implant precursor for a predetermined time at

an elevated temperature and a predetermined pressure below atmospheric
15  pressure, whereby io generate porosity in said implant precursor.

2. A method as claimed in claim 1, wherein the powder used in step (i) has a
particle size range of from about 50 pm to about 750 pm.

20 3. A method as claimed in claim 1 or 2, wherein the predetefmined pressure of
step (ii) is 10° mbar (0.1 Pa) or less.

4. A method as claimed in any one of claims 1 to 3, wherein the predetermined
pressure of step (vii) is10" mbar (0.1 Pa) or less.

25
5. A method as claimed in any one of claims 1 to 4, wherein the process gas of
step (iii} is an unreactive gas, or a reactive gas, or a mixture of reactive and
unreactive gases, the unreactive gas serving as a carrier or diluent for the reactive
gas.

30
6. A method as claimed in claim 5, wherein nitrogen is used as the reactive
gas.
7. A method as claimed in any one of claims 1 to 5, wherein a nitriding step is

35 carried out after step (vii).



8. A nethod as clained in any one of clains 1 to 7, wherein the pressure of
step (iii) is fromabout 1 x 105 Pa to about 5 x105 Pa positive pressure. 5
"9, A nethod as clained in any one of clains 1 to 8 wherein the el evated
tenperature of step (v) is fromabout 850 to aboutl 100 C. 10 10. @gﬁﬁ[}'ﬂOd
as claimed in any one of clains 1 to 9, -wEerein the el evated ten‘a F ture of
step (vii) is fromabout 900 to aboutl 300 C. 11. A nethod as clainmed in any
one of clainms 1 to 10, wherein the inplant precursor is separated fromthe
capsule after ste ). R QL. St | ] : LR | gl LWp any
one of cl ai né 1 tg r&%{h%\g\hégréélrﬁet%h@ C péﬁtﬁ lé? ?Igﬂ%l%%gggar at égﬁpéﬁn&fgﬁ% bﬂ
precursor i ngtepil) iafftoen asdwed X 10% Pa toyaboat Hixh0Her paotiespressura. met hod as
claimed in any one of claims 1 to 12, wherein the netallic powder is partly
consolidated prior to encapsul ation, preferably by selective |aser

Si nlt ering a ?n xt u;\eg@g,ddhﬁs ra@mlﬁdj g:ﬁ: 1@9% o?ﬂliirﬁs plotay 8 wherdin ntlerelevizied iﬁ\n

I npl ant manuf acture the et hod o o] i 1to 13, 15. An inplant
as cl ai med i mpesptHreLafl stom b & fﬁ°mﬁ€°¥55¢a52yt9(ﬂbﬂﬁé%6§ct ion within the porous
surface region is 20 to 50% 16_ An inplant as clainmed in claim 14 or 15,
wherein the pores are interconnected and substantially uniformy

di stributed W-thi A methgsorewiaimed in@sy ereyPbRleime 1110 Sanhergindhe” elevated med

inclaimi4, 15 0o tfg?g"fp%@ﬁ‘ﬁzﬁﬁm %g@ﬁégr%@qqg?&ﬁﬂgdj@c pores have a size in

t he range of Trom An 1nplant as claimed in claim
14, 15, 1B or 17, wherein the porous surface region is at |east about 1 mm

thick and preferahl v b AM.ahoithed HBry o biatnd™ to 10, wherein the implant

precursor is separated from the capsule after step (vi) prior to step (vii).

12. A method as claimed In any one of claims 1 to 11, wherein the capsule is
15  separated from the precursor implant after step (vii) by machining.

13, A method as claimed in any one of claims 1 to 12, whereln the mefallic
powder is partly consolidated prior to encapsulation, preferably by selective laser

sintering a mixture of the wmetallic powder and a polymeric binder.

20
]
14,  Animplant manufactured by the method of any of Claims 1 to 13.
15.  An Implant as claimed in claim 14, wherein the pore volume fraction within
the porous surface region is 20 to 50%.
25

16. An implant as claimed in claim 14 or 15, wherein the pores are
interconnected and substantially uniformly distributed within the porous surface
region.

30 17. An implant as claimed in claim 14, 15 or 16, wherein at least some of the
pores have a size in the range of from 100 um to about 750 pum.

18.  Animplant as claimed in claim 14, 15, 16 or 17, wherein the porous surface
region is at least about 1 mm thick and preferably from about 2 mm to about 5 mm
35  thick,



35 thick, 1 FEB 2006 19. An inplant as clained in any of clainms 14 to 18,
wherein distinct regions wthin the porous surface region have a different
pore size distribution and/or a different pore volunme fraction such that
there is a pore size and/or pore volune fraction gradient within the porous
surface region. 5 20. An inplant as clai rreﬁ in any of claims 14 to 8, 7006
wherein the core region has a density ofIfirom 0.7 to 1.0 of theoretical
density. 21. - An inplant as clained in any of clains 14 to 20, wherein the
core region 1910 ahd/iplarh@spdriogd isuatyaeiecieiay thtarld, wagesin risHinet regionsm

conmer ci al |
titani um basecJ4 %I){F‘L’ ?%TMISB iﬁ%cﬁg@oyéb\yé?’% ﬁ@E %H g'?/% %%tﬁﬁh or' a[‘%/ﬁF gm’ um
based al | oyddiffi@2nt pore mpluaet frardiool suchetbial theamys el riren s ander giore tvblymeor e
regi on and/ q @ﬁigﬁgr%‘ﬁ orig]tjls surface reqgion.are made from Ti - 6Al-4V,

I~

Ti - 6AI - 7Nb, WEERYPSNEFBIFIY 6L, 23. A method of

manuf act @ ing a surgical inplant conprising a core region and a porous
surface regi on extendi over, at ] east .a part of said cor i on,

ot os. 20" S aceAR dgFBAL RS G LGS T 1800 Sr A TERTE raBHIE he
met hod conpg dendig dfi@nsdIRs 19 of tﬁé&reﬁ@lﬁ@hﬁ:@' y sintering successive |ayers
of nmetallic particles whereby to form, an inplant precursor of required

shape, and (ii) heating said inplant precursor whereby to formsaid

i npl ant. 25 2. AAHQE@%%% &éuﬁie@ﬂﬂ ér@/ &ﬁ ag.ms264 tcwlzer %Qréﬁ e @glraméf'&»

ef fected under reduc ressure. ) as clainmed in cl
cl ai m 240 mmcﬁornthgtmowa;uria;eaﬁgootaeo mgde fsqrmstaunlwg corungrgial péf'%’s[Aﬁﬂ'Mmd a

core, B 338 GR 2] titanium, stainless steel, titanium-based alloys, Ti-Al-V alloys, Ti-Al-Nb
alloys or cobalt-chromium based alloys.

22.  An impiant as claimed in any claim 21, wherein the core region and/or the
15 porous surface region are made from  Ti-BAl-4V, Ti-6Al-7Nb,
Stellite 21 or stainless steel 316L.

23. A method of manufacturing a surgical implant comprising a core region and a
porous surface region extending over at least a part of said core region, the porous

20 surface region having a predetermined pore volume fraction, the method
comprising the steps of: (i) selectively sintering successive layers of metallic
particles whereby to form an implant precursor of required shape, and
(ii) heating said implant precursor whereby to form said implant.

25 24. A method as claimed in claim 23, wherein step (i) is effected under reduced

pressure,

25. A method as claimed in claim 23 or claim 24, wherein step (i) is effected by
sintering the particles around a core.

30
26. A method as claimed in any one of claims 23 to 25, wherein substantially all
said metallic particles have a size of 750 um or less.

27. A method as claimed in any one of claims 23 to 26, wherein said particles
35  are in admixture with a light and/or heat sensitive polymeric binder.



30 26. A nmethod as clained in any one of clains 23 to 25, wherein
substantially all said netallic particles have a size of 750 pm or | ess.
27. A nmethod as clained in any one of clains 23 to 26, wherein said
particles 35 are in adm xture with a |light and/or heat sensitive:p‘pHBBrT@pEIc
bi nder. 1 FEB 2006 -20 28, A nethod as clapwed in claim27, wherein step (i)
is effected by scanning a |aser over said m xture of netallic powder and
binder. 5 29. A nethod as clainmed in any one of clainms 23 to 28, wherein

step (ii) is.oeffected at _a tenperature.of from about. 1000 t o _about 1300
C. 30. A nethdd ad 8% i%{eﬁs Fiﬁmg@noﬂ mo%f)’cwha%r {4 sg%py 'sfgl,%c HSIHRI S (i)
i s effectedaser gierasaldagixturs obinetalicy prvwate 2nd Yinder.

5 29. A method as claimed in any one of claims 23 to 28, wherein step (ii) is
effected at a temperature of from about 1000° C to about 1300° C.

30. A method as claimed In any one of claims 23 to 29, wherein step (i) is
effected to give regions of macroporosity.



