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(57) ABSTRACT

The present disclosure provides methods to improve the prop-
erties of a porous structure formed by a rapid manufacturing
technique. Embodiments of the present disclosure increase
the bonding between the micro-particles 5 on the surface of
the porous structure and the porous structure itself without
substantially reduce the surface area of the micro-particles. In
one aspect, embodiments of the present disclosure improves
the bonding while preserving or increasing the friction of the
structure against adjacent materials.
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POROUS STRUCTURES AND METHODS OF
MAKING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/600,963, filed Feb. 20, 2012. The
disclosure of this prior application is incorporated by refer-
ence in its entirety.

FIELD OF INVENTION

[0002] The present disclosure generally relates to porous
structures produced by rapid manufacturing technologies
and/or additive manufacturing technologies and methods of
making same, and more particularly to improving the surface
properties of the porous structures.

BACKGROUND

[0003] Certain medical implants and orthopedic implants
require strength for weight bearing purposes and porosity to
encourage bone/tissue in-growth. For example, many ortho-
pedic implants include porous sections that provide a scaffold
structure to encourage bone in-growth during healing and a
weight bearing section intended to render the patient ambu-
latory more quickly. Rapid manufacturing technologies
(RMT), particularly direct metal fabrication (DMF), or direct
metal laser sintering (DMLS), and solid free-form fabrication
(SFF), have been used to produce metal foam used in medical
implants or portions of medical implants. These technologies
are also referred to as additive manufacturing technologies. In
general, RMT methods allow for structures to be built from
3-D CAD models, including tessellated/triangulated solids
and smooth solids. For example, DMF techniques produce
three-dimensional structures one layer at a time from a pow-
der which is solidified by irradiating a layer of the powder
with an energy source such as a laser or an electron beam. The
powder is fused, melted or sintered, by the application of the
energy source, which is directed in raster-scan fashion to
selected portions of the powder layer. After fusing a pattern in
one powder layer, an additional layer of powder is dispensed,
and the process is repeated with fusion taking place between
the layers, until the desired structure is complete.

[0004] FIG. 1 is a scanning electron microscope (SEM)
image of an exemplary porous metal structure built by RMT
taken at 50x magnification. As can be seen, such porous metal
bone ingrowth structures built by rapid manufacturing tech-
niques comprise fully-molten struts covered with spherical
metal micro-particles or beads that are semi-fused or partially
fused to the structures. This is because when the laser strikes
the powder, it creates a melt pool in which the powder is
melted into liquid form and melded to the adjoining area.
However, at the very edge of the melt pool, some of the
powder particles do not completely melt into liquid form. As
a result, after cooling, the surface of the porous structures
often contain residual powder particles that are only partially
attached to the structure.

[0005] When the porous structure is used in a medical
implant, these semi-fused micro-particles have the benefit of
increasing surface area of the porous structure for cellular
attachment and subsequent bone ingrowth in vivo. If these
particles are too loosely bound, however, they can detach
during implantation or use (e.g., due to micro-motion
between the bone and porous structure) and migrate to the
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joint space, possibly acting as a third body particle and
increasing wear of the implant bearing surfaces. Typical post-
manufacturing processes, such as machining or polishing, to
finish the surface and remove the attached powder particles
are not available for porous structures due to the porosity
nature of these structures where internal struts or surfaces are
out of reach. Furthermore, these post-manufacturing pro-
cesses pose a contamination concern because machine oil and
reagents used in such processes may adversely affect the
bone-ingrowth if not adequately removed.

[0006] Known post-manufacturing processes to address
these micro-particles include removal of the micro-particles
by chemical etching, such as that disclosed in U.S. Applica-
tion Publication No. 2006/0147332, or melting them into the
main body of the porous structure, such as that disclosed by
Stamp et al (J Master Sci: Mater. Med (2009) 20:1839-48).
While these methods ensure that the micro-particles do not
detach and harm the patient during use, they also diminish the
benefits provided by these micro-particles by reducing the
surface area and the asperities of the porous structure for
cellular attachment.

[0007] Inlightofthe above, there is still a need for efficient
methods to improve the attachment strength of the micro-
particles without substantially reducing the surface area,
asperities, and/or friction of the porous structure for certain
benefits, such as cellular attachment and initial fixation.

SUMMARY OF THE DISCLOSURE

[0008] Inaccordancewith one aspect ofthe invention, there
is provided a method comprising the step of: treating a porous
structure formed by rapid manufacturing technique with a
thermal treatment to increase the bond strength between a
plurality of micro-particles attached to said porous structure
and said porous structure without substantially reducing the
surface area of the porous structure.

[0009] Inone embodiment, the thermal treatment provides
average micro-particle diameter to neck diameter ratio
greater than 1 and less than 5.

[0010] In one embodiment, the thermal treatment is
selected from the group consisting of high vacuum furnace
treatment, resistive heat treatment, radiative heat treatment,
electron beam scanning, laser beam scanning, and a combi-
nation thereof.

[0011] In one embodiment, the thermal treatment is per-
formed for a selected time and temperature.

[0012] In another embodiment, the method further com-
prises the step of selecting the time and temperature for said
thermal treatment, wherein said selection is configured to
improve the bonding between said plurality of micro-par-
ticles and said porous structure while at least substantially
preserving a desired roughness and friction of said porous
structure.

[0013] In another embodiment, the method further com-
prises the step of selecting the time and temperature for said
thermal treatment, wherein said selection is configured to
improve the bonding between said plurality of micro-par-
ticles and said porous structure while increasing the rough-
ness of said porous structure.

[0014] Inone embodiment, the plurality of micro-particles
comprises a powder selected from the group consisting of
metal, ceramic, metal-ceramic (cermet), glass, glass-ceramic,
polymer, composite and combinations thereof. In one
embodiment, the metallic material is selected from the group
consisting of titanium, titanium alloy, zirconium, zirconium
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alloy, niobium, niobium alloy, tantalum, tantalum alloy,
nickel-chromium (e.g., stainless steel), cobalt-chromium
alloy and combinations thereof.

[0015] In one embodiment wherein the porous structure
comprises titanium alloy, the temperature of the thermal treat-
ment of the titanium alloy structure is between greater than
about 800 degrees C. and about 1200 degrees C. In another
embodiment, the temperature of the thermal treatment of the
titanium alloy structure is between about 950 degrees C. and
about 1150 degrees C. In another embodiment, the tempera-
ture of the thermal treatment of the titanium alloy structure is
between about 1000 degrees C. and about 1100 degrees C. In
another embodiment, the temperature of the thermal treat-
ment of the titanium alloy structure is between about 1025
degrees C. and about 1075 degrees C. In another embodi-
ment, the temperature of the thermal treatment of the titanium
alloy structure is between about 1040 degrees C. and about
1060 degrees C. In another embodiment, the temperature of
the thermal treatment of the titanium alloy structure is about
1050 degrees C.

[0016] In one embodiment, the porous structure is ther-
mally treated from about 30 minutes to 300 minutes. In
another embodiment, the porous structure is thermally treated
from about 60 minutes to 180 minutes. In another embodi-
ment, the porous structure is thermally treated from about 90
minutes to 150 minutes. In yet another embodiment, the
porous structure is thermally treated for about 120 minutes.
[0017] In one embodiment, the thermal treatment is per-
formed in a vacuum or inert gas furnace below atmospheric
pressure, e.g., about 1 atm or about 0.21 oxygen partial pres-
sure. In another embodiment, the thermal treatment is per-
formed in a vacuum or inert gas furnace with oxygen partial
pressure below about 0.02 torr. In another embodiment, the
thermal treatment is performed in a vacuum or inert gas
furnace with oxygen partial pressure below about 10~ torr. In
yet another embodiment, the thermal treatment is performed
in a vacuum or inert gas furnace with oxygen partial pressure
at or below about 1072 torr.

[0018] Inone embodiment, the time and temperature of the
thermal treatment is determined based at least on the size of
the plurality of micro-particles and the solid-state diffusion
coefficient of the plurality of micro-particles.

[0019] Inone embodiment, the time and temperature of the
thermal treatment is determined based at least on the desired
aspect ratio of the porous structure.

[0020] Inone embodiment, the time and temperature of the
thermal treatment is determined based at least on the desired
friction of a surface of the porous structure.

[0021] In another embodiment, the method comprises the
step of forming a medical implant with said treated porous
structure. In one embodiment, the medical implant is selected
from the group consisting an orthopedic implant, dental
implant, and vascular implant.

[0022] In one embodiment, the selecting step comprises
determining a friction value of said porous structure prior to
treatment, determining a friction value of said porous struc-
ture subsequent to treatment, adjusting the time and tempera-
ture of said treatment until the friction value prior to treatment
is at least substantially the same as the friction value subse-
quent to treatment.

[0023] In one embodiment, the selecting step comprises
determining a friction value of said porous structure prior to
treatment, determining a friction value of said porous struc-
ture subsequent to treatment, adjusting the time and tempera-
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ture of said treatment until the friction value subsequent to
treatment is higher than said friction value prior to treatment.
[0024] Inone embodiment, the selected time and tempera-
ture for said treatment results in the friction value prior to
treatment being within about 0% to less than about 15% ofthe
friction value subsequent to treatment. In another embodi-
ment, the selected time and temperature for said treatment
results in the friction value prior to treatment being within
about 5% to about 10% of the friction value subsequent to
treatment. In another embodiment, the selected time and tem-
perature for said treatment results in the friction value prior to
treatment being within about 10% to less than about 15% of
the friction value subsequent to treatment. In another embodi-
ment, the selected time and temperature for said treatment
results in the friction value prior to treatment being within
about 8% to about 12% of the friction value subsequent to
treatment.

[0025] In one embodiment, the friction value comprises a
coefficient of friction when said porous structure is articu-
lated against an analogue component.

[0026] Inoneembodiment, the friction and or roughness of
structure is measured using an inclined plane method as
described by Heiner and Brown, 53’4 ORS, 2007 or using a
pin-on-disk testing apparatus described in Gilmour et al,
World Biomaterials Congress (WBM), a conference orga-
nized by the Society for Biomaterials (SFB), 2008, the dis-
closures of both are incorporated by reference. In one
embodiment, the pin-on-disk method provides the friction
value at the beginning of the motion and also during the
motion.

[0027] Otheradvantages and features will be apparent from
the following detailed description when read in conjunction
with the attached drawings. The foregoing has outlined rather
broadly the features and technical advantages of the present
invention in order that the detailed description of the inven-
tion that follows may be better understood. Additional fea-
tures and advantages of the invention will be described here-
inafter which form the subject of the claims of the invention.
It should be appreciated by those skilled in the art that the
conception and specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other
structures for carrying out the same purposes of the present
invention. It should also be realized by those skilled in the art
that such equivalent constructions do not depart from the
spirit and scope of the invention as set forth in the appended
claims. The novel features which are believed to be charac-
teristic of the invention, both as to its organization and method
of operation, together with further objects and advantages
will be better understood from the following description
when considered in connection with the accompanying fig-
ures. [tis to be expressly understood, however, that each of the
figures is provided for the purpose of illustration and descrip-
tion only and is not intended as a definition of the limits of the
present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] For a more complete understanding of the disclosed
methods and apparatuses, reference should be made to the
embodiments illustrated in greater detail in the accompany-
ing drawings, wherein:

[0029] FIG. 1 is a scanning electron microscope (SEM)
image of a portion of a porous structure manufactured by
rapid manufacturing techniques taken at 50x magnification;
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[0030] FIG. 2 is a graph comparing the coefficient of fric-
tion of various products, including exemplary porous struc-
tures treated according to the aspects of the present disclo-
sure; and

[0031] FIG. 3 is a photograph of an exemplary pin and disc
testing equipment.

[0032] It should be understood that the drawings are not
necessarily to scale and that the disclosed embodiments are
sometimes illustrated diagrammatically and in partial views.
In certain instances, details which are not necessary for an
understanding of the disclosed methods and apparatuses or
which render other details difficult to perceive may have been
omitted. It should be understood, of course, that this disclo-
sure is not limited to the particular embodiments illustrated
herein.

DETAILED DESCRIPTION

[0033] The present disclosure provides for methods to
address improve the attachment strength, or bonding, of the
micro-particles to a porous structure without substantially
reducing the surface area or friction of the porous structure to
attain desirable properties, such as an optimal friction or
roughness for cellular attachment and initial fixation. The
rougher structure due to higher friction is more stable and
prevents the micro-motion against the bone and thus is con-
sidered beneficial for early stability and bone-ingrowth. Due
to the build technique of melting powder particles to fuse
them together, a porous structure built by RMT often contains
residual powder particles that are either loose or partially
fused (semi-fused) to the surface of the porous structure.
These loose or semi-fused particles provide certain beneficial
properties, such as porosity or surface area that allow for
cellular growth; however, they can be harmful if they detach
in the patient’s body when the porous structure is articulated
against an analogue implant component or the patient’s bone.
[0034] According to one aspect of the present disclosure, to
increase the bonding or attachment strength of these powder
particles or micro-particles while maintaining the surface
area of the micro-particles, the porous structure formed by
RMT undergoes a thermal treatment. The porous structure is
exposed to a thermal treatment having a certain temperature
and pressure for a certain duration that is sufficient to increase
the bond strength of the micro-particles to the main body of
the porous structure without substantially reducing the sur-
face area of the porous structure. In the preferred embodi-
ment, the thermal treatment comprises a high vacuum furnace
treatment. However, other embodiments contemplate
employing similar thermal techniques known to those skilled
in the art such as resistive heat treatment, including spark
plasma sintering or other appropriate methods, radiative heat
treatment, including white light radiation, electron beam
scanning, or laser beam scanning.

[0035] According to one aspect of the present disclosure,
the thermal treatment is controlled to ensure that the micro-
particles are not completely melted into the main body of the
porous structure, which would reduce the surface area of the
porous structure. In the preferred embodiment, appropriate
conditions of the thermal treatment can be determined by
selecting parameters that preserve or increase the surface
area, friction and/or asperities of the porous structure when it
articulates against an analogue component.

[0036] Determining the asperities of the porous structure is
another way of characterizing the desired properties for cer-
tain benefits, such as cellular attachment and initial fixation.
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The asperities are peaks of material that stand proud of the
core structure. The aspect ratio of asperities can be defined as
height of the peak above the core structure (or strut) to the
maximum width of the asperity itself. Based on the particle
size, the asperities can be rounded (e.g., aspect ratio
approaching or less than 1) or could be sharp (e.g., aspect
ratio>1).

[0037] Because the micro-particles are residual particles
that did not melt during the RMT process, the micro-particles
comprise the same material as the porous structure itself. In
one embodiment, the plurality of micro-particles comprises a
powder selected from the group consisting of metal, ceramic,
metal-ceramic (cermet), glass, glass-ceramic, polymer, com-
posite and combinations thereof. In one embodiment, the
metallic material is selected from the group consisting of
titanium, titanium alloy, zirconium, zirconium alloy, nio-
bium, niobium alloy, tantalum, tantalum alloy, nickel-chro-
mium (e.g., stainless steel), cobalt-chromium alloy and com-
binations thereof.

[0038] In one specific embodiment of the present disclo-
sure, the porous structure comprises titanium alloy. To the
temperature of the thermal treatment of the titanium alloy
structure is between greater than about 800 degrees C. and
about 1200 degrees C. In another embodiment, the tempera-
ture of the thermal treatment of the titanium alloy structure is
between about 950 degrees C. and about 1150 degrees C. In
another embodiment, the temperature of the thermal treat-
ment of the titanium alloy structure is between about 1000
degrees C. and about 1100 degrees C. In another embodi-
ment, the temperature of the thermal treatment of the titanium
alloy structure is between about 1025 degrees C. and about
1075 degrees C. In another embodiment, the temperature of
the thermal treatment of the titanium alloy structure is
between about 1040 degrees C. and about 1060 degrees C. In
the preferred embodiment, the temperature of the thermal
treatment is about 1050 degrees C.

[0039] The duration of the heat-treatment can range from
preferably about 30 minutes to about 300 minutes, more
preferably from about 60 minutes to about 180 minutes and
from about 90 minutes to about 150 minutes, and most pref-
erably about 120 minutes. The heat-treatment is carried out in
a vacuum or inert gas furnace at preferably below atmo-
spheric pressure, e.g., about 1 atm or about 0.21 oxygen
partial pressure. In another embodiment, the thermal treat-
ment is performed in a vacuum or inert gas furnace with
oxygen partial pressure preferably below about 0.02 torr and
more preferably below about 10~* torr, and most preferably at
or below about 107 torr.

[0040] According to another aspect, the duration (or treat-
ment time) and temperature is based at least on the size and
the solid-state diffusion coefficient of the micro-particles.
Although not intending to be bound by theory, the inventors
believe this is due to the sintering of particle on the strut being
a function of the material melting point and size of the par-
ticle.

[0041] The friction and or roughness of structure can be
measured by methods known to those skilled in the art. One
exemplary method is an inclined plane method as described
by Heiner and Brown, 53rd ORS, 2007. Another exemplary
method is a pin-on-disk testing apparatus, which is described
in Gilmour et al., WBM, 2008. In either of these methods
either bone analogue material or a cadaveric specimen can be
used. The inclined plane method provides friction informa-
tion at the beginning of the motion but not necessary during
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the motion. The pin-on-disk method provides information for
both at the beginning of the motion and during the motion.
FIG. 3 is a photograph of an exemplary equipment to perform
the pin-on-disk method. Typically, in a pin-on-disk method, a
vertical normal load of 44 N (0.15 MPa) is applied to the pins
made from porous structure. The pins are attached to the
upper fixture of the pin-on-disk machine shown in FIG. 3. The
machine is programmed such that the base plate rotates all
bone analogue plates in an arc shaped motion path at a dis-
placement rate of about 3.8 mm/sec. Vertical and horizontal
loads are sampled at 100 Hz and are then used to calculate the
maximum dynamic coefficient of friction (tangential force
divided by normal force). These test parameters are provided
for exemplary purposes and are not intended to be limiting.
The parameters and conditions can be varied as appropriate
based on the porous structure and testing goals.

[0042] FIG.2is a chart of the average coefficient of friction
of samples of six types of products. The first product was
ROUGHCOAT beads, which is a commercially available
porous in-growth surface. It consists of approximately 250-
350 micron sized beads sintered on a solid substrate. The
coefficient of friction of three samples of ROUGHCOAT
beads were measured. Referring to FIG. 2, the average (zstd.
dev.) coefficient of the ROUGHCOAT beads samples was
about 0.55+0.08.

[0043] The second product in the chart of FIG. 2 was a
porous structure formed by RMT without any treatment, indi-
cated as “RM 100%.” The coefficient of friction of six differ-
ent porous structures formed by RMT without any treatment
were measured. The average (+std. dev.) coefficient for the
RM 100% samples was about 1.04+0.08.

[0044] The third product was a porous structure formed by
RMT that was treated according to the aspects of the present
disclosure, specifically the samples were thermally treated at
a temperature of 1050 C under vacuum (<10~> Ton) for a
period of about 1 hour. These samples are indicated as “RM
100%+1050 C” on FIG. 2. The coefficient of friction of three
different RM 100%+1050 C were measured. The average
(£std. dev.) coefficient for the RM 100%+1050 C samples
was about 1.13+0.04.

[0045] As reflected by FIG. 2, the heat treatment according
to the aspects of the present disclosure increases the coeffi-
cient of friction of the porous structure as compared to the RM
100% samples, which are porous structures that have not been
treated. The increase in friction indicates that this structure
retained the desired asperities and thus, providing an increase
in the benefits of a porous structure, e.g., improved cellular
attachment due to higher stability as a result of higher friction,
while the bonding strength between the micro-particles and
the porous structure is improved.

[0046] The heat treatment, however, if not controlled can
lead to detrimental effects, such as a decrease in the coeffi-
cient of friction of the porous structure. Referring to FIG. 2,
the fourth product was a porous structure formed by RMT that
was treated heat treated in the following conditions: 1200
degrees C. for 1 hour under vacuum (<10~ Ton). These
samples are indicated as “RM 100%+1200 C” in FIG. 2. The
coefficient of friction of three different RM 100%+1200 C
were measured. The average (+std. dev.) coefficient for RM
100%+1200 C products was 0.88+0.16. The heat treatment at
higher temperature actually decreases the coefficient of fric-
tion of the porous structure as compared to RM 100%, porous
structures that have not been treated, and RM 100%+1050 C,
porous structures that were treated at a lower temperature.
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The decrease in friction indicates that the surface area or the
asperities of the porous structure has been reduced. While not
intending to be bound by theory, it is believed the higher
temperature melts a significant number of the micro-particles
into the main body of the porous structure, thereby decreasing
the asperities and surface area and thus, the coefficient of
friction.

[0047] In order to explore this hypothesis, an experiment
was conducted to evaluate the sintering of loose micro par-
ticles or beads to each other using Ti6Al4V powder that is
used to build the porous RM structure. FIG. 4 shows low and
high magnification images of loose particles attached to the
strut and to each other. As can be seen some of the particles are
barely attached to each other (FIG. 4C) and some have inad-
equately formed bonds (FIG. 4B). FIGS. 5 to 7 show how
these loose particles will attach to each other when heat-
treated at different temperatures. FIG. 5 shows heat-treatment
carried out at 800 C for 1 hour. The particles still retain their
spherical shape and some enhancement in the bonding of the
particles has occurred. FIG. 6 shows heat treatment carried
out at 1050 C for 2 hours. A significant bonding between the
particles has now occurred without losing the spherical shape
of the particles. Additionally, facets have formed on the sur-
face of these micro particles which further enhance the sur-
face area. FIG. 7 shows appearance of particles after sintering
at 1200 C for 2 hours. A substantial melting of micro powder
particles has not occurred and several micro particles have
lost the spherical shape and thus substantially reducing the
surface area. One way to evaluate the attachment of these
particles to each other is to measure the ratio of the micro-
particle diameter to the neck diameter (PD/ND). A higher
ratio indicates inadequate bonding which may result in higher
friction but also particle shedding. If the ratio BD/ND is close
to 1, it indicates that the micro particles have almost melted
into each other. The cross-sectional metallographic evalua-
tion of samples shown in FIG. 6 showed an average PD/ND
ratio of 2.1.

[0048] According to one aspect of this disclosure the heat
treatment is carried out in such a way that the micro-particle
diameter to neck diameter of the particulates attached to other
particles or the strut is from 1.5 to 5.0. This ratio not only
seems to keep the bonding of the particles well but also retains
the surface area and thus the frictional characteristics of the
structure. This ratio can be evaluated by standard cross-sec-
tional metallographic techniques. The RM structure samples
are sectioned, mounted, polished and measured using metal-
lurgical microscope. At least five random fields of view are
chosen to measure the micro particle diameter and neck diam-
eter. A magnification of 25x, 50x or 100x is chosen for
measurements. It is important to average the particle diameter
if the particles are of significantly different in size and then
divide by the neck diameter to get an accurate measure of the
micro-particle diameter to neck diameter. If the multiple par-
ticles are attached to each other, an average of particle diam-
eter and neck diameter is calculated for that group of particles
or strut.

[0049] In some embodiments of the invention, the micro-
particle diameter to neck diameter after the heat treatment can
be from about 1.75 to about 4.00. In other embodiments, the
micro-particle diameter to neck diameter after the heat treat-
ment can be from about 1.8 to about 3.6.

[0050] Referring to FIG. 2, the fifth and sixth products are
commercially available products that serve as standards to
compare the coefficient of friction of the porous structures
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treated according to the aspects of the present disclosure. The
fifth product is TRABECULAR METAL currently manufac-
tured by Zimmer, Inc. TRABECULAR METAL is a regis-
tered trademark of Zimmer, Inc. The coefficient of friction of
two samples of TRABECULAR METAL were measured,
and the average (zstd. dev.) of the samples was 1.11+0.03.
[0051] The sixth product was STIKTITE which is manu-
factured by Smith and Nephew Inc. STIKTITE is a registered
trademark of Smith & Nephew, Inc. This is generally pro-
duced by sintering asymmetrical titanium powder to create a
porous surface. The coefficient of friction of three samples of
STIKTITE were measured. The average (zstd. dev.) friction
coefficients of the STIKTITE samples was 1.14+0.07. As
shown in FIG. 2, the friction coefficients of STIKTITE and
TRABECULAR METAL are similar to the friction coeffi-
cients of the RM 100%+1050 C samples.

[0052] The porous structures of the present disclosure pro-
vide options that may not be available with the commercially
available STIKTITE and TRABECULAR METAL products
that have similar friction coefficients. For instance, STIK-
TITE is easy to produce and provides good frictional surface,
but the finished product comprises a solid substrate on which
asymmetrical Ti alloy powder is sintered, which may pose
challenges in producing a fully porous structure of just STIK-
TITE.

[0053] While the TRABECULAR METAL can be pro-
duced as stand-alone porous structure, the production of this
structure exclusively requires use of tantalum which is quite
an expensive material. Additionally, the chemical vapor
deposition process used to create this structure is not only
lengthy but potentially hazardous in an environmental sense
as chlorine gas is used to generate some of the reagents used
for deposition.

[0054] According to one aspect of the present disclosure,
thermal treatments that are less than about 800 degrees C. are
insufficient to improve the attachment strength of the micro-
particles, e.g., adequately bind the loose micro-particles. One
exemplary way to determine whether the thermal treatment
was sufficient to bind the loose micro-particles involves
assessing the particle shedding of the RM structure by agitat-
ing the thermally treated samples in an ultrasonic bath con-
taining deionized water. In one embodiment, samples to be
tested are first weighed on a high-precision balance. The
samples are then submerged in deionized water and subjected
to ultrasonic vibration in an ultrasonic bath for an appropriate
amount of time known to those skilled in the art, e.g., 4
minutes. The samples were removed after being subject to the
ultrasonic vibration and rinsed with methanol, blown dry with
compressed air, and preferably dried under vacuum for at
least 2 hours. After drying, the samples were weighed againto
determine the post-test weight. The differences in pre-test and
post-test weight were used to determine the mass loss due to
particle shedding.

[0055] In one specific example, the as-built samples (with-
out the heat-treatment) lost about 6 mg. The samples that were
heat-treated at about 800 degrees C. for about 1 hour in
vacuum (<10~ Torr) lost about 0.3 mg while the samples that
were heat-treated at about 1050 degree C. for about 1 hour and
about 1200 degree C. for about 1 hour lost less than 0.02 mg.
Accordingly, the heat treatment at about 800 degrees C. is
insufficient to bind the loose micro-samples while heat treat-
ments at higher temperatures improve the attachment
strength of the micro-particles to the porous structure, retain-
ing substantially all of the micro-particles on the porous
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structure. However, without performing the heat treatment
according to the aspects of the present disclosure, the
improved binding of the micro-particles can still result in
undesirable effects for the treated porous structure as dis-
cussed herein.

[0056] Inthe preferred embodiment, the heat treatment can
be optimized for the particular material of the porous struc-
ture. According to one aspect, the optimization is done by first
determining a friction value, e.g., coefficient of friction, of the
porous structure prior to any treatment. A temperature and
time are selected for a first thermal treatment trial. The porous
structure is then treated at this first round of thermal treatment
with the selected conditions. The optimization continues with
determining the friction value of the treated porous structure.
If the friction value subsequent to treatment increases or
remains substantially the same, the selected conditions are the
desired conditions to increase bond strength of the micro-
particles to the porous structure without substantially reduc-
ing the surface area of the porous structure. However, if the
friction value subsequent to treatment decreases, then new
temperature and time are selected for the next thermal treat-
ment trial. The temperature should be decreased. If the tem-
perature is insufficient to improve the bond strength of the
micro-particles, the temperature should be increased. The
optimization steps are repeated and the temperature and time
are adjusted until the friction value subsequent to treatment is
substantially the same as or higher than the friction value
prior to treatment. In one embodiment, the selected time and
temperature for said treatment results in the friction value
prior to treatment being within about 0% to less than about
15% of the friction value subsequent to treatment. In another
embodiment, the values are within about 5% to about 10% of
the friction value subsequent to treatment. In another embodi-
ment, the values are within about 10% to less than about 15%
of the friction value subsequent to treatment. In another
embodiment, the values are within about 8% to about 12% of
the friction value subsequent to treatment.

[0057] The treated porous structure according to the
aspects of the present disclosure can be used to form a medi-
cal implant. In one embodiment, the medical implant is
selected from the group consisting an orthopedic implant,
dental implant, and vascular implant. In one embodiment, the
orthopedic implant is selected from a group consisting ofhip,
knee, shoulder, elbow, and spinal implants.

[0058] Although the present invention and its advantages
have been described in detail, it should be understood that
various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the
invention as defined by the appended claims. Moreover, the
scope of the present application is not intended to be limited
to the particular embodiments of the process, machine, manu-
facture, composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure of the present
invention, processes, machines, manufacture, compositions
of'matter, means, methods, or steps, presently existing or later
to be developed that perform substantially the same function
or achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present invention. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.
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What is claimed is:

1. A method comprising the step of: treating a porous
structure formed by rapid manufacturing technique with a
thermal treatment to increase the bond strength between a
plurality of micro-particles attached to said porous structure
and said porous structure without substantially reducing the
surface area of the porous structure, wherein the rapid manu-
facturing technique is selected from group consisting of
direct metal fabrication, direct metal laser sintering, and solid
free-form fabrication.

2. The method of claim 1, wherein the thermal treatment
provides average micro-particle diameter to neck diameter
ratio greater than 1 and less than 5.

3. The method of claim 1, wherein the thermal treatment is
selected from the group consisting of high vacuum furnace
treatment, resistive heat treatment, radiative heat treatment,
electron beam scanning, laser beam scanning, and a combi-
nation thereof.

4. The method of claim 1, further comprising the step of
selecting the time and temperature for said thermal treatment,
wherein said selection is configured to improve the bonding
between said plurality of micro-particles and said porous
structure while at least substantially preserving a desired
roughness and friction of said porous structure.

5. The method of claim 1, further comprising the step of
selecting the time and temperature for said thermal treatment,
wherein said selection is configured to improve the bonding
between said plurality of micro-particles and said porous
structure while increasing the roughness of said porous struc-
ture.

6. The method of claim 1, wherein the plurality of micro-
particles comprises a powder selected from the group con-
sisting of metal, ceramic, metal-ceramic (cermet), glass,
glass-ceramic, polymer, composite and combinations
thereof.

7. The method of claim 1, wherein the porous structure is
made of a metallic material, and the metallic material is
selected from the group consisting of titanium, titanium alloy,
zirconium, zirconium alloy, niobium, niobium alloy, tanta-
lum, tantalum alloy, nickel-chromium (e.g., stainless steel),
cobalt-chromium alloy and combinations thereof.

8. The method of claim 7, wherein the porous structure
comprises titanium alloy, the temperature of the thermal treat-
ment of the titanium alloy structure is between greater than
about 800 degrees C. and about 1200 degrees C.

9. The method of claim 1, wherein the porous structure is
thermally treated from about 30 minutes to 300 minutes.

10. The method of claim 1, wherein the thermal treatment
is performed in a vacuum or inert gas furnace below atmo-
spheric pressure.

11. The method of claim 1, wherein the thermal treatment
is performed in a vacuum or inert gas furnace with oxygen
partial pressure below about 0.02 torr.

12. The method of claim 1, wherein a time and temperature
of the thermal treatment is determined based at least on the
size of the plurality of micro-particles and the solid-state
diffusion coefficient of the plurality of micro-particles.

13. The method of claim 1, wherein a time and temperature
of the thermal treatment is determined based at least on the
desired aspect ratio of the porous structure.

14. The method of claim 1, further comprising the step of
selecting a time and temperature for said thermal treatment,
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wherein the time and temperature of the thermal treatment is
determined based at least on the desired friction of a surface
of the porous structure.

15. The method of claim 14, wherein the selecting step
comprises determining a friction value of said porous struc-
ture prior to treatment, determining a friction value of said
porous structure subsequent to treatment, adjusting the time
and temperature of said treatment until the friction value prior
to treatment is at least substantially the same as the friction
value subsequent to treatment.

16. The method of claim 14, wherein the selecting step
comprises determining a friction value of said porous struc-
ture prior to treatment, determining a friction value of said
porous structure subsequent to treatment, adjusting the time
and temperature of said treatment until the friction value
subsequent to treatment is higher than said friction value prior
to treatment.

17. The method of claim 14, wherein the selected time and
temperature for said treatment results in the friction value
prior to treatment being within about 0% to less than about
15% of the friction value subsequent to treatment.

18. The method of claim 15, wherein the friction value
comprises a coefficient of friction when said porous structure
is articulated against an analogue component.

19. The method of claim 18, wherein the friction and or
roughness of structure is measured using an inclined plane
method or using a pin-on-disk testing apparatus.

20. The method of claim 19, wherein the pin-on-disk
method provides the friction value at the beginning of the
motion and also during the motion.

21. The method of claim 8, wherein the temperature of the
thermal treatment of the titanium alloy structure is between
about 950 degrees C. and about 1150 degrees C.

22. The method of claim 8, wherein the temperature of the
thermal treatment of the titanium alloy structure is between
about 1000 degrees C. and about 1100 degrees C.

23. The method of claim 8, wherein the temperature of the
thermal treatment of the titanium alloy structure is between
about 1025 degrees C. and about 1075 degrees C.

24. The method of claim 8, wherein the temperature of the
thermal treatment of the titanium alloy structure is between
about 1040 degrees C. and about 1060 degrees C.

25. The method of claim 8, wherein the temperature of the
thermal treatment of the titanium alloy structure is about 1050
degrees C.

26. The method of claim 9, wherein the porous structure is
thermally treated from about 60 minutes to 180 minutes.

27. The method of claim 9, wherein the porous structure is
thermally treated from about 90 minutes to 150 minutes.

28. The method of claim 9, wherein the porous structure is
thermally treated for about 120 minutes.

29. The method of claim 10, wherein the thermal treatment
is performed in a vacuum or inert gas furnace with oxygen
partial pressure below about 10-4 torr.

30. The method of claim 10, wherein the thermal treatment
is performed in a vacuum or inert gas furnace with oxygen
partial pressure at or below about 10-5 torr.

31. The method of claim 1, wherein the method further
comprises the step of forming a medical implant with said
treated porous structure.

32. The method of claim 31, wherein the medical implant
is selected from the group consisting an orthopedic implant,
dental implant, and vascular implant.
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33. The method of claim 17, wherein the selected time and
temperature for said treatment results in the friction value
prior to treatment being within about 5% to about 10% of the
friction value subsequent to treatment.

34. The method of claim 17, wherein the selected time and
temperature for said treatment results in the friction value
prior to treatment being within about 10% to less than about
15% of the friction value subsequent to treatment.

35. The method of claim 17, wherein the selected time and
temperature for said treatment results in the friction value
prior to treatment being within about 8% to about 12% of the
friction value subsequent to treatment.

36. A method comprising the step of:

forming a porous structure by rapid manufacturing tech-

nique utilizing a metallic material, wherein the rapid
manufacturing technique is selected from group consist-
ing of direct metal fabrication, direct metal laser sinter-
ing, and solid free-form fabrication;

treating the porous structure with a thermal treatment to

increase the bond strength between a plurality of micro-
particles attached to said porous structure and said
porous structure without substantially reducing the sur-
face area of the porous structure; and

selecting a time and temperature for the thermal treatment,

wherein the time is between 30 minutes to 300 minutes
and the temperature is between about 800 degrees C. and
about 1200 degrees C.

37. The method of claim 36, wherein the thermal treatment
provides average micro-particle diameter to neck diameter
ratio greater than 1 and less than 5.

38. The method of claim 36, wherein the thermal treatment
is selected from the group consisting of high vacuum furnace
treatment, resistive heat treatment, radiative heat treatment,
electron beam scanning, laser beam scanning, and a combi-
nation thereof.

39. The method of claim 36, wherein the selection step is
configured to improve the bonding between said plurality of
micro-particles and said porous structure while at least sub-
stantially preserving a desired roughness and friction of said
porous structure.

40. The method of claim 36, wherein the selection step is
configured to improve the bonding between said plurality of
micro-particles and said porous structure while increasing the
roughness of said porous structure.

41. The method of claim 36, wherein the plurality of micro-
particles comprises a powder selected from the group con-
sisting of metal, ceramic, metal-ceramic (cermet), glass,
glass-ceramic, polymer, composite and combinations
thereof.

42. The method of claim 36, wherein the metallic material
is selected from the group consisting of titanium, titanium
alloy, zirconium, zirconium alloy, niobium, niobium alloy,
tantalum, tantalum alloy, nickel-chromium (e.g., stainless
steel), cobalt-chromium alloy and combinations thereof.

43. The method of claim 42, wherein the porous structure
comprises titanium alloy, the temperature of the thermal treat-
ment of the titanium alloy structure is between greater than
about 800 degrees C. and about 1200 degrees C.

44. The method of claim 36, wherein the porous structure
is thermally treated from about 30 minutes to 300 minutes.
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45. The method of claim 36, wherein the thermal treatment
is performed in a vacuum or inert gas furnace below atmo-
spheric pressure.

46. The method of claim 36, wherein the thermal treatment
is performed in a vacuum or inert gas furnace with oxygen
partial pressure below about 0.02 torr.

47. The method of claim 36, wherein the time and tempera-
ture of the thermal treatment is determined based at least on
the size of the plurality of micro-particles and the solid-state
diffusion coefficient of the plurality of micro-particles.

48. The method of claim 36, wherein the time and tempera-
ture of the thermal treatment is determined based at least on
the desired aspect ratio of the porous structure.

49. The method of claim 36, wherein the time and tempera-
ture of the thermal treatment is determined based at least on
the desired friction of a surface of the porous structure.

50. The method of claim 36, wherein the selecting step
comprises determining a friction value of said porous struc-
ture prior to treatment, determining a friction value of said
porous structure subsequent to treatment, adjusting the time
and temperature of said treatment until the friction value prior
to treatment is at least substantially the same as the friction
value subsequent to treatment.

51. The method of claim 36, wherein the selecting step
comprises determining a friction value of said porous struc-
ture prior to treatment, determining a friction value of said
porous structure subsequent to treatment, adjusting the time
and temperature of said treatment until the friction value
subsequent to treatment is higher than said friction value prior
to treatment.

52. The method of claim 36, wherein the selected time and
temperature for said treatment results in the friction value
prior to treatment being within about 0% to less than about
15% of the friction value subsequent to treatment.

53. The method of claim 52, wherein the friction value
comprises a coefficient of friction when said porous structure
is articulated against an analogue component.

54. The method of claim 52, wherein the friction and/or
roughness of structure is measured using an inclined plane
method or using a pin-on-disk testing apparatus.

55. A method comprising the step of:

forming a titanium alloy porous structure formed by rapid

manufacturing technique, wherein the rapid manufac-
turing technique is selected from group consisting of
direct metal fabrication, direct metal laser sintering, and
solid free-form fabrication;

treating the porous structure with a thermal treatment to

increase the bond strength between a plurality of micro-
particles attached to said porous structure and said
porous structure without substantially reducing the sur-
face area of the porous structure, wherein the thermal
treatment is performed in a vacuum or inert gas furnace
below atmospheric pressure; and

selecting a time and temperature for the thermal treatment,

wherein the time is between 30 minutes to 300 minutes
and the temperature is between than about 800 degrees
C. and about 1200 degrees C., and wherein the time and
temperature of the thermal treatment is determined
based at least on the desired friction of a surface of the
porous structure.
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