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(57) Abréegée/Abstract:

A borided titanium article can include a titanium mass having titanium monoboride whiskers infiltrating inward from a surface of the
titanium mass to form an integral surface hardened region. The titanium mass can be almost any titanium based metal or alloy such
as high purity titanium, commercial grade titanium, a-titanium alloy, a + p titanium alloy, B -titanium alloy, titanium composite, and
combinations thereof. Borided titanium articles can be formed by methods which include providing a titanium mass, contacting a
surface of the titanium mass with a boron source medium, and heating the titanium mass and boron source medium to a
temperature from about 700 °C to about 1600 "C. The boron source medium can include a boron source and an activator selected
to provide growth of titanium monoboride whiskers. The boron source medium can be provided as a solid particulate mixture, liquia
mixture, or as a gaseous mixture. During heating, boron from the boron source infiltrates into the titanium mass and forms titanium
monoboride whiskers which improve the surface hardness, wear resistance, oxidation resistance, and corrosion resistance of the
treated surface. The titanium monoboride whiskers can be controlled to have the desired dimensions, depending on the application
requirements. Boriding titanium surfaces using these methods, provides a relatively inexpensive and effective process for improving
the surface properties of titanium which are then useful in a wide variety of applications.
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(57) Abstract: A borided titanium article can include a titanium mass having titanium monoboride whiskers infiltrating inward from
a surface of the titanium mass to form an integral surface hardened region. The titanium mass can be almost any titanium based metal
or alloy such as high purity titanium, commercial grade titanium, a-titanium alloy, o+ titanium alloy, [3-titanium alloy, titanium
composite, and combinations thereof. Borided titanium articles can be formed by methods which include providing a titanium mass,
contacting a surface of the titanium mass with a boron source medium, and heating the titanium mass and boron source medium to a
temperature from about 700 °C to about 1600 °C. The boron source medium can include a boron source and an activator selected to
& provide growth of titanium monoboride whiskers. The boron source medium can be provided as a solid particulate mixture, liquid
& mixture, or as a gaseous mixture. During heating, boron from the boron source infiltrates into the titanium mass and forms titanium
N 1onoboride whiskers which improve the surface hardness, wear resistance, oxidation resistance, and corrosion resistance of the
treated surface. The titanium monoboride whiskers can be controlled to have the desired dimensions, depending on the application
requirements. Boriding titanium surfaces using these methods, provides a relatively inexpensive and effective process for improving
the surface properties of titanium which are then useful in a wide variety of applications.
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INTEGRAL TITANIUM BORIDE COATINGS ON TITANIUM SURFACES
AND ASSOCIATED METHODS

CLAIM OF PRIORITY

This application claims the benefit of United States provisional patent application
no. 60/426,636, filed November 15, 2002, which is hereby incorporated by reference.
This invention was made with government support under Grant No. DAAL-19-99-1-0281
awarded by the Army Research Office. The United States Government has certain rights

to this invention.
FIELD OF THE INVENTION

The present invention relates generally to titanium coatings. More particularly,

the present invention relates to titanium boride coatings on titanium surfaces.
BACKGROUND OF THE INVENTION

Titanium and titanium alloys are useful for a wide variety of structural and
engineering applications. Titanium and its alloys are generally characterized by low
density, high stiffness, high strength, and good corrosion resistance. The aerospace
industry 1s currently the predominant consumer of titanium and its alloys. Further, recent
interest in using titanium has begun to increase in other industries such as the chenﬁcal,
petrochemical, and medical industries. However, when compared to current hard metal
alternatives, titanium and its alloys suffer from lower surface hardness, wear resistance,
corrosion resistance, lower oxidation resistance, galling, and seizure of surfaces when in
mechanical contact.

A number of methods have been developed to improve the surface properties of
titanium and its alloys. For example, titanium surfaces can be coated with titanium
nitride and titanium carbide using a number of known technologies such as ion
implantation, laser gas nitriding, electron-beam surface alloying, and physical and

chemical deposition. Further, boron alloying of titanium surfaces has been accomplished
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by techniques such as laser irradiation and electron-beam irradiation. Several of these
methods have produced titanium having significantly improved surface properties.
However, such methods frequently involve substantial equipment expense and extended
production times which make the finished product relatively expensive. Additionally,
several of these methods have limitations as to achievable coating thicknesses. Further,
laser and electron beam methods also result in melting of surface regions of titanium
which leads to oxidation of the metal, coarsening of surface structure and poor properties.
Frequently, these methods also result in monolithic coating structures on titanium
surfaces which tend to crack and spall under applied stresses.

For this and other reasons, the need remains for methods and materials which can
improve the surface properties of titammum and its alloys, which have decreased

manufacturing costs and improved resistance to wear and oxidation.

SUMMARY OF THE INVENTION

It would therefore be advantageous to develop improved methods and materials
which produce a titanium material having high wear, corrosion, and oxidation resistance
as well as resistance to galling and seizure when in contact with other surfaces. The
present invention provides methods and materials which produce whisker borided
titanium articles which avoid many of the difficulties mentioned above. |

In one aspect o f the present invention, a borided titanium article c an include a
titanium mass having titanium monoboride whiskers infiltrating the titanium mass to
form a surface hardened region. The surface hardened regions can become an integral
part of the titanium mass, unlike traditional coatings. The titanium mass can be almost
any ftitanium based metal or alloy such as high purity titanium, commercial grade
titanium, a-titanium alloy, ot+f titanium alloy, B-titanium alloy, and combinations
thereotf.

In another aspect of the present invention, the borided titanium article can include
one or more titanium diboride layers adjacent the surface hardened regions. |

In accordance with one aspect of the present invention, a method of forming a

whisker borided titanium article can include providing a titanium mass, contacting a
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surface of the titanium mass with a boron source medium, and heating the titanium mass
and boron source medium to a temperature from about 700 °C to about 1600 °C. The
boron source medium can include a boron source and an optional activator selected to
provide accelerated growth of titanium monoboride whiskers. In one aspect of the
present 1nvention, the b oron source medium c an c onsist essentially of a boron source.
Alternatively, the boron source medium can comprise a boron source and an activator.
The boron source medium can be provided as a solid particulate mixture, liquid mixture,
or as a gaseous mixture. During heating, boron from the boron source medium diffuses
toward the titanium mass and infiltrates thereinto to form titanium monoboride whiskers
which increase the surface hardness, corrosion resistance, and wear resistance of the
treated surface.

Additional features and advantages of the invention will be apparent from the
tollowing detailed description, which illustrates, by way of example, features of the

mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates a side cross-sectional view of an embodiment showing a whisker
borided titanium article in accordance with the present inventioh;

FIG. 2 shows a micrograph of the surface hardened region in a whisker borided
titanium article produced in accordance with an embodiment of the present invention at a
magnification of 2000X: |

F1G. 3 1s a graph of hardness versus depth along a cross-section of whisker
borided titanium articles at various temperatures and process times;

FIG. 4 1s a micrograph of a midthickness of the borided titanium article of FIG. 2
showing randomly precipitated TiB whiskers;

FIG. 5 shows a micrograph of the surface hardened region of FIG. 2 at a
magnification of 5000X;

FIG. 6 illustrates a side cross-sectional view of a boron titanium precursor used to

form the borided titanium article of FIG. 1 in accordance with one embodiment of the

present invention;
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FIG. 7 is a micrograph of a surface hardened region in a whisker borided titanium
article produced at 1000 °C in accordance with an embodiment of the present invention at

a magnification of 2000X; and

FIG. 8 is a micrograph of a surface hardened region 1in a whisker borided titanium
article produced in accordance with an embodiment of the present invention at a

magnification of 7000X.

It should be noted that several of the above figures are not drawn to scale and no
limitations as to physical dimensions of the present invention are intended thereby. For
example, the thicknesses of the layers and regions may vary significantly from those

illustrated. Those skilled in the art will recognize thicknesses and dimensions which can

be used for various applications given the detailed description below.

DETAILED DESCRIPTION

Reference will now be made to exemplary e mbodiments and specific language
will be used herein to describe the same. It will nevertheless be understood that no
limitation of the scope of the invention is thereby intendedq.. Alterations and further
modifications of the inventive features described herein, and additional applications of
the principles of the invention as described herein, which would occur to one skilled n
the relevant art and having possession of this disclosure, are to be considered within the
scope of the invention. Further, before particular embodiments of the present invention
are disclosed and described, it is to be understood that this invention is not limited to the
particular process and materials disclosed herein as such may vary to some degree. It 1s
also to be understood that the terminology used herein is used for the purpose of
deséribing particular embodiments only and is not intended to be limiting, as the scope of
the present invention will be defined only by the appended claims and equivalents
thereof.

Definitions

In describing and claiming the present invention, the following terminology will

be used.
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The singular forms “a,” “an,” and “the” include plural references unless the
context clearly dictates otherwise. Thus, for example, reference to “a surface hardened
region” includes reference to one or more of such regions, and “a boron source” includes
reference to one or more of such materials.

As used herein, “whisker” refers to a nanostructure having a high aspect ratio, i.e.
greater than about 5:1. Typically, whiskers have a generally polygonal cross-section;
however cross-sections may vary somewhat, e.g., hexagonal, diamond, and circular, as
seen 1n FIG. 2. Whisker diameters are most frequently in the nanometer range; however
diameters can vary from about 50 nm to about 3 um, although preferred diameters are
from about 100 nm to about 600 nm.

As used herein, “infiltrating” refers to a material which has penetrated interstitial
spaces of a separate material from an external position, typically from the surface of the

separate material.

As used herein, “borided” refers to the presence of boron in a composition or
material. Further, borided is used to indicate that the boron is introduced into the
composition or material subsequent to formation of the composition or material into a
coherent mass.

As used herein, “activator” refers to any material which is capable of encouraging
growth of titanium monoboride whiskers. Although the precise mechanism is in no way
limited, the a ctivator can act to increase mobility and diffusion ofboron atoms into a
substrate. Additionally, suitable activators can decrease the activation energy rquired
for production of titanium monoboride whiskers. )

As used herein, “amorphous” refers to a non-crystalline state of a material. Thus,
an amorphous material can be entirely or at least substantially non-crystalline.
Amorphous solids are typically produced by rapid cooling of a liquid material which does
not allow individual atoms to form a crystalline lattice.

As used herein, “high purity titanium” refers to substantially pure titanium having
less than about 0.1 atomic percent impurities. '

As used herein, “commercial grade titanium” refers to substantially pure titanium

having from about 0.1 atomic percent to about 2 atomic percent impurities. Common

impurtties can include O, Fe, Pd, and other trace elements.
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As used herein, “a-titanium alloys” refers to alloys of titanium containing Al, O,
Zr, Sn, Mo, N, V, C, Ta, Si, and combinations thereof. Several exemplary o-titanium
alloys include: Ti-5A1-2.5Sn, Ti-8Al-1Mo-1V, and Ti-6Al-2Nb-1Ta-1Mo (compositions
provided in weight percent).

As used herein, “o+f} titanium alloys” refers to alloys of titanium containing Al,
O, Zr, Sn, Mo, N, V, C, Ta, Si, and combinations thereof and B-stabilizing elements such
as Fe, V, Mo, Cr, Nb, W, Ta, and combinations thereof. Several exemplary o+ titanium
alloys include: Ti-6Al-4V, Ti-6Al-2Sn-4Zr-2Mo, and Ti-6Al-2Sn-4Zr-6Mo
(compositions provided in weight percent).

As used herein, “B-titanium alloys” refers to alloys of titanium containing
relatively large amounts of Fe, V, Mo, Cr, Nb, W, Ta, and combinations thereof and
smaller amounts of Al, O, Zr, Sn, Mo, N, V, C, Ta, Si, and combinations thereof. Several
exemplary B-titanium alloys include: Ti-10V-2Fe-3Al, Ti-15Mo-5Zr-3Al, and Ti-13V-
11Cr-3Al (compositions provided in weight percent).

As used herein, “B-transus temperature” refers to the temperature at which a
material undergoes a phase transformation from the o phase to the B phase, i.e. a change
in crystalline structure to the B phase associated with a specific material. It should be
noted that the [-transus temperature of titanium and its alloys is a function of
composition. For example, commercial grade titanium has a B-transus temperature o f
about 860 °C, while an a+f titanium alloy having 6 wt% Al and 4 wt% V has a B-transus
temperature of about 1010 °C. |

As used herein, “substrate” refers to a mass of material which can provide

mechanical support and properties to a material.

As used herein, “region” refers to a defined area or volume of a material. A
region can be 1dentified and bounded either by a distinct interface between two materials

having different compositions or by a gradual change in composition from one region to

an adjacent region.

As used herein, “adjacent” refers to a spatial relationship of at least two materials,

wherein the materials have a common boundary.

As used herein, “primarily” refers to a quantity of an identified element which

comprises greater than fifty percent of a composition.
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As used herein, “substantially free of” refers to the lack of meaningful quantities
of an identified element or agent in a composition. Particularly, elements that are
identified as being “substantially free of” are either completely absent from the
composition, or contain amounts which are small enough so as to have no measurable
effect on the identified properties of the composition.

Concentrations, dimensions, amounts, and other numerical data may be presented
heremn in a range format. It is to be understood that such range format 1s used merely for
convenience and brevity and should be interpreted flexibly to include not only the
numerical values explicitly recited as the limits of the range, but also to include all the
individual numerical values or sub-ranges encompassed within that range as if each
numerical value and sub-range is explicitly recited. For example, a size range of about 1
um to about 200 pm should be interpreted to include not only the explicitly recited limits
of 1 um and about 200 pm, but also to include individual sizes such as 2 pum, 3 um, 4 pm,
and sub-ranges such as 10 um to 50 um, 20 umto 100 um, etc.

Borided Titanium Articles

Reterring now to FIG. 1, in accordance with one embodiment of the present
invention, a whisker borided titanium article 10 can include a titanium mass 12 having
titanium monoboride whiskers infiltrating the titanium mass to form a surface hardened
region 14. The surface hardened region can cover an entire surface of the titanium mass
or merely a portion thereof. In one aspect of the present invention, the surface hardened
region can b e characterized by titanium monoboride w hiskers grown 1nto the titanium
substrate. These titanium monoboride whiskers can be primarily initiated from an
exterior surface of the titanium mass. Thus, the whiskers are predominantly infiltrated
inward mto the titanium mass. As can be seen in FIG. 2, a majority of the whiskers, seen
as light needle structures, are oriented in a directed pattern away from the surface.
Generally, the whiskers can grow in a bi-directional pattern along crystallographic planes
of the titanium mass, as shown in FIG. 2. Although the whiskers can be somewhat
random under certain conditions, most commonly the titanium monoboride whiskers are
bidirectional and are typically less than about 45° from normal to the surface of the
titantum mass from which they are infiltrated. Further, the whiskers of the pr;;sent

ivention tend to form either interwoven or interconnected whisker structures such as
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those shown in FIG. 2. In one detailed aspect of the present invention, the titanium
monoboride whiskers can have a structure which indicates an identifiable source of
growth from a surface. The titanium monoboride structures of the present invention are
infiltrated into the titanium mass and form an integral part of the final borided titanium
article. Thus, the surface hardened regions of the present invention are not easily peeled
or separated from the surface. Such structures are considered to have improved surface
properties over typical coating processes, such as titanium carbide and titanium nitride,
which typically form an additional layer on an external surface of the titanium mass.

Titanium monoboride whiskers of the present invention can have a wide variety
of dimensions. In one aspect, the titanium monoboride whiskers can have an average
length of from about 10 um to about 700 um. In a currently preferred aspect, the titanium
monoboride whiskers can have an average length of from about 50 um to about 300 pm.
Simularly, the average diameter of the titanium monoboride whiskers can be from about
100 nm to about 2 pm, and can preferably range from about 100 nm to about 600 nm. In
yet another detailed aspect, the titanium monoboride whiskers can have an average aspect
ratio from about 5:1 to about 1000:1. Although dimensions outside of these ranges can
also be used, the above ranges have provided marked improvement in titanium surface
properties such as hardness, wear resistance, oxidation resistance, ¢ orrosion resisténce,
and reduced galling and seizure.

Depending on the titanium mass employed and the specific conditions used in
forming the titanium monoboride whiskers, the surface hardness can generally range
from about 150 kgf/mm® to about 3500 kgf/mm®. In one aspect of the present invention,
surface hardness of the borided titanium article can range from about 1800 kgf/mm” to
about 3500 kgf/mm®. In an additional aspect of the present invention, the surface
hardness of the final borided titanium article can be from about 2 to about 8 times harder
than the non-borided titanium mass, and preferably from about 4 to about 5 times harder.

The embodiment of FIG. 1 illustrates surface hardened regions 14 on either side
of a titanium region 16. In this embodiment, the titanium mass 12 has titantum
monoboride whiskers infiltrated therein. The surface hardened regions 14 are
characterized by high c oncentrations of whiskers. T ypically, the titanium monoboride

whiskers can comprise from about 50 wt% to about 95 wt% of the surface hardened
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region. As can be seen from FIG. 2, the boundary between the surface hardened region
and the bulk titanium region is not always as distinct as indicated in FIG. 1. Specifically,
the concentration of whiskers typically decreases at depths further into the titanium mass.
In one detailed aspect of the present invention, the surface hardened region can have an
average thickness from about 15 pm to about 400 um. Those skilled in the art will
recognize that useful thicknesses outside of this range can also be produced using the
methods d escribed below and such thicknesses are considered within the scope ofthe
present ivention. Studies have shown that a small amount, e.g., less than a few weight
percent, of titanium diboride can also be present in the surface hardened region.

As described m connection with the methods, described below, used to form such
borided titanium articles, there can often be a region in which a small number of whiskers
are present. Typically, this region can have less than about 0.5 wt% titanium monoboride
whiskers. As can be seen from FIG. 3, even small amounts of titanium monoboride
whiskers can affect improved hardness. FIG. 3 shows a hardness profile of several thin,
1.e. 1 mm, borided articles in accordance with the present invention. The surface
hardened regions are between about 100 um and 200 um in thickness at each side of the
article. In this embodiment of the present invention, surface hardness c an range from
about 150 kgf/mm°® to about 550 kgf/mm®. It should be noted that the commercially pure
titanium s ubstrate foil used in the embodiments o f FIG. 3 has a hardness of about 98
kef/mm® on the Vicker’s scale. Thus, even the center region having very few whiskers
has slightly 1mproved properties. F IG. 4 shows a microgréph of such a center region
having small trace amounts of titantum monoboride whiskers therein. These whiskers are
typically not grown from a surface but rather randomly precipitate and begin growth at
various points within the bulk titanium mass. The borided titanium articles of the present
invention exhibit dramatically improved surface properties such as wear resistance. For
example, typical wear performance of the borided titanium articles can be less than about
1 mg of material loss compared to about 40 mg of material loss for the non-borided
titanilum mass when abraded against 150 grit garnet cloth containing 100 pm garnet
particles with a surface pressure of about 2 MPa.

In yet another embodiment of the present invention, the titanium mass can be a

large mass such that the borided titanium article has a surface hardened region and a
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titanium region which is substantially free of titanium monoboride whiskers. Unlike the
previous embodiment, wherein the titanium mass is sufficiently thin that interior portions
of the titanium mass contain whiskers, larger titanium masses having thicknesses of
several millimeters to almost any practical thickness can have regions in which
essentially no whiskers are present. In yet another alternative embodiment of the present
imvention, the surface hardened regions can comprise substantially all of the titanium
mass. The specific dimensions and characteristics of the titanium monoboride whiskers
are largely determined by the process conditions and materials used which are described
1n more detail below.

Reterring again to FIG. 1, the borided titaﬁium article 10 can further include one
or more titantum diboride layers 18 (also shown as a grey layer in the lower portion of
FIG. 5, marked with a dashed line) adjacent the surface hardened regions 14. It should be
noted that the titanium diboride layer shown in FIG. 5 is slightly tilted from normal to the
printed page such that a portion of the outer surface is visible as a lighter area below the
grey area. This optional titanium diboride layer can provide additional surface wear
resistance, hardness, oxidation resistance, and corrosion resistance. In addition, such
diboride layers can act as an anchor to the titanium monoboride whiskers further
enhancing the properties of the surface hardened region. In one detailed aspect of this
embodiment, the titanium diboride layer(s) can have a thickness from about 5 pm to
aboﬁt 10 pm, although other thicknesses can be used depending on the intended
application. |

The borided titanium articles of the present invention can be used in any number
of applications. The surface hardened titanium articles can be of particular interest in
applications which require materials having high strength, low density, high stiffness, and
good corrosion and oxidation resistance, while also exhibiting good wear resistance and
high surface hardness. Several non-limiting examples of suitable applications which can
incorporate the borided titanium articles of the present invention include orthoﬁedic
devices, gears, bearings (including ball bearing, rod bearings, ‘and the like), pins, rivets,
knives, razors, scalpels, and gun barrels. In an additional aspect of the present invention,

the surface hardened regions and the optional titanium diboride layers are also electrically

10



10

15

20

25

30

CA 02502575 2005-04-15

WO 2004/046262 PCT/US2003/036833

conductive. This electrical property can be useful in applications where resistance to
spark-induced erosion is desirable.

Exemplary Production Methods

Various methods can be used to produce the borided titanium articles of the
present invention. Referring now to FIG. 6, a method of forming a borided titanium
article can include providing a titanium mass 22, which generally corresponds to the
titantum mass 12 of the final article as shown in FIG. 1. The titanium mass can be
provided as a solid titanium substrate which is then surface treated. Alternatively, the
titanium mass can be provided as a powder where consolidation and formation o fthe
substrate 1s accomplished nearly simultaneously with formation of the titanium
monoboride whiskers. Thus, the titanium mass can be a solid, sintered, partially sintered,
porous, semi-porous, or a powdered mass. Sintered, partially sintered, porous, and semi-
porous masses can provide for increased infiltration of whisker growth into the surface of
the titanpium mass. However, it can sometimes be desirable to surface harden a
preexisting solid titanium substrate. Those skilled in the art will recognize different
variations of titanium masses which may be suitable for a particular application.

Suitable materials for use in the titanium mass can include almost any titanium
based metal, composite, or alloy. In one detailed aspect of the present invention, the
titaﬁium mass can comprise a member selected from the group consisting of high purity
titanium, commercial grade titanium, o-titanium alloy, o+f titanium alloy, B-ﬁtaﬁium
alloy, and combinations thereof. In an additional detailed aspect, the titanium mass can
comprise commercial grade titanium. Although titanium content can vary considerably,
typically the titanium mass can be a titanium alloy having a titanium content greater than
about 60 wt%. Further, 1t will be understood that a wide variety of titanium composites
can also be treated using the methods of the present invention. Several non-limiting
examples of suitable titanium composites include titanium céated materials, titanium
masses containing ceramic carbides, nitrides, oxides or other abrasives, particulate, fiber
or short-fiber remforced titantum composites containing reinforcements such as SiC, TiC,
T1B,, S13N4, and Al Os.

Referring again to FIG. 6, a surface of the titanium mass 22 can be contacted with

a boron source medium 24 to form a titanium boron precursor 20. T he b oron source
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medium can comprise a boron source selected to provide growth of titanium monoboride
whiskers. The boron source medium can be provided as a solid particulate mixture,
liquid mixture, or gas mixture, each of which is described in more detail below. In one
aspect of the present invention, the boron source medium can include a boron source and
an activator. Alternatively, the boron source medium can consist essentially of a boron
source. The titantum mass and boron source medium can then be heated to a temperature
from about 700 °C to about 1600 °C, such that titanium monoboride whiskers are
infiltrated into a region of the titanium mass. Typically, ambient to moderate pressures of
a few atmospheres can be employed. Further, the methods of the present invention can
be preferably performed in an inert atmosphere such as hydrogen or a noble gas.
Generally, upon heating the titanium boron precursor 20, the boron source reacts

with titantum at an interface 26 of the boron source medium 24 and titanium mass 22 to
form a titanium diboride layer. The titanium diboride can then react with the titanium to
form titanium monoboride whiskers. Equations 1 through 2 describe the dominant
participating reactions.

Ti+ 2B — TiB, (1)

T1+ TiB; — 2TiB (2)

Therefore, in one aspect, the titanium diboride layer acts as an intermediate transfer
mechanism for boron to infiltrate into the titanium mass from the boron source medium.
Curréntly preferred conditions provide a boron concentration of less than about 18 to
about 1 8.5 wt% in the region o f titanium monoboride formation. T hisis at 1east one
reason that the whiskers infiltrate predominantly inward toward the bulk non-borided
titantum mass containing lower concentrations of boron. As the boron infiltrates through
the titanium mass, most of the boron will precipitate out to form whiskers such as those
shown in FIG. 2.

In one alternative embodiment, the titanium diboride layer can be removed using
either mechanical or chemical techniques such as laser, wire EDM, acid etching, and the
like: Alternatively, the process conditions can be controlled so as to minimize or }even

eliminate the formation of a significant titanium diboride layer. For example, the boron

source, process temperature, and titanium mass composition can each affect the thickness

12



10

15

20

25

30

CA 02502575 2005-04-15

WO 2004/046262 PCT/US2003/036833

of the titantum diboride layer formed. Relatively high process temperatures (e.g., greater
than the (-transus temperature), dilute boron sources (e.g., less than about 18 wt%) and
longer process times (e.g., greater than 24 hrs) can d ecrease or e liminate the titanium

diboride layer. C onversely, relatively low process temperatures (e.g., l ess than the 3-
transus temperature), high concentration of boron in source (e.g., greater than about 18
wt%) and shorter process times (e.g., less than 24 hrs) can increase the titanium diboride
layer.

The rate at which whiskers are formed depends on the specific boron source,
boron concentration gradients, and the temperature employed. For example, using a
commercial grade titantum substrate, a process temperature of about 1000 °C resulted in
thicker and larger whiskers, as seen in FIG. 7, than whiskers produced at a temperature of
about 850 °C, asseenin FIGs.2 and 5. A sa general guideline, the specific process
temperature s trongly a ffects the shape and diameter o f the whiskers. For example, in
some embodiments, process temperatures below the B-transus temperature produce
whiskers having a diameter of from about 100 nm to about 600 nm. As the process
temperature increases, the diameter of a portion of the whiskers can increase up to about
2 pm. Thus, in some embodiments of the present invention, process temperatures from
the B-transus temperature to about 1600 °C result in whiskers having diameters from
about 100 nm to several micrometers. Similarly, process time can influence whisker
length and thus the thickness of the surface hardened region. Increasing process times
can also result in a thickening of the whiskers. Typical process times can range from
about 1 hour to about 24 hours. Inan additional aspect of the present invention, the
titantum monoboride whiskers can form an interconnected structure as shown in FIG. 8,
which 1s somewhat more random than those shown in FIGs. 2, 5 and 7. Optimal whisker
dimensions can depend in the intended application. However, in several embodiments of
the present invention, it has been found that hardness can be optimized at a process
temperature which is the highest temperature achievable which is also below the f-
transus temperature. The specific heating method can limit the actual achievable
temperature and can depend on the variability of control for the specific equipment used.
For example, depending on the heating device, the temperature may be maintained within

2 1o 3 °C or within about 5 to 8 °C below the B-transus temperature. Those skilled in the
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art will recognize, however, that this is merely a guideline and that temperatures, and
times outside those indicated may also be used to achieve improved surface properties.

In one aspect of the present invention, the titanium mass and boron source
medium can be heated to a temperature from about 25 °C below the B-transus
temperature to about 20 °C above the B-transus temperature of the titanium mass. In a
more detailed aspect of the present invention, the titanium mass and boron source
medium can be heated to a temperature from about 15 °C below the B-transus
temperature to the P-transus temperature of the titanium mass. Process temperatures in
this range typically form relatively thin whiskers such as those shown in FIG. 2.
Alternatively, the titanium mass and boron source medium can be heated to a temperature
of from the B-transus temperature to about 100 °C above the B-transus temperature of the
titanium mass. In embodiments where the titanium mass is a commercial grade titanium
substrate, currently preferred process temperature can range from about 840 °C to about
880 °C, with about 860 °C being most preferred, i.e. approximately the B-transus
temperature of pure titanium. In some cases, it may be desirable to form thicker whisker
structures infiltrated into the titanium mass. These larger whisker structures can be
formed at higher temperatures such as from about 100 °C above the B-trz:insus
temperature to about 1600 °C, although the exact range will depend at least partially on
the specific composition of the titanium mass. High purity or commercially pure titanium
substrates can be heated from about 1000 °C and about 1600 °C to form larger whiskers.
Additionally, for example, the B-transus temperature of the o+ titanium alloy Ti-6A1-4V
1s about 1010 °C. Therefore, the preferred process temperature range for producing
relatively thin whiskers in this titanium mass would be from abéut 985 °C to about 1020
°C, and most preferred about 1010 °C. In contrast, to form larger whisker structures in
this titantum alloy, the preferred temperature range can be from about 1110 °C to about
1600 °C. Those skilled in the art can detefrrline appropﬁate temperature ranges for

various other titanium alloys based on the above discussion.

In one embodiment of the present invention, the boron source medium 24 can be a
particulate mixture of a boron source, activator, and filler. The boron source can be any
boron source which allows for elemental boron to infiltrate into the titanium mass to form

titanium monoboride.  Non-limiting examples of suitable boron sources include
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amorphous boron, crystalline boron, ferroboron, boron carbide, boron nitride, and
combinations thereof. In one aspect of the present invention, the boron source can be
amorphous boron.

Typically, the boron source can comprise from about 30 wt% to about 80 wit% of
the boron source medium, while from about 40 wt% to about 65 wit% is currently
preferred. Frequently, the particulate mixture can be packed around or otherwise placed
in contact with the titanium mass to form the titanium boron precursor 20. Thickness of
the particulate mixture can vary depending on the specific composition; however
thicknesses from about 15 mm to about 40 mm can typically provide a sufficient supply
of boron for titanium monoboride infiltration and growth. The titanium boron precursor
can then be placed in a suitable heating assembly such as a ceramic or refractory metal
crucible. In one alternative embodiment, the particulate mixture can be placed in contact
solely with surfaces of the titanium mass which are to be hardened. In some
embodiments of the present invention, it can be desirable to selectively treat surfaces of
the titanium mass, rather than the entire mass. In such embodiments, selected areas can
be covered with an inactive filler material such as carbon powder or the like.

Suitable activators for use in the particulate mixture. can include, but are not
limited to, sodium carbonate, calcium carbonate, alkali bicarbonates, alkali halides such
as NaCl and NaF, KBF,;, CaF,, NH;Cl, BaF, and combinations thereof. In one
embodiment of the present invention, the activator can be sodium carbonate. Typically,
the activator can comprise from about 2 wit% to about 40 wt% of the boron source
medium, while from about 10 wt% to about 25 wt% is currently preferred. Additionally,
known accelerators can also be used in the present invention, such as titanium halides,
e.g., T1Cl,, discussed i U.S. Patent No. 5,464,699, which is hereby incorporated by
reference.

The balance of the boron source medium can be any filler material which doqs not
detrimentally affect infiltration of boron into the titanium mass. Although a wide Vériety
of filler materials can be used, several non-limiting examples include activated carbon,
talc, ceramic oxides such as Al,O3, ZrO,, TiO,, SiO,, MgO, and combinations thereof. It

has been found that activated carbon provides good results. The activated carbon can
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also contribute to removal of oxygen which might otherwise interfere with growth of
titanium monoboride whiskers by forming titanium oxide, TiO,.

In an alternative embodiment of the present invention, the boron source medium
can be a liquid mixture of a boron source, activator, and filler. Several non-limiting
examples of suitable liquid boron sources include borax, anhydrous borax, metaboric
acid, sodium borofluoride, potassium borofluoride, boric acid, boron fluoride, and
combinations thereof. Small amounts, e.g., 1 to 5 wt%, of solid boron carbide can also be
optionally added to increase diffusion of boron toward the titanium mass. In one aspect,
the boron source can be anhydrous borax. Although concentrations can vary, the liquid
boron source can comprise from about 10 wt% to about 80 wt% of the boron source
medium. Activators suitable for use in a liquid mixture can include halide activators such
as NaCl, KCl, and NH4Cl. Suitable liquid filler materials can include any liquid carrier
such as molten metals, carbon, molten salts such as NaCl, BaCl,, or other appropriate
inert materials. It should be noted that suitable liquid boron source medium of the
present invention can typically include materials which, at room temperature, are solids.
However, such solid mixtures are typically a liquid when heated to the process
temperatures employed herein for whisker infiltration and growth. In one detailed aspect
of the present invention, the liquid boron source medium can be a molten salt mixture.
The liquid filler can be chosen to increase or decrease the viscosity of the mixture
depending on the desired coating thickness. The titanium mass can be completely or
partially immersed in the liquid boron source at the desired process temperature and time
as discussed above, in order to achieve the desired titanium monoboride whisker
structures.

| In yet another alternative embodiment of the present invention, the boron source
medium can be provided as a gaseous mixture of a boron source, activator, and ﬁller.
Several non-limiting examples of suitable gaseous boron sources can include boron
halides such as BF3;, BCl;, and BBr3; diboranes such as B,Hg; organic boranes such as
(CHs)3Br and (C;Hs);B; and combinations thereof. Currently preferred gaseous boron
sources are boron halides. Suitable gaseous activators can include, but are not limited to,
hydrogen, noble gases, or any other gas which can be used as a carrier or inert filler gas

to enable transport of boron source to a titanium surface. Typically, the gaseous boron

16



10

15

20

25

30

CA 02502575 2005-04-15
WO 2004/046262 PCT/US2003/036833

source can react with the activator at the surface of the titanium mass releasing elemental
boron at the surface. The elemental boron can then form titanium diboride thus allowing
boron to mfiltrate into the titanium mass to form the titanium monoboride whiskers as
discussed previously. Any concentration of boron source and activator can be used
which 1s sufficient to provide adequate boron at the surface of the titanium mass.
However, as a general guideline, the gaseous mixture can have a boron source to
activator ratio from about 1:10 to about 1:20. In one specific embodiment, a mixture of
BCl; and H; can have a ratio of about 1:15.

Those skilled in the art will recognize that many of the recited boron source
materials, activators, and fillers can be used interchangeably in either the solid, liquid, or
gas p hase methods and such v ariations are c onsidered within the sc ope of the present
mmvention. Each of the above described solid, liquid, and gas phase methods for forming
whisker borided titanium articles can be used advantageously in a wide variety of
applications. For example, the liquid and gas phase methods can be used to boride
titanium substrates which are difficult to contact with a solid powder. One example of
such a surface would be the interior surfaces of rifles and gun barrels. Additionally, the
solid phase method can provide a high concentration of boron for formation of whiskers,
thus improving processing times. Using the methods of the present invention, titanium
surfaces which are relatively flat can be treated, as well as surfaces having complex
shapes and contours. The methods of the present invention can result in incréased
surface hardness, corrosion resistance, improved wear resistance, reduced galling,
increased oxidation resistance, abrasion resistance, scratch resistance, and improved
resistance to mechanical contact damage.

Those skilled in the art will also recognize numerous applications for the borided
titantum articles of the present invention. For example, the borided titanium articles of
the present mvention can be formed and incorporated into a final product such as
orthopedic devices, gears, b earings, pins, rivets, knives, razors, scalpels, high pressure
nozzles, or gun barrels. Orthopedic devices which have titanium surfaces can be of
paﬁicular interest. Examples of such devices include femoral heads, acetabular cups,
knee joints, spine implants, and the like. The borided titanium surfaces of the present

invention can also be advantageously used to improve wear and oxidation properties of
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an 1nner bore of a gun barrel, including handguns, rifles, and larger caliber guns mounted
on armored vehicles and the like. Such borided titanium gun barrels exhibit increased
useful life, 1mproved accuracy over time, and maintenance ofb ore shape even after a
large number of rounds. An additional application of the borided titanium articles of the
present invention can include equipment used in handling molten aluminum such as
pouring spouts, nozzles, and crucibles. Specifically, electrolysis of aluminum during
extraction from bauxite ore requires equipment surfaces which are hi ghly resistant to
corrosion. Regardless of the specific application, the methods of the present invention
also allow for repeated surface treatment. Thus, once the surface hardened region is worn
away or otherwise damaged, the article can be inexpensively treated using the methods
described above to provide a new surface hardened region.

Additionally, the methods described above can be applied to metals which are
strong boride formers which also allow formation of metal boride whiskers. These
materials can allow infiltration of boron and formation of metal boride whiskers in a
similar manner as described above in connection with titanium. Strong boride formers
are those metals which form boride compounds that are thermodynamically stable at
room temperature.  Additional suitable metal substrates such as zirconium, cqbalt-
chromium, and alloys thereof can be used. Although iron, nickel, and their alloys are
generally considered strong boride formers, these materials do not form metal boride
whiskers, but rather a monolithic layered structure.

For example, in one aspect of the present invention, the metal mass can include a
hexagonal close packed (HCP) metal such as, but not limited to, Ti, Zr, Mg, and alloys
thereof. In one preferred embodiment, the metal mass can cpmprise zirconium or 1its
alloys. Zirconium alloys are typically used in orthopedic, nuclear and other Jhigh
temperature applications. Several examples of suitable zirconium alloys can include,
without limitation, Zr-4.5Hf, Zr-2.5Nb, Zr-4.5Hf-2.5Nb, and Zr-Cr-Cu alloys. The B-
transus temperature of Zr is 863 °C. Thus, in accordance with the principles of the
present invention, process temperatures below 863 °C produce ZrB, whiskers infiltrating
the zirconium mass and grown bi-directionally, similar to FIGs. 2 amd 5. Similarly, at
process temperatures above 863 °C relatively thicker ZrB, whiskers are grown nearly

normal to the surface of the metal mass treated. The mechanical properties of ZrB,
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whiskers are comparable to those described for titanium monoboride, therefore similar
practical applications can include orthopedic devices, gears, bearings, pins, rivets, knives,
razors and scalpels.

In another aspect of the present invention, the metal mass can be a cobalt-
chromium alloy. Non-limiting examples of suitable cobalt-chromium alloys include Co-
30Cr, Co-29Cr-7Mn-1Mo, and Co-25Cr-3Fe-3Ni (stellite). The above boron source
medium, materials, and methods can be applied to enhance the surface properties of
cobalt-chromium alloys. In this case, the solid, liquid or gaseous phase methods can
result in the growth of cobalt boride and chromium boride whiskers infiltrating into the
bulk cobalt-chromium alloy. The presence of two metal boride whisker compositions can
provide improved surface hardness and wear resistance of over several factors when
compared to untreated cobalt-chromium masses. However, the structure of the metal
boride whiskers can be different from that formed in titanium or zircomium substrates.
This is partially the result of the crystal structure of cobalt-chromium alloys which is a
body centered cubic structure. The surface hardened region therefore can have a
structure that is intermediate between the whisker structures described above and a
monolithic layered structure. The surface hardened region having cobalt and chromium
boride whiskers can exhibit improved surface properties such as hardness, wear
resistance, oxidation, and corrosion resistance, as well as increased resistance to galling
and seizure during mechanical contact. For example, cobalt-chromium orthopedic
implants can be treated in accordance with the principles of the present invention to

increase surface hardness and reduce wear between contacting surfaces.

The following examples illustrate exemplary embodiments of the invention.
However, it is to be understood that the following is only exemplary or illustrative of the
application of the principles of the present invention. Numerous modifications and
alternative compositions, methods, and systems may be devised by those skilled in t}lle art
without departing from the spirit and scope of the present invention. The appended
claims are intended to cover such modifications and arrangements. Thus, while the

present invention has been described above with particularity, the following example
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provides further detail in connection with what is presently deemed to be a practical

embodiment of the invention.

EXAMPLES

Example ]
A commercial grade titanium sheet having a thickness of 1 mm was provided. A

powdered mixture of 50 wt% amorphous boron (325 mesh available from Alfa Aesar,
Inc.), 15 wt% anhydrous sodium carbonate, and 35 wt% activated charcoal was evenly
mixed in an argon environment to avoid oxidation and blended for 24 hours in a tumbling
mill. The powdered mixture was then packed around the titanium sheet to a depth of
about 25 mm to form a boron titanium precursor. The precursor was then placed in a
resistance heated furnace and heated to about 850 °C for about 24 hours. The titanium
sheet was then allowed to cool. The surface hardened region was characterized by
whi§kers similar to those of FIG. 2 having an average length of about 78 um, a maximum

surface hardened region thickness of over 0.2 mm, and a maximum surface hardness of

411 kegf/mm?®.

Example 2

A liquid boron source medium is provided by preparing a molten solution of 25
wt¥% anhydrous borax, 45 wit% NaCl, and 30 wt% carbon. The liquid boron source is
placed m a tantalum crucible and a 34-tooth B-titanium (Ti-10V-2Fe-3Al) gear is then
immersed in the liquid boron source. The liquid boron solution is heated to about 860 °C

and held for about 15 hours. A thin borided region having a thickness of about 0.1 mm is

formed.

Example 3

A gaseous boron source medium is provided by preparing a mixture of 2 vol.%
boron chloride , 40 vol.% wt% hydrogen, and balance argon in an enclosed ¢ hamber.
The mixture is pumped at a rate of 1 cm/sec into enclosed chamber containing an o-

titanium (Ti-5A1-2.5Sn) gun barrel having a 0.22 inch inner diameter. The chamber is
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heated to about 880 °C prior to the entry of the gas using a resistive heating element. The
chamber is held at this temperature for about 10 hours. A borided region having a
thickness of about 0.25 mm is formed on the inner barrel surfaces and the exposed outer

surfaces.

It 1s to be understood that the above-referenced arrangements are illustrative of
the application for the principles of the present invention. Thus, while the present
invention has been described above in connection with the exemplary embodiments of
the 1nvention, it will be apparent to those of ordinary skill in the art that numerous
modifications and alternative arrangements can be made without departing from the

principles and concepts of the invention as set forth in the claims.
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CLAIMS

What is claimed is:
1. A borided titanium article having a surface hardened region, comprising a titanium

mass and titanium monoboride whiskers infiltrating the titanium mass to form the surface

hardened region.

2. The article of claim 1, wherein said titanium monoboride whiskers have an average
length of from about 10 pum to about 700 um and an average diameter of from about 100

nm to about 2 um.

3. The article of claim 2, wherein said titanium monoboride whiskers have an average
length of from about 50 um to about 300 um and an average diameter of from about 100

nm to about 600 nm.

4. The article of claim 1, wherein said titanium monoboride whiskers have an average

aspect ratio from about 5:1 to about 1000:1.

5. T'hearticle of claim 1, wherein said titanium monoboride w hiskers ¢ omprise from

about 50 wt% to about 95 wt% of the surface hardened region.

6. The article of claim 1, wherein said surface hardened region has an average thickness

from about 15 pm to about 400 um.

7. The article of claim 1, wherein said titanium monoboride whiskers are substantially all
oriented bi-directionally at angles less than about 45° from normal to a surface of the

titanium mass.

8. The article of claim 1, further comprising a titanium diboride layer adjacent the

surface hardened region.
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9. The article of claim 8, wherein said titanium diboride layer has a thickness from about

> um to about 10 pm.

10. The article of claim 1, wherein said titanjum mass comprises a member selected from
the group consisting of high purity titanium, commercial grade titanium, o-titanium alloy,
a+p titanium alloy, B-titanium alloy, titanium composite, powder metallurgically sintered

titanium, and combinations thereof.

11. The article of claim 10, wherein s aid titanium mass comprises c ommercial grade

titanium.

12. The article of claim 10, wherein said titanium mass is a titanium alloy having a

titanium content greater than about 60 wt%.

13. The article of claim 1, wherein said borided titanium article is configured for
incorporation into a product selected from the group c onsisting o f o rthopedic d evices,

gears, bearings, pins, rivets, knifes, razors, scalpels, and gun barrels.

14. A borided titanium article, comprising:

a) a comumercial grade titanium mass with titanium monoboride whiékers
infiltrating the titanium mass to form a surface hardened region, said surface
hardened region being characterized by titanium monoboride whiskers having an
average length of from about 10 pm to about 300 um and an average diameter of

from about 100 nm to about 600 nm; and

b) a titanium diboride layer adjacent the surface hardened region, wherein

said titanium diboride layer has a thickness from about 5 pum to about 10 um.

15. A borided titanium article, comprising a titanium region and a surface hardened
region, said surface hardened region being characterized by titanium monoboride

whiskers and said titanium region having fewer than about 0.5 wt% titanium monoboride

whiskers.
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16. A borided titanium article, comprising a titanium mass and titanium monoboride
whiskers predominantly infiltrating inward into the titanium mass to form a surface

hardened region.

17. A borided titanium article, comprising a titanium mass having titanium monoboride
whiskers therein, said whiskers being primarily characterized by an identifiable source of

growth near a surface of the titanium mass.

10 18. A method of forming a borided titanium article, comprising steps of:
a) providing a titanium mass;
b) contacting a surface ofthe titanium mass with a boron s ource medium,
said boron source medium comprising a boron source selected to provide growth
of titanium monoboride whiskers; and

15 C) heating the titanium mass and boron source medium to a temperature from

about 700 °C to about 1600 °C, such that titanium monoboride whiskers are

formed 1n a region of the titanium mass.

19. The method of claim 18, wherein the boron source medium is a particulate mixture

20  consisting essentially of a boron source.

20. The method of claim 18, wherein the boron source medium is a particulate mixture

of a boron source, activator, and filler.

25  21. The method of claim 19 or 20, wherein the boron source is selected from the group

consisting of amorphous boron, ferroboron, boron carbide, boron nitride, and

combinations thereof.

22. The method of claim 21, wherein the boron source is amorphous boron.

30
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23. The method of claim 20, wherein the activator is selected from the group consisting

of sodium carbonate, calcium carbonate, alkali halides, and combinations thereof.
24. The method of claim 23, wherein the activator is sodium carbonate.

25. The method of claim 20, wherein the filler is selected from the group consisting of

activated carbon, talc, ceramic oxides, and combinations thereof.
26. The method of claim 25, wherein the filler is activated carbon.

27. The method of claim 20, wherein said titanium mass has a B-transus temperature and
comprises a member selected from the group consisting of high purity titanium,
commercial grade titanium, o-titanium alloy, a+f titanium alloy, B-titanium alloy, and

combinations thereof.

28. The method of claim 27, wherein the step of heating occurs at a temperature from

about 15 °C below the B-transus temperature to the B-transus temperature of the titanium

Imass.

29. The method of claim 27, wherein the step of heating occurs at a temperature of from

the B-transus temperature to about 100 °C above the B-transus temperature of the titanium

IT14SS.

30. The method of claim 27, wherein the step of heating occurs at a temperature of about

840 °C to about 880 °C and wherein said titanium mass is commercial grade titanium.

31. The method of claim 30, wherein the step of heating occurs at a temperature of about

860 °C.

32. The method of claim 20, wherein the step of heating occurs at a temperature of

between about 1000 °C and about 1600 °C.
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33. The method of claim 18, wherein the boron source medium is a liquid mixture of a

boron source, activator, and filler.

34. The method of claim 33, wherein said boron source is selected from the group

consisting of borax, metaboric acid, sodium borofluoride, potassium borofluoride, boric

acid, boron fluoride, and combinations thereof.
35. The method of claim 34, wherein said boron source is borax.
36. The method of claim 33, wherein said activator is a halide activator.

3’7. The method of claim 33, wherein the step of heating occurs at a temperature from

about 15 °C below the B-transus temperature to the B-transus temperature of the titanium

111ass.

38. The method of claim 18, wherein the boron source medium is a gaseous mixture of a

boron source, activator, and filler.

39. The method of claim 38, wherein said boron source is selected from the group

consisting of boron halides, diboranes, organic boranes, and combinations thereof.
40. The method of claim 39, wherein said boron source is a boron halide.

41. The method of claim 38, wherein said activator is hydrogen.

}

42. The method of claim 41, wherein the gaseous mixture has a boron source to activator

ratio of from about 1:10 to about 1:20.

43. A method of forming a borided titanium article, comprising steps of:

a) providing a commercial grade titanium mass;
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b) contacting a surface ofthe titanium mass with a b oron s ource medium,
said boron source medium comprising a particulate mixture of amorphous boron,
an alkali carbonate activator selected to provide growth of titanium monoboride
whiskers, and an activated carbon filler; and

5 C) heating the titanium mass and boron source medium to a temperature from
about 840 °C to about 880 °C, such that titanium monoboride whiskers are

formed 1n a region of the titanium mass.

44. A borided article having a surface hardened region, comprising a metal mass and

10 metal boride whiskers infiltrating the metal mass to form the surface hardened region.

45. The borided article of claim 44, wherein said metal mass comprises a member

selected from the group consisting of titanium, zirconium, cobalt-chromium, and alloys

thereof.
15
46. A method of forming a borided titanium article, comprising steps of:
a) providing a metal mass;
b) contacting a surface of the metal mass with a boron source medium, said
boron source medium comprising a boron source, said metal mass and said boron
20 source configured to provide growth of metal boride whiskers; and
C) heating the metal mass and boron source medium to a temperature from
about 700 °C to about 1600 °C, such that metal boride whiskers are formed in a
region of the metal mass.
25
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