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zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, tungsten, aluminum, boron and silicon while X
represents one ormore elements selected from the group consisting of nitrogen, carbon, boron and oxygen. The letters a and b
represent numbers greater than zero up to and including four. The core particles are surrounded by an intermediate layer
consisting essentially of a second metal compound, different in composition from the first metal compound thereby forming coated
particles. The material of the intermediate layer has a higher relative fracture toughness than the material comprising the core
particles and is capable of bonding with the metal compound(s) forming the core particles and also being capable of bonding with
iron, cobalt or nickel. The coated particles are surrounded by an outer layer of iron, cobalt, nickel, their alloys, their mixtures and
their intermetallic compounds. The intimate liaison of multiproperty alloys within the TCHP grains aliows the combination of

normally conflicting sintered article performance characteristics (e.g., strength and hardness) at levels heretofore unseen in the
powder metallurgical art.
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(57) Abstract

A sintered material
and the tough-coated hard
powder (TCHP) to make
such a material is comprised
of core particles that consist
essentially of a first metal
compound  having  the
formula MaXp. M is a metal
selected from the group

consisting of titanium, i

zirconium, hafnium, .,

vanadium, niobium, p

tantalum, chromium, L7
molybdenum, tungsten, 2
aluminum,  boron  and $
silicon while X represents

one  ommore  elements

selected from the group
consisting of  nitrogen,
carbon, boron and oxygen.

The letters a and b represent numbers greater than zero up to and including four. The core particles are surrounded by an intermediate
layer consisting essentially of a second metal compound, different in composition from the first metal compound thereby forming coated
particles. The material of the intermediate layer has a higher relative fracture toughness than the material comprising the core particles
and is capable of bonding with the metal compound(s) forming the core particles and also being capable of bonding with iron, cobalt or
nickel. The coated particles are surrounded by an outer layer of iron, cobalt, nickel, their alloys, their mixtures and their intermetallic
compounds. The intimate liaison of multiproperty alloys within the TCHP grains allows the combination of normally conflicting sintered
article performance characteristics (e.g., strength and hardness) at levels heretofore unseen in the powder metallurgical art.
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Title of the invention
TOUGH-COATED HARD POWDERS AND SINTERED
ARTICLES THEREOF
BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to ceramic powders and sintered |
materia:{l-s made from such powders. Such materials find particuiar utility as
metal forming members such as metal cutting and forming tools.
Background of the Invention

During the mid-1930's, tool steel alioys began to be replaced by
sintered tungsten carbide powder tools, which quickly became the standard
because of their excellent hardness and inherent high toughness and
transverse mechanical strength. The hardness of such materials improved
tool life, and the toughness and strength helped increase productivity by
allowing higher feeds, speeds, and more aggressive forging parameters.
Carbide tool development and commercial availability increased significantly
after World War L.

Even these materials eventually wear, and the mechanisms of such
wear are not as yet fully understood. Progressive wear causes variation in the
materials being shaped, and as a resuit of the need to hold part dimensional
tolerances, the tool must be replaced when it is no longer able to form the
part to the correct dimension. The time or number of parts formed before
such an occurrence ultimately determines the limit of the tool's life. The
resulting productivity loss during tool change out and process readjustment,
nonconforming production, rework, and missed schedules have been a
driving force for obtaining materials that provide longer tool life.

Tool life is determined by its resistance to several types of wear, its
response to heavy loads, and to shock. In general, the higher the chip

_ removal rate (high feeds and speeds), drawing and forming pressures, and
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the longer tool geometry is retained, the better the tool. Superior cutting and
forming tools must be simultaneously hard, strong, stiff, and resistant to
chipping, fracture, heat breakdown, fatigue, chemical reaction with the work
piece, and attrition wear. Accordingly, the dominant desirable mechanical
properties sought in a sintered tool are strength, hardness, high elastic
modulus, fracture toughness, low chemical interaction with the work piece,
and low coefficient of friction to aid work piece forming while reducing heat
buildup.

In recent years, the powder metallurgy (PM) industry has increased
significantly because of the ability of powders to flow cold into a precision
moid. This allows the mold to be reused, often at high volume, while
dramatically reducing machining, forming, and other process steps because
the sintered part is already very close to its intended configuration, or "near
net shape." Increasingly these parts, now produced principally of aluminum,
ferrous, and copper powders, require some of the same desirable attributes
as tools. For this reason, many PM articles undergo additional forging,
plating, or heat treatment operations to develop localized hardness,
toughness, and strength. Many of these parts require resistance to shock and -
abrasion that call upon the same mechanical properties as are required for
tools.

In tools and hard articles, wear resistance is increased at the expense
of strength; today, the best toois exhibit the best compromises, and therefore
are limited for use in special applications.

Beyond tungsten carbide, various alloys, coating techniques, and
combinations of both have been found to permit not only longer tool life but
also increased cutting speeds and feeds. Powder metallurgy and sintering
have lead to the development of new materials with enhanced hardness and
toughness, and adding a hard coating to the sintered alloy such as by
chemical vapor deposition (CVD), physical vapor deposition (PVD), or
plasma-assisted chemical vapor deposition (PACVD) has increased wear

resistance.
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Much is taught in the prior art about preparation of coatings on
powders, coating substrates, and other hard material enhancements. The
prior art of tool materials teaches six approaches that are currently known and
in general use for the achievement of such enhanced wear resistance and
toughness; each having significant benefits and significant drawbacks: (1)
mixing hard and tough phase particles, (2) chemical vapor deposition (or
other) coating of sintered substrates with hard phase layers, (3) combining
approaches one and two, (4) cermetallic (cermet) compacts, (5) for a special
type of tool (grinding and sanding media), chemically bonding low
concentrations of large diamond or cBN particles into a hard but relatively
weak abrasive substrate, and (6) Functionally Gradient Materials (FGM).

None of these solutions has brought about the essential combination
of desired tool properties, and only the chemical vapor deposition (CVD or
PVD) approach is today applicable for some mechanical parts requiring
increased abrasion resistance.

Mixing hard and tough ternary systems.

In spite of the many ancillary treatments and variations that exist and
that are taught in the art, mixing hard WC-TiN-Co alloy particles with the
carbide powder before sintering has several disadvantages. Because these
harder particles have low mutual solubility with the binder, substrate
transverse strength drops quickly above 6-10 wt. percent hard particles.
Surface hardness and wear resistance are accordingly reduced aiso,
compared with a surface coating. The wear mechanism is also not greatly
enhanced because the few hard particies (less than one in ten at the surface
where needed), weakly bound to the binder, break away whole.

Chemical Vapor Deposited (CVD) Coatings.

These hard external coatings of hard intermetallic and cermet layers
on tool steels or sintered article substrates (after sintering) are valued for the
high surface hardness they impart, typically exhibiting values of 2400 Vickers
(TiN) to 5000 Vickers (cubic boron nitride) to 9000 (diamond). Yet, for all the

ancillary treatments, variations, and sintering aids that exist and are disclosed
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in the art, including additional coating layers, locally altered substrate
structures, and grain-size reducing dopénts or coatings, the external coating
solution has several major disadvantages, including coating delamination and
cracking in use (from different coating and substrate thermal expansion rates
and from bending and surface loads) and the high CVD process temperatures
required (900°C -1200° C) may not be consistent with the heat-treatment
needed for the strength or the geometry of the sintered part.

Conventional CVD coating of already-sintered articles with several
different coatings or layers allows them to resist two or three unique work
piece challenges. But since each layer must be deposited sequentially the
remaining one or two special coatings must remain covered until the outer
layers have worn away. Therefore, only one of the concurrent substrate
coating design challenges can be met at the same time.

Some categories of tools , such as drawing dies and nozzles, are even
more prohibitively expensive because there is an additional cost to assure the
CVD vapor is adequately circulated through the die orifice for the deposition
of a coating, where it is most needed. Diffusion of the CVD gas is slow and
penetration is typically 0.5 to 10 micrometers or less. First, at these
thicknesses, the coating is worn through to the underlying carbide before
most of the wire or tube diameter tolerance is used up. Second, the normal
reutilization of the dies at larger diameters must be done without the hard
coating. In many cases, tool total life prolongation may not be proportional to
the added CVD cost.

' Today, external coatings are the most common commercial solution to
enhancing the performance of plain sintered tungsten carbide products.
Increasing the deposition thickness of outer layers to gain greater life has
diminishing returns; it tends to increase the propensity for cracking and to
round off sharp tool edges, adversely affecting optimal cutting or die -
geometry. V

Combined Mixes and Coatings.
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CVD coating and mixing hard alloy particles, a combination of (1) and
(2) above gives very Iiniited added benefit while having the same drawbacks.
. Cermets.
Cermets are ceramic particles dispersed in a metal oxide or carbide
matrix. Cermets combine the high-temperature resistance of ceramics with
the toughness and ductility of carbides. They are priced about the same as

plain tungsten carbide, and wear is about the same, except for light finishing
cuts, where it outperforms plain carbide.

Sintered Abrasive Composites.

The fifth approach, taught in Dr. Randall M. German's book, Liquid Phase
Sintering, Plenum Press, New York 1885 (and practiced in Russia many
years earlier) creates a class of super abrasive composites for grinding and
sanding media and nicheﬁ application tools.

Such composites are produced by mixing diamond particles (or cubic
boron nitride, cBN) and cobalt powders or capturing them in a metal (nickel)
electroplate deposit and hot pressing these at lower temperatures. An
alternative is to coat the diamond (or cBN) with an intermediate layer of a
transition metal carbide former (which wets the diamond) and chemically
bonds it to others with a low melting point nonwetting but ductile metal binder
such as cobalt, iron, or nickel. The transition metal is applied solely as a
chemical bridge in thicknesses not intended to bear structural mechanical
load. The metals used as the principal binder matrix have good sinterability
but relatively low melting points, elastic moduli, and strengths. Such materials
have desirable properties in abrasive applications. in most of these ‘
applications the diamond represents 10 to 60 vol. percent of the composite.
The binder coatings are several micrometers thick, to aid processing at low
temperatures (to avoid graphitic degradation of the diamond) and dilute the
diamond content, but with great sacrifice in mechanical properties. The
properties of these composites are governed by chemical considerations, not
mechanical considerations of elastic modulus, strength, or fracture

toughness. Accordingly, with the large diamond particle size and large binder
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concentration, the mechanical properties of the composite are determined by
the rule of mixtures. The compositions are selected to ensure the diamond
particles are separated in the final microstructure, assuring there can be little
diamond-diamond interaction. There is little amplification of mechanical
advantage as is found in the one micrometer to nanoscale grain size range of
sintered carbides.

The requirements for grinding tools are relatively large grains (50 to
600 micrometers) to increase metal removal, bonding these parti'cles toa
wheel, adequate spacing between particles (low concentration of particles
with large binder phase ligaments) to permit removal of work piece particles,
and long retention of grinding wheel geometry. Such materiais form metals by
wearing away the work piece by the sheer differential in hardness between
the abrasive particles and the work piece itself. Such abrasive composites are
sometimes used in cutting tools used in machining specialty high hardness
materials at relatively high speed but very low chip removal (load) rates. (See
Fig. 6). The cutting action of diamond cutting tools is very different from that
of cemented carbide tools. The limitation of diamonds or composites in cutting
tools stems from their cutting behavior. Such composites operate as
abrasives, where they generally perform by wearing away the work piece,
rather than by removing chips under heavy load. In this mode, the very hard
diamond patrticle is retained by a tensile bond. While sliding across the work
piece, the diamond becomes exposed to cut the opposing surface, but it
resists wear while the matrix erodes and progressively exposes the diamond.
It is the protruding diamond that performs cutting as long as its remains
sharp. When the diamond dulls, it becomes rounded and the matrix is
designed to fail. In this manner the diamond is pulled out by the work piece
and the matrix erodes until another diamond is exposed.

Such hard, brittle abrasive composites are also used in some tool-like
applications such as masonry bits and saws. They are also found in high cost
wire drawing dies, and some cutting tools where their performance is

permitted by presence of steel or other strong backing.
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Functionally Gradient Materials (FGM).

The problem with coated articles is the incompatibility between
mechanical, chemical, or thermal properties of the layers. To correct this
problem by providing a gradual transition between incompatible layers, FGM's
have one or more of the following variables: chemical composition,
microstructure, density, or variable forms of the same material. Another
purpose is as a coating to modify the electrical, thermal, chemical or optical
properties of the substrate upon which the FGM is applied. The principal
disadvantages of such materials is their tendency to fail at locations where
the properties change and the difficulty in manufacturing such materials.
SUMMARY OF THE INVENTION

The principal objective of the present invention is to create sinterable
particulate materials called Tough Coated Hard Powders (TCHPs) that
provide increased value over hard article and tool materials known today.
The particles and articles made therefrom combine the best mechanical
properties of strength, hardness, high elastic modulus, fracture toughness,
low interaction with the work piece, and low coefficient of friction that exist
separately in conventional materials into an article of unmatched properties.

it is a further object of the invention to reduce the cost of providing
such materials to users. For example, tool inserts must be provided in
considerable geometric variation to fit into the various toolholders. Moreover,
the tool materials available today must be designed for very specific
applications. Therefore, for each of these geometric variants, material choices
(uncoated, CVD coated, PVD coated, cermet, ceramic, polycrystalline cBN,
polycrystalline diamond) must also be offered. The combination of geometric
and material variations requires expensive catalogs, needless tool
manufacturing redundancy, costly supplier and user inventories with unique
packaging and identification, and sales effort to explain and sell the confusing
array to users. Another object of the present invention is to reduce the waste
and cost associated with the present system by providing more general
purpose, higher-performance tools at reasonable cost.
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in addition, the process of making the product embodiments of the
invention has the object of reducing the cost of production of articles made in
accordance with the invention.

Another object is to provide significant cost reduction by extending the
first-time article life and by decreased manufacturing cost of the products they
touch. The fact that the articles of the present invention are macroscopically
homogeneous, rather than coated, offers users or suppliers the opportunity of
economically regrinding and reusing the initially worn articles.

Yet another object of the invention is to provide the same high
performance mechanical properties of the materials of the present invention
to other hard article applications.

Another objective of the present invention is to provide a material
having enhanced wear resistance and toughness for use in a broad array of
articles including tooling (such as drawing dies, extrusion dies, forging dies,
cutting and stamping dies, forms, forming rollers, injection molds, shears,
drills, milling and lathe cutters, saws, hobs, broaches, reamers, taps and
dies); individual mechanical parts (such as gears, cams, journals, nozzles,
seals, valve seats, pump impellers, capstans, sheaves, bearing and wear
surfaces); integrated co-sintered components to replace mating parts (internal
combustion engine connecting rods, bearings) and/or to provide hard surface
zones in powdered metal (P/M) mechanical parts substituted for forged or
machined steel parts with heat treated zones (such as camshafts,
transmission parts, printer/copier parts); heavy industrial articles (such as
deep well drilling bits, teeth for mining and earthmoving equipment, hot rolis
for steel mills); and electromechanical components (such as memory drive
reading heads, specialized magnets). In addition to providing such novel
articles, principal objectives of the invention are to provide novel composite
particulate materials (i.e., TCHP's), novel methods for producing such
materials, and novel methods for fabricating articles from such materials.

To achieve these and other objects there is provided a sintered

material comprising a plurality of core particles that consist essentially of a
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first metal compound having the formula M, X;. M is a metal selected from the group
consisting of titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium,
molybdenum, tungsten, boron, aluminum and silicon. X represents one or more
elements selected from the group consisting of nitrogen, carbon, boron and oxygen and
a and b are numbers greater than zero up to and including four. An intermediate layer
surrounds each of the core particles and consists essentially of a second metal
compound, different in composition from said first metal compound. The second metal
compound has a higher relative fracture toughness and is capable of bonding with the
first metal compound and also is capable of bonding with iron, cobalt or nickel. The
core particle with the intermediate layer thereon forms a number of coated particles.
An outer layer overlays the intermediate layer on the coated particles and functions as a
binder. It is comprised of iron, cobalt, nickel, their mixtures, their alloys or their
intermetallic compounds.

In another aspect, there is provided a sintered material comprising: a plurality of
core particles, said core particles consisting essentially of a plurality of metal
compounds, each having the formula M, X, where M is a metal selected from the group
consisting of titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium,
molybdenum, tungsten, boron, aluminum and silicon, X represents one or more
elements selected from the group consisting of nitrogen, carbon, boron and oxygen and
a and b are numbers greater than zero up to and including four; an intermediate layer on
each of said core particles, said layer consisting essentially of a different metal
compound, different in composition from said plurality of said metal compounds
forming said core particles and having a higher relative fracture toughness, said
different metal compound being capable of bonding with said metal compounds
forming said core particles and being capable of bonding with a metal selected from the
group consisting of iron, cobalt and nickel, thereby forming coated particles; and a
binder overlaying said intermediate layer on said coated particles, said binder
comprising iron, cobalt, nickel, their mixtures, their alloys or their intermetallic
compounds.

Preferably the coated particles have an average particle size less than about 2um

and most preferably less than about 1um. It is also preferred that the intermediate layer
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have a thickness, after sintering, in the range of from 5% to 25% of the diameter of the

core particles. It is also preferred that the outer layer have a thickness after sintering in
the range of from 3% to 12% of the diameter of the coated particles. It is believed that
with such a thickness of the outer layer that strain fields associated with dislocations in
one coated particle are transmitted through the outer binder layer to the immediately
adjacent intermediate layer. Preferably the first metal compound consists essentially of
a stoichiometric compound such as TiN, TiCN, TiB,, TiC, ZrC, ZrN, VC, VN, cBN,
A1,0;, SisNgor AIN. It is also preferred that the second metal compound consist
essentially of WC or W,C, and most preferably WC. Such materials have a fracture
toughness greater than cubic boron nitride.

In another aspect, there is provided a sintered material comprising a plurality of
core particles consisting essentially of cubic boron nitride with an intermediate layer on
each of said core particles said layer consisting essentially of WC. The intermediate
layer has a thickness, after sintering, in the range of from 5% to 25% of the diameter of
the core particles. An outer layer comprising iron, cobalt, nickel, their mixtures, their
alloys or intermetallic compounds overlays the intermediate layer and function as a
binder and that outer layer has a thickness after sintering in the range of from 3% to
12% of the diameter of the core particles. The combination of the core particles,
intermediate layer and outer layer forming a coated particle. In one embodiment, the
coated particles have an average particle size less than about 1pum.

In a further aspect, there is provided a sintered material comprising: a plurality
of core particles comprising at least one of diamond and cubic boron nitride; an
intermediate layer on said core particles, said layer consisting essentially of a metal
compound having a higher relative fracture toughness than said core particles, said
intermediate layer having a thickness, after sintering, in the range of from 5% to 25%
of the diameter of said core particles, the combination of said core particles, said
intermediate layer forming a coated particle and a binder comprising iron, cobalt,
nickel, their mixtures, their alloys or intermetallic compounds overlaying said coated
particle, said binder having a thickness after sintering in the range of from 3% to 12%
of the diameter of said coated particles.

Another aspect of the present invention provides a powder consisting essentially

of a plurality of coated particles. The majority of the coated particles have core
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particles consisting essentially of a first metal compound having the formula M,X,. M
is a metal selected from the group consisting of titanium, zirconium, hafnium,
vanadium, niobium, tantalum, chromium, molybdenum, tungsten, boron, aluminum and
silicon. X represents one or more elements selected from the group consisting of
nitrogen, carbon, boron and oxygen and a and b are numbers greater than zero up to and
including four. The core particles coated with a surrounding layer consisting
essentially of a second metal compound, different in composition from said first metal
compound and having a higher relative fracture toughness. The layer also is capable of
bonding with the first metal compound and also capable of bonding with a metal
selected from the group consisting of iron, cobalt and nickel. Preferably the coated
particles have an average particle size of less than about 2um and most preferably less
than about 1um. It is also preferred that the layer surrounding the core particles after
sintering have a thickness in the range of from 3% to 200% of the diameter of the core
particles.

The preferred compositions of the core particles and surrounding layer (the
intermediate layer) are the same for the powder embodiment as for the sintered article.
It is also preferred that the outer binder layer consist essentially of cobalt, nickel, iron,
their mixtures, their alloys or their intermetallic compounds deposited on the outer

surface of the second metal compound layer in the form of a continuous layer.

BRIEF DESCRIPTION OF THE DRAWINGS
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The accompanying drawings are included to provide a further
understanding of the invention and are incorporated in and constitute a part of
this sbeciﬁcation, and together with the description serve to explain the principles
of the invention.

Fig. 1 is a schematic representation of a sintered material formed in
accordance with one aspect of the present invention.

Fig. 2 is a scanning electron microscope photomicrograph of a cross-
section. of a sintered material formed in accordance with one aspect of the
present invention at a maghnification of 20,000X.

Fig. 3 is a schematic representation of a device for forming the powders
in accordance with one aspect of the present invention.

Fig. 4 is a schematic representation of the interior of the device of Fig 3.
depicting the movement of particles within such-a device during deposition of the
intermediate layer by chemical vapor deposition.

Fig. 5 is an end view of one component in a preferred embodiment of the
device of Figs. 3 and 4.

Fig. 6 is a graphical representation of the operating domain of the sintered
material of the present invention, when used as a cutting tool, in relation
conventional materials.

Fig. 7 is a compilation of the properties of the sintered materials described
in the Examples. | |
DESCRIPTION OF THE PREFERRED EMBODIMENTS

As here embodied, the present invention is a new type of material formed
from powders. In accordance with the invention the powder is comprised of a
plurality of core particles. The core particles are intended to impart their physical
properties to the overall powder structure. As here embodied. the core particles
consist essentially of a first metal compound having the formula M.X, where M
is a metal selected from the group consisting of titanium, zirconium, hafnium,
vanadium, niobium, tantalum, chromium, molybdenum, tungsten, boron, aluminum, and
silicon and X represents one or more elements selected from the group consisting of

nitrogen, carbon, boron, and oxygen, and the letters (a) and (b)
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represent numbers greater than zero and up to four. Such metal compounds are
hard, wear resistant, and chemically resistant to most environments and
workpieces. Significantly, for the present invention the core material may be
exposed, as for example, where the powder is sintered to form a cutting tool, the
sintered article is formed by grinding, lapping, and polishing to form the final
article shape. This removes the intermediate layer of material over the core
particles and exposes the core of the particles to the work piece being machined.
As will be more fully disclosed below, this is a significant advantage.

As here embodied, the core particles of the powders consist essentially
of at least one stoichiometric compound. In some embodiments the core
compositions are different to impart the properties of the various core particles
to the articles being formed therefrom. it is preferred that the metal compound
of the core consist essentially of a metal compound selected from the group
consisting of: TiN, TiCN, TiB,, TiC, ZrC, ZrN, VC, VN, cBN, Al,O,, Si,N, and AIN.
Such materials can be used in the form of commercially available powders,
whiskers, crystals, filaments, or the like, as the shape of the core particle can be
technically significant. The core particle is covered with a layer of another metal
compound termed the intermediate layer. Thus, the material of the core particle
must have a degree of compatibility with the material forming the intermediate
layer applied thereto and should have a composition different than that of the
intermediate layer.

The powder embodiment of the present invention includes an
intermediate layer applied to the exterior surface of the core particle. The
intermediate layer consists essentially of a second metal compound, /.e., one
different in composition from the first metal compound forming the core of the
particle. The compound of the second, intermediate, layer has a higher relative
fracture toughness than the material forming the core. In addition, the second
metal compound must be capable of bonding with the first metal compound and
be capable of bonding with iron, cobalt, nickel, their mixtures, their alloys or their
intermetallic compounds. Preferably the second metal compound consists

essentially of WC or W,C. As will be disclosed below, the combination of a
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relatively tough and strong intermediate layer and a hard core provide a powder
and a sintered material formed therefrom with exceptional mechanical
properties. This is also the case with the size and layer thicknesses of the coated
particles. Specifically, the particle sizes and layer thicknesses provide properties
that are not accounted for by classical rule of mixture calculations. This will be
more fully described in the portion of the specification dealing with the sintered
articles. In any event, it is preferred that the coated particles have an average
particle size of less than about 2um and most preferably less than about 1um.
It is also preferred that the intermediate layer have a thickness in the range of
from 5% to 25% of the diameter of the core particles.

The thickness of the intermediate layer has a significant effect on the
mechanical properties of the articles made therefrom. It is believed that when
the coated particles (the core with an intermediate layer thereon) have an
average particle diameter as measured graphically in a photomicrograph of a
cross-section using the mean free path method of less than about 2um, the
resistance to distocation movement within adjacent sintered particles is
enhanced, improving the mechanical properties of the sintered article. Even
using a classic mechanical approach, using finite element analysis, it is apparent
that increasing the thickness of a spherical shell WC surrounding a TiN sphere
from about 0.1pm to about 0.4pm increases the theoretical toughness over 40%.

It is further preferred that the intermediate layer have a thickness, before
sintering, in the range of from 3% to 200% of the diameter of the core particles.
During sintering there may be a reduction of the thickness of the intermediated
layer due to interaction with the core material, particle/particle interaction, grain
boundary and growth phenomena. Thus, to achieve the desired thickness of the
intermediate layer in the final sintered article it may be necessary to have the
initial thickness be as high as 300% of the diameter of the core particle.

A preferred form of the powder would have an outer binder layer applied
thereto. Conventionally, metal binders are applied to the metal compound
particles by miliing them with metal powders. This physical operation is long and

when only a minor percentage of the powders being milled (e.g., 6%) are of the
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binder metal, the time to smear the binder metal on the surface of the remaining
94% of the particles adversely affects the economics of forming sintered articles
using metal binders and may damage the coated particles. The present
invention contemplates applying such particles as a uniform coating on the
exterior of the metal compound particles in the form of a continuous layer. In
accordance with the invention, the binder layer consists essentially of a metal
selected from the group consisting of: iron, cobalt, nickel, their mixtures, their
alloys and their intermetallic compounds. Preferably the continuous layer of
binder is deposited by chemical vapor deposition, sputtering, electroless plating,
electroplating, physical vapor deposition, carbonyl deposition, solution spray
deposition, or plasma assisted physical vapor deposition. Because cobalt and
nickel are compatible with the preferred species of core particle material and the
preferred materials for the intermediate layer and have superior high
temperature properties, they are the preferred binder metal compositions.

Another embodiment of the present invention is a sintered material.
Such a sintered material is comprised of a plurality of core particles consisting
essentially of a first metal compound having the formula M_X,. M is a metal
selected from the group consisting of titanium, zirconium, hafnium, vanadium,
niobium, tantalum, chromium, molybdenum, tungsten, boron, aluminum and
silicon. X represents one or more elements selected from the group consisting
of nitrogen, carbon, boron and oxygen and a and b are numbers greater than
zero up to and including four.

Preferably, the first metal compound is predominantly stoichiometric and
consists essentially of a metal compound selected from the group consisting of:
TiN, TiCN, TiB, TiC, ZrC, ZrN, VC, VN, cubic BN, Al,O,, Si;N, and AIN. Such
metal compounds are hard, and have certain other useful mechanical properties,
but have limited fracture toughness ( the ability to arrest a propagating crack).
Other metal compounds may be operable with the present invention, however,
the previously listed compounds are preferred.

The selection of the compositions for the different portions of the particles

can be based on conventional information as to the known characteristics of
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candidate materials on the macro level. For example, it is known that diffusion
wear can be estimated for various materials by considering their standard free
energy of formation at the operating temperature. Taken in order, WC, TiC, TiN,
and Al203 have increasingly negative energies of formation; therefore, TiN is
seen to provide a significantly reduced diffusion wear in comparison with
standard WC cermets.

Moreover, the rates of dissolution of various tool materials into iron (the
typical work piece), at temperatures ranging from 1000-1 100°C, differ strongly
from one another. A comparison shows that a significant TiN presence on the
tool surface will ensure a strong decrease of WC dissolution into iron; at 500°C,

for example, the relative dissolution rates are:

WC: 5.4x10*
TiC: 1.0
TiN: 1.8x10°

Al203: 8.9 x 10"

These principles are believed to explain the improvements in wear
behavior of WC tools against iron, when the WC is associated with a TiN core;
i.e., the exposed TiN core will present a lower diffusion wear into iron than WC.
A WC continuous particle coating is believed to be necessary to achieve a strong
shell and high mechanical properties (Young's modulus of 696 GPa, compared
to a value of 250 GPa for TiN). The TiN core (having a Vickers hardness of Hv
= 2400 compared to a value of Hv = 2350 for WC, and having a sliding
coefficient of friction p = 0.125 compared to a value of u = 0.200 for WC) will
reduce friction wear against iron; the core will be exposed to the surface of the
tool after its finish grinding and polishing.

It is also possible to have the core particles be a plurality of different metal
compounds as long as each are compatible and different from the material
comprising the layer covering the core particles. In this way, the properties of
an article comprised of the sintered material, when the core particles are
exposed by removing a portion of the covering intermediate layer, are

~ determined principally by the properties of the core particle, their concentration
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in the sintered material, and their combinations. For example, if it is desired to
form the sintered article into a cutting insert the sintered article could be ground
or shaped by EDM (electro discharge machining) to expose the core particles.
In a preferred embodiment where the core particles are TiN and the intermediate
layer is WC, the coefficient of friction of the TiN, its hardness, and resistance to
wear impart those properties to the cutting insert while the overall strength of the
insert and its resistance to crack propagation are enhanced by the WC layer
surrounding the TiN core particles. Significantly, wear of the insert will not result
in the diminution of the characteristics of such an insert because the TiN is not
a coating to be worn off. Itis an integral part of the insert material that renews
the surface as it is worn. A preferred core material is cubic boron nitride (cBN),
however, this embodiment requires specific size and thickness of particles and
layers to realize the potential of the cBN core particle. It is believed that the
extraordinary hardness of the cBN must be integrated into the article by use of
a load-bearing surrounding layer of another metal compound of a composition
and thickness such that the resulting layered particle, when sintered, will have
useful engineering properties as a structure above its use as an abrasive.

This embodiment of the sintered material includes an intermediate layer
on each of the ¢cBN core particles that consists essentially of WC or W,C.

This embodiment further includes an outer layer overlaying the
intermediate layer on the coated particles. The function of the outer layer is to
form a binder and join the coated particles at reasonable sintering times and
temperatures into a dense sintered material. As here embodied the outer layer
fﬁnctions as a binder. It is comprised of iron, cobalt, nickel, their mixtures, their
alloys or their intermetallic compounds. As noted above with respect to the
powder embodiment the present invention contemplates applying such binders
as a uniform coating on the exterior of the metal compound particles in the form
of a continuous layer.

The size of the core particles covered with the intermediate layer
(together referred to as "the coated particles") has a significant effect on the

mechanical properties of the sintered material and the articles made therefrom.
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As noted above in the disclosure relating to the powder, it is preferred that the
coateq particles have an average particle size less than about 2um and
preferably less than about 1pm. it is also preferred that the intermediate Iéyer
have a thickness, after sintering, in the range of from 5% to 25% of the diameter
of the core particles. Moreover it is believed that the thickness of the binder
layer also affects the properties of the sintered material.

It is preferred that the outer binder layer have a thickness after sintering
in the r?__r_xge of from 3% to 12% of the diameter of said coated particles.

A sintered material having such dimensions is believed to have improved
properties because strain fields associated with disiocations in one coated
particle are transmitted through the intermediate layer to the immediately
adjacent core particle. The invention is known to be operable with the
intermediate layer having a thickness, after sintering, in the range of f|;om 3% to
200% of the diameter of the core particles, however, a thickness in the range of
from 5% to 25% is preferred.

It is known that increased toughness is the normal result of decreasing grain
size. As shown in Fig. 1 (12), the preferred core particle diameter is in the 0.1
nanometer to 1.0 micrometer range. This range of particle sizes interacts with the
thickness of the intermediate layer.

The strength of a crystalline substance depends on atomic bonding and
the dislocation structure. Dislocations are‘ linear atomic lattice defects that are
normally pinned and immobile. In a mixture of two atomically bonded crystalline
materials, there are upper and lower bound estimates to the elastic modulus of
the composite .as calculated by the rule of mixtures and the inverse rule of
mixtures. Subjected to increasing load, the material deforms elastically until the
dislocations in the grains begin to flow or slip, leading to the onset of permanent
yielding and the limit of useful strength. At particle sizes of approximately one
micrometer and below, exceptionally high strengths develop in such materials,
due mainly to image dislocation stresses.

There is a cylindrical strain field around each dislpcation that extends

outward into the surrounding iattice. Theoretically, this strain field around each
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dislocation must be balanced by opposing strain fields, otherwise the dislocation
will move away from surfaces. When the crystal size is large compared to its
strain field, no image stress is created around a dislocation unless it is at the
crystal surface. In a sintered material having a binder joining a plurality of
crystalline particles, the image stress matches the lower strength of the binder
matrix, but for large crystals this is a trivial correction since most dislocations are
not near a surface.

In submicrometer polycrystalline particles, the strain field may extend into
neighboring grains, whose atomic lattice is probably not aligned with that of the
strain field grain. This balancing strain field outside the grain surface restrains
movement of the dislocation, thus restraining yielding. As the size of the grains
diminishes further, more dislocations are near surfaces and the strength can
decrease.

it is believed that when the thickness of the intermediate layer and the
binder layer connecting the coated particles into a sintered material are thin
enough, then the strain field actually passes through the binder matrix and into
neighboring particles. This creates a high strength that is ignorant of the ligament
material (in this case binder) between hard coated particles. In other words, the
mechanical properties of the sintered article are independent of the properties
of the binder phase, assuming it is crystalline and very thin.

The thickness of the intermediate layer should also be thick enough
relative to the core in order to create a mechanical cellular support matrix
throughout and around the core particles. Beyond this objective and the
expected image stress strength increase with 1.0 micrometer and smaller core
powders, surprising strength properties may be realized in the sintered TCHP
alloys, apparently due to the interplay of the particle size, the properties of the
core material, and the properties and thicknesses of the intermediate layer and
the binder.

The reason for this is not yet fully understood, but a tungsten carbide
(WC) coating of 5 to 10 percent of a 1.0 micrometer or smaller core particie is

actually very thin, and may act as if it were itself a much smaller, tough phase
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particle (50 to 100 nanometers), effectively attaining nanoscale mechanical
properties at significantly larger and more manageable particle sizes.

The TCHP structure with small hard core particle size and tough,
nanoscale shells separated by thin cobalt ligaments below one micrometer
between grains, maximizes elasticity, hardness, fracture toughness, and
strength. Most interesting is the possible loss of the "composite" character in
sintered TCHP mechanical properties due to the thin binder ligaments. Even with
a low hardness material (such as cobalt) the image stresses from dislocations
near the surface (and all are near surfaces with submicrometer grains), the

. composite properties are higher than possible in abrasive composites. It may
also be that as the binder matrix ligaments become very thin and the strength of
the composite becomes independent of the plastic properties of the cobalt
binder, the structural strength of the cellular coatings may predominate and
actually approach that of WC.

The present invention provides sinterabie metal particulate materials that
can be engineered to afford an optimum balance of properties (e.g., toughness,
strength, low frictional coefficient, and hardness). The operating improvements
that can be expected in dies and other tooling fabricated from TCHP's are three-
fold: (a) a lower friction coefficient at the interface between the work piece and
tool, yielding reduced heat, wear, and cratering, and requiring less processing
power and auxiliary use of external lubricants, ultimately resulting in longer tool
life and better process control; (b) a low reactivity with iron, reducing sticking and
diffusion, flank, or die wear, and in turn extending the service life of the drawing
die; and (c) a sintered tool microstructure in which the tough, strong coating
material (e.g., WC) on the particles forms an cellular support macrostructure for
the tool while, at the same time, providing a perfectly-fitting and tightly-bound
protective layer for the hard particulate cores (of, for example, TiN), holding them
in position and permitting optimal exposure and hard phase retention at the
wear-resistant tool surface.

This is in contrast to articles produced by conventional methods (wherein
the relatively low binder strength that exists between the particies and the binder
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lowers the ievel of toughness and bending strength), or in which a sintered
article is wholly coated to impart hardness (wherein the thin coating has limited
life or cracks).

Placing the hard-phase alloys inside, as the core particle (instead of at the
outside), distributes hard-phase alloys (exposed at the external surfaces after
finish grinding) throughout the sintered microstructure in much greater
proportions (or thicknesses) than is possible in any known conventional material.
This in itself increases wear resistance, reduces chemical interaction with the
work piece, and lowers coefficient of friction significantly. Tool life is enhanced
by the constant renewal of surface grains that wear or are pulled away by the
opposing sliding surface.

Also, the wear resistance and adhesion characteristics of most of the
preferred core materials are known from their performance in conventional
materials, so their performance as core particle materials is, in light of the
present disclosure, predictable. Because the core particles are coated with
known materials (e.g., WC) blending and sintering together coated particles
having several different core materials will facilitate enhancement of muitiple
characteristics. Accordingly, the cost of development and testing are reduced
while providing a final material with unique properties. Thus designing a sintered
microstructure where each patrticle has a tough shell (the intermediate layer) that
adheres very strongly to its neighbor particles to form a tough cellular support
system throughout the sintered article substrate, produces a sintered article with
the highest possible combination of strength, high elastic modulus, fracture
toughness, and hard alloy content.

The resultant article macrostructure is a cellular microstructure framework
composed of tough, strong, tightly interbonded coated particle shells, each
containing and supporting one or more mechanically and chemically-bonded
core particles, crystals, fibers, or whiskers, exposed in cross-section at the
external surfaces during finish grinding and polishing. This principle of optimizing
the combination of different materials for the core particles and the surrounding

intermediate layer allows the combination of normally conflicting article
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performance characteristics (e.g., strength and hardness) at levels heretofore
unseen in the powder metallurgical art.

This concept gives a material designer multipie tools (used singly or in
combination) and a straightforward method providing easy and total control in
adapting the TCHP particle structure (intermediate layer thickness, size, and
core materials) and mix (integrating different powders into tool and article zones)
to meet many different unique, combined, and specialty demand conditions with
a single article or tool.

Moreover, using a standard strong material (such as WC) as a tough
outer particle shell dramatically reduces the research, development and
industrialization effort because only one material reaction precursor gas (for
example, tungsten carbide) will have to be used to coat the powder particles,
instead of the many dozens of complicated precursor and reactant gases used
in multiple external substrate coatings. Such particulate materials will sinter as
if made of tungsten carbide particles, which are aiready known to bond very
strongly to neighboring tungsten carbide particles with a binder such as cobalt.
Thus, the standard tough material in use for over sixty years will permeate and
strengthen the entire structure. increasing the tungsten carbide coating thickness
on the particle to meet more challenging strength applications or decreasing it
in more critical wear applications should solve most design challenges.
Increasing the core particle size can readily be accomplished to meet more
severe requirements for wear resistance or decreasing it for higher strength
applications. Using different core particle materials with characteristics
(hardness, coefficient of friction) known or found to perform better in specific
applications (such as for flank wear or crater wear) is also accomplished by
selection of the core material. It is also possible to blend the above thickness,
diameter, and core material powder parameters to solve most muitiple criteria
applications.

It is also possible to transition TCHP's gradually from zones or layers rich
in harder phases to those with more tough intermediate layer materials using
preheated extruded wax/powder sections. This is a more flexible and effective
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approach than that used in Functionally Gradient Material (FGM) currently being
used.

The present invention can also be used to integrate different powder
layers (or blends) in different portions of the same part to better resist muitiple
performance challenges. This is the ultimate degree of microstructure design
refinement that is possible, short of an atomic-level gradient. Co-sintered with
other metal powders to give localized hardening in "nonhard" sintered parts, the
TCHP will allow steel parts requiring heat treatment to be substituted with
powdered metal (P/M) parts, requiring fewer manufacturing operations.

Turning now in detail to the appended drawings, Fig. 1 depicts a sintered
material in schematic cross-section. In this embodiment there are one or more
hard metal compound patrticles (10) with a hard, tough metal compound
intermediate layer (14) such as tungsten carbide. The coated particle includes
an outer layer of a suitable sintering binder (16), preferably of the iron group
metals, typically cobalt or nickel. The resultant coated powder (18) is finally
sintered into a semifinished or finished article, a microsection of which is
generally designated by the numeral 20.

The microstructure of the sintered article (20) is a cellular framework of
strongly interbonded unitary WC layer (14), each containing and supporting its
own tightly-bonded metal compound core (10), held within the matrix (16) and
exposed in cross-section at the external surfaces (22) during finish grinding and
polishing.

The scanning electron microscope photograph shown in Fig. 2 is of a
'unitary TCHP patrticle consisting of a 1.6 micrometer core particle (6) of titanium
nitride coated (7) with a thickness of approximately 0.25 micrometers (15
percent) of W2C. It is one of many TCHP grains placed in a resin metallurgical
sample, shown in the background (9) and lapped. It is well known that hard alloy
particles often do not sinter close enough to theoretical density, owing (a) to the
irregularity of such grains (causing poor flowability, necessitating hot pressing)

and (b) to low plastic deformation during consolidation.
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The figure-eight shape of the core particle (6) showed concave
irregularities typical in the samples. The CVD coating process typically filled in
the concavities as at (8), giving the coated particles a rounder, smoother shape
that in fact aided flowability and densification of the powders. This should reduce
processing cost, result in a more uniform and thin binder layer, and aid
densification of the powders, which in turn will enhance the mechanical
properties of the sintered article.

The unique powders of the present invention were made in a chemical
vapor deposition (CVD) reactor. Because the size of the particles being coated,
the reactor included components to prevent agglomeration of the particles being
coated. A schematic depiction of the reactor is depicted in Figs. 3-5.

The CVD reactor system of Fig. 3 consists of a rotating CVD reactor
vessel (20), contained within a furnace (22) for heating the powder and reactant
gases, which gases are delivered to the reactor and evacuated via gas iniet and
outlet conduits (36, 26), respectively, at its opposite ends. Line (30) supplies the
tungsten hexaflouride (WFs) precursor, while lines (28) supplying the 99.999
percent purity hydrogen, these being the two gases which react in the reactor
vessel (20) to form the CVD coating, connect to the rotating seal and iniet
conduit (36) through flow meters (32). Line (28) also passes through a gas
bubbler (34), containing 99.9 percent purity isopropyl benzene. A filter (38) is
interposed at the outlet side of the reactor (20), ahead of the evacuation conduit
(26), which conduit is operatively connected to a vacuum system (not shown)
and a trap device (40) and flow gauge (42). The reactor (20) may take the form
of a refractory metal or graphite cylinder, which is capable of rotation at a
variable speed, in the range 50 to 150 rpm depending on the drum diameter and
specific gravity of the powder being coated, and of variation of its orientation;
thus, the angle of tilt (24) and the speed of revolution can be adjusted to provide
the proper residence time for the coated powder within the high temperature
(500 -1600°C) reactive gaseous environment produced.

There are four significant challenges in practicing the CVD method in
producing submicron TCHP particulate matter: (1) the current cost of the
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tungsten hexaflouride (WFse) precursor gas, (2) controlling the noxious
characteristics of WFse, (3) premature reaction of the precursors on surfaces
other than on the core powder, and (4) breaking up the agglomerates. The latter
three have technical solutions.. Although other processing cost advantages may
offset the first challenge, the ultimatevsuccess of CVD will be determined by its
cost relative to the other methods, such as deposition using metal carbony!.

The solution to the third challenge (inefficient use of reactants) above was
found to be to maintain the gas below the reaction threshold temperature until
it is proximate to the core particles. This may be further improved by keeping the
reactant gases separated, mixing them by and with the turbulent heated powders
themselves.

It was found that microwave energy (but not induction frequencies) would
heat the particles. At a frequency of 2.45 Ghz heating for about 2 minutes a 500
watts produced about 37-40°C temperature rise. The concept of high heating
rates in a focused, turbulent flow of reactants heated by the powder itself
(heated by microwave energy) in a recirculating quartz tube has high appeal in
achieving homogeneous deaggiomeration, mixing, recirculation, and coating of
submicron powders.

Fig. 4 illustrates one solution found to solve the problem of agglomeration
of the powder. The fluidization in a rotating reactor normally does not apply the
forces required to break up the lumps, which continually reform. in fact, left
unchecked, the agglomerates tend to classify themselves according to size,
further hindering homogeneous processing. Additionally, a conventional
horizontal reactor has end zones that reduce the homogeneity of the coating
thickness in the batch. As depicted in Fig. 4, a solution of the problem of
agglomeration and end zones that produced nonuniform coating involved tilting
the reactor and installing a fixed comb-like guide 80 to (a) recirculate and
homogenize the batch, and (b) to apply sufficient shear to the powder to
deagglomerate it.

inside the furnace, the reaction chamber (62) is constructed of graphite,
lined (60) with a quartz cylinder. The rotation speed (66) must be such that
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gravity force acting on the core powder is just greater than the centrifugal! force,
so that the falling powder grains, thus fluidized to maximize exposure to the
reactant gases, accumulate the intermediate coating thereon. The objective is
to flow, roll, cascade, and tumble the core powder by the right combination of
centrifugal force, gravity, and rotational inertia from the rotation of the cylinder
to maximize the exposure of the powder to the precursor gases. This implies a
practical diameter (64) of larger than 120 mm. To assist in breaking up the
agglomerate lumps that prevent deposition of homogeneous layers on each
particle, reagent gases may be introduced at a high fiow rate through the falling
powder to break the agglomerates with a shear force.

Shear is doubly applied to the powder in two zones of the guide (80),
shown in cross section (67) at the lower end of the drum. The first zone (68)
applies light pressure and shear to part of the powder as it is entrained beneath
the guide by the rotating drum (60, 62). A progressive squeeze angle (69) of 13
degrees is formed between the drum and the rack (67), which angle applies
sufficient compressive shear to break the agglomerates. The second zone (70),
consists of long (72), angular teeth forming the rack itself, cut squarely, with little
blending at the edges, into the stainless steel. This zone (70) allows the
compressing powder to escape under a light shear force that serves to further
deagglomerate and homogenize the particles for exposure during the next
rotation. At a distance (74) of 5 mm from the quartz liner (60), the progressive
angle of the rack teeth is terminated with a point of inflection that increases the
squeeze just as the openings of the teeth (72) reach their maximum. A small
clearance (76) of 0.5-1.0 mm protects the quartz from being scored by the rack.

The helicoidal zone (80) of the rack provides a guide (78), shown at the
lower end of the reactor, (and shown at its upper end in dotted lines). This helical
guide provides lift to the powder to assure lateral recirculation and batch
homogeneity.

Fig. 5 depicts the helicoidal rack so that the helical guide (80) is shown

more clearly. Holes (92) are cut into the upper platform to allow powder collected
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there to fall through for recirculation. The teeth of the rack (90) are also shown
more clearly.

As presently contemplated, the preferred embodiment of the invention
employs previously-milled particle core powders comprised of titanium nitride.
This powder is CVD-coated with an intermediate layer of tungsten carbide. The
use of a cobalt binder for sintering is preferred. In a TINWC/Co system, there
is a good solubility of W in Co and efficient reaction between C and TiN, to form
Ti (C,N), leading to a strong TiN/WC grain boundary phase and excellent
mechanical properties in the sintered article, albeit that the bond is less strong
than that which can be formed between W and Co.

The TiN phase is localized inside the material, and no decrease of
performance arises from surface wear (as with traditional tools protected with a
ceramic coating). Therefore, the dies, tools, or other hard articles made with
such TCHP's could be reutilized for larger diameters, or reground for other
applications. If it is later determined that the formation of Ti (C,N) interlayers
must be minimized to increase binder effectiveness, increasing WC coating
thickness and reducing sintering time and temperature via vapor deposition of
binder layers on the particles can be employed. On the other hand, at a Vickers
hardness of Hv= 3200, Ti (C,N) is significantly harder than TiN at Hv = 2400 or
TiC at Hv = 2800. This may prove to be an asset in some applications. Zirconium
Nitride, ZrN, harder than TiN, has a coefficient of friction two-thirds less than that
of TiN, and is considered better in flank wear. This is also a preferred core
material.

Fig. 6 depicts a compilation of the operating domains of a number of
conventional tool materiais and the expected operation domain of an
embodiment of the present invention used as a cutting tool material. By using
conventional hard materials as the core, reducing the particle size to the desired
range and applying a tough coating (such as WC) in an appropriate thickness to
the core, the TCHPs of the present invention broaden the operational domains
of such conventional materials. The extent of the increase in the tool feedrate,

i.e., the limit of the right side of the area defining the operating domain of the
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TCHPs of the present invention is based on the increased toughness provided
by the tough coating and utilization of thé hardness and other properties of the
core material.

Using a reactor system such as that depicted in Figure 3, sinterable
composite particulate materials embodying the present invention could be
prepared using each of the following alloys in the form of a 1.0 - 1.5 micrometer
diameter powder: titanium nitride, titanium carbide, zirconium nitride, vanadium
carbide, aluminum oxide, and cubic boron nitride. (Other alloys such as titanium
diboride, zirconium carbide, tantalum nitride, and niobium carbide could also be
used.) The reactive ingredients of the chemical vapor, employed for deposition
of WCx, are tungsten hexaflouride (WFs) in the presence of hydrogen and an
aliphatic or aromatic carbonaceous compound, which ingredients react at

temperatures in the range of 500°C to 700°C to form WCx coatings with highly

reproducible characteristics. A low pressure in the reactor (e.g., less than 100
millibar) would be employed to increase the diffusivity of the reactive species in
the gas and to allow a homogeneous coating on the surface of the powder. This
technique is commonly called LPCVD (Low Pressure Chemical Vapor
Deposition). The reactor is operated at a speed sufficient to tumble the core
powder in a perpetual free-falling avalanche, and the velocity of the reactive gas
is adjusted as a function of other parameters (pressure and total flow rate); agas
bubbler is used in those instances in which an aromatic liquid compound is
employed as a reactive ingredient.

4 The target coating thicknesses, based on a desired 90-95 percent
strength of an all WCx sintered carbide, and based on minimizing CVD residence
time, is in the range of 2 to 25 percent of the average particle diameter. The CVD
operating parameters are adjusted using a computer program, thereby permitting
their optimization following the principal “indicator," e.g., the WCx coating
thickness in different points of the reactor. The amount of WCx deposited on the
powder is estimated by an EDX microanalysis of the treated powder in
comparing the intensity peaks of tungsten and titanium, and the ratio Ww: Tik

(where m and K are the atomic ratio coefficients), determined on particle samples
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taken at different points in the furnace and at different times. This provides
indications of the homogeneity, rate of deposition, and WCx surface and
WCx/core patticle interface characteristics, before sintering. The cross-sectional
thickness of the WCx coating is observed with an optical microscope and a
scanning electron microscope, using a specimen comprised of the TCHP grains
embedded in a resin and polished to expose a section of the grains; X-Ray
analysis is also used to show the presence of the WCx phase on the powder.
EXAMPLES

Three series of sintered samples were prepared: a series made with the
WCx-coated titanium nitride particulate material (embodying the present
invention, formulations C, D, E and F), a series of reference bars made with a
tungsten carbide powder without any coating (Formulation A), a comparative
series made with a mixture of uncoated tungsten carbide powder and an addition
of a TiN (Formulation B), and a standard Sandvik material, (see column G in
Fig. 7) coated with TiN, TiC, and Al,O, (Formulation G).

Tungsten carbide (WC) powder employed in producing the formulations
is commercially available from H.C. Starck Company, as grade DS100 and has
a typical average particle size of about 1.0pm (x 0.1pm). The cobalt powder
utilized was Starck grade |1, having a typical particle size of 1.5um (x 0.2um);
the titanium nitride powder employed is Starck grade C, having a typical particle
size of 1.0um (ranging between 0.8 to 1.2um); and the nickel powder utilized is
commercially available having a typical particle size of 2.2um.

The formulations that embody the present invention were comprised of
TiN core grains CVD coated with tungsten carbide (W,C) to a thickness of about
0.16um forming a composite particulate material (TCHP) having a particle size
of about 1.0pum. The apparatus hereinabove described with reference to Figures
3 through 5 was employed to effect CVD coating of the TiN powder. It is
operated with a 20° helix angle and with the comb fixed at a 13° squeeze angle.
A suitable amount of TiN powder was introduced into the chamber of the
graphite reactor. The system was purged, hydrogen flow initiated, and the

internal pressure adjusted to 11.25 Torr. Power was then supplied to the electric
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furnace to bring the drum of the reactor, rotating at 90 revolutions per minute, to
a temperature of about 550°C (about one hour). The flow meters for the WF;
supply and the cumene bubbler were then opened to provide a molar ratio of the
reactants suitable for the deposit of W,C on the TiN substrate powder; the
bubbler operated at 20°C, and hydrogen gas is used as the carrier for the liquid
cumene. Operation was continued for a period of time sufficient to produce the
desired thickness of W,C on the TiN particles, after which the WF, flow meter
and the cumene bubbler were closed and the furnace was cooled under
hydrogen.

Formulation A is a binary mixture consisting of 94 weight percent WC and
6 weight percent Co; formulation B is a ternary mixture consisting of 87 weight
percent WC, 6 weight percent Co, and 7 weight percent TiN; formulation C
consists of 84 weight percent of the TCHP composite described and 16 weight
percent Ni; formulation D consists of 84 weight percent of the TCHP composite
and 16 weight percent Co; and formulation E consists of 90 weight percent of the
TCHP composite and 10 weight percent Co.

Formulation B was formed into a sintered bar, measuring 53 x 16 x 11
mm and weighing about 130 grams, by admixing the formulation with Acrawax
C (an ethylene bistearamide processing aid available from Lonza Inc., of Fair
Lawn, New Jersey) and hexane. It was ball milled for 16 hours with WC balls,
dried under vacuum, sieved at 300um, cold isostatically pressed at 2000 bars
for five minutes, and sintered, with a 20 minute dwell at 1450°C, under a vacuum
of 1 to 3 Torr. The heating and cooling rates applied were 150 to 200° C per
hour and the total sintering operation required about two hours.

Sample discs were prepared from formulations A, C, D, Eand F. Todo
so the formulation was admixed with a camphor temporary binder and an alcohol
solvent, planetary milled for five minutes with tungsten carbide milling balls, dried
at 80°C for 15 minutes, and sieved at 300um. For Samples A, C and D, the
discs formed are 10 mm in diameter and are sintered under the vacuum
conditions described above for Samples A and B. To produce Samples E and

F the milled, dried, and sieved formulation is subjected to uniaxial pressing at
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1400° C under a pressure of 200 kg/cm? to form discs measuring 50 mm in
diameter.

A number of samples of each of the sintered articles hereinabove
described were tested to evaluate each of several properties. The formulation,
sintering condition (vacuum or hot pressing), form of the article (bar or disc),
post-sintering binder content, and the values for the several measured properties
are set forth in Fig. 7. The measurement of flank wear and crater wear were on
a standard material (CK 45) at a tangential surface speed of 200m/min, a 2mm
depth of cut'and a feed rate of 0.2mm/rev. The hardness, bending strength, and
elastic modulus values for Sample No. 1 are from the literature. In the foregoing
examples, the sintered samples embodying the present invention are found to
function in a manner that establishes the constituent metal powder to be
especially well suited for the fabrication of tooling and other articles, as
contemplated herein.

it will be appreciated that the ability to vary not only the composition of the
metals employed in producing the sinterable particulate materials of the
invention (including any supplemental bonding agent or sintering aid), but also
the relative thicknesses of the core particle and the surrounding intermediate
enables a high degree of control to be exercised over the properties that are
exhibited by the particulate materials and by the articles fabricated from them.
For example, by varying the thickness of the shell (e.g., to a value that typically,
but not necessarily, represents 5, 10, or 15 percent of the diameter of the TCHP
particle), an optimal balance of hardness, toughness, strength, wearability, and
heat transfer capacity can be achieved and imparted to the sintered product.

The present invention provides a new class of powdered materials, i.e.,
tough-coated hard powders (TCHP's) producing sintered articles that exceed
the present compromised level of performance of conventional materials by
combining the inherent transverse mechanical strength of the metal carbides (or
comparable tough metallic compounds) with the superior wear resistance of hard
metallic compounds at the core particle level. Tools or articles fabricated from

such materials perform well in far broader ranges of conditions than today's
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specialized methods allow, and their performance/price, or value ratio, should
increase significantly.

The present invention has been disclosed in terms of examples and
preferred embodiments. The scope of the invention is not limited thereto but is
defined by the appended claims and their equivalents.
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What is claimed is:
1. A sintered material comprising:

a plurality of core particles, said core particles consisting essen’dall{(~ ofa
first metal compound having the formula M_X, where M is a metal selected from
the group consisting of titanium, zirconium, hafnium, vanadium, niobium,
tantalum, chromium, molybdenum, tungsten, boron, aluminum and silicon, X
represents one or more elements selected from the group consisting of nitrogen,
carbon, boron and oxygen, and a and b are numbers greater than zero up to
and including four;

an intermediate layer on each of said core particles, said layer consisting
essentially of a second metal compound, different in composition from said first
metal compound and having a higher relative fracture toughness, said second
metal compound being capable of bonding with said first metal compound and
being capable of bonding with a metal selected from the group consisting of iron,
cobalt and nickel, thereby forming coated particles; and

a binder overlaying said intermediate layer on said coated particles, said

binder comprising iron, cobalt, nickel, their mixtures, their alloys or their
intermetallic compounds.

2. The sintered material of claim 1, said coated particles having an average
particle size less than about 2pm.

3. The sintered material of claim 1, said coated particles having an average
particle size less than about 1pym.

4. The sintered material of claim 1, said intermediate layer having a
thickness, after sintering, in the range of from 5% to 25% of the diameter of said
core particles.

5. The sintered material of claim 1, said intermediate layer having a
thickness such that strain fields associated with dislocations in one coated
particle are transmitied through said intermediate layer to the immediately

adjacent core particle.
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6. The sintered ma_terial of claim 1, said intermediate layer having a
thickness, after sintering, in the range of from 3% to 200% of the diameter of
said core particles.

7.  The sintered material of claim 1, said binder having a thickness after
sintering in the range of from 3% to 12% of the diameter of said coated particles.
8.  The sintered material of claim 1, said binder having a thickness such
that strain fields associated with disiocations in one coated particle are
transm:tted through said binder to the immediately adjacent intermediate layer.
9. The sintered material of claim 1, wherein the said first metal compound
consists essentially of a stonchlometnc compound.

10.  The sintered material of claim 1, wherein the said first metal compound
consists essentially of a metal compound selected from theAgroup consisting of:
TiN, TiCN, TiB,, TiC, ZrC, ZrN, VC, VN, Al,Q,, Si;N, and AIN.

11. The sintered material of claim 1, wherein the said second metal
compound consists essentially of a metal compound selected from the group
consisting of: WC and W.,C. i
12.  The sintered material of claim 1, wherein portions of said intermediate
layer and said binder are removed to expose the interior of said core particles.
13.  The sintered material of claim 1, wherein said sintered material has a
fracture toughness greater than cubic boron nitriqe. |

14.  The sintered material of claim 1, wherein said core particles comprise -
at least one of: TiN, TiCN, TiB,, TiC, ZrC, ZrN, VC, VN, Al,0s, Si;N,,
and AIN;
said intermediate layer on each of said core particles
comprises WC; and
said binder overlaying said intermediate layer

comprises cobalt or nickel.
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15.  The sintered material of claim 1, wherein said core particles consist
essentially of one or more subsets of particles, each of said subsets having a

different formula M, X,.

16.  The sintered material of claim 15, said coated particles having an average
particle size less than about 2um. .

17.  The sintered material of claim 15, said coated particles having an average
particle size less than about 1um.

18. The sintered material of claim 15, said intermediate layer havihg a
thickness, after sintering, in the range of from 5% to 25% of the diameter of said-
core particles. | |

19. The sintered material of claim 15, said intermediate layer having a
thickness such that strain fields associated with dislocations in one coated
particle are transmitted through said intennédiate layer to the immediately
adjacent core particle. B

20. The sintered material of claim 15, said intermediate layer having a
thickness, after sintering, in the range of from 3% to 200% of the diameter of

said core particles.
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21.  The sintered material of claim 15, said binder having a thickness such that strain
fields associated with dislocations in one coated particle are transmitted through said
binder to the immediately adjacent intermediate layer.

22.  The sintered material of claim 15, wherein said metal compounds forming said
core particles consists essentially of stoichiometric compounds.

23.  The sintered material of claim 15, wherein said metal compounds forming said
core particles consist essentially of metal compounds selected from the group
consisting of: TiN. TiCN, TiB,, TiC, ZrC, ZrN, VC, VN, Al,03, SizN4 and AIN.

24.  The sintered material of claim 15, wherein the said different metal compound
consists essentially of WC.

25.  The sintered material of claim 15, wherein portions of said intermediate layer
and said binder are removed to expose the interior of said core particles.

26. The sintered material of claim 15, wherein said sintered material has a fracture
toughness greater than cubic boron nitride.

27. A sintered material comprising:

a plurality of core particles consisting essentially of cubic boron nitride; an
intermediate layer on each of said core particles, said layer consisting essentially of
WC, said intermediate layer having a thickness, after sintering, in the range of from 5%
to 25% of the diameter of said core particles; and

a binder comprising iron, cobalt, nickel, their mixtures, their alloys or
intermetallic compounds overlaying said intermediate layer, said binder having a
thickness after sintering in the range of from 3% to 12% of the diameter of said core
particles, the combination of said core particles, said intermediate layer and said binder
forming a coated particle.

28.  The sintered material of claim 27, said coated particles having an average
particle size less than about 1 pm.
29. A powder consisting essentially of a plurality of coated particles, the majority of

said coated particles having:
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core particles consisting essentially of a first metal compound having the
formula M_X, where M is a metal selected from the group consisting of titanium,
iircdnium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum,
tungsten, boron, aluminum and silicon, X represents one or more elements selected
from the group consisting of nitrogen, carbon, boron and oxygen and a and b are
numbers greater than zero up to and including four; and

a layer on each of said core particles, said layer consisting essentially of
a second metal compound, different in composition from said first metal
compound and having a higher relative fracture toughness, said second metal
compound being capable of bonding with said first metal compound and being
capable of bonding with a metal selected from the group consisting of iron,
cobalt and Anickel.
30. The powder of claim 29, said coated particles having an average particle
size of less than about 2pm.
31. The powder of claim 29, said coated particles having an average particle
size of less than about 1uym.
32. The powder of cla;m 29, said layer having a thickness in the range of from
5% to 25% of the diameter of said core particles.
33. The powder of claim 29, said layer on said core particles having a thickness
in the range of from 3% to 200% of the diameter of said core particles.
34. The powder of claim 29, wherein the said first metal compound consists
essentially of a stoichiometric compound. ‘
35. The powder of claim 29, wherein the said first metal compound consists
essentially of a metal compound selected from the group consisting of: TiN,
TiCN, TiB,, TiC, ZrC, ZrN, VC, VN, Al,O,, Si;N, énd AIN.
36. The powder of claim 29, wherein the said second metal compound
consists essentially of WC or W,C.
37. The powder of claim 29, including an outer binder layer consisting
essentially of a metal selected from the group consisting of: iron, cobalt, nickel,

their mixtures, their alloys or their intermetallic compounds, said binder layer
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being deposited on the outer surface of said second metal compound layer in the form

of a continuous layer.

38.  The powder of claim 37, wherein said continuous layer of the binder is
deposited by chemical vapor deposition, sputtering, carbonyl deposition, solution spray

electroless plating, electroplating or physical vapor deposition.

39.  The powder according to claim 29, wherein the layer is an intermediate layer,
said intermediate layer comprising WC and having a thickness in the range of from 5%
to 25% of the diameter of said core particles;

said powder further comprising an outer layer comprising cobalt or nickel
overlaying said intermediate layer, the combination of said core particles, said

intermediate layer, and said outer layer forming said powder.

40.  The powder of claim 39, wherein the powder has an average particle size less

than about | um.

41. A sintered material comprising:

a plurality of core particles comprising at least one of diamond and cubic boron
nitride;

an intermediate layer on said core particles, said layer consisting essentially of
a metal compound having a higher relative fracture toughness than said core particles,
said intermediate layer having a thickness, after sintering, in the range of from 5% to
25% of the diameter of said core particles, the combination of said core particles, said
intermediate layer forming a coated particle and

a binder comprising iron, cobalt, nickel, their mixtures, their alloys or
intermetallic compounds overlaying said coated particle, said binder having a thickness

after sintering in the range of from 3% to 12% of the diameter of said coated particles.

42.  The sintered material of claim 41, said coated particles having an average

particle size less than about 1 pm.
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