
AT0100461
306 HM 37 R.E. Toth et al.

15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

TOUGH-COATED HARD POWDERS FOR
HARDMETALS OF NOVEL PROPERTIES

Richard E. TothA, I. Smid*, A. Sherman**, P. Ettmayer***, G. Kladler*, G. Korb*

A TCHP Inventor, EnDurAloy Corporation, Savannah, Georgia, USA
* Austrian Research Center at Seibersdorf, High Performance Materials

** Powdermet, Inc. Sun Valley, California, USA
*** Technical University of Vienna, Austria

ABSTRACT

The properties and performance of conventional materials and composites
are constrained by solubility limits, diffusion coefficients, and compatibility of
physical and chemical constituent properties in their phase equilibria. To es-
cape these limits, ingenious ways of combining strength, toughness, and
wear resistance by way of various coatings and laminations have been de-
vised. These coated tools are systematically discarded after only about 10%
of their wear tolerance has been used.

Tough-Coated Hard Powders (TCHP), patented by EnDurAloy (USA), are
hard refractory particles CVD coated with nanoiayers of WC and Co. Con-
solidation of TCHP creates an engineered homogeneous cellular structure
whose interconnected tough WC-Co "shells" each contain a wear-resistant
core (e.g., TiN). In TCHP's, the coating is throughout the tool, not only on the
surface, combining the strength, heat resistance, and toughness of cemented
carbides with the chemical and abrasion wear resistance of harder materials.
As wear progresses, new wear-resistant material continuously replaces the
working surfaces and edges of the tool until its geometry reaches its maxi-
mum limits. TCHP tools are then reusable many times.

Specific coating and consolidation processes, characterization of compacts,
and test comparisons with conventional materials are discussed.

KEY WORDS

TCHP, Hardmetal, Cermet, Ceramic, Nanocomposite CVD Coated Powder,
Refractory Alloy, TiN, AI2O3.



R.E. Toth et al. HM 37 307_

15" International Plansse Seminar, Eds. G. Kneringer, P. Rddhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

A. NEED FOR - and PROGRESS TOWARD - a NEW APPROACH

It appears that few if any "new paradigm" tool materials that combine high
fracture toughness and_wear resistance will result using classical metallurgi-
cal principles. The physical, chemical, and mechanical properties of materials
will be determined mainly by chemical composition, microstructure, and de-
formation- or thermal-treatments. Moreover, the properties of certain materi-
als cannot be influenced: a diamond must remain a diamond. To escape
these limits, man has devised ingenious ways of combining toughness and
wear resistance, including CVD-PVD (chemical/physical vapor deposition)
coatings, ceramic and cermet mixtures, and FGM (lamination).

New tool approaches are needed to form or machine today's challenging ma-
terials. EtemAloy™, or Tough-Coated Hard Powders (TCHPs), are novel
nanocomposites of one or more types of hard refractory alloy core particles
that are CVD-encapsulated in a WC coating and an outer cobalt binder coat-
ing. The objective is to design and engineer a homogeneous "core-rim" cellu-
lar structure of 60-90 volume percent of evenly distributed hard core particles
of the most wear resistant refractory core materials known in a tungsten car-
bide (WC) matrix support structure with toughness and strength comparable
to WC-Co substrates.

In this way, "thermodynamically incompatible" material combinations have
been successfully consolidated into tool inserts and tested. We have shown
that WC-Co coatings form a nanoscale cemented carbide matrix between
evenly distributed wear-resistant particles. This structure is expected to ex-
hibit exceptional strength and wear resistance when compared to cemented
carbides, coated carbides, cermets, and ceramics. It is expected this will oc-
cur after solid state and liquid phase consolidation and at minimum cost, the
novel material being industrially competitive with conventional materials. It is
hoped TCHPs may promise the elusive combination of properties that state-
of-the-art tools cannot.

TCHP enables us to nano-engineer building block properties. Nanoencapsu-
lating fine particles having one set of desirable properties with grain boundary
modifiers having other properties allows us (a) to combine heretofore uncom-
binable material-property combinations, and (b) to unite many desirable
properties prior to sintering. With over 30 candidate core materials, many
EternAloy™ combinations are possible. TCHP allows us to engineer almost
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any properties we can imagine (e.g., light weight) in sintered materials, and
the applications are not limited to tools.

Because 100 percent of TCHP tool wear tolerance can be utilized (see Fig-
ure 1), some optimized TCHP variants may surpass WC-Co carbide and
coated carbide tool life by several times. Whereas coated tools are scrapped
before the coating wears through (their life is limited by their thin external
coating), the TCHP refractory phase in the tough structure will continuously
replace the cutting edges and wear surfaces until the tool is worn to its toler-
ance limits. At this point, the tool can be reground or EDM-ed to renew its ge-
ometry for several re-uses, essential for drawing dies.

Optimization of TCHPs
has just begun. Carbon
balance (WC stoichio-
metry); core particle is-
sues (size, size distribu-
tion, and shape); incre-
mental additive mixing;
and cobalt content are
main development is-
sues.
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Nevertheless, TCHP
lathe inserts cutting alloy
steel are repeatably
equaling and exceeding
the life of conventional
WC-Co hardmetals. Actions have been identified that are believed will accel-
erate performance dramatically during the coming months.

B. CONCEPT FEASIBILITY

The fact that the outer surface of an article bears most of its mechanical load
is illustrated by a tube with a wall thickness only 5% of its diameter sustaining
90% of the load of a solid rod of the same diameter. A finite element analysis
(FEA) project sponsored at Penn State University showed that a structure of
bonded tough spherical shells would transmit an even greater load percent-
age because the core particles are essentially bypassed as strength factors.
EternAloy™ technical feasibility is further aided by these facts:
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1. Refractory CVD coatings on tungsten carbide substrates are well known. We are
just bonding the same materials in reverse: ductile WC coatings on refractory
core particles. Other particle coating applications have been known for over 20
years.

2. The performance characteristics of many TCHP core particle candidates are
well known.

3. Instead of using many complex precursor chemicals to apply several hard layers
on tough substrates, TCHPs require the reverse, coating primarily one tough
material and one binder.

4. The TCHP consolidation process will see core particles coated with WC-Co that
will sinter much as WC-Co powders have been sintered over the past 70 years.

Titanium nitride (TiN) and alumina (AI203) were chosen as the first core mate-
rials, because their very low solubility into solid iron at operating temperatures
from 100°C to 1100°C makes them effective diffusion wear extenders on
coated tools. The small-wire drawing and mining industries have not been
able to exploit this important benefit because external coatings are impracti-
cal in these applications.

WC was chosen as the first tough coating. WC-Co has the highest fracture
toughness of all possible combinations of transition metal carbides and iron
group binders because the interface energy between WC and Co is very low;
therefore, the fracture path has to proceed through the tough Co binder
phase rather than along the WC-Co phase. WC also has one of the highest
Young's moduli, enabling the WC-Co structure (rather than the core particles)
to carry most of the mechanical load. Co has lower stacking fault energy than
Ni, imparting a much higher toughness to the TCHP/WC-binder matrix.

C. RESULTS: FEEASIBILITY PHASE 1

The first 1.5 urn TiN-based TCHP lab material was made into lathe inserts in
April 1998 and tested against state-of-the-art coated tungsten carbide tools.
Although the W-coating had not been properly carburized, the cobalt had
been manually mixed in, and the samples had been oversintered (at 1400°C)
and only partially consolidated, they still displayed 30 percent less crater
wear and a coefficient of friction over 60 percent lower than CVD coated car-
bide tools, and 80 percent lower than that of WC-Co carbides. Vickers hard-
ness (Hv30) was 7400. These results were encouraging at the time, but fur-
ther R&D was needed.
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D. RESULTS: COATING DEVELOPMENT and PROOF-of-CONCEPT
PHASE 2

Large 37-micron TiN particles were used
in this phase to reduce particle size-
related factors. . - * " .

eulectic showing targeted TCHP structure.

It was demonstrated that TiN-core TCHPs
can be coated completely and uniformly
with under-carburized WC(1.X), the coat- J *j?£
ings can be fully carburized in CH4 and , f .!•
coated with Co, and sintered in a repeat-
able, reliable, controllable, scalable, and
economically feasible manner. Gas fluidization parameters were developed to
control particle loss and agglomeration (clumping) for nucleation and growth
of homogeneous coatings and increased sintered strength. It was shown that
even lighter core powders (e.g., cBN, B4C, Si3N4, AI203, diamond...) with den-
sities as little as 16 percent that of WC
can be coated successfully in the Recir-
culating Fast Fluidized Bed CVD reactor.

The concepts proven in Phase 2 are that
large and small particles of TCHP were
produced and that targeted TCHP sin-
tered structures were retained after sin-
tering (see Figures 2 and 3). The SEM
photos and X-ray diffraction analysis
proved the WC shell on TiN particles was
retained and that we are able to sinter
TCHPs such that Co does not penetrate
the protective WC coating to touch (or
dissolve) the TiN. Tungsten carbide WC
tends to react with TiN at high tempera-
tures, whereby titanium carbonitrides are
formed and nitrogen is set free. This re-
action proceeds only when nitrogen can
escape. This reaction has three unfavor-
able effects: (1) WC with a deficit of car-
bon tends to react with Co to form un-
wanted and embrittling eta-carbides. (2)

Figure 3 . SEMs show WC rims only partly dissolved in Co

and reprecipitated as submicron grains. Cobalt has not attacked

the TIN surface (as it would in a conventional cermet structure).
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The nitrogen set free forms pores and can even expel the liquid binder phase
from the compact by exudation. (3) Ti(C,N) appears to be less wear resistant
than unalloyed TiN. If the liquid binder phase penetrates the protective WC
shell around TiN particles during the sintering process, then the kinetics of
the reaction between WC and TiN is greatly accelerated and nitrogen is set
free.

The results were better than expected for 37-fjm porous TiN powder. The
hardness of a TCHP compact with 20wt% TiN, 70wt% WC and 10wt% Co
was 1200 (Hv30). An excellent Young's modulus of 420 GPa (61 million psi)
and transverse rupture strength of 750 MPa (109,000 psi) hot pressed and
1065 MPa (155,000 psi) sinter-HIPed were achieved in experimental lots. Al-
ready comparing favorably with cermets, this indicates a strength potential
superior to that of ceramics, cermets, and cBN-diamond compacts. Because
of (a) large size core powders and (b) hidden internal porosity in the pur-
chased powder (see Figure 2), cutting tool wear trial tests were not per-
formed.

Core Mat'l

TiNfWC/Co

Al203/WCfCo

TiC/WC/Co

DiamondlWC/Co

Size

37/vm

35/ym

37//m

45yam

T a b l e 1

TRS

840 MPa (121.8 ksi]

524 MPa (76.0 ksi)

410 MPa (59.5 ksi)

420 MPa (60.9 ksi)

Hardness (Hv)

1200

1800

1680

3200

In a related test series done with Powdermet, TCHP variants of AI203-WC-Co,
TiC-WC-Co, TiN-WC-Co, SiC-WC-Co, TiB2-WC-Co, B4C -WC-Co, and dia-
mond-WC-Co particles (37-45 urn see Table 1 and Fig 4) were produced on
a benchtop fluidized bed, consolidated by the Ceracon™ process, and tested
for transverse rupture strength and hardness. The SiC, TiB2, and B4C sur-
faces displayed poor nucleation of the WC and less uniform coatings re-
sulted. Because the WC coating was light and the particles large, the bending
strengths were relatively low, but the alumina turned out second best.

E. DISCUSSION: COATING & CONSOLIDATION DEVELOPMENT
PHASE 3 (Current)
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The next target was developing smaller 1.5-5.0 micron TCHP sizes. This core
particle range is capable of producing tool and die nibs with reasonably high
performance expectations for consolidation and tool testing, but not yet at the
performance of targeted 0.8-1.0 micron (and smaller) core particles.

E1. CVD COATING DEVELOPMENT. In CVD, vaporized precursors of the
compound to be deposited are flowed over a heated powder, resulting in their
thermal decomposition and deposition of the desired metal or compound on
the surface of the particles. "Fluidized beds" expose finely divided particles to
the vapors by suspending and agitating them in a rising stream of process
gases.

Low gas velocities in standard fluidized beds can provide the lift desired, but
do not break up agglomerates, especially at particle sizes below 15 microns.
Another phenomenon is segregation of different particle sizes, where smaller
particles are ejected form the bed while larger ones tend to collect at the bot-
tom of the reactor. These "lumping" and segregation effects cause incom-
plete, nonuniform coating of the parti-
cles.

In development since 1986, Powder-
met's patented "Recirculating Fast-
fluidized Bed" CVD (RFFB-CVD) pow-
der coating technology (general sche-
matic, Figure 5) uses higher gas ve-
locities that suspend and entrain parti-
cles in the gas stream at velocities be-
tween 1 and 5 m/s and flow rates up to
0.118 m3/s (250 ftVmin) at standard
conditions. This R&D 100 Award-
winning (2000) technology applies
very high shear forces to the particu-
late matter that overcome the Van der
Waals and electrostatic inter-
particulate attractors. Particle agglom-
erates are continually broken up and
recirculated throughout the bed, elimi-
nating settling, agglomeration, and in-
complete coating.

Figure 5.

POWDERMET's RECIRCULATING
FAST FLUIDIZED BED CVD REACTOR

Recycte Conduit
Down pipes

Stands -

Gases
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The fluidization reactor system {viz., riser, standpipe, cyclones, solid feeder,
distribution plates, and process control instrumentation) and the fluidization
gas system {viz., heaters, nitrogen gas generator, and vacuum pumps) were
designed after the mass, flow, heat, and pressure balances of both systems
were calculated as a unit. It was also designed for easy disassembly and ser-
vicing. The final design was reviewed and partly optimized by Dr. Herbert
Weinstein of the City College of New York, a leading expert on fluidized bed
processes. The fluidization gas system and the FFBCVD reactor are con-
structed of 304 stainless steel due to the erosive effects of WC.

E2. PHYSICAL CORE PARTICLE QUALITY. Because TCHP particles do
not completely dissolve and reprecipitate as WC particles do, the core parti-
cle physical characteristics play an important role in TCHP coating and con-
solidation. Moisture and oxide adsorption on fine ceramic particles, general
physical properties, particle size distribution (PSD), characterization method
inconsistencies, intra-particle porosity, agglomeration, thermally-responsive
properties, and particle morphology all pose coating and consolidation ef-
fects. Additional effort is required to characterize and classify core ceramic
powders, and existing analytical methods are being tested for suitability in
characterizing them.

Figure 6. Particle Size Distribution Discrepancy: producer's specifications
and sample results vs. PSD actually received.

MicroTrak™ Particle Size Analysis
(Commercial 1.5 |im TiN Powder)

For example, CVD fluidization
gas-stream parameters can be
adjusted to handle micron- and
submicron-sized particles, but
cannot encompass too large a
variation in particle size distri-
bution (PSD, see Figure 6).
Excessive nanoscale powder
agglomerates can clog the flu-
idized bed returns, incomplete
WC coating, and stress risers
in consolidated TCHP. Overly
large grains caused more
structure-weakening stress ris-
ers. EnDurAloy is locating sup-
pliers capable of producing tighter-distribution powders that do not appear to
be ultimate cost or technical impediments. This will reduce internal stress-
risers and flaws that yielded disappointing initial sintered densities and
strength values.

Size (microns)
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Fused alumina powder was sized by sedimentation and EnDurAloy's first-
ever AI2O3 "monomodal" TCHP (Lot C) was produced. AI2O3 core particles
are inexpensive and do not interact with WC to form carbides, but alumina's
brittleness, low thermal conductivity, and tendency to have a high interface
energy (propensity for interface fracture) pose potential concerns. A first
"monomodal" lot (Lot D) of TiN based material was also completed. Normal
carbon and cobalt balancing work was done in preparation for tool trials.

E3. CHEMICAL CORE PARTICLE QUALITY. Chemical characteristics
also play an important role in TCHP coating and consolidation. For example,
other core particle materials and combinations will take advantage of their in-
herent hardness and chemical reactivity. To achieve increased tool life and
feedrates, significant inclusion of ceramic materials (> 50vol% loading) into
the cutting tool will be necessary while using liquid phase sintering technol-
ogy to maintain most of the mechanical properties of current cemented car-
bides. To accomplish this goal, an interactive development of CVD and con-
solidation processes is used.

E4. WC-CORE BONDING. As a first step of the
CVD-process, tungsten is deposited on the core par-
ticles by thermal decomposition of tungsten hex-
acarbonyl in hydrogen to create tungsten per the re-
action:
W(C0)6 -» W + 6CO. Smooth, even, dense, and
adherent particle coatings (see Figure 7) result by
optimizing the deposition parameters, including the
material to be deposited, substrate temperature, gas
concentration, flow, pressure, reaction chamber ge-
ometry, coating thickness, and substrate material.
Deposits of tungsten form at nucleation sites on the
surface of the substrate particles. Additional nuclea-
tion and growth continues until the substrate parti-
cles are fully coated to typically less than 0.1% impu-
rities and 99.9% density.

The tungsten coating target was set at 34% by vol-
ume or 60% by weight. Gas and deposition tempera-
tures were varied between 400°C and 600°C, with
the optimum conditions occurring at 450°C at 90% by volume hydrogen at

fiiiedin by the C V D process.

shape aids cold compaction.



R.E. Toth et al. HM 37 315^

15th International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

268 mbar vacuum. Some core particles nucleated the WC(1.X) layer better
than others. Specifically, the TiN, alumina, diamond, and TiC cores nucle-
ated dense uniform coatings at near-theoretical weight gains. The other parti-
cles - SiC, TiB2, and B4C - exhibited preferential growth and were less uni-
formly coated. Hot pre-treating the particles with hydrogen significantly im-
proved the tungsten layer adhesion to diamond; however, this treatment pro-
duced only modest improvements for SiC, TiB2, and B4C.

E5. CARBURIZATION PROCESS CONTROL. Control over carburization
of the carbon deficient primary WC^x layer is critical to achieve the desired
TCHP strength and sinterability. After varying methane concentration, hydro-
gen/methane ratio, and temperature on carbon diffusion into the tungsten-
coated powder, the optimal carburization from tungsten to tungsten carbide is
carried out via methane (concentration 3%; remainder hydrogen) at tempera-
tures in excess of 950°C. A twenty-four hour carburization cycle at 1000°C
with 5vol% methane at zero pressure produces a stoichiometric tungsten
carbide layer on titanium nitride particles, as determined by XRD analysis.
The formation of elemental carbon via the decomposition of CH4 should be
avoided.

While the ability to control carbon was demonstrated, the ability to manually
add excess carbon and to control oxygen content and carbon losses during
consolidation of TCHP materials requires additional investigation. This ability
to tailor carbon contents represents new technology, since it must be accom-
plished at relatively low temperatures (i.e., less than 1100°C compared to
1600°C for conventional carburization) to prevent coarsening and solubility
reactions from occurring.

We have not yet fully defined and mastered the effects of adsorbed oxygen
and other chemical changes occurring during handling and consolidation. The
type of core powder material, the nature of the core particle size distribution,
the presence of adsorbed oxygen or surface oxides, and the presence of
other trace elements can alter the as-sintered TCHP carbon balance and
slow the investigative progress.

The role of oxygen in TCHP particulates appears to be particularly trouble-
some, because the chemical and mechanical properties of the powder parti-
cles appear to depend on where the oxygen content is bound: in the core, at
the interface between core and WC coating, or on the outside of the WC-
coating.
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In the latter case, some of the carbon may be lost during sintering via CO
loss. With TiN core powders, outgassing of CO accelerated by the presence
of Co during heating to liquid phase, tends to deplete carbon. N2 outgassing
from partially-coated TiN cores (if not minimized by N2 overpressure) can also
free Ti to rob C from WC. This carbon depletion can cause formation of
Co3W3C (eta phase), which consumes free cobalt binder phase and embrit-
tles the structure as with conventional WC hardmetals.

Because the tungsten carbide gradient layer grows by diffusion, external
methods of characterizing coating stoichiometry can be misleading. Models
will be developed to determine what carburization excess or deficit will antici-
pate the chemical evolution during sintering to optimize consolidated TCHP
properties.

These impediments to the TCHP investigative process are more than offset
by the wealth of relevant information and equipment available from decades
of optimizing WC-Co, cermet, and ceramic materials.

E6. FLAWS, POOLING, and OTHER STRESS RISERS. The large indus-
trial batch capacity (700-800 kg) of the Recirculating Fast Fluidized Bed CVD
coater (FFB-CVD) requires a minimum TCHP test lot of about 25 kg of a fixed
WC-Co composition. This does not allow appropriately small R&D lot itera-
tions to be made for each experimental specification. Smaller benchtop CVD
reactors will not de-agglomerate small particles. Trial elemental-increment
batches to attain optimal TCHP carbon and cobalt balance necessitates me-
chanically MIXING-in of cobalt, carbon, or tungsten test variant additive pow-
ders in partial (500g) lots taken from larger TCHP lots produced with fixed
"baseline" constituent levels.

Co- and W-pooling has been a major cause for lower-than-possible TCHP
strength values to date. Because at the present stage of development short-
mixing (not milling) cycles must be used (to avoid damaging of the TCHP
coatings), inherently poor distribution of cobalt, tungsten, or carbon powders
adversely affects the sintered structure. Mixed with 5-micron particles, 1.0-1.5
micron cobalt particles create Co "pools" observable in the SEM photos. It
has been shown that more than 48 hours of aggressive ball milling (not mix-
ing) are required to eliminate "pooling". Smaller Co powders bring more oxy-
gen and agglomeration and are pyrophoric. Pooling will be a problem until the
large CVD reactor can be operated to deposit nanoscale contiguous coatings
at or close to the empirically found optimum TCHP compositions.
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However, using a benchtop fluidized bed CVD reactor improved the me-
chanical blending problem by evenly dispersing incremental nanoscale addi-
tives without damaging the TCHP, but industrial scale CVD powder coating
will always be more effective and efficient than plain mixing.

E7. COBALT COATING CONTROL. The cobalt coating was performed us-
ing the thermal decomposition of cobalt carbonyl in hydrogen. The cobalt
CVD decomposition reaction Co2(CO)8 -> 2Co + 8 CO takes place at
deposition temperatures ranging from 180-220°C, in our case at 200°C at 268
mbar. The preparation of the cobalt carbonyl occurs with direct reaction of the
solid carbonate with carbon monoxide gas with hydrogen as a reducing agent
as follows: 2 CoCO3 + 8 CO + 2 H2 -» Co2(CO)8 + 2 H2O + 2 CO2, which
takes place above a pool of acetone solvent. As the reaction proceeds, the
carbonyl sublimes into the gas phase. The carbonyl vapor then dissolves in
the solvent, which also removes the water vapor from the gas phase. The
dissolution of the reaction products in the acetone therefore removes them
from the gas phase where they would limit the extent of reaction.

E8. TCHP POST-PROCESSING. While reasonably good mechanical prop-
erties were achieved with the 1-5 micron materials, TCHP properties have not
yet approached the performance predicted by extrapolation. This was attrib-
uted to the presence of microstructural defects and flaws in the consolidated
materials stemming in part from test additive mixing. Post-processing the
coated powders will also be studied as a way to further reduce these flaws.
Sieving the coated powders can eliminate large particles and agglomerates
(some agglomerates form at the wall of the CVD reactor when very fine pow-
ders are processed) causing flaws in the consolidated product. In addition,
physical separation can also control chemical non-homogeneities (i.e., dense
and light coated particles) in the final product. Modifying cobalt CVD coating
conditions will also be evaluated for stabilizing the coated powder during
shipping, storage, and handling to prevent pyrophoricity and water/oxygen
adsorption as particle size is further decreased.

While the objective is to achieve near-perfect control during TCHP synthesis,
the ability to characterize, rework, and modify particles after coating is a prac-
tical necessity. Additionally, the need to granulate TCHP in a controlled man-
ner for particle flow and repeatable die filling may also become necessary.
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E9. CONSOLIDATION DEVELOPMENT PROCEDURE. The TCHP sam-
ples were mixed with balancing W or C, and/or Co (if required) in acetone for
3 hours and pre-compacted at room temperature. They were then hot
pressed in a 65 mm cylindrical graphite mold (lined with graphite fabric) with
a heating rate of 10 K/min to 1000°C under vacuum, then heated to 1300°C
with 5 K/min under 50 mbar N2 overpressure and held at 30 MPa maximum
uniaxial pressure and temperature for 30 minutes. Cooling rate, atmosphere,
and pressure were controlled down to 1000°C.

The following sinter technologies were used: Hot pressing, Ceracon™ forg-
ing, electric impulse densification, sintering, and sinter-HIP. Of these, hot
pressing and Ceracon™ forging are most suitable at this stage of develop-
ment. For production at industrial scale quantities, sintering and sinter-HIP
are presently the most economical methods. We will continue to develop hot
pressing and the Ceracon™ forging process while developing other TCHP
composite consolidation methods such as sinter-HIP and PIM/MIM.

E10. TOOL WEAR COMPARISON BASIS. The initial tool wear test com-
parisons of TCHP inserts with CVD coated inserts will not be as simple as
comparing "measured wear per unit of time." Coated tools are used until the
CVD coating is almost worn through and then thrown away after only about
10% of the tool has been used because failure is catastrophic at high speed if
wear proceeds into the carbide substrate. Worn to completion, the wear rate
of coated tools would be decidedly two-sloped: slow through the outer coat-
ing, much faster in the WC-Co substrate. The ultimate advantage of TCHPs
is that they can be left in the machine to operate longer, exploiting the full
machining tolerance by using the considerable additional volume of wear-
resistant material. But first, their strength must be developed and optimized.

Until TCHP chemistry and strength are optimized to compare with those of
WC-Co substrates, comparing tool life of TCHP inserts with coated WC-Co
inserts would be heavily biased in favor of coated tools. Why? Since external
CVD coatings are CONTIGUOUS for the first 10% of the wear tolerance, the
measured wear resistance ~ while the coating is in place -- will logically be
somewhat better during initial comparisons than with TCHP tools (with ex-
posed WC-Co ligaments between the wear-resistant particles). When com-
paring TCHP tools with CVD coated tools, the TCHP inserts should last long
enough for the coated tool to have its CVD coating worn through and even
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into the carbide substrate to demonstrate the wear advantage of TCHP after
longer use.

Since we are still optimizing chemistry and have only a limited number of
tools available, we are making the first TCHP performance test comparisons
with high quality WC-Co inserts. This will make early wear-vs.-time meas-
urements equitable and simpler. Since the life multiples of CVD-coated tools
versus WC-Co tools are well known (6-1 OX), the inference and comparison of
TCHP with CVD-coated tools (and even cermets) can also be made. A good
TCHP performance compared with conventional carbide will still have univer-
sal appeal, and when the TCHP parameters are optimized, we can have a
fair TCHP comparison with CVD coated inserts. Later, when more tools are
available and the TCHPs optimized more, the comparisons will be made with
coated inserts and cermets.

The standard WC-Co insert chosen was a Bohlerit TNMM R131 triangular in-
sert. Bohlerstahl V945 alloy steel (CK 45/DIN1.1191; 0.45%C, 0.3% Si, 0.7%
Mn) test bars were machined in a lathe with test surface speed set at 200
m/min, feed 0.15 mm/rev, depth of cut 2.0 mm. Under these conditions,
based on acoustic, chip characteristic, sparking, surface smoothness, and
dimensional characteristics, the test was halted after an average life of of 45
minutes and a wear of 0.5 mm.

E11. PERFORMANCE RESULTS. The coatings on the 5-um TiN and AI2O3-
based TCHP improved substantially in quality and reliability. Powder coating,
consolidation, heat-treatment, and test/characterization processes are being
handled much faster, and we achieved 99.8% density in both liquid-phase
hot-pressing consolidation and Ceracon™ forging (see Tables 2 and 3).

Up to 3.8% Co, the alumina TCHP specimens showed a higher bending
strength; above 5.0% Co TiN based TCHP had a higher strength. In both
TCHP types, starting from 5% Co we found that increasing the cobalt to a to-
tal of 10, 14 and 18 wt% tended to progressively decrease strength. In lathe
tests, low crater wear — but increasingly higher flank wear — were observed
with increasing Co. Flank wear is highly related to low density, carbon bal-
ance, and cobalt content - which are a straightforward matter of trial, discov-
ery, then control.
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We felt these strength trends could be
improved by reducing the Co:WC ratio
and by continued improvement in carbon
balance. A new TCHP test series of nine
AI2O3 and TiN variants was produced
with cobalt levels of 5.0wt%, 3.8wt%,
2.6wt%, and 1.4wt% Co to total. Doing
this was a challenge since the baseline
TCHP lots had already been produced
with a 5wt% Co minimum and accord-
ingly required adjusting W levels up-
wards to get below 5wt% Co and to bal-
ance C levels. The non-reactor mixing of
the experimental composition caused
pooling of WC-Co and of WC, with con-
sequent reduction of performance. In
spite of this, the results were positive:

WC-Co 3.8wt% » * AI2O3 Phase

Figure 8. Lot c A1203-WC-3.8 wt% Co TCHP

*

E11.1. For the TiN -based TCHP with 3.8 wt% Co, a good Vickers' (Hv30)
hardness of 1150 was attained using only hot-press consolidation. Hot
isostatic pressing would give higher values. In wear tests, crater wear was
very low but flank wear was high. At 45.5 min, tool life of state-of-the art-
commercial WC-Co was equaled or surpassed.

E11.2. For hot pressed alumina at 3.8%
Co, hardness was 1463 (Hv30), and tool
life was 35 min. A typical microstructure
is seen in Figure 8. In addition, scanning
electron microscope photos of fracture
surfaces show good chemical wetting at
the WC-Co and Alumina interface (see
Figure 9). This assures good material
contiguity. This is evidenced in the photo,
where the gray AI2O3 grain is seen to
transition gradually to the white of tung-
sten carbide (WC) and the fracture sur-
face cleaves the AI2O3 grain rather than
pulling it out of the WC-Co substrate.

- VJ

Figure 9. Alumina TCHP Fracture Surface

(Hot Pressed at 1300'C).
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E11.3. We increased the lathe test surface speed by 30% to increase the test
difficulty (speed 260 m/min, feed 0.15 mm/rev, depth of cut 2.0 mm). Under
these conditions the Bohlerit TNMM R131 "standard" insert life decreased
from 44.3 to 42.2 minutes at 0.15 crater wear (chatter, poor finish).

The hot pressed TiN TCHP inserts at 3.8wt% Co nominal (3.3% Co actual)
remained at 44.1 minutes, with 0.2 mm crater wear and low flank wear. At
2.6wt% Co nominal (2.26% Co actual), tool life slightly increased to 44.3 min-
utes.

The hot pressed alumina TCHP insert life with 3.8wt% Co actually decreased
-37%. Two explanations are possible: (1) alumina has a difference in thermal
expansion (compared with the WC coating) that is greater than for titanium
nitride, and (2) alumina has a low thermal conductivity, leading to higher tem-
peratures and increased wear at the cutting edge.

E11.4. We observed a higher than desired level (1.1-1.5%) of oxygen in
the TiN based TCHP compacts and have observed in the light optical micro-
structure gray/brown inclusions (presumably Ti2O3 or Ti3O5). Neither the
tungsten carbonyl nor the cobalt carbonyl precursor is believed to be the oxy-
gen source, but there is some indication that the coating processes may have
to be adjusted slightly.

E12. RESULTS SUMMARY. These results (see Tables 2 and 3) are espe-
cially significant because they were attained using only the first 5.0 \jm pow-
der lots of two TCHP variants and we know there are many factors requiring
continuous optimization, promising significantly increasing TCHP vs. com-
mercial tool life multiples during the next year.

F. THERMAL SPRAY TCHP DEVELOPMENT

EnDurAloy's TCHP particulate material (TiN coated with WC and Co) was
used as thermal spray powder in wear tests at Caterpillar with excellent re-
sults.

TCHP was thermally sprayed onto flat steel "cylinder wall" wear plates (simu-
lating engine cylinder liner wear in a Cameron-Plint test apparatus) and oscil-
lation-worn in line contact under 200N of load for 106 cycles (17.7 km of slid-
ing distance) against SAE 52100 steel pins, Cr3O2-SiO2, and monolithic Si3N4

pins (simulating piston ring wear) lubricated by 15W40 Exxon HD engine oil.
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The TCHP coatings showed a coefficient of friction of less than 0.1 in all tests
(WC = 0.2) and a microhardness in the range of 700-800 Knoop.

No wear was detected in the coatings when run against 52100 steel or chro-
mium-silica coating systems, while a wear amount of 4X10"8 was measured
against the silicon nitride rings, with negligible wear of the silicon nitride. To-
tal wear of the Si3N4-TCHP couple was 4.44x10"8, compared to over 2.19x10'7

for the best ring-liner couple tested to date (chromium-silica rings against Hi-
C-Fe-Mo liners) even though the TCHP coating had 5Xthe surface rough-
ness (a major wear-producing factor) of the standards (1.014 microns versus
0.15 microns) due to non-optimized spray conditions.

These exploratory wear results for TCHP "cylinder liner" coatings worn
against silicon nitride, SAE 52100 steel, and cast iron/molybdenum "piston
ring" pins are 5X (!) better than previously optimized coating systems and in-
dicate a potential for an additional 10X improvement after optimization of
spray conditions and wear surfaces.

Table 2
Parameters & Results: TiN-WC-Co TCHP (TiN.WC wt% ratio -41:49)

Test Number
Cobalt Content
Hot Pressed, at
30Mpa, 1350°C
Density, g/cm3

Balance Blending
with W, wt%

HP447
1.4wt%

80min

-7.53;
porous

HP447
2.6wt%

80min

HP447
3.8wt%

80 min

8.94 8.88

+ 15% ; +15% +15%

HP447
5.0wt%

80 min

8.14

+2.77%

HP419
10wt%

30 min

7.63

HP419
14wt%

30 min

7.48

HP419
18wt%

30 min

7.3

Hardness, HV30 1150
Bending strength
MPa

220 418 431 585 545 467 480

>Cutting CK45 steel (DIN 1.1191) at 200 m/min, 0.15 mm/rot, 2.0 mm depth
41.2 min.; 44.4 min
43.8 min* 45.1 min*|

>Cutting CK45 steel (DIN 1.1191) at 260 m/min, 0.15 mm/rot, 2.0 mm depth
44.3 min.i 44.1 min
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Table 3
Parameters & Results: AI2O3-WC-Co TCHP (AI2O3:WC wt% ratio -28:72)

Test Number
Cobalt Content
Hot Pressed, at
30Mpa, 1350°C
Density, g/cm3

Balance Blending
with W, wt%

HP446
1.4wt%

60 min

8.00

HP446
2.6wt%

60 min

7.98

+28.5% | +28.5%

Hardness, HV30
Bending strength
MPa

525 628

HP446
3.8wt%

60 min

7.97

+28.5%

1463

694

HP446
5.0wt%

60 min

7.94

+28.5%

HP424
10wt%

60 min

7.22

HP424
14wt%

30 min

7.17

HP424
18wt%

30 min

7.03

571 441 399 349

>Cutting CK45 steel (DIN 1.1191) at 200 m/min, 0.15 mm/rot, 2.0 mm depth
22.5 min
23.5 min*

24 min* -35 min 34 min*

>Cutting CK45 steel (DIN 1.1191) at 260 m/min, 0.15 mm/rot, 2.0 mm depth
22.0 min

Insert reference WC-Co insert (Bohlerit TNMM P35):
42.2 min @ 260 m/min, 0.15 mm/rot, 2.0 mm

* best values; ** at 50 mbar overpressure N2; *** @ 50 mbar overpressure Ar

G. CONCLUSIONS. REMAINING CHALLENGES, and PLANS

The main technical challenges we are focusing on are fine-tuning the carbon
levels in the WC coating to obtain the desired coating stoichiometry, reducing
or eliminating trace elements like oxygen and iron, zeroing-in on the optimal
cobalt-to-WC levels, finding the core particle types to meet specific tool envi-
ronments, reduction of particle effects such as particle size, size distributions,
core particle shapes, core particle quality and composition (i.e., oxygen con-
tent, purity, porosity, agglomeration, etc.), more consistent production of
tungsten hexacarbonyl WC coating precursor material, consistent attainment
of full sintered density while retaining the tough WC-Co ligament structure
around the hard core particles, and continuous cost reduction for TCHPs.
Consolidation methods (sinter-HIP, PIM, ...) temperatures, pressures, atmos-
pheres, and times must also be further refined in both solid state and liquid
phase sintering regimes to enhance performance properties. For a full
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evaluation of newly developed TCHPs, a designed experimental matrix will
be defined, employing variations of the (1) composition, (2) particle
size/distribution, (3) consolidation method, (4) cutting parameters, and (5)
machined material. In addition, extensive wire drawing field tests are planned
to qualify TCHPs for commercialization.

Because the above challenges are of the kind that will be resolved through
reasonable scientific discovery procedures, significant performance im-
provements are expected during the coming months and years.
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