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Nanosized WC-Co holds

promise for the future

Reducing the grain size of cemented tungsten
carbide to the nanoscale improves hardness
and toughness compared with standard WC-Co
materials. In the concluding part of their two
part review, Zhengui Yao, Jacob J. Stiglich
and T.S. Sudarshan of Materials Modification
Inc in Fairfax, Virginia, USA, examine the lat-
est synthesis methods for nanosized WC-Co
composites, as well as their consolidation
and potential applications.

cemented carbides is by crushing,

grinding, blending and consolidation of
the constituent powders. Taking this
approach, the microstructural scale can be no
smaller than the size of the milled powders,
typically 1-10 pm in diameter. With great
effort, the microstructural scale can be
reduced to about 0.5 um in premium WC-Co
grades. This reduction in the particle size
gives property improvements, such as
increased hardness, toughness and abrasion
resistance. Table 1 shows a comparison of
properties of representative WC-Co composi-
tions with different grain sizes in the micron
rangel. The improvement in abrasion resis-
tance with finer grain composites is particu-
larly marked.

Meeting the challenge of obtaining
improved properties by still further reduction
in grain size requires new approaches. There
is worldwide interest in nanograined WC-
Co materials, and many efforts have been
made to synthesize nanograined WC-Co
composites®”

The traditional method of making WC-Co

Researchers at Rutgers University and
Nanodyne have been developing new capabil-
ities for the chemical processing of nanostruc-
tured WC-Co, starting from water-soluble
precursor compounds®2®,  The Spray
Conversion Process consists of three sequen-
tial steps:

+ preparation and mixing of aqueous solu-
tions of the precursor compounds to fix the
composition of the starting solution;

+ spray drying of the starting solution to
form a chemically homogeneous precursor
powder;

* thermochemical conversion of the precur-
sor powder to the desired nanostructured
end-product powder.

The original labscale process at Rutgers

University made use of a single chemical pre-

cursor compound, Co(en),WO, (where en = eth-

ylene diamine), which after thermalchemical
conversion gave WC-23wt% Co. In order to
extend the range of compositions available to
those of commercial interest (3-30 wt% Co),
homogeneous precursor powders were made by

rapid spray drying of aqueous solutions of W

and Co salts. In spray drying, the solvent phase

is rapidly evaporated in a hot gas stream, which

results in rapid precipitation of the solute mix-

ture. At sufficiently high rates of precipitation,

phase separation can be avoided. Tests on spray
drying of Co(en), WO -H,WO, solutions showed
that amorphous or microcrystalline precursor
powders could be made without phase separa-
tion. Homogeneous precursor powders can be
made from ammonium metatungstate

(AMT; (NH)(H,W,,0,)+4H,0) and CoCl,,
Co(NO,), or Co(CH,COQ),, which are readily
available commercially., By spray drying solu-
tion mixtures of AMT and cobalt salts, the Co/W
ratio can be adjusted.
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Thermochemical conversion of the precur
sor powder in a fluid bed reactor is also an
important step in the integrated process. This
is because the local environment with respect
to temperature and gas concentration in the
fluid bed reactor is the same for all parts of
the bed, which ensures uniform conversion of
the precursor powder to the end-product pow-
der. Carburization treatments of the reduced
powders were conducted in CO/CO, gas mix-
tures with controlled carbon activity.
Carbothermal reaction processing can also be
carried out in CO/Ar and CO/H,, gas mixtures.
An advantage of the CO/H, mixture is that it
permits better control of the formation of
uncombined, or free, carbon while maintain-
ing a high carburization rate.

Nanodyne is the manufacturer of NANO-
CARB™ composite powders whose WC grain
sizes are 20 to 40 nm, 10 to 20 times smaller
than those available in the finest conventional
micrograin powders. A typical NANOCARB™
powder particle consists of a hollow, porous 75
um sphere (typical range is 20 to 100 pm), con-
taining hundreds of millions of WC grains in a
cobalt matrix. Figure 1 shows the arrange-
ment of WC grains within the NANOCARB™
powder particle3?, Because the process begins
with a solution, the constituents of
NANOCARB™ powder are mixed on the mole-
cular level. There is no milling involved and
the process is sealed to the environment from
the start.

Dow Chemical Company is producing sub-
micron tungsten carbide powders on a com-
mercial scale with three grades, super ultra-
fine (0.2 pm), ultrafine (0.4 um) and fine
(0.8 pm)®l. Through carbothermal chemistry
and proprietary reactor design, the Dow
process is designed to produce inherently fine
carbide powders without milling or classifica-
tion. The impurities of the powders (carbon,
oxygen) are comparable to those of powders
larger than 1 pm. The oxygen content remains
in an acceptable range (<0.20%).

An alternative approach to gas-phase car-
burization has also been developed, in which a
polymer precursor such as polyacrylonitrile is
used as an in situ carbon source’233, This
approach can reduce the diffusion length,
which makes it very attractive for large-scale
production. The availability of a uniform distri-
bution of carbon through the polymer precur-
sor can potentially give better homogeneity in
the final product.

The influences of processing parameters on
the formation of WC-Co nanocomposite powder
employing polyacrylonitrile as a carbon source
have been investigated systematically®®, The
processing parameters investigated include fir-
ing time and temperature, addition of a small
quantity of cobalt acetate initially as a cata-
lyst, and the sample quantity for a given firing
scheme. The investigation provides basic infor-
mation for optimizing processing parameters
to obtain finer WC-Co nanocomposite powders
with less impurity phase contamination.

Pure WC-Co could be obtained with a WC
particle size of 50-80 nm in lab-scale experi-
ments using polyacrylonitrile as the carbon

One 75 micron Composite
WC-Co Powder Particle

Particle Fragments
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=~ One 30 nm WC Grain

FIGURE 1: Hierarchical arrangement of nano WC grains within a large

particle®.

source. However, a small amount of undecom-
posed polymer or free carbon was also
observed in the final product. The phase puri-
ty of the products is strongly influenced by the
synthesis and processing conditions such as
firing temperature, time and atmosphere.
Coprecipitation of tungsten and cobalt
salts in the liquid phase, followed by carbur-
ization, has also been used to produce nano
WC-Co particles. Novel precipitating agents,
such as guanidine salts, can be used, which

offer the advantages of complete pyrolysis of

residues at low temperature, lower cost and
lower molecular weight than other organic
amines. A coprecipitate of (W, Co) compound
is formed in the presence of ammonium
metatungstate, guanidine carbonate and
cobalt nitrate. A 20% methane and 80% hydro-
gen mixture was used to transform the (W, Co)
coprecipitate into WC-Co with average parti-
cle size of 56 nm™,

Tungsten has a very rich solution chem-

istry and can form both stable and, because of

slow kinetics, also metastable species.
Ammonium salts of the [H,Co,W, 0"
dicobalt anion have been used as pre-
cursors for nanosize WC-Co materials3®,
The structural analysis of the salt,
(NH4)&8C0()YGIH2C02W] 1040 *17H,0, showed
that cobalt 10ns were distributed among three
different positions: one at the centre of the
Keggin ion ([H,Co,W,,0,,1*); a second in one
of the octahedral sites of the anion; and a
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FIGURE 2: Cobalt dot map of nanograined WC-Co sample from Materials
Modification Inc (x2000).

third as a counterion outside the Keggin
anion. The amount of "external’ cobalt can be
varied by altering the synthesis conditions,
thus it is possible to vary the W(C-Co ratio
within a desired range.

Tungsten carbide particles can be coated
with cobalt by sol-gel or other chemical
processes, and this has been regarded as one
of the future WC technologies®. This
approach eliminates the need for a wax or
other lubricant to enhance pressability and
green strength. It also eliminates the need for
dewaxing before sintering, which shortens
the manufacturing cycle. Individually coated
particles also allow solid-state sintering,
reduce matrix segregation, and prevent exces-
sive carbide matrix reaction.

Plasma spray consolidation

Consolidation is a significant and challenging
requirement for the engineering application of
nanomaterials. The consolidation methods
must preserve the nanometre grain sizes of the
starting materials in order to retain their
expected advantages in physical properties
through scale-up to engineering applications.
Efforts to consolidate nancoparticles to speci-
men volumes useful for physical property mea-
surements have been limited?’, but several
technigues have been used during research on
the consolidation of nano W(C-Co composites.
Using thermal spray processing to deposit
a coating of nano powders offers a high rate
deposition method that can provide the effec-
tive pressure and temperature required
to sinter high-density nanostructured materi-
als®. However, most ‘as is' nanoscale powders
cannot be deposited. as they will closely follow
the stream lines of the carrier gas. Thus,
when the thermal spray gas jet is impinging
on a substrate surface, very small particles
will be slowed down and diverted by the flow
in the stagnation region. Another practical

difficulty is feeding the small particles into
the gas stream. Particles smaller than 10 pm
are extremely difficult to feed into the gas
flow and can result in plugged particle feed
lines because of particle agglomeration?®,

However, nano WC-Co particles can be
processed to form controlled size agglomer-
ates by spray drying of nano WC-Co powder
and a binder suspension. The nano WC-Co
particles in the agglomerates are retained by
the van der Waals force as well as by the
binder. During the coating process in the
high-temperature jet, the binder evaporates
and agglomerated WC-Co particles can be
deposited?®.

An oxidative decomposition, which involves
decarburization of the WC phase to form W,
occurs in thermal spraying of conventional
WC-Co powders, and is exacerbated by the
high surface area of the as-synthesized nano
WC-Co powders. The severity of this problem
can be diminished to some degree by densifica-
tion of the powder particles before thermal
spraying. A practical solution to this generic
problem has been to conduct the thermal
spraying operation in vacuum, as in vacuum
plasma spraying (VPS) or low-pressure plasma
spraying (LPPS). This technique has been used
successfully for depositing WC-Co coatings on
various substrates, using both conventional
and nanostructured powders as feedstock??.

An important distinction between thermal
sprayed conventional and nanostructured
powders is the different melting and solidifi-
cation characteristics of nanoparticles.
Conventional powder particles experience
surface melting only, accomplished by slow
and limited dissolution of the WC particles in
the liquid Co, as the temperature is increased
above the pseudo-binary eutectic (1350°C).
The resulting spray-deposited coating layer.
therefore, tends to be somewhat porous.
because the presence of the relatively large
WC grains in the partially melted particles
impedes fluid flow on the substrate surface.
Nanostructured powder particles, as a result
of the high surface area of contact between
the Co and WC phases, undergo homogeneous
or ‘bulk’ melting, accompanied by rapid and
extensive dissolution of the WC nanograins
with superheat above the eutectic. In this
case, the resulting coating is much denser,
owing to the facility with which the nanodis-
persed semisolid or ‘mushy’ particles can
spread out over the substrate surface™.

Sintering methods

Liquid phase sintering is widely used for con-
solidation of conventional WC-Co powder.
After cold compaction of WC-Co containing a
lubricant-binder such as paraffin in a high-
pressure hydraulic press, the powder compact
is heated in vacuum or hydrogen to a temper-
ature ahove the pseudo-binary WC-Co eutec-
tic where liquid phase sintering occurs.
Theoretically dense structures are routinely
produced by this method. However, sintering
usually causes grain size to increase. One of
the challenges in the quest for nanostruc-



tured materials, including WC-Co, has hec
controlling the grain growth during sintering.

Dilatometry has been used to studyv the
sintering behaviour of nanograin WC-Co as
well as larger WC-Co powders?®’. The results
of the dilatometric experiments indicate that
the shrinkage characteristics of the nanopar-
ticle sized powder are different from those of
the regular, micron-particle sized powder.
Sintering of nanoparticle sized WC is usually
attempted in the solid state, while most den-
sification of micron particle sized WC parti-
cles is done by liquid phase sintering. The
smaller the particle size the lower the temper-
ature at which full density is attained in both
liquid phase and solid-state sintering.

High-resolution analytical electron micro-
scopy has been used to analyse morphological
features in consolidated specimens of nano-
structured WC-Co powder?!. Electron micro-
scope examination reveals a dispersion of
nanoprecipitates within the WC nanograins
of the WC-Co cermet. Microdiffraction and
analytical studies show that these nanopre-
cipitates are face-centred-cubic Co. This is
consistent with the concept that the nanopre-
cipitates nucleate from Co retained within the
WC nanograins, which is a consequence of the
intimate intermixing of W and Co in the orig-
inal chemical synthesis process.

A highly surface-sensitive technique,
X-ray photoelectron spectroscopy (XPS), has
also been used to study the sintering process
of nano WC-Co composites??, The XPS studies
in ultrahigh vacuum provide an atomic view
of the sintering process. The data are consis-
tent with a model in which WC and Co
nanoparticles are distributed randomly in the
as-prepared sample. Upon annealing at
1250°C, a fraction of the Co spreads to form a
thin, uniform layer of Co with about one
monatomic thickness on the WC particles, via
surface diffusion and/or vapour transport of
Co. Formation of this Co film is proposed to be
an initial step in the sintering process.

The challenge in sintering nanostructured
WC-Co materials is to retain the ultrafine
structure. Nanostructured WC-Co composites
are extraordinarily susceptible to WC particle
coarsening during liquid phase sintering, due
to the high interface area between the WC
particles and the liquid cobalt phase. The
high interface area in these materials also
promotes rapid liquid phase sintering.
Densification of nanostructured WC-Co pow-
der could be completed in 5-15 minutes if
grain growth inhibitors are added***%, Grains
grow extremely rapidly, very likely via coales-
cence, during the first few minutes at the sin-
tering temperature. After the initial rapid
stage, grain growth follows the linear rela-
tionship of coarsening.

During liquid phase sintering, grains grow
by coalescence or coarsening (solution-repre-
cipitation)*3. Coalescence usually occurs in
the very early stages of sintering (within 10
min). The most striking result is that, at the
first data point (t = 5 min), the grain sizes of
the samples were already dramatically
increased from their nominal initial sizes. It

« believed thai the mechanism responsible
or this ‘explosive fashion of grain growth is
jeainly coalescence. Coalescence occurs before
and after partial liquid formation when heat-
g to the sintering temperature. During coa-
lescence, grains adjust relative orientations
by rotating or shifting. Two or more grains
become one when their orientations match
and the grain boundary migrates through one
of the coalescing grains. This process is
favoured by finer initial grain size.

Grains grow by coarsening after coales-
cence, although these mechanisms overlap to
a certain extent. During coarsening, grain
growth can be described by the well-known
linear relationship:

L' - L, = Kt

“0

where L 1s the mean size at time t, L is the
initial mean size, K is a rate constant, n = 3
for diffusion-controlled coarsening and n = 2
for interface-controlled coarsening?®.

The addition of VC drastically reduces the
coarsening rate. For example, at 1670 K, the
rate constant K of nano-VC-containing sam-
ples is only 1.7% of the value for the same
material without VC. The presence of VC
affects grain growth throughout the sintering
process. It has been reported that coarsening
during liquid phase sintering is influenced by
particle size distribution. The wider the parti-
cle size distribution, the faster the coarsen-
ing. The particle size distribution also
appears to affect the toughness. Using
Palmquist crack resistance as a toughness
parameter, superior crack resistance has
been determined for NANOCARB™ . This
may be attributed to the very uniform
microstructure - no abnormally large grains
were observed in the microstructure of nano
or nano-VC samples as was the case with
standard submicron products — and the homo-
geneous distribution of the cobalt phase
among the carbide grains.

[t 1s clearly essential to minimize the time
spent at the sintering temperature in order to
minimize particle coarsening, which can be
guite rapid in the presence of liquid Co. Tests
have shown that dense structures in W(C-10
wt’s Co can be achieved in 30 seconds at
1400°C, which results in WC grain size of 200
nm. An additional 30 seconds sintering time
increases the WC grain size to 2.0 um. Such
rapid grain growth is characteristic of ultra-
pure WC-Co. A small amount of uncombined
C, or an addition of Cr,C,, markedly inhibits
grain growth during liquid phase sintering.
On the other hand, ultrapure WC-Co powders
can be consolidated by solid-state sintering,
where grain growth is much slower.

New consolidation techniques suitable for
nanomaterials have also been used to consoli-
date nano WC-Co, including plasma activated
sintering (PAS) and quick HIP™. PAS
achieved densification by a combination of
resistance heating with pressure application
and plasma generation among the powder
particles*. The loose powders are loaded in a
graphite mould and die unit followed by appli-

MPR March 1998 29






