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Summary:

Recently, significant developments and advances have taken place in the
field of microwave processing of ceramics, composites and metals.
Microwave sintering technology of WC/Co based hard metal parts has been
now developed for commercial products. Microwave processed WC/Co parts
reportedly have exhibited superior performance over standard parts.
Additionally, the microwave process requires only one tenth of the total cycle
time employed in a conventional process. Laboratory corrosion and impact
resistance tests have proved that microwave processed WC/Co parts are
several times more resistant than the conventional parts of the same
composition. The Scanning Transmission Electron Microscopic (STEM)
examination conducted on conventionally and microwave sintered WC/Co
samples exhibited remarkable difference in the chemistry of cobalt binder
phase. It is understood that the superior mechanical properties of microwave
sintered part are due to the pure cobalt phase present at the grain boundary
of WC grains, while the conventionally sintered part showed there was
substantial interalloying of Co with tungsten.
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1. Introduction

Tungsten Carbide - Cobalt (WC/Co) based hard metal composites or
cemented carbides due to their unique combination of hardness, toughness
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and strength, are universally used as cutting and polishing tools, and in
drilling operations underground. The production of WC/Co components
involves the mixing of WC powders with cobalt binder, and then compacting
the mass into a pre-sintered green body followed by the sintering.
Conventional methods for sintering of WC/Co green bodies involve high
temperature and lengthy sintering cycles, consequently undesirable grain
growth occurs in the presence of liquid Co phase. This has adverse effect on
the mechanical properties of the tool. Microwave sintering process offers an
alternative method of sintering and providing finer microstructures with out
using grain growth inhibitors. The technology has now been developed for
cemented carbides with remarkably superior properties and overall improved
performance.

Abrasion resistance, hardness, and toughness are essential material
properties for cutting tools, machining metals, tools for mining of minerals;
drills for oil, gas and geothermal energy; and in countless other mechanical
applications such as bearings and seals. Additionally, high corrosion and
erosion resistances are important in many applications. Tradeoffs in
properties such as fracture toughness and abrasion or erosion resistance can
be designed into the parts by varying component materials such as cobalt
content or carbide grain size. In many applications, an improvement in more
than one property simultaneously is required for better performance.

Microwave heating is fundamentally different from conventional heating which
involves radiant/resistance heating followed by transfer of thermal energy via
conduction to the inside of the body under process. In case of microwave
process it is the absorption of the microwave energy followed by volumetric
heating involving a conversion of electromagnetic energy into thermal energy,
which makes it instantaneous and a rapid process. Microwave absorption and
heating is a function of material properties. The degree of microwave
absorption and consequently heating changes dramatically with the rise in
temperature. There are major potential and real advantages using microwave
energy for material processing over conventional heating. Some of these
advantages include: time and energy saving, very rapid heating rates
(>400°C/min), considerably reduced processing time and temperature, fine
microstructures and hence improved mechanical properties, better product
performance, and selective heating.
Conventional methods for sintering WC with Co as a binder phase involve
high temperature (up to 1500°C) and lengthy sintering cycles (up to 20 hours)
in order to achieve a high degree of sintering [1]. Such conditions
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unfortunately favor undesirable WC grain growth in the presence of Co liquid
phase. Consequently, the mechanical strength and hardness of the tools are
diminished. It is generally recognized that finer microstructures provide
superior mechanical properties and longer life of the product. Often, additives
such as titanium carbide (TiC), vanadium carbide (VC) and tantalum carbide
(TaC) are used to prevent grain growth of WC grains. Unfortunately, besides
adding to the material cost, such additives adversely affect the mechanical
properties of the product as well. Since microwave heating requires very little
time to obtain full densification, the abnormal grain growth and cobalt 'laking'
are avoided. In 1991, J. P. Cheng in a Ph.D. thesis [2] first showed that
WC/Co composites could be sintered in a microwave field. Gerdes and
Wiliert-Porada [3,4] also reported the microwave sintering of WC objects with
improved mechanical properties. In another independent work [5], Cheng et
al. using a newly designed microwave apparatus were able to fully sinter WC
commercial green bodies containing 12% and 6% Co. They observed that
microwave processed WC/Co bodies exhibited better mechanical properties
than the conventional parts, finer and more uniform microstructure, and
nearly full density without using any pressure or adding any grain-growth
inhibitors when sintered at 1250°-1320°C for only 10-30 minutes [6,7,8].

The mechanism of microwave and material interaction is not very well
understood. How does microwave heating improve the mechanical properties
of cemented carbide part, has not been explained yet? In this study, a
comparative investigation of microwave and conventionally sintered WC/Co
samples has been undertaken. Erosion, corrosion and abrasion resistance
tests on both types of samples were conducted. A detailed TEM examination
has been carried out toidentify the differences between the microstructures of
the conventional and microwave sintered samples.

2. Experimental

Commercial parts of WC/Co (6 to 25 wt % Co, Dennis Tool Co. Houston,
Texas, USA) parts of various sizes (0.5 to 3 inch) and shapes were sintered
in a microwave system operated at 2.45 GHz, 6 kW, and under ambient
pressure conditions, and hydrogen atmosphere. The sintering conditions
varied depending upon the amount of cobalt in the part. Typical sintering
temperatures were in the range of 1350 - 1425°C and sintering time varied
from 5 to 20 minutes at temperature. The total cycle time was around 1.5
hours including dewaxing.
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The erosion resistance test was performed using dry blasting medium of
aluminum oxide powder. Two samples of each type were tested. The
abrasion resistance test was performed using SiC dry grinding wheel. Volume
of wheel removed was compared to the volume of carbide removed in each
case. The corrosion resistance test was performed by the submersion of the
carbide samples in15% HNO3 solution for 48 hours and determining the
weight change after the test.

Specimens for TEM study were made by manual polishing of both the
microwave and conventionally sintered WC/Co composites from 3 mm discs
to ~ 40 jim. The discs were then ion-beam thinned at an angle of 4°, using a
Gatan precision ion polishing system. The microstructural and microchemical
analyses were carried out using a VG HB603 FEGSTEM with a probe size of
1.4 nm (FWTM) and a beam current of 0.5 nA. The STEM uses a windowless
Si(Li) EDS X-ray detector with a large detector solid angle of 0.3 sr. X-ray
acquisition was carried out on an Oxford (Link) exl system, where elemental
windows of 7 channels wide were defined over the Ka lines of C, O, Ti, Fe, Co
and the Ma line of W (the W La overlaps with Si). Two normalizing
backgrounds were defined from 3.3 - 3.8 keV and 12.0 -14.0 keV
respectively. X-ray maps had an acquisition time of 100 ms/pixel with a
128x128 pixels resolution. Digital line-scans were 64 nm in length with a total
of 64 spectra/scan. Each spectrum in the line scan had an acquisition time of
4 s, and was normalized with respect to the background to remove the effects
of thickness. Each spectrum in the line-scan had an acquisition time of 4
seconds, and was normalized with respect to the background to remove the
effects of thickness. Fully quantified line-scans were obtained by taking
twenty spectra, each equally spaced apart in a line crossing the PAGB. The
peak intensities were then deconvoluted from each other by the simplex
routine in the DTSA program. The elemental compositions were then
determined using the Cliff Lorimer equation and calculated k factors.

3. Results and Discussion

The microstructural examination of microwave sintered WC/Co samples, in
general, exhibited smaller average grain size than the conventionally sintered
sample. A typical microstructure of two kinds of sintered samples is illustrated
in Figure 1.
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(a) (b)
Figure 1. Microstructure of the WC/Co samples sintered in (a) microwave
and (b) conventional furnaces. Note the fine grain structure, overall
uniformity, and cobalt distribution in the microwave sample and the average
large grain size and cobalt rich areas in the conventional sample.

Microwave sintered parts have shown significant property improvements
without varying the component materials, and without the addition of grain
growth inhibitors which result into lower mechanical properties. Because of
this, tungsten carbide part produced by microwave sintering process exhibits
an unprecedented improvement in abrasion resistance, erosion resistance,
and corrosion resistance without any noticeable loss in hardness or fracture
toughness.

The erosion test showed an improvement in erosion properties by 22% over
the conventional part. This opens potential applications such as improved
nozzle materials. The improved erosion resistance is also a desirable
property in a PDC substrate material, along with improved impact strength
and stress management.

The abrasion test results indicated that microwave processed sample had
about 15-30 % less weight loss as compared to sinter-HIP samples.

In acid submersion tests for the determination of corrosion resistance it was
found that the average change in mass of the conventionally sintered parts
was 19%, while the microwave sintered parts showed an average mass
change of only 1 percent, nearly a 20 times improvement. This is believed
due to the fine microstructure and uniform cobalt distribution in microwave
samples, that limits sites for the acid attack.

In the STEM two images can be collected at the same time. These are the
ADF (Annular Dark Field) and BF (Bright Field) images. The BF is sensitive to
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mass thickness and contrast whereas the ADF image is sensitive to crystal
structure and atomic number. The ADF image is very good in examining the
composite structures at low magnification, and at higher magnifications the
BF image is best in showing the fine details of the sample. In this study we
have collected both images and studied WC/Co samples in quite detail to find
out the differences in their respective microstructures.

A general analysis of WC/Co samples showed that Co phase is apparent as
an interface between WC grains in two types of samples. Though, it is more
uniformly distributed in microwave sintered samples. Co phase acts as a
glue/binder between the WC grains. The digital line scan shows that the Co
grain boundary thickness varies from 1 to 5 nm. A line-scan through a Co/WC
interface of a conventionally sintered sample shows that the Co is alloyed
with W. The X-ray spectra count of conventional sample has been plotted in
Figure 2a showing that about 20% W had interalloyed with Co. The same
information is more clearly seen in the line scan of WC-Co-WC structure in
Figure 2b. On the other hand, a line-scan through a Co/WC interface in a
microwave sintered sample indicates a pure Co phase with no alloying of W.
This is illustrated in Figure 3, and Figure 4 a and b.
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Figure 2. X-ray profile of a line scan of a conventionally sintered sample of
WC/Co, showing about 20% W alloying with Co: (a) through Co/WC interface,
and (b) through WC-C-WC structure.
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Figure 3. X-ray map of a WCA/VC interface of a microwave sintered samples,
showing the uniform and phase pure coating of Co along the interface.
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Figure 4. X-ray profile of a line scan of a microwave sintered sample of
WC/Co, showing no alloying of W with Co: (a) through Co/WC interface,
and (b) through WC-C-WC structure.

From this study, it can be concluded that the microwave sintered cemented
carbide consists of pure Co phase at the WC grain boundaries, and
conventionally sintered material has intermingling of Co and W. This also
explains the earlier results of corrosion test which proved that Co was 3-4
times more strongly bonded with WC grains.
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4. Summary

Microwave sintering can process WC/Co composites at relatively lower
temperatures and for much shorter cycle times than normally required, and
produces much better mechanically performed product. The TEM
investigation of the two types of samples showed that microwave samples
consists of pure Co phase uniformly distributed at the grain boundaries unlike
in case of conventional sample. Because of pure Co phase and its uniform
distribution throughout the WC matrix the mechanical properties of the
product were found to be much higher than the conventional product.
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