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ABSTRACT 

The microwave processing of materials is a new emerging  technology with many 

attractive advantages over the conventional methods. The advantages of microwave technology 

for various ceramic systems has already been demonstrated and proven. The recent 

developments at Penn State have succeeded in applying the microwave technology for the 

commercialization of WC/Co and diamond based cutting and drilling tools, effectively sintering 

of metallic materials, and fabrication of transparent ceramics for advanced applications. In recent 

years, the Microwave Processing and Engineering Center at Penn State University in 

collaboration with our industrial partner, Dennis Tool Co. has succeeded in commercializing the 

developed microwave technology partially funded by DOE for WC/Co and diamond based 

cutting and drilling tools for gas and oil exploration operations.  

In this program we have further developed this technology to make diamond-carbide 

composites and metal-carbide-diamond functionally graded materials. Several actual product of 

diamond-carbide composites have been processed in microwave with better performance than 

the conventional product. The functionally graded composites with diamond as one of the 

components has been for the first time successfully developed. These are the highlights of the 

project.  
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Development of Advanced Drill Components for BHA Using Microwave 
Technology Incorporating Carbide, Diamond Composites and 

Functionally Graded Materials 
 

 

Introduction: 

The microwave processing of materials is a new emerging technology with many 

attractive advantages over the conventional methods. The advantages of microwave 

technology for various ceramic systems has already been demonstrated and proven. The 

recent developments at Penn State have succeeded in applying the microwave technology 

for the commercialization of WC/Co and diamond based cutting and drilling tools, 

effectively sintering of metallic materials, and fabrication of transparent ceramics for 

advanced applications. In recent years, the Microwave Processing and Engineering 

Center at Penn State University in collaboration with our industrial partner, Dennis Tool 

Co. has succeeded in commercializing the developed microwave technology partially 

funded by DOE for WC/Co and diamond based cutting and drilling tools for gas and oil 

exploration operations.  

The main objectives of this program have been to develop: i) an efficient and 

economically viable microwave processing technique to process composites of cobalt 

cemented tungsten carbide and diamond, ii) develop compositionally gradient system 

with steel and WC/Co as two end phases, and iii) develop hard metal (WC/Co), diamond 

and steel composites and encapsulated system without brazing – a complete tool using 

microwave technology.  

This final report on the program provides a summary of the achievements made 

during the past two years of the program. The attachments of couple of published papers 

provide details of the results. Also hereunder are summarized the success made in 

commercializing the developed microwave technology for the fabrication of various 

products used for oil and geothermal drilling industry. 

Executive Summary 

Hard metal cemented tungsten carbide (WC) based composites due to their unique 

combination of hardness, toughness and strength, are universally used in cutting tools and 
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drills, machining of wear resistant metals, mining, and geothermal drilling operations. 

Conventional methods for sintering WC with Co as binder involve high temperature and 

lengthy processing cycle (about 24 hours), and make the production cost quite high. 

Furthermore, such conventional conditions favor the WC grain growth. Consequently, the 

mechanical strength and hardness of the tool is diminished. However, microwave process 

does not require long processing cycle times and produces better performed product. This 

has been amply demonstrated on many products tested by our Industrial partner. 

In the following sections, we provide summarized version of the main accomplishments 

under the program and the details of the same have been provided in the two published 

papers (Appendix). 

Test Results and Tool Performance: 

The microwave processed tools are not only cost effective but also have exhibited 

much better performance. Under the current DOE/FETC funded project, the results of the 

field tests performed on the commercial parts of WC/Co with/without diamond by Dennis 

Tool Co. showed remarkable advantage and improvement in the overall performance of 

microwave processed WC/Co products over the standard products. Some of the 

highlights of these tests are as the following: 

•  Wear test of microwave parts shows 20-30% increase in the performance over 
conventional part.  

•  Corrosion test by acid treatment shows that microwave processed part was 9-10 
times more resistant than the conventional counterpart. Corrosion test performed 
on WC/13%Co substrates using nitric acid clearly showed superior resistance to 
the attack of the acid on the microwave sintered samples to conventional sinter-
HIP sample. The conventional sinter-HIP sample was extensively damaged after 
two days including chipping off the material, while microwave material remained 
intact and hardly any damage was observed. The weight loss of the microwave 
sintered parts was more than 7 times less than the sinter-HIP parts even including 
the chips that fell off the parts. The weight loss was over 19 times less when 
weighing only the main piece without the chips.  

•  Erosion test performed using dry blasting as the erosive medium and a blast spray 
gun with air pressure of 100 psi, showed that the microwave sintered part had 
about 25% better erosion resistance than the corresponding sinter-HIP parts. 

•  Abrasion test results also showed that microwave part was 30% better than the 
sinter-HIP parts.  

•  Hardness test results show that microwave parts are at least 10 % harder than the 
conventional parts. 
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•  Microstructures of microwave sintered sample is much finer in grain size 
compared to the Sinter-HIP samples.  

•  Over all performance of microwave processed drilling inserts and roof bolt bits 
was much superior to the standard inserts. 

•  Field tests performed using microwave processed parts (including TSD 
composites) showed much longer life duration than the corresponding 
conventional parts. 
 

In a detailed TEM investigation of microwave and conventionally sintered 

WC/Co samples revealed some unique and important difference in the grain boundary 

cementing Co phase. In the microwave sample the Co phase was found to be pure Co, 

and the conventional sample had about 20% W intermixed with it. This is a clear 

evidence of microwave effect during sintering. And also explains why microwave 

processed parts are superior over conventional parts in their performance and duarability. 

The details of this work are presented in the attached publication (Appendix I). 

 
Prototypes and Commercial Systems: 

In order to successfully commercialize the technology and conduct technology-

transfer program to the interested industries, we have designed and built prototype 

microwave systems in the laboratory and tested their capability to produce parts with 

reproducible and consistent properties. Both 2.45 GHz and 915 MHz systems have been 

built. These systems were also tested for processing commercial samples of various 

shapes and sizes. Based on this data and design, the technology was transferred to our 

industrial partner (Dennis Tool Co.) for making commercial systems. They have 

succeeded in making several commercial units for in-house operation for manufacturing 

WC/Co and WC/Co/diamond based parts for varied applications in oil and gas industry.  

Process and product development was the focus at DTC during the year for the 

first commercial systems in the USA. The large (3" crucible) system was supplemented 

with a 1.25" crucible system to facilitate faster product development. This system can 

optimize and qualify product faster with more reliability. The prototypes have been 

accepted in the laboratory and are in the field for testing to define the product properties, 

costs and prices. The process conditions have been defined for the best product 

properties. The thermal shock resistance of the crucible components is still a problem that 
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is delaying the acceptance of the large system. The materials are being upgraded and the 

crucible flow through the applicator has been modified to reduce thermal shock. The 

modifications will be qualified during the first quarter of 2003. 

DTC have made three units for leading WC producers in the United States and 

Europe. At present Valenite and Plansee are using these systems for processing  cutting 

and drilling tools and wear parts. At present Dennis Tool has built three systems with 

varying capacity and throughputs: V1.5, V3.0 and V14.2. The largest systems, V14.2 has 

3.0 internal diameter of the processing tube, and capable of producing 30,000 cutting tool 

inserts in 24 hrs or about 12,000 rolling cone drill bit inserts. So now the newly 

developed microwave technology for drilling parts is well on its way into the 

marketplace.  

 

Carbide-Diamond Composites: 

As proposed in the original proposal, most of the tasks have been successfully 

accomplished in this area. The research and development of diamond composite area has 

progressed quite satisfactorily. Significant success in the development of laboratory type 

diamond composites has already been achieved. The process techniques for the thermally 

stable polycrystalline diamond and carbide composites have been developed, and the 

standard and/or custom parts are regularly manufactured at Dennis Tool Company. The 

initial results of the performance field tests of these parts are highly encouraging. A 

number of other product types such as nozzles and dies are in the prototype stages.  

 

Compositionally Gradient Composite: 

We conducted a systematic investigation of developing microwave process for 

making compositionally gradient composites. We succeeded to produce compositionally 

graded systems consisting of steel, tungsten carbide/cobalt composite, and diamond using 

microwave heating. We have tried various standard steel compositions with WC/Co. 

Only coated diamond crystals worked in our study as it is well known that uncoated 

diamond does not form chemical bonds in the matrix. The best sintering of the steel is 

obtained when using FC0208 grade steel powders. Hot pressing during microwave 

sintering leads to a uniform shrinkage of steel and WC/Co even with diamonds in the 
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WC/Co. Cr coating covers the diamonds well, whereas Ni coating diffuses into the Co 

phase in the WC/Co. Large (~350 µm) Cr coated diamonds, and heating at 1350 °C in the 

microwave causes cracks in the WC/Co, whereas a temperature of 1250 °C causes no 

cracks. Using smaller (~55 µm) Ni coated diamonds results in no cracks even when 

sintered at 1350 °C. The technical and experimental details of this work are provided in 

the attached publication (Appendix 2). 

 
 
WC/Co Products, and Prototypes:   

A summary of the products and prototype made of WC/Co and diamond at DTC, and 

their test results, is provided below:  

 
1) Roof bolt bits – The first test has shown a 25-30% increase in bit life with 

microwave sintered carbide inserts. Seven of the ten microwave parts completed the 
hole while the other 3 had premature body failure. The standard bits typically do not 
complete even a single hole.  

 
2) Cemented carbide inserts for roller cone bits – Another test of microwave sintered 

inserts verses conventionally sintered inserts has shown a noticeable increase in 
performance of the microwave sintered parts. Microwave and conventionally sinter 
HIP were alternately placed on each row of the three cones of a bit and then run. The 
positive result is based on a visual comparison of the parts in a one to one comparison 
on the same bit.  

  
3) MW substrates for HPHT polycrystalline diamond compacts (PDC) – The PDC’s 

are in the field and two of DTC’s customers have made this their exclusive PDC 
product. 

 
4) Water jet nozzles – A new product using microwave technology is being developed. 

A series of tests are underway with a company in Texas that uses water jet cutting 
machines for its production processes. To date, the nozzle has been designed and 
finished. The first iteration has been an improvement but the part is not yet 
competitive. Compositional changes are being considered. 

 
5) Diamond composites – The thermally stable diamond (TSD) product has had some 

success in the market place. The market is slow and a few customers are using them 
at a rate of a few hundred a month. 

 
6) Product Sale - The Dennis Tool Company sales of microwave sintered parts has 

impacted its sales during 2002. The carbide parts and diamond/carbide composites are 
being used in the oil-drilling field on a daily basis. There were over 28, 000 parts that 
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were made this year at an overall price of $182, 860. This is the value of the carbide 
component but the actual sales of the final product can be higher. The parts are PDC 
substrates/backups and diamond/carbide composites for down-hole tools. The MW 
benefits are still present in the carbide even after being process at high temperature 
and pressure into a PDC. 

 
7) The Army Research Lab has tested the cemented carbide projectiles with good 

results. A second set is being tested as a confirmation of the first results and more in 
depth analysis will be made for the potential of this material. The project will be 
assessed after these tests.  

The qualification of the MW product into the oil and mining industry continues to 

be a goal of the Dennis Tool Company. The following areas are being sampled with 

materials and field tests: Roof bolt bits, Cemented carbide inserts for roller cone, 

Cemented carbide bearings. However, with the continued world economy and political 

problems, the drive to new developments and product risk taking is at a minimum. If this 

situation improves in 2003, there should be market penetration by MW sintered carbide. 
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