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ABSTRACT
The research objectives proposed to study metal processing using a modular industrial
microwave oven. The intent of the oven was to perform casting for metal processing purposes.
The research objectives were to validate the ovens performance for melting copper and then to
compare the results to modeling data. The initial intent was to test the oven for its capability to
melt metals. Most researchers would argue that the industrial microwave could not be used for
metal processing. However, this research proposed to answer the question as to whether the
industrial microwave oven could be used for processing metals or not. The strength of the
research lies in the fact that the technology had not been tested on a global scale and industry has
not accepted the capabilities of the oven. Nevertheless, developmental efforts have continued and
the microwave technology has not ceased to be developed. Although there would be problematic
issues, the focus was not to prove the theoretical equations and derive large data sets for the
experiments; but to validate that the oven could be used for processing metals and used in an
industrial setting where alternative metal processing technologies exist. In order to perform the
research, the unit was designed and manufactured and auxiliary components purchased. The
research proposed to cast copper in the experimental modular microwave oven and compare the
data to the modeling data. Data collection was basically coordinated using thermocouples along
the mold and an optical pyrometer for the metal. The final casts were analyzed for both
metallurgical and chemical characteristics. A model was designed based upon the dimensions
and operational parameters of the experimental oven and data comparison was made. A
simulator was then derived using computer code to formulate a user interface panel and
simulation environment representative of a laboratory environment.
In order to pursue the research goals, material properties were derived as functions of
temperature. For the electromagnetic properties the dielectric permittivity was required along
with suggestions for the electromagnetic boundary conditions. An experiment was developed
and the properties were measured for several dielectric materials; thus the most suitable ceramic
material chosen.
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CHAPTER I
INTRODUCTION
Research Focus and Perception
Microwave frequencies have been used for radar, communications and material processing
applications. While newly developing ideas to use the technology for metal melting have been
realized, this research demonstrates the capability of the industrial microwave oven to cast
metals experimentally, validate the experimental data to modeling, and develop simulation
capabilities that can support the use for the technology. Also, in order to perform the modeling,
materials characterization noting temperature dependency will be performed as a part of the
experimental data validation. With the goal being to study metal processing, several metals must
be considered in order for a complete analogy of the technology to be realized. In fact recently,
other than domestically, the microwave technology has mostly been used for industrial material
processing; sintering and annealing applications, mostly metals. Even though the technology is
not fully optimized for industrial manufacturing/production operations, research approaches to
studying the technology must consider at a minimum; the microwave oven itself and the metals
to be melted during the process. Currently, microwave users have not demonstrated significant
knowledge with regard to either the operation or control of the oven during metal processing,
and/or expectations of electromagnetic/thermal interactions with the metals or any material
within the oven. With the limited data available for actually processing any metal, specifically to
temperatures above 1000 degrees C, methods to educate experimenters with respect to the
thermal heating characteristics, material behaviors, electromagnetic contribution, and process
limitations would have to be sought; thus this research attempt. One of the limitations for the
integration of the industrial microwave for metal melting is the lack of theoretical development
of governing equations that describes the metal heating process using coupled electromagnetic
and thermal phenomenon. Efforts to understand the electromagnetic and thermal characterization
separately have been considered by many scientists and have been studied as such since the
technology was first introduced [43]. Additionally, scientist hypothesizes that microwave metal
1

melting processes which use any one particular material versus another, as of today have no
proven data to support such a methodology, and therefore answers are sought within this
dissertation. Nevertheless, the interest in the microwave processing approach for metal melting
has not been dismissed as a part of the casting technology, and more research is often required to
move the technology closer and closer towards optimization; thus ensuring the microwave oven
as one of the most promising technologies within industry for future metal processing.
Since the discovery of the technology, advantages over traditional methods for heating metals
were easily realized and proved to provide significant cost savings. This fact is not only derived
from research but concluded from the cost evaluation for the experiments for this research. For
metal processing, industry needed a new technology that was more efficient, required a smaller
footprint and sought low electrical power consumption. Science and research proved that there
were basically two components needed for the industrial microwave to be successful. The first
was a power source that could generate multi-mode waves within a resonant cavity. This feature
would allow for coupling within dielectric materials and disturbance of the material’s lattice and
molecular structure. The second was some thermal agitation of the within the material; thus
causing heating. Fundamentally, these two components would only prove that the technology
worked. Microwave metal processing required more as will be discussed throughout this
dissertation. The theories for understanding the heating criteria during metal processing
operations will be dissected and studied individually. At some point the theories will be recombined to evaluate the overall process and derive governing equations for the research.
From an experimental point of view, many challenges were easily realized and included,
requirements for high power levels needed for experimental processes to melt copper and
reductions high temperature thermal zones that captured most of the heat within the oven’s
interior. In addition, tests to determine how to feed the oven structure used for the experiments
efficiently were needed. In fact, while performing our experiments, we noted that there were
several locations on the insulation interior that exhibited extreme heat; while others showed no
discoloration at all. Finding materials that actually could absorb the EM fields, and offer more
advantages for our experimental microwave metal heating, like supporting uniform heat
2

distribution across the oven stack interior, assisted with determining requirements to make the
research successful.
On the other hand, there was not a huge selection of apparatus to conduct the metal processing
operations; and furthermore almost no equipment to provide material characterization. The
Cobra wave generators were designed to deliver high power that was maximized at six kilowatts
efficiently if the oven design was suitable and materials were selected carefully. Materials used
internally were the result of past experiment mistakes and selected based on working for test
heating cycles; thus they may or may not have been the most optimal materials for the research.
Therefore, all experiments were performed with these same materials for the results to be
validated across the testing data. With the temperature-time data available for materials used
within the experiments, it was quickly realized that published temperature dependent material
data was minimal. The exploration of methods to understand how materials behaved when
exposed to high temperatures (above 500C) would have to be pursued. Identification of the key
material properties that proved significant to metal processing was also highlighted to be as
important as understanding the EM and thermal coupling. Throughout the research, our interests
peaked devotion and lots of time to explore the uses of many materials and how these materials
could or could not support metal melting applications. Of the materials characterized; not only
were these materials interviewed for performance talents, but also coupling capabilities as well.
Throughout the research testing was performed on the materials and requirements needed to heat
each material to substantial temperatures based on the material coupling to the EM field were
identified; thus if they responded well then the materials were deemed suitable for the metal
melting experiments as a coupling source; if temperature dependent properties could be
measured. The interaction of a material with the EM field could easily be proven using a
domestic microwave oven and thermocouple system. Materials were placed within the units and
if coupling was exhibited, then the temperatures would increase based on the timing level set.
While some materials heated rapidly, others tended to take long periods of time to reach
temperatures below 500C. Since there was no material data available at this time during the
research, preparations were made to set up experiments that measured thermal and electrical
properties of these materials as functions of temperature to correlate to the coupling capability of
3

each material. In other words, characterization of materials for the internal metal melting stack is
merely one factor that supports technology optimization.
With the coupling and heating basically understood from the small test platform, materials that
heated and interacted gracefully with the EM field were set apart. The need to study the
motivation for such coupling was made possible by paying attention to the dielectric properties
of the material. Again, there was no literature that published the dielectric properties for even
commonly used material as a function of temperature. At this time, the research was forced to
not only measure the thermo-physical properties of stack materials but the electrical properties,
at least causes of coupling, such as the dielectric constant contribution and seek answers as to
how the two depended upon each other. With metal melting, we sought to study what made the
dielectric properties so significant and gain knowledge as to how much control did the dielectric
properties have over the thermo-physical properties; which was dominant? The research was
gaining momentum and therefore exposed the actual metal heating contributors as; dielectric
phenomenon, conduction, convection and radiation. Additionally, if the metal actually melted,
then care must be taken to consider the changes in the enthalpies and latent heats for materials
after they have undergone any phase transitions.
While this research is not meant to target the microwave oven itself, but to emphasize the metal
melting aspects; it appeared that the metal would then be the best starting point for validation of
the process. However as it turns out, during experimental testing, there was no clear cut access to
the metal for data collection. This presented a huge concern for the research. Therefore, an
alternate plan was to study the mold temperatures and note that the crucible temperature was
higher throughout the process. Then the metal temperature was read at temperatures above 500C;
but this offered no information for the dielectric material. The only solution was modeling.
Additionally, there was no information to study how the metals heated and whether or not the
hypotheses for an inverse temperature distribution were supported. While the characterization of
materials was important, one main goal was also to give explanation as to whether or not the
technology provided uniform heating and how this phenomenon compares to other methods of
melting metals. Furthermore, this research intended to present findings as to the contributions of
4

the input power and note the changes in both the electrical and thermal aspects for the metal
melting cycles as a result of increases and/or decreases.
If the research was successful as completing some of the fundamental goals then all findings
would further support the optimization potential for the oven as well. In fact, while melting
metals for this research there was no current methodology for selecting parameters for the oven
during the melting cycle. In fact, there was no basis for selecting any one input power ramp rate
or vacuum level for oven atmospheric inert conditions. Throughout the experiments performed
during the research, variable input ramp rates were used and data documented. Additionally,
several different metals were heated and both forward and reflective power levels noted. While
the forward and reflective powers are functions of the oven performance, they also represent the
ability of the generator for perform optimally. The research observed that if the reflective power
is high then the potential for optimal performance was minimal and vice versa. While there are
no existing publication to assist with oven optimization, our research proposed to examine
parameter, material and other contributions through modeling and simulation. For the
experiments conducted; cost of materials, power, and others items limited the potential to repeat
the experimental copper melting processes while varying each process parameter. Furthermore,
the requirements to instrument the oven during the metal melting operation was limited to
thermocouple insertion and the use of optical pyrometers. Even with such limitations, it got
worst. The pyrometers typically did not read until the metal reaches temperatures above 650C;
thus causing data collection to be reduced at least for the metal. However, one positive fact is
that the temperatures of the metal upon approaching the phase transition were being recorded.
Optimization of the oven, as learned from this research, will require significant time and data to
be as effective as needed for complete technology integration. While the technology has matured
quite a bit in the last few years, this research has perceived that there are many more tests that
should be conducted and many experiments to be performed. However there is always cost
associated with the experiments and data analysis methods. In fact for this research, each run for
melting the metal had an approximate associated cost of three thousand dollars. Therefore the
five runs made for the research was fifteen thousand not including materials or electrical and
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thermal property measurements. These costs were absorbed by B&W Y-12 National Nuclear
Security Complex. While there are costs, advantages are easily realized. For example, the six
kilowatt system used proved to have very high efficiency when working with the materials
chosen and there were no water requirements. Even though the power loads were low, the copper
sample size used for the research was only 2-4 inches in diameter. The oven also utilized high
vacuum (torr), fully enclosed waves and internal insulation to reduce heat loss around metalcrucible stack. Additionally, the process was hypothesized to have perfectly concentrated fields
interacting with the metal and crucible during operation; thus posed an optimized chamber
configuration. Although this is not really the case, this approach sets a baseline to establish the
data and established a consistent measuring point for comparing the runs made. The microwave
unit made out of aluminum, a metal with high reflective internal surfaces. The material allowed
the waves to bounce off the wall within the interior and seek a high loss material to be absorbed.
Contributions of the insulating casket (alumina) needed to minimize heat loss from the stack,
proved to be an excellent choice to support thermal optimization and significant temperature
increases.
The ability to control the metal heating is not only a function of how much the operator knows
about the materials, power ramp rates, and even for that matter optimization. There is more
attention being paid to the end product as will be noted through this research. The final metal
grain size and machining capability are key entities that go hand to hand with the technology
optimization and integration. The oven used for the research was a modular production unit
mock-up. The idea was that this unit could produce a part as good as the alternative technologies
and the part would exhibit small grains and good chemical make-up. However, in order for this
to happen the process would have to be controlled and process parameters tested for optimization
as best as possible. Our research offered no clear cut method to melt the copper disks for this
study, but the heating rate, power input, vacuum requirements, coupling material or best chamber
design (modular) seemed appropriate for casting at least copper. With this being the case; only a
positive outcome was hoped for. In fact, prior to starting the research, there was data for heating
and melting copper using other processes such as Vacuum Induction Heating and Convection
Furnace Heating. The data from these technologies were of good benefit to this research because
6

they both were already proven highly mature and had data when compared to new microwave
heating technologies.
From the start, it was the intention of this research to assist the microwave oven with
understanding the fundamentals for melting metals. If successful, the results would not only
support the optimization of the technology but the understanding of the technology processing
for any metal. The research would further suggest a parameter selection method to support
integration and optimization of the technology; through simulations. Currently, most industries
don’t have issues with using the technology as must as paying for the technology to be
optimized. Most industrialists tend to want only the benefits and not bare the pain; thus further
emphasizing the need for this research. Initially at the start of the research, the microwave
technology was the main interest but thoughts arose that caused a shift to the metal melting such
as: what good is the oven if one does not know how to use or control it? Additionally, there is
really no major contribution to science that the oven itself makes, but the many uses and
comprehension of the theory and applications offers much to the microwave metal melting
industry. Findings as a part of the research have contributed to establishing a more detailed of the
material characterizations and contributions, significant of utilizing the power to control the
thermal heating profile, difference in heating different metals and associated times/requirements
to do so, and the huge role that the operator plays and how important is his understanding to the
success of the process. Therefore, these concepts and results shed light on increasing the life
cycle of internal stack components and temperature measuring tools when using the industrial
microwave oven. For this research, there was one crucible damaged and several pieces of
insulation that had to be disposed of during the experimental phase. The thermocouple sheathing
was destroyed once or twice and high reflective powers realized during two of the five runs. For
each problem, a solution was sought and the unit re-started if it was even stopped. For the
experiments there were no data collection issues and the overall experiments did function to
completion.
Eventually with the research, trial and error changes provided enhanced knowledge of how many
of the different changes not only affected the process but what the change also meant to the
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potential process optimization. To test this theory, after several material properties were
measured and recorded to both electrical and thermal characterization; this data was used within
the modeling atmosphere. During this part of the research the modeling was performed using
temperature dependent materials properties and boundary conditions. For research purposes, this
was one of the first 3D models that would be used to validate experimental data. Within the
modeling aspects, radiation and conduction were both considered, temperature dependent
dielectric constants used, arrays for input power increases as a function of time, specified
waveguide modes given, and selective output as a result of the analysis. The research noted that
the models were indeed easier to setup more relative to the experiments and suggested that the
data and results should be comparable as will be later seen in the results of Chapter 4.
Once the metal melting theory, experiments and simulation research have been fully understood,
the metal melting research contribution to production and manufacturing are also well served
from this dissertation. There were many applications where the metal melting has been tested for
and proved viable to make parts and cast composite materials. Within the commercial market the
research conducted will be served greatly by the ability to measure high temperature material
properties and also use the capability to model their process to develop expectation of results.
Several parameters can be optimized as close as possible prior to spending any money towards
the experiments; thus a huge cost savings. The results generated as a part of this research are
applicable to the metal melting industry anywhere in the world; domestically or internationally.
With both future developments in the modeling and unit design based upon research findings, the
units can be ultimately improved to optimize size and power control. Variable power control
automation can be further enhanced based upon simulation data. The power variations can
further support the metal melting regulated heating capacities and thermal optimization. Most
metal melting industrial units currently operate at 2.45 GHz frequency and are currently being
designed and tested for production use. At the present, there are industrial units that have been
upgraded to incorporate power ranges up to 25 kilowatts and are in use by B&W Y-12, Material
Standard Testing Institute (MSTI), and others for metal processing and casting.
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While the microwave oven itself is the key ingredient for metal processing, additional
considerations must be given to the internal components that support optimization of the heating
process as will later be discussed in this dissertation. Our emphasis here is not on the data; but on
“Metal Processing” with understanding of the theoretical equations that govern the process that
are derived within. Experiments performed during the research will give data for the dielectric
property measurements, thermo-physical property measurements, temperature - time profiles for
each run and ultimately equations that are derived and used in the models. Findings yield that
dielectric properties are the most significant parameter for the metal heating cycle. Also the
coupling of the thermal and EM is a very complicated aspect of the technology as demonstrated
by equation derivation. However, the research clearly supports that hypothesis that the
contribution of both electromagnetic and thermal particle movements greatly enhances the metal
melting process and that choices and selection of coupling and process materials will prove to be
as important as the microwave oven design itself when it comes to melting metals.
In Chapter I, a general synopsis of the research focus and perception are given along with the
research introduction, including relevant literature, which includes theoretical approaches,
strategies to thermal phenomena, and microwave oven design theory.
In Chapter II, the electromagnetic and thermal characterization and theory of the oven are given
and their relevant contributions to the research. The focus was placed on the materials and the
parts that have significant contribution to the operation of the chamber. Also the role that each
material plays will be presented and correlated to the theory.
In Chapter III, the description of our experiments will be discussed which includes the dielectric
property analysis for materials. While each material interacts with the electromagnetic field in a
different way, the contribution of dielectric material interaction with the electromagnetic field
must be known. The measurement of the dielectric properties experiment is discussed and the
design of the high temperature probe is presented along with alternative methods to measure the
dielectric properties of selected materials. Thermo-physical property measurement techniques are
also presented along with casting experiment methodologies.
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In Chapter IV, the microwave oven modeling is discussed. Software comparison methods are
discussed and modeling results are provided. Variations in the material properties are presented
in the simulation results and thus compared to experimental data; specifically for copper.
Chapter V includes results for the overall dissertation including simulation results, design,
software and findings. The temperature dependent material properties are highlighted and the
experimental results correlated and compared to the modeling aspects. Other materials are
modeled during this research and temperature-time profiles shown along with charts for heating
times and temperatures reached. The simulator development methodology is given and the
simulator is presented.
This dissertation ends with Chapter VI, which includes the summary, conclusions, and
recommendations for future work.

Status of Industrial Microwave
The microwave technology can be integrated in the world wide arena after researchers combine
talents and overcome the many metal processing obstacles. As noted in the research focus
section, this research realizes the technology as one where the contribution to casting and metal
processing is far superior to that of existing technologies. Current users of alternate heating
processes think that the technology is merely a facet and cannot compete with alternative
methods. Therefore the dispute over where the technology stands helps dictate its status. While
the technology is highly recognized, there is argument that major improvements are needed for
the hardware and ensuring process consistency; validation is also desired for the many
experimental processes that are claimed to have been performed and been successful. In other
words, where is the data? There is no material data at elevated temperatures or for that matter, no
process to characterize materials to date fully commercialized. Although the technology is being
tested not only as a part of this research; but everywhere, experiments are being carried out to
push the technology integration in to industry. However, these approached for metal melting are
still not accepted. Attempts to improve the technology are being sought by industrialist
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everywhere and researchers are still identifying methods to improve the metal casting process.
During the early 70s, the technology was used for production purposes including casting,
sintering, annealing and heat treating of metals (Decareau, 1975). Today the technology is not as
in the forefront as then; but there are several production units that are effective for production
and metal processing.
Initially, the microwave technology was introduced for many production applications even with
the limited metal melting process understanding. At first glance sintering was the technology of
choice.
From a production perspective energy consumption is important and since the technology was
mostly used for sintering, Patterson proposed that 400 grams of alumina could be sintered at 700
watts in 150 minutes; which each component using 135 kilojoules (Patterson, 1991). While there
were several applications available the microwave technology continued to strive and seek new
production applications. Again, although researchers were mostly interested in sintering at this
time, annealing became important very fast in the manufacturing environment. Several metals
were ultimate sought and tested in the manufacturing environment. Several metals revealed that
after experiments different applications within industry were possible; thus proving the
technology available for production. At this time the microwave oven was made available
globally and marketing soared. While researchers were perfecting the sintering and annealing
processing, attempts were made to compare data from scientist to scientist; although
unsuccessful. In lieu of this fact, the microwave technology reached a global level and
optimizations studies began. With the optimization studies, improved magnetrons were
developed and vacuum units were introduced to minimize sparking within the oven cavity.
Nevertheless, the neglect of microwave technology perfection resulted in integration of an unoptimized technology within the metal processing field (Ohlsson and Bengtsson, 2001). After a
while, as with any technology, the microwave oven integration had reached a peak. The
technology has proven itself within the domestic market and to some extent to the industrial
market. However the technology needed design improvements and more data including
correlations between scientists. There was no understanding of the modes within the oven.
Additionally, knowledge of the power density with materials and how this affected the input
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power distribution could not be realized. One final limitation was the cost of operation for the
unit. Although the cost was being reduced with each finding major research breakthrough, these
costs had to be proven to be at least competitive.
Throughout the existence, the microwave technology as it applies to metal melting has many
unanswered questions for scientist and researchers and thus began to fade being dissolved into
the background. The microwave design had proven that is could work but neglected to
successfully immerse itself within industry. The importance of the microwave technology was
then perceived to take a back seat to existing technologies. The only criteria to revive the
technology were cost and safety. Metal processing for microwaves was at a standstill. The main
issue was water. Water absorption causes uncontrollable heating and non-uniform thermal
profiles during the operation. Specifically for food, that often has water imbedded within their
interior, heating and proof of the uniform heating concept became a nightmare. Therefore,
fundamental heating principles for microwave were demonstrated as not being clearly
understood. (Shukla, 1998) For the microwave technology further studies had to be performed.
Tests were performed and experiments were conducted. Specific industries for metal processing
were concentrated on and results were amazing. Industrial relationships were further developed
and the focus was deemed to integration of the technology. As a result production became the
interest and soon realized the technology was reborn. However, the metal casting entity was not
yet prepared for the integration. Optimization had not yet been fully characterized; and until
today the technology is still not optimized. Nevertheless, production integration of the
technology remained the interest of industry then and even now. (Decareau, 1992) During all of
this disputing of the microwave technology, production continued and therefore costs were
reduced allowing the technology to be continued. Table 1 shows cost calculations based on
Sheppard 1988 which seems to be the latest data available.
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Table 1: Component and Typical Costs for Microwave (Sheppard 1988)

Component

Typical Cost

Complete Microwave System

$1000 per kW depending on size and
requirements. The range may vary to $5000

Microwave Wave Generator

$ 2500 average cost per unit

Microwave Chamber

$ 3500 average cost per unit

Wave Guide Assembly

$ 3000 average cost per unit

Instrumentation and Connectivity

$ 2000 average cost per unit

Being that Sheppard was very fluent in the microwave field, he noted that cost were significant
and should be thoroughly considered. Initially when developing the domestic microwave oven,
which is significantly smaller, Sheppard hypothesized that in order to create an industrial
microwave unit that can be used within industry there has to be some analysis for cost versus
application. Additionally, installation and load bearings were of significant concern. While other
scientist were confused and bothered as to whether or not the unit was even feasible, demands
for applications and the technology itself proved that eventually the microwave oven could be
adapted into industry. Sheppard further proposed the operating costs on a kilowatt basis as given
on Table 2.
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Table 2: Operating Costs for Microwave (Sheppard 1988)

Component

Typical Cost

Change out Magnetron

1-14 cents per kilowatt-hour

Electric Power Requirements

5-14 cents per kilowatt-hour

915 Mega Hertz

75 percent of unit costs

2.45 Giga Hertz

65 percent of unit costs

Maintenance and Troubleshooting

10 percent of unit costs

Sheppard then wanted to study the benefits of the technology as compared to convention
methods. Sheppard conducted a drying experiment for several materials and the results are
shown in Table 3.

Table 3: Cost Comparison for Microwave Drying Operation (Sheppard 1988)
Conventional (x106 kw-h/yr.)

Microwave (x106 kw-h/yr.)

Mortar

57

29

Porcelain

4

1.9

Pottery

1.94

1

Ceramics

1.28

.6

11

5.2

Component

Refractories

Table 3 clearly illustrated that industrialist would benefit from using the microwave technology.
The costs were not even comparable and microwave technology was perceived to be safer, faster
and more reliable since there was no water and huge heating coils, lamps, and extremely large
power cables.
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Nevertheless, the question remains today as to should the microwave technology be integrated
into a manufacturing environment. Currently microwave scientist state that the answer is “yes”,
but there is no proof or data to warrant total acceptance. As noted in Table 1, the costs for
incorporating and operating an industrial microwave are still much less than using conventional
methods even though the data was recorded during 1988. Microwave technology at this time had
at least proven itself worthy of being integrated into a large scaled production facility. Today,
everyone wants to technology to be accepted with providing huge investments to meet industrial
expectations. The best solution at this time is to study the modular microwave unit as proposed
by this research and perform as many experiments to collect data for process validation.
Additional studies with other units already designed would also help in the technology
integration; at least for metal melting processes. Another key factor to improve the status of the
technology today is the inclusion of material costs which were minimal when compared to
tradition methods such as Vacuum Induction Heating and Furnace Heating. Again while there
was no data collected for our experiments comparing materials to conventional costs; this
hinders the marketing of the technology. The microwave technology, if it is to be used for metal
melting, has to prove itself and demonstrate that it is without a doubt faster, cheaper and offers
better process control. However, when compared to other conventional metal heating processes;
if this does not happen in the near future, may cause the technology to fade into the background
once again. Additionally, the microwave technology is one of only technologies today that is
known to remove moisture by heating materials to elevated temperature in less time. This fact in
itself was a great selling point and offers substantial contribution the marketing aspects of the
microwave oven. Control of the microwave oven is easy in that the operator can easily raise or
lower the input power and thus reduce and or increase heating as a function of time. This is very
significant when it comes to metal melting. For metals with high melting temperatures such as
titanium, high input power requirements will be needed at the start of the process to get the metal
above 1000C in minimal time. In fact once the power is turned on or off the temperature within
an industrial microwave oven can be increased and/or decreased respectively; unlike other
methods. Therefore the microwave technology had proven to provide instantaneous heating.
However, today as with the past, the main problem with microwave heating is that there is no
methodology that dictates cooling rates or structural integrity of the final product. With the
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cooling rates known for a particular metal then the final grain size could be controlled as the
mold top-to-bottom temperature gradient can be maintained at 200C. Therefore a problem with
the microwave technology still exists today and final determination of the solidified metal
condition cannot be made or predicted. Since these problems pose threats to the technological
advancement, this research captured at least the temperatures along the mold by inserting
thermocouples to study the temperature time profile and temperature differential while casting
copper. However, initial results from microwave casts showed carbides. As of today there have
been casts produced that have good machining capability and minimal carbides which is the
result of knowledge gained over the years for metal casting. One of the main reasons for the
initial carbides was that data was not being transfer between researchers and consistent
advancements were not communicated; thus effort duplications. Additionally, there were
inconsistent operational parameters that included variable input power ramp rates, vacuum
conditions, materials used and chamber sizes; thus trial and error. Even today there are still a lot
of trial and error experiments that are conducted and currently users of alternative technologies
perceive that optimization of the technology has proven almost impossible. Therefore as a result
of these unstable conditions, unwanted conditions arise such uncontrollable heating and thus;
thermal runaway. Thermal runaway lead to huge and random sparks being generated within the
microwave oven and caused advanced heating in areas where the occurrence to place.
Fortunately, this condition did not occur during the experiments for this research, but did occur
during several pre-experiment tests. This phenomenon has been known to occur consistently in
the past and still exists today as well but much less. All of these issues are mostly attributed to a
definite lack of process control and to add to the problem; material’s thermal and electrical data
is still mostly unavailable as a function of temperature. Energy dissipation and wave
propagation within the chamber are still mostly unknown but will be modeled during this
research. Power input requirements to cast a specified material are also unknown and will be
varied using several ramp rates.
As it is perceived today, microwave heating is far superior to conventional methods. However,
the technology has not made its way into the main stream of industrial processing due to many
limitations. While the technology is a volumetric phenomenon, data does not exist to prove its
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significance. For metal melting, most of the conventional methods heat from the outside to the
inside. With microwave casting and heating operations thermal energy is generated within the
material and therefore causes an inverse temperature distribution and therefore more uniform
heating; at least that is the rumor. The benefit of using microwave energy is that the wave
propagation is such that the electromagnetic energy penetrates the material and stimulates the
molecules within the material. This theory supports the survival of the technology and upgrades
its status today making it worth further investigation. From a thermal standpoint the molecules
moving about after a material receives heat from the dielectric medium become thermally
excited and molecular agitation brings about heating. It is this characteristic of microwave
heating that gives the technology an advantage over existing conventional methods. However,
another problem arises because metals don’t couple and are generally reflective to the
electromagnetic field. Therefore heating metal is not as trivial as scientist think. Additionally, the
electromagnetic field is very sensitive and waves only propagate and gain attention from the
more lossy material. Putting all of this together today, it seems that the microwave technology is
not as forthcoming as it appears. Nevertheless, certain materials such as silicon carbide readily
received the electromagnetic waves and heat with no problems. These findings support the
technology development and present the type of data that is needed to enhance the technology. In
order to learn more about the microwave technology, understanding of material properties and
how materials interact with the microwave field will have to be clearly understood; even today.
(Buffler, 1993; James, 1993) Casting of any material requires knowledge of material behavior
and early on heat treating was a primary test. While metals can be processed using several
methods, casting is the most desired experimental condition and attempts to resolve issues with
the technology are clearly visible through this research. On the other hand, microwave scientists
are struggling to decide how to characterize the microwave oven and furthermore heating
instructions which were not available in the past years. (George, 1993) Since there is more
communication between microwave scientists than in the past, data and lessons learned are now
being shared and empirical knowledge helps not only the technology integration but the metal
melting process as well. Globally, scientists are struggling to develop an optimized chart of how
to heat a particular metal and what parameters to use. Additionally, data related to how materials
interact with the electromagnetic field should be published; specifically lossy ceramics. Since the
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technology was dependent on how much coupling that occurred between the ceramics and the
field; then the temperature distribution should be predictable; although in most cases, it is
undetermined. (George, 1993) This dissertation is to study and demonstrate how metal melting
operations happen within the microwave fields, show how the field propagated within the oven,
compare experimental and theoretical data, and derive the non-existing heat equation for the
interaction between the electric field and its contribution to thermal heating. Temperature
distributions will be given and thermal profiles shown and modeling and simulation presented.
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Literature Review
The literature review concentrated on reviews that support the dissertation development. The
microwave technology still has not been integrated within industry on a large scale and thus the
theory needs to be reviewed and analysis to fully understand how the technology functions.
Research has proven that governing equations have still not been developed for a 3D analysis
and has proven more complicated than expected. Materials are still not fully understood and
models to represent the technology are still not totally representative of the technology. Casting
data has not been proven to be consistent from unit to unit and scientists are still searching for
materials that support the technology optimization.
The technology was first introduced by Percy Spencer (Roman, 1989) who accidentally
discovered that microwave energy could be used to heat materials. Upon discovery he realized
that materials could be heated and soon filed a patent. Spencer started the first experiments and
tested the heating phenomenon many times before announcing that what he thought was possible
really happened. Spencer gained interest and began to study microwave from a general
perspective.
As with any other technology, researchers began to publish journals and note their findings.
Heating uniformity was the main theoretical feature that needed to be proven. At this time the
materials to be coupled and the field intensity were of little attention. The primary question was
related to how materials interacted with the field. Little was known regarding wave propagation
and wave generation. Further studies concentrated on loads and what materials were significant.
After discovering that the units actually worked, the Federal Communication Commission (FCC)
set regulation to govern the technology use and monitor and regulate health issues. The
frequency bands were set at 915 and 2450 MHz
Microwave heating is a function of the materials used and the process function. With materials
being one of the main contributors, they must be thoroughly understood. Their behavior with
temperature is the key to developing the appropriate operational parameters. It is a combination
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of both electrical and thermal properties that determine the process optimization. Whether the
frequency is low or high the materials must perform as needed. However, in order for the process
to even function there must be a material that couples with the electromagnetic field. Of course
geometry and physical characteristic will soon come into play.
With dielectric features being the most significant, literature reveals that there is not much
information regarding materials. With microwave heating, temperature is the main factor that
must be considered and if the material properties are not published as a function of temperature
then they are useless when it comes to studying and developing a thorough understanding of the
microwave technology. Process control is also a function of the material properties. The operator
will have no clear indication of how to capitalize on the variable input power ramp rates is they
do not understand how the materials behave.
Early experiments were conducted for sintering and determining how ceramics reacted to the
microwave field. Annealing also proved to be one of the most promising processes for the
technology. The idea was to use the rapid heating capability of the microwave technology to
obtain process and heating optimization when compared to other methods. Heating uniformity
was also of interest because other methods depended on the materials to heat from the outer
surfaces to the interior and thus the maximal temperature was on the material’s exterior.
Therefore with these methods, the temperature distribution was easier to determine; although
never typically sought.
S. N. Prasad, [106], concentrated his research towards the impedance studies for the microwave
technology. He focused on microwave system design and how they could be used with
alternative industries. The power distribution was a main objective of his research and how the
power could be distributed was of primary interest. Wave generators and magnetrons found their
way into his scope and waveguides were researched. Bandwidths and their relationship to how
the technology performed were compared to losses and the number of input ports for waves to
travel.
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P. Pramanick and P. Bharita, [81], studied how transmission lines worked and the design
criteria that surrounded them. He perceived that transmission lines could be used as a source of
energy. For his research he noted that the bandwidth was a main contributor to wave travel. The
size and variations in the transmission line design was of primary interest. Also the application
that the line was to be used for furthered the research. The length of the wave was studied and
waveguide contribution, size and geometry evaluated. During their research waveguides were
considered tubes appropriate for wave travel. They provided low loss and seemed to be reflective
on the interior. Mostly rectangular, the waves were distributed but there was no consideration for
power reflection.
Clark Gellings, [21], was interested in the technology from a different perspective. He
concentrated on plasma and plasma applications. With this, interest was also focused on the
economic aspects of the microwave technology and sought to prove that industry would benefit
from using the technology; specifically for plasma applications. However, with all of his
research he was unable to secure patents and data was minimal. Lamps were studied and tubes
evaluated as a part of the plasma applications. Several magnetrons were used at one time low
frequency applications researched.
M. Wilbert-Poradai, [54], was concerned with the basic functions of the microwave
technology. He studied how material behaved within the oven and interacted with the field. He
also paid close attention to the differences between process such as sintering, annealing and
casting. Phase change was also of interest and observation for ceramic processing proved to
provide valuable data. Poradai heated powdered metals and observed the contributions of the
shape and size. However, powders proved to be very complicated since they had lower densities
than solid metals. His findings were that the microwave energy absorption was distributed
between the susceptors, insulation, and sample and therefore there was no clear cut theory to
explain even the simplest case of problems associated with sintering a ceramic.
L. A. Dissado, A. Haidar, [50], raised some points concerning regarding examination of the
dielectric properties. He studies several materials and concentrated mostly on K2Cr04. Data
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observations led the conclusion that isomorphous materials indeed exhibited dipolar behavior
and therefore were perfect subjects for the microwave technology. However, on the other had the
results contradicted those of other scientists? (Watanabe etal (1973)) Research was conducted
throughout their careers and utilized frequency variations and large temperature ranges. Bulk
materials were also of significant interest as discontinuities were recorded during the phase
change. It was also discovered that at the higher frequencies; GHz range, temperature became
less important and hypothesized that the materials had already changed as much as needed.
Finally, from an electrical point of view, they noted that the permittivity and loss tangent were
mostly dependent on the relaxation frequency at temperature above 1000K.
David B. Davidson, [24], noted the research of others and decided to model the microwave
technology. He studied different wave methods and used several approaches including finite
difference time domain (FDTD), method of moments (MoM), and finite element (FE) methods.
As with the early research, he concentrated on the two dimensional approach since the problem
was very complicated and not fully understood. His research published the findings and
presented the software limitations. He also criticized and complimented the results according to
how reliable the software was.
K. Wu, [125], was more of a scientist than applications expert. The theoretical aspects for the
electromagnetic, electrostatics, and magnetostatics were concentrated on. His results published
literature including tables, charts and graphs demonstrating his findings. Additionally, there was
interest in the components of the process including the waveguide, and oven itself. Transmission
lines soon became an area of interest. To broaden his knowledge he studied antennas, radars, and
satellites and attempted to model these technologies using numerical approaches.
J. Haala, [41], presented one of the most sophisticated microwave models that attempted to
demonstrate hybrid heating. As with this research he only focused the study towards conduction
and radiation heat transfer using the finite difference approach; an efficient simulation tool for
conventional, microwave, and combined heating. Two heat-transfer mechanisms are included:
conductive and radiant heat transfer. The conductive heat transfer is modeled by a finite22

difference algorithm. Radiation was modeled using a non-uniform grid pattern and results
published. He further developed an analysis technique referred to as the Optical Ray to support
the radiation view surface calculations. Computations were hindered by the need for significant
computing power. The result was a model that was used to study either convention heating,
microwave heating or the combination of both.
Edward B. Ripley, [31], has been one of the pioneers for the microwave technology during this
generation. He has performed many casting experiments and used the technology for sintering,
heat treating, annealing, and chromizing. He was experimented with metals such as aluminum,
copper, titanium, platinum, and zirconium. Casted samples have been a large as 750 pounds and
elevated temperatures above 2500 C reached. Ed has performed research for both reactive and
precious metals. His research noted that the footprint for the technology is small and the
atmosphere is easily controlled. Vacuum requirements are not hard to meet the setup variation
can be easily changed. Additionally the technology has been used to perform chemical reactions.

Other Applications
After discovering the technology, scientist quickly realized the potential and started to seek
applications. However with the introduction there were limitations and problems including
technology economics. For processes such as heat treating; the units proved feasible. Others such
as rubber processing, required more power than was available for a typical industrial unit.
Microwave ovens were being manufactured on a large scale and varied in size, configuration and
power capabilities. Still the operating frequency was primarily 2.45 GHz. Newer magnetrons
were being made and the technology demonstrated extended life cycles and proved to last longer
for experimental testing. As a result there were many technical journal and conference papers
published.
Soon the technology found its way to foundry applications and was used for large scaled metal
processing. However, the limitation for the technology was not the performance, but resistant to
use the technology but those that had been trained on other approaches. However, even with the
lack of wanting to change, the microwave proved far superior for processing ceramics.
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Later, the technology was considered for applications such as human comforting and waste
reduction. Findings from earlier research also demonstrated that the technology could be used for
space application including satellite research and radar design.
With all of these potential applications, there are several considerations that must be made. For
example the economics must be evaluated for each use. The design and materials used should be
thoroughly evaluated and the operators properly trained. The literature suggests that there are
endless applications for the technology and that each should be approached from a scientific
perspective if the technology is to serve the required purpose.
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CHAPTER II
ELECTROMAGNETIC AND THERMAL THEORY
Electromagnetic Spectrum and Electromagnetic Wave
The electromagnetic spectrum (EM) sets the tone for all possible wave propagation criteria due
to EM radiation. It is this spectrum that determines the frequency range for waves to travel. [60]
Since the criteria set forth in the spectrum determines when a signal travels within a specific
frequency band; then it serves as the appropriate tool to study how materials interact and couple
with the electromagnetic field based on their electrical properties. Electromagnetic energy
transfer results from whether or not a material can perform within a specific frequency band
depending on the characteristics of the material and the wavelength of the traveling wave. This
research is primarily focused on material interactions with the electromagnetic energy, coupling
of the electromagnetic wave with materials and thermal to electromagnetic coupling including
temperature dependent thermal material properties for the technology, modeling of the field to
study wave mapping, and process design and optimization for metal casting. In order for waves
to travel they have been hypothesized to have a certain length known as a wavelength. The
wavelength is characterized the symbol λ (in vacuum). The frequency range that the wave
propagates at is given typically by the notation f. Therefore the electromagnetic field generates
movement of electrically charged particles. The magnitude of the wave speed is the result of how
randomized and dispersed the energy can be and is given by Equation 1. (Risman 1991a)
wave speed (c) = frequency x wavelength

[1]

Within the electromagnetic spectrum, materials function and respond differently depending upon
the frequency to which they respond. At the lower frequencies, radio communication is possible.
At slightly higher frequencies, microwaves energy transfer occurs in the range of 300 MHz and
300 GHz. At frequencies higher than microwave frequencies there exists infrared, ultraviolet and
x-ray. Whenever a material responds to wave propagation in the range described for microwave,
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then this is considered microwave sensitive. Again we are reminded that most industrial
microwave units have now been regulated by FCC regulation at 2.45 GHz or 915 MHz. (Buffler,
1993) Figure 1 shows the Electromagnetic Spectrum as given by Peräniitty.

Figure 1: The Electromagnetic Spectrum and Frequencies (based on Peräniitty, 1988)
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During microwave heating, there are generally two aspects of the EM field present. First, there is
the electric field that is a distribution of electrically charged particles randomly within the oven’s
interior. At exactly 90 degrees to these waves as the magnetic waves give the magnetic field that
completes the requirements to have a total electromagnetic field. Figure 2 is also given by
Peräniitty.

Figure 2: Propagating Electromagnetic Wave (Peräniitty, 1988)
If polarization exists within a material there are charges separated by a distance. (Alberty 1897)
In order to determine how a material couples with the electromagnetic field then the permittivity
epsilon (ε) dictates the extent of the polarizing effect from the field. The interest is to determine
how a material is polarized and whether one of the three forms exists (electronic, atomic and/or
orientation). (Alberty 1987) Another significant feature is the consideration for ionic losses
where ions are energized and attempt to move towards the electric field. However this type of
occurrence typically happens at higher temperatures and required significant variations.
(Ohlsson, 1989) On the other hand, the other polarization methods are not dependent on
temperature. (Alberty, 1987; Nyfors and Vainikainen 1989) In order for a material to become
attractive to the electromagnetic energy and support the effective permittivity, then ionic
conduction becomes important at low frequencies and dipolar rotation becomes important at
higher frequencies. (Alberty, 1987; Nyfors and Vainikainen, 1989)
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From a thermal perspective, increases and decreases in temperature always has some effect on
molecular dispersion within materials. Therefore, with coupling of the electromagnetic and
thermal aspects of microwave heating; temperature changes will serve as one of the dominant
factors that encourage and/or discourage polarization. No matter what the method of
polarization, temperature is always significant. Sudden increases in internal thermal stresses
within the materials also affect the molecular dipolar orientation and therefore at the elevated
temperatures, dipolar orientation becomes somewhat impossible due to extreme molecular
excitation. (Alberty, 1987)
In order to characterize field propagation, dipolar orientation and temperature contributions; a
system of governing equations for both the electric and magnetic field were derived. The system
titled; Maxwell's Equations, formulated four equations that show that the electric (E) and
magnetic (B) fields are dependent upon each other and furthermore differential equations have
been derived and used to determine their magnitudes respectively. The equations show
dependence of the permittivity, time and electrical currents. Additionally, Equation 3 suggests
that material contribution by introducing the permeability variable µ respective of materials.

∇•E =

ρ
ε

∇ × B = µJ + µε

B = ∇× A

, ∇•B = 0

∂E
,
∂t

,

∇× E = −

[2]

∂B
∂t

E = −∇φ −

∂A
∂t

[3]
[4]

In order to understand how electromagnetic energy is conserved, researchers have solved
versions of Maxwell’s equations by introducing scalars. The continuity equation demonstrates
the conservation of electromagnetic energy and introduces the material’s electrical conductivity
σ. The continuity equation for electromagnetic energy is:
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The continuity equation illustrates the wave patterns with respect to the components; electric and
magnetic contributions. Waves are theorized to move between each of the fields (electric and
magnetic) respectively. However the significance here is that material properties from an
electromagnetic point of view are entertained. Up until this point there was no clear
understanding as to how materials either contributed to or hindered the microwave propagation
within the ovens interior. The continuity equation clearly highlights the contributions that the
material’s permittivity, permeability, and electrical conductivity have towards the transfer and
distribution of energy within the microwave chamber. The interest now would be to understand
how this energy is transferred to thermal energy.

Thermal Theoretical Phenomena-Energy Balance
The thermal research for this dissertation sought to complete several objectives. First, the intent
was not to document and analyze huge amounts of data; but to derive the governing equations for
three dimensional microwave heating. The set of equations would be based upon first studying
the electromagnetic characterization, then the thermal phenomenon. Then, coupling the
individual governing equations and develop and equation for 3-D coupled EM-thermal heating.
This research will be the first attempt to validate such derivation with modeling. Additionally,
experiments will be used to further validate the modeling and thus matched ultimately to a
simulator developed from solving the problem using Matlab and VGEO. Therefore the thermal
theory seeks to present an understanding of how the molecular agitation comes about with
materials when exposed to the electromagnetic field. From and experimental modeling
standpoint, only temperature-time data was derived as a basis to match the experimental results
to the modeling and simulator findings. At the present, most research has been to study the ovens
behavior on a two dimensional basis. From a thermal perspective, energy diffusion is from the
inside of the material when considering microwave heating. Although still a function of the
material’s volume, the thermal conductivity, specific heat and density are all important.
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Furthermore since the metal is generally placed within a dielectric ceramic crucible, then the
primary heating modes are energy generation within the ceramic crucible as a result of coupling
with the electromagnetic field, conduction transfer for surfaces in direct contact with each other
and ultimately radiation for surfaces with the appropriate view factors. The radiation referred to
here is the net radiation that results from the surface balances or emitted and irradiation
contributions. As a comparison to conventional methods, the temperature is always maximal at
the material’s surface. However, the exact opposite is true for microwave technology and the
materials are hypothesized to have uniform heat generation throughout the volume; thus
demonstrating an inverse temperature distribution.
Therefore the efficiency of the microwave heating cycle depends on how much electromagnetic
energy the dielectric crucible can absorb and convert to thermal energy generation. It is this
phenomenon that drives how much energy any other materials within the oven can receive for
thermal diffusion to take place. Thermal diffusion, also being a function of the thermo-physical
properties of materials is given by Equation 6.

α=

k
ρC p

[6]

Equation 6 makes note of the fact that ρ, Cp, and κ are the density, specific heat, and thermal
conductivity of the materials within the oven’s interior. The thermo-physical properties dictate
for each material within the oven how much response will be given to the thermal energy
generated within the dielectric ceramics. This diffusion aspect is totally independent of whether
or not the material is directly exposed to the electromagnetic field, but thermal energy generation
and energy transfer by either conduction and/or radiation is a must for temperature increases to
occur. Therefore the boundary conditions are generally specified by a flux at the outer material
surfaces and the crucible experiences both thermal energy generations at the interior and a heat
flux at the boundaries. Within the oven, the heat equation may be applied to each component and
the heat generation term (W/m3) accounted for as the heat source within the crucible.
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From a complete examination of the thermal aspects for microwave heating, hypothesis has been
formed to suggest that thermal energy is first introduced in the ceramic and then transferred to
other parts of the microwave stack. With significant increases in temperature possible, the
thermal diffusion has been formulated to be a function of how much power in introduced into the
chamber. The thermal conductivity further supports the diffusion process stimulates the transfer
of energy further into the materials receiving the thermal energy. Therefore materials with high
thermal conductivities should be used to stimulate the thermal energy transfer.
Since the amount of input power is a dominant factor, the power source controls temperature,
heating, and processing time for microwave melting. Therefore, for an increase in temperature
the user should increase the power. However for each incremental power increase, the diffusion
coefficient then becomes unstable specifically if the conductivity and specific heats are
temperature dependent. Regardless of the nature of the diffusion coefficient, the temperature
profile is of interest when it comes to how materials respond to the microwave field. The intent
is to have a uniform temperature profile for any point location within the material. However this
is not always possible and therefore the desired temperature profiles and heating cycles are not
acquired. While the goal for all materials within the chamber is heat uniformly, this is not always
the case. However the generation within the dielectric ceramic is deemed uniform and if this
condition is not met then there is subject to be thermal runaway, sparking and other unwanted
occurrences within the chamber. [16] If the chamber is not designed correctly then materials will
experience standing waves and thus extreme thermal heating if a lossy material is placed in the
path of such waves. Therefore, the thermal stability depends on material interactions within the
oven during operation and material properties selected for the stack. First, EM fields need to be
uniform. Additionally, energy dispersion; both thermal and electromagnetic, should be
concentrated to the materials ultimately that are the center of attention for the process. For
example if the oven is being used to dry out ceramics, then the ceramic material is of interest. On
the other hand, if the unit is being used to cast metal, then the metal is of interest and must
couple with the field. In most cases the process can be better controlled through the use of a
tuning method. This involves installing a metal rotating plate that spins within the oven and
breaks up the non-moving waves; thus randomizing their location at any time within the oven.
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[75] Further disturbance is possible if there is no load within the oven to absorb the EM field.
With this condition, the field is often discontinuous on many locations and reflective power back
to the wave generator increases and thus a decrease in thermal energy. This condition causes
attenuation and thus a highly potentially non-uniform field distribution even with the presence of
materials. With increasing loss factor, this effect is more serious and cannot be solved except by
changing the heating source. [38] As an extreme case, when microwaves are used to heat metal,
the heating result is similar to radiation heating with the exception of having a generation source.
When processing bulk materials at high temperature, this type of non-uniformity becomes
significant. For microwave heating, there had to be methods to solve the problem with the nonuniformities and thus hybrid heating was proposed as one alternative to solve the issue of nonuniformities. [71] With the addition of insulation to surround the stack materials [41], with or
without hybrid heat loss was minimized and the thermal profile was enhanced. However with
coupling the microwave technology with hybrid and using technologies such as vacuum
induction heating or furnace heating, the concept proved viable. [71]
Since hybrid heating was proven to solve the problem with microwave non-uniformities an
additional proposal was to surround the dielectric material with a susceptors to provide extra
absorption. [41] The increase in absorption characteristics for the dielectric ceramic proved to be
extremely significant and higher temperatures were readily realized. This addition caused a
sudden increase in diffusion and heat transfer for all materials within the stack; thus metals could
be heated to melting temperatures faster than ever before. The increase in heat flux was
demonstrated due to the added conduction and/or radiation contribution and reduction in heat
loss. One example was illustrated through past research while heating alumina in a multimode
cavity. [118] Alumina was a poor absorber of microwaves at room temperature. Proof was given
that alumina could readily absorb the electromagnetic waves with the use of the susceptors.
Although the alumina was typically transparent to the electromagnetic waves, the susceptors
allowed for coupling and thus heating. A proven dielectric material resulting from testing was
silicon carbide (SiC) that was well suited for microwave coupling. Silicon Carbide proved to
absorb the microwave waves even at room temperatures. In fact the SiC heated so rapidly that
copper could be melted in approximately 20-30 minutes. However, materials such as titanium
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would take much longer. Still the SiC could be used to reach the temperatures needed to melt the
titanium. With the assistance of a susceptors, materials with thermal properties that proved to
contribute to increase melting times were heated faster. Even with the alumina being coupled
with a SiC susceptors, higher temperatures were easily reached. The conclusion was that at
higher temperatures, the SIC coupled directly with the field; approximately 800 degrees C. [118]
Powders, however on the other hand, proved to be more reflective and thus refused to couple
with the microwave field. In fact, powders tended to cause the reflective power to increase and
therefore cause a threat to the wave generator magnetron. The conclusion was that materials with
natural dielectric coupling were suitable to decrease the non-uniform heating with the chamber
and thermal energy transfer would prove more that microwave heating could be used as an
industrial heating process. At this time there was uncertainty as to whether the susceptors were
more significant; but the evidence was in the data [53].
As it has been implied through this dissertation, temperature is the most significance factor that
researcher should pay attention to for microwave heating. This is primarily due to the fact that
stack materials have temperature dependent material properties. Whenever the thermo-physical
properties of a material change with temperature, this causes a shift in the overall thermal
behavior of the process and temperature distribution. Since the temperature distribution in mostly
unknown for the microwave heating technology, as the chamber is closed during processing, best
estimation of how the temperature profile is derived is based upon the thermocouple readings
(only two). During phase change temperature dependency becomes more important and latent
heats become significant. However, coupling of the electromagnetic and thermal field
characteristics implies that the dielectric loss factor of the ceramic material is most important.
Sudden increases in temperature causes sudden sparks within the oven and heat is then
concentrated at that point. [20] Additionally, when materials heat at a certain point and sudden
increases in temperature are realized for that spot then this is termed thermal runaway and in
highly unwanted within the microwave oven chamber. Again this dissertation is to perform
examination of modeling these processes and comparing the results to experimental data for
copper; additionally to examine temperature-time data for several materials during the
microwave heating process. Since the thermo-physical properties are different for individual
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metals, the heating profiles and temperature profiles are also different. For Example, copper can
be heated to the required melting temperature (1136C) in 80 minutes of less with a power ramp
rate of 3 kilowatts per every five minutes. Titanium and other metals have higher melting
temperatures and thus different heating times and temperature profiles. One of the results from
this dissertation was a chart to highlight the approximate melting times and power requirements
for heating such metals in parallel with experimental validation of the model for copper. Also the
chart will give the temperature profiles and thermo-physical properties as and then make an
attempt to derive temperature based properties as a result of experimental measurements. Most of
the properties for metals other than copper will be given at room temperature. But primarily, the
emphasis is to give the derived heat equation for the thermal coupling with the microwave field.
There is no existing derivation that does such. Although the heat equation that is concluded may
be difficult to solve and may have to be solved numerically, at least a theoretical basis for the
equation will exist. The derivation of the heat equation will show that this research is unique and
that the final equation is a formulation of combining the electromagnetic and thermal governing
equations. The boundary conditions will be given and are basically based on which component
within the stack is being considered.
Another objective is to define how the electromagnetic and thermal energy balances are
combined and discuss how the thermal heat equation is modified to accommodate the
electromagnetic contribution. Of course we have discovered that the generation term will be
introduced for any material that couples with the electromagnetic field; thus making it a
dielectric material. The heat equation gives the net fluxes in each direction and sums these fluxes
with the energy generation term to give the energy storage term for each component; thus
creating a temperature increase. This equation gives significant contribution to research for this
dissertation because previous attempts were mostly 2D and therefore this is a clear attempt to
develop a better understanding of what actually happens with the chamber during processing. In
fact B&W Y-12 has taken a vested interest in the research and asked for studies and modeling to
be performed for their industrial units. Equation 7 gives the storage term to the left. With the
understanding that the area and volume are significant for each material along with thermophysical properties, the right side of Equation 7 gives the net conducted energy for each direction
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and the generation term. Further study of the Equation 7 notes that the generation term may be
expressed as a function of the electromagnetic energy. Equation 7 then becomes the basic
thermal energy balance equation that describe the thermal interaction of a materials exposed to
the electromagnetic field. This equation was derived first because it also is the equation used
within the Comsol modeling software as will be seen later in this dissertation. However the
equation needs further elaboration and consideration from an analytical perspective.

ρdC p

∂T
= ∇ • (k∇T ) + q abs
∂t

[7]

Equation 7 gives qabs as the absorbed power within the dielectric material. This derivation shows
that the electric field is a significant contributor to what happens in the thermal cycle for
microwave heating. Power absorbed within the material is therefore generated by the electric
field and ultimately caused by the electromagnetic waves entering the oven and being absorbed
by the dielectric material. Further interactions by conduction and radiation cause the overall
temperature increases for other stack materials. [124] Equation 8 gives a breakdown what the
generation term actually represents as a function of the electric field.

q abs = ωε "eff E

2

[8]

As described within Equation 8 ω is the angular frequency, |E| gives the contribution of the
electric field and the complex permittivity is given by ε”eff (imaginary part-loss factor). Of
course the equations assume that conventional heating sources or sinks are included in the
boundary conditions and therefore that is why a clear representation of the process is not
apparent and the software derivation needs further study. In some cases, if the problem was
simplified to be in a two-dimensional; as most researchers have done, one-dimensional or
lumped capacity form, the heating sources or sinks due to convection and radiation will
explicitly appear in Equation 7. In the case of this dissertation the problem is three dimensional
and also includes conduction and radiation. Here the convection may be included but is rather
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negligible except in cases where the inert gas is being circulated within the chamber by a high
vacuum process.
In order to simplify to problem one may want to consider the Lumped Capacitance form of
analysis and simplify the problem to one of one dimensional. This method makes provisions for
studying the one dimensional analysis if the Biot Number (hl/k) is less than 0.1. Since the overall
microwave is generally symmetrical about the mid-plane; each individual component can be
simplified and the analysis performed for a section near the mid-plain. The Lumped Capacitance
method offers a study of the dimensionless steady-state (or transient) heat transfer analysis.
However suitable for the non-spatial dependence with the lumped capacitance method; efforts to
derive a heat equation based upon the complex nature of the industrial 3D version of the energy
balance will be seen.
On the other hand if materials continue to heat and the temperature rise is rapid and erratic,
thermal runaway will be definitely apparent and thus the process is a failure. This instability is
commonly known to happen with microwave heating due the over embellished power loads. The
occurrence is known to cause materials to heat far beyond their phase change limits and can be
structurally damaging to the material’s integrity. When there are sparks and plasma, due to the
non-uniform field then this condition is apparent. Normally due to inconsistent design, improper
material selection and/or operation error, which all cause the technology to be unwanted; In this
case the microwave concept becomes very simple eliminate all unwanted sharp edges and use
materials that are compatible. Also, the power ramp rate must be controlled and increased at a
rate comfortable for the metal being processed. Since the materials are heated very fast;
especially with a susceptors, thermal energy is stored only for a finite period and the remaining
energy is absorbed and lost at a very fast rate. Equation 9 gives the contribution from the thermal
energy balance for the finite time interval where the energy is gained and lost with most being
stored within the material. Therefore the expectation is that the loss will be minimal.


   

    



[9]
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Equation 9 states that the energy loss must go somewhere. If the energy loss is not balanced by
the energy absorbed then the loss will be significant and the process will spiral out of control.
Although convection and radiation are the primary components that serve these modes and
convection is not apparent within the oven due to vacuum, the radiation losses must be realized
and noted as a part of the thermal analysis. The thermal energy conservation and energy balance
for the microwave technology is expected to utilize all of the possible forms of energy and losses
do not help the process because with microwave technology there is never any clear indication as
to whether the energy is being properly balanced. Prior to the addition of the insulating casket,
the thermal energy was free to escape and remain in the oven chamber interior. Therefore the
energy balance was off course and heat was mostly loss rather than used. Since complete energy
conservation is highly unlikely and losses must occur, the thermal energy balance must therefore
pay close attention to amount of energy loss as indicated in Equation 9. As an attempt to save as
much energy as possible, again the thermal casket of insulation placed around the stack to
maintain the energy as close to the heating components as possible is well deserved. Energy
absorbed is the total dissipated microwave power in the material. With thermal runaway, the
number of heating cycles that materials will typically undergo generally is decreased. This
decreased lifespan of the materials increases costs and hinders the integration of the microwave
technology into industry. Metals, ceramics, plastics and even rubber have all experienced such
thermal runaway during the initial testing and microwave experiments due to sharp edges and
plasma [25]. Therefore thermal instability, as a catastrophic phenomenon, hinders the use of
microwaves to process materials specifically metals due to their reflective nature at low
temperatures. Therefore, this research provisions to eliminate thermal runaway during all of the
experimental runs by monitoring the forward and reflective power as well as paying close
attention to potential sparks within the microwave oven chamber. In the event that there are signs
of thermal runaway, the experimental systems will be shut down and root causes analyzed.
Temperatures will be recorded and materials damage assessed. An important analogy is to pay
close attention to how the thermal energy is brought about which has been emphasized many
times. The amount of power that is given by the electromagnetic energy, even with losses, is
ultimately converted to thermal energy and results from the power density posed by the
electromagnetic field. With the power density given as a function of the electric field as noted in
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Equation 10, we see that the loss tangent of the material and frequency all play a part in the
thermal energy generation. Emphasis must be put on the fact that this phenomenon happens
within the dielectric material and therefore re-introduces the volumetric thermal energy.
Equation 10 notes this relationship.

p dis = ωε " eff E

2

= q abs

[10]

One main objective of this dissertation is to describe how the electromagnetic and thermal
governing equations are coupled. Equation 10 points to the fact that there had to be some type of
contribution from the electric field that supports the heating process. Revelation of coupling is
then given if the terms in Equation 10 actually present the generation, and the question remains
as to how this generation term is introduced into the heat equation and the units work themselves
out. Reflecting back on Equation 7, we note that all energy dissipated as a result of the
electromagnetic field within a material and all energy conducted through the material and to the
surface must be balanced by what remaining energy is stored within the material or transferred to
other materials. This statement supports the inverse temperature distribution theory. Simply put;
with microwave heating, for the dielectric material (ceramic) the energy is generated within the
material. Diffusion then takes place in an inverse process and energy is then distributed to the
materials surface. The energy is then released at the boundaries. This energy then is balanced by
what is to remain in the material and thus heating takes place. Temperature increases are then a
function of how much the material heats and stores thermal energy, while transferring energy to
the other parts of the stack. It is for this reason that the temperature distribution within the
microwave oven are very difficult to predict. In other words if the ceramic is heated and couples
directly with the electromagnetic field then thermal energy transfer causes all other components
to heat as well. This characteristic makes the energy balance applicable for all components of the
stack and thus the energy that is generated within the crucible is a result of the electromagnetic
generation. Therefore the crucible has no energy being transferred until the process is well
underway; then it stimulates and exhibits energy out and energy stored as a part of Equation 11
with the energy out being transferred to other materials. However, the metal that sits in the
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crucible does not have a generation term but does have an energy in term and energy out term to
govern the conduction and radiation effects. Also all energy that remains in the material as a part
of heating becomes stored; thus Equation 11 is still applicable. Equation 11 represents the
general form of the energy balance and each component of the microwave heating process must
be studied to see which terms apply.

E in − E out + E g = ρ d C p

dT
dT

[11]

Equation 11 is strictly a function of the thermal contribution for microwave heating. Although
the generation term appears it has still not been correlated to the electromagnetic energy term
explicitly.

Electromagnetic and Thermal Coupling Theory
(Electromagnetic and Thermal)

The typical microwave system consists of the magnetron, waveguide, oven chamber, and control
system. The operator has to have knowledge of the chamber operations and know the limitations
of the chamber itself. If the field is too intensive then the control of the entire operation is
compromised. Magnetron performance and power levels have to be carefully monitored in order
to achieve the desired temperature profiles. While the waves are being transferred to the ovens
chamber, there is significant variation between in the temperature distribution due to the
temperature dependent material properties. However, the intention of the electric field is to be as
uniform as possible and therefore if this is achieved, then the coupling of the dielectric ceramic
will take place as required. The overall intent is to provide heating and in the case of this
dissertation; cast a metal for part production. The system has proven to work from an
experimental perspective and therefore the understanding of how components with the addition
of electromagnetic and thermal interactions must be understood. In the case of domestic
microwaves, the study is greatly simplified. For such a small system with the intention to heat
foods, the performance regulations are monitored by low power levels and no indication as to
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limitations of forward or reflective powers are even being monitored. Since the technology is a
new one, researchers are always trying to find alternatives to heat both foods and other materials.
For the industrial microwave oven, in order to reach the elevated temperatures required, there
must be some type of susceptors material inclusive of a dielectric coupling material. This
obstacle has never been overcome and the even though the technology has been proven to work.
One of the main oppositions to microwave heating is the presence of water. Water as it is known
already couples with the electromagnetic field and therefore will absorb all of the
electromagnetic energy on its own. The term stack was given base on the fact that for casting
operations the dielectric ceramic or crucible sits atop of the mold, which is used to drain the
molten metal and thus determine the final shape of the part, is the key to microwave heating
success. Then the metal is placed into the crucible and therefore we have a casting arrangement.
The entire set-up is then surrounded by insulation that typically consists of alumina fiberboards
that keeps the thermal energy within the enclosure. Additionally the crucible would then be
wrapped in SALI; a transparent insulator with high thermal resistance; but susceptible, to reduce
the loss of the valuable thermal energy thus generating a susceptors.
The microwave oven itself works by transmitting microwave radiation energy at specified
frequencies. As specified by FCC regulations, the typical operating frequency for microwave
technology is 2.45 GHz. With the energy entering the oven chamber, the objective is to reach the
most lossy material; thus the crucible for industrial microwave heating. The ability of the
crucible to absorb the field depends on the process designer and material selection. While there
have been several material evaluated for crucibles, optimization is still in the making. As it
stands today, researchers are still trying to determine the best material for stack usage. One key
aspect is that the technology requires a knowledge of what is to be melted and what process is
taking place. The end goal in any case is the stimulation of molecules; thus causing agitation and
friction within the material lattice ultimately generating thermal energy. Water leads the race
when it comes to materials that will readily couple with the field and is highly unwanted for
metal casting. [47]
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A key fact regarding microwave heating is the fact that microwaves are known to penetrate the
material and deposit energy within the material’s interior. Well if this is the case then; what
happens with water? Since water is not as porous as many other materials, the microwave energy
will have a difficult time recognizing layers to deposit energy. This distinction highlights a
feature known as bulk heating where the microwave energy is deposited in a dense body rather
than layers. However, this concept is frequency dependent and also relies upon the power levels.
Almost all microwave ovens allow for variable power levels. The user can adjust power during
the run and control exactly how much power is transferred to the oven per unit time. Power
control allows the user the ease of bulk density heating and allows control for dense material
temperature increases. Since microwave ovens seek to heat efficiently, provide uniform heating
and user control, they have proven themselves in terms of heating several materials. However,
even with bulk density heating capabilities, the units have not been mastered for industrial metal
heating. Although they can be used with other methods of heating, scientists have found the units
used conservatively for metal melting. [86]

Microwave Oven Operational Theory

The interior of the microwave oven are the key. This is where all of the heating takes place and
the power levels are distributed. The intent is to have a multimode arrangement such that many
modes are present and the ceramic material to be heated is coupled very strongly with these
modes. [75] At the specified frequency, heating is then a function of the input power, vacuum
level, and materials within the oven’s chamber. The randomly distributed field poses to
intimidate the entire chamber and the materials that couple strive to become intensified. It is
hypothesized that location is not a problems for heating materials within the oven and due to the
number of modes present, materials should heat anyways. However, if the oven is properly
designed and the power is not evenly distributed then there will be serious cases of heating nonuniformity and ultimately thermal runaway. It is the excitation that creates the modes and
randomness is a good criterion for wave distribution. The idea with the vacuum is to reduce the
potential to have sparking within the chamber and reduces the wave’s ability to find sharp edges
on materials. The objective here is to generate as many modes as possible and create as much
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chaos needed to enhance excitation. If there are any waves standing still then they should be
broken up and stirred as much as possible to ensure that movement is continuous. Specifically,
there should be a load within the chamber to receive the waves or the potential to have
significant reflective power will be present. With the cost of a well-designed multimode chamber
being cheaper and priced competitively, the simplicity of the operation makes the oven usable
for industrial processing. Additionally, the oven is relatively easy to construct and can be
manufactured in several configurations. [38] Description of multimode cavities can be found in
several references. [47, 60] For the purposes of this dissertation, there was a modular microwave
oven designed and the experiments were conducted. This particular oven exhibited more than
one mode as is not the case with a single mode oven in which the electric field distribution is not
known accurately. For the industrial unit, the chamber was a 25 inch height and 25 inch diameter
section that housed the metal crucible and mold. Insulation was placed around the stack to secure
heat transfer. In most cases the size of the chamber depended on what was to be heated. For this
dissertation, there were only several ingots of copper and thus the size was appropriate. The
resonant frequency was 2.45 GHz and several modes were made present. Theory has proven that
the cavity length and size are chosen based upon the electric field strength and mode
specifications. This effort is generally based upon the wavelength and half wavelength
resonances [60]. If there is an increase or decrease in the chamber size then the power input and
mode configuration tend to change as a function of the chamber dimensions. [47]

Microwave Oven Theory for Waveguides

Waveguides are typically rectangular or circular structures that transmit electromagnetic waves.
Waveguides are connected to the wave generator and have reflective characteristics. The
intention of the waveguide is to move the waves from the generator to the oven without losses in
the energy generation. Typically waveguides have a large index of refraction and can handle
large quantities of waves. However, on the other hand if there is significant reflective power then
the waveguides themselves may heat up. The sizing of the waveguide is preselected by the
requirements for wave transmission, In other words, there is a pre-described size to transmit
waves at a specific frequency. When the input power is increased, the properly sized waveguides
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normally don’t exhibit any significant temperature increases. In fact, the lower the permittivity
for waveguides the less likely any waves will escape from the oven chamber. The idea with
waveguides is to have them reflected from the inner surface of the waveguide and therefore
waves continue throughout the waveguide to the oven chamber. Control of waves is very similar
to several mirrors installed within a tube and the reflected energy is consistent from mirror to
mirror. There is many literature published that dictate the size of the waveguide for a specific
frequency. Research has proven that the width has to be at least twice the base for appropriate
wave propagation. Waveguides are made and connected in many different ways depending on
where the direction of travel is. The overall goal is to ensure that the waves reach the material to
be coupled. Therefore there are many varieties of couplers and connectors that can be arranged
into different shapes. Tabulated charts show the dimensions and sizes of waveguides for different
applications that are readily available. Typically tuners are installed within the waveguides to
assist waves for reaching their targets. These tuners cause the waves to move in different
directions and therefore breakup any standing patterns.

Microwave Oven Theory for Wave Generators and Magnetron

The magnetron is the primary source of the wave generation and extensive research was
performed to optimize the technology as much as possible. With an efficiency of approximately
80%, the magnetron was the main cause on microwave technology survival. Most magnetrons
are installed within the wave generator cabinet and totally separate from the microwave unit. For
the experiments conducted as a part of this dissertation, the generators were manufactured by
Cobra and provided input power in the range of 1 -6 kilowatts. Although these units have
capability for both automated and manual control; the performance is mostly governed by how
much the forward power can be maximized and the reflective power minimized. If the reflective
power is significant, then the unit is easily damaged. With manual operation, the user observes
the power indicators while controlling the ramp rates. Faster heating is easily achieved by
starting the power as high as possible. In other words the user can start the unit with 6 kilowatts
directly and placing as much power as needed within the dielectric ceramic. Most magnetrons
last for years if the reflective power is carefully monitored. For units that operate at much higher
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power levels, the magnetrons normally do not present a problem. Again, the number one cause of
magnetron damage is high levels of reflective power. Another condition that literally destroys the
magnetron is to operate the unit without a load. With this condition, the waves have no load to
absorb the waves and therefore the hungry waves are looking for a source; thus the magnetron is
the most likely candidate.

Design Theory for Microwave Oven Chambers

Since metal melting is the focus of this dissertation; attention must be paid to characterization
and construction of the chamber itself. As most would consider the chamber a Faraday Cage, the
basic components are the waveguide, oven, and the actual casting stack for metal melting. The
wave generator dictates how much power will be made available to the oven’s cavity and thus
dictates the electromagnetic field. The field is first present in the waveguide which transmits the
waves to the oven’s interior; thus distribution of the EM field. Since, for the purpose of design
consideration, the field consists of many modes, it is then provisioned to be suitable and better
for heating metals than single mode ovens which are good for point focus. Although the
experiments performed as a part of this dissertation were in a modular microwave unit, there are
many versions of ovens ranging from production line units (sintering and annealing) to the large
production units used for part assembly lines (batch processing). Oven sizes range from inches in
diameter to several feet. While the dimensions are critical and very important to the oven design
purpose, the unit in Figure 3 shows a typical microwave oven used for experiments. This unit
resonates at 2450 MHz and can be tuned to resonate with many modes. The unit has a mode
stirrer for breaking up standing waves within the oven during heating operations; thus making
the field more uniform. Under the resonant condition, the electric field inside the cavity is much
higher than the exciting field, thus making it possible to heat both high and low dielectric
materials efficiently.
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Figure 3: Typical Multimode Cavity

Figure 3 shows a bottom-drop type oven with the casting stack placed in the lower deck. The unit
has capability for thermocouple inserts, inert gas, and rod ports for allowing the liquid metal to
pour into the mold. Although the design and testing of this unit proves satisfactory operation, the
unit occasionally experienced standing waves. The operator has to have sufficient experience
and knowledge to start the mode stirrer; thus creating massive disturbances to eliminate any
standing wave pattern inside the cavity.
The mode stirrer keeps the EM field in constant motion therefore creating a more uniform well
distributed field within the oven. With this in mind, the designer must be aware of the fact that
for any process, production, or experimental units, there are two main objectives: the cavity
should be designed such that the dimensions are whole-number multiples of the microwave full
or half- wavelength. Design for elimination of standing waves by methods available. The
designer must have some knowledge of the intended application that the oven is to be used for
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since the dielectric properties and material placement affect how the field is to exist within the
oven. One key design fact is that the oven operates totally different when there are and are not
materials within the interior during the heating cycle. In fact, several users have destroyed many
magnetrons and waveguides to prove this fact. Designers know that ovens really should never be
operated empty and even with material in the interior, the multimode cavity design allows
materials to be placed anywhere during the heating cycle; supposedly. With the multimode
design, tuning and mode stirring, the EM field and thermal temperature gradient are in the hands
of the operator leading to a more suitable thermal heating applicator. With the insertion of
thermocouples and optical pyrometer, the designer can monitor the thermal aspects of the heating
cycle as a function of time.
While single mode cavities can also provide heating capability, position and field intensity are
the function of where items are placed. The limitation is that there is no design for or guaranteed
field stability; while the benefit is a more concentrated field for single purpose, single focus
heating. On the contrary, multimode designs supposedly allow stack positioning anywhere in the
field since uniformity is supposed to be the same everywhere. Additionally, there are no
disturbances to the field intensity as a result of material insertion. In a properly designed
multimode cavity, specific position is perceived irrelevant for heating. Another benefit of the
multimode design is that several materials can be heated and the field will be re-distributed based
upon material loss contribution. Several materials can be processed simultaneously, just as
effectively as single objects.
Since the nature of microwave heating is such that there are many different users and different
uses, requirements for variation in unit designs is a must. As it stands, industry is flooded with
many different metal processing techniques such as vacuum induction melting (VIM) and simple
furnace heating. In order for the microwave oven to hold its position within industry, it must be
capable of being versatile in design and operational environment as well as having the capability
for easy scale-up. With the addition and removal of more wave generators, microwave ovens
should be able to serve in production or pilot plant capacities.
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A final fact for the microwave designer is to examine the efficiencies, pros and cons of the
microwave heating techniques. The result is to know the end use and application for which the
oven is to be installed. Additional consideration must be given to whether or not the same unit
will be in existence at the same location for prolonged periods of time. The designer must know
what questions to ask on the front end prior to fabricating the microwave oven. However, on the
other hand, if the unit is requested to cast one inch bolts, then the mold/tool, crucible, power
setting, oven configuration, inert atmosphere and vacuum requirements must all be specified
during the initial planning stages.
Regardless of the need, microwave ovens operate on the same basic principle. For example a
domestic microwave still has a mode stirrer, waveguide, magnetron, cavity and sample and
shown in Figure 4.

Mode Stirrer

Waveguide

Magnetron

Sample

Cavity

Figure 4: Typical Household Microwave
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Industrial Microwave Heating
Designing Characterization Theory for Industrial Ovens

In order for experiments to be successful, microwave ovens have to be well design and
configured for the particular application. Since there are so many obstacles and issues with
introducing and technology, the microwave oven needed further optimization and experimental
testing. As far as casting, the there is still much understanding to be accomplished and most of
the progress towards optimization and integration have been through experimental testing. Early
on scientist thought that the microwave heating technology was straight forward and therefore
sought to computer model the units for cost savings. However with the limited material data
available and lack of process parameter data, limitations were clearly realized. One problem with
developing a complete optimization process for the microwave is that there are too many
variables and it was almost impossible to repeat the same experiment twice. Additionally, the
characteristics of the metal itself brought about many problems. Many microwave experiments
failed and researcher had many conclusions as to why; but nothing was certain. Most of the
issues were realized during the process startup as the temperature either did not increase or
increased too fast. This caused scientist to go back to the drawing board and seek better
materials and gain knowledge regarding these materials. Materials such as carbon, graphite and
boron carbide were tested and compared to materials such as silicon carbide and alumina. With
good field intensity the heating became apparent but control was still the major issue. Again,
water still plagued the process and caused problems because it received most of the
electromagnetic energy and high temperatures were impossible to gain. This proved that the
ceramics had to be totally free of water while having extremely good dielectric characteristics.
Since the casting stack consisted of the crucible, mold, insulation and metal, it seemed really
simple to optimize. However, this combination of materials had to be receptive to the process.
Additionally, thermocouples to measure the temperature easily coupled with the electromagnetic
field. Therefore, even though the electromagnetic field had to be accommodated for, the thermal
characteristics were forced to assist the process to its goal as they were integral. Thus, in order to
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correct such problems, data for not only the process, but also the performance of each component
was needed.
The best an easiest component to predict was the insulation. This was due partly to the fact that
the insulation was only required to be transparent and have a low thermal conductivity. Well, as
it turns out the number of cycles that the insulation could be used for were only one to two runs.
This issue would increase costs and slow productivity of the units. The mold was charged to
receive the molten metal and then shape the final cast. There were several problems that arose
early on. There were restrictions in the shaping of the mold and different solutions were sought.
Also, the mold had to maintain a temperature gradient from top to bottom of 200 degrees C in
order to generate acceptable grain sized in the final cast. The mold has initial problems with
reacting and off gassing when exposed to the EM field and corrections were needed. With all of
these requirements, appropriate thermo-physical properties were required. The electromagnetic
characteristics needed for the mold were such that there was to be no coupling and/or reflection
to the field. In other words the mold simply had to be non-receptive to electromagnetic energy.
Mold materials could not be sensitive to the final casted metal. The mold was housed atop of an
insulation plate to keep the thermal energy from escaping from the bottom of the stack.
Crucible material selection is a very difficult task. Depending on the oven design requirements
and temperatures needed; crucible materials range from low loss to high loss materials.
Additionally crucible materials are not typically just one material and may be the combination of
several materials that serve to either increase or decrease the loss capacity. Crucible loss
depends primarily on how the crucible is fabricated and what is used to make it. For example,
alumina is generally embedded with SiC fibers with the lattice to create a crucible that performs
well in the mist of microwave application. Boron Carbide is another material that has totally
different dielectric properties than SiC, but behaves well within the microwave field intensity for
metal processing.
Crucibles are suggestive of the heating application. Operators of the microwave oven know that
depending on what components the crucible are composed of, the type of operation and level of
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temperatures sought; successful heating may or may not take place. For example if a user desired
to heat thin 25 gram aluminum wire repeatedly, an alumina crucible with less that 20% SiC
fibers would strongly hinder the batch processing. The knowledge of results expected is a must
to the successful microwave designer. Furthermore, for the aluminum wire process, there would
not be a need to design a large oven over 1 foot in diameter and use significantly expensive
crucible materials. This process can be designed efficiently using a 12 inch diameter, 12 inch
height oven using 1-2 kilowatts of energy consistently and medium loss crucible.
Key material property selection effect how a material is heated and involve both EM and thermal
consideration. Since waves at microwave frequencies may be reflected, transmitted or absorbed
by matter in their path, the permittivity, electrical conductivity, and permeability of the material
must be considered. From the thermal point of view, the thermo-physical properties are the key
material properties that come to mind when designing for metal heating. While there are
additional material properties such as the EM loss tangent, thermal emissivity and convection
coefficients, that support the previously mentioned key material properties; all can be
temperature dependent and vary considerably during the heating cycle from room temperature to
melting temperatures. Materials containing water tends to couple directly and absorbs microwave
energy; thus should be avoided for industrial heating.
Thermal heating is caused by molecular agitation. The temperature gradient tends to want to
move from a higher temperature medium to a lower temperature medium. Therefore, once the
microwaves are absorbed by the material with the highest loss, generally the crucible, agitation
starts and the temperature increases. Since the metal is resting within the crucible, penetration of
the thermal energy from the crucible causes increases in all materials in contact with the crucible
based upon their material properties.
The microwave oven; although viewed simplistic was easily mistaken. The thermal heating
profiles were difficult to predict and appropriate process variable selection proved impossible.
What was expected and the achievements were totally different. Heating patterns were not as
expected and the contributions were best described by Buffler and Stanford. (1991) Researchers
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noted that at certain points within the oven there were hot spots and in others cold spots. One of
the main causes of such occurrences was the fact that there were sharp edges and the oven design
did not have the correct wavelength design due to neglect while taking into account the oven
chamber thickness. At first, microwave designers calculated the wavelength multiples for the
oven using the outer diameter and therefore the multiples of wave patterns were slightly off. The
material temperatures were off balance and most of the energy was not distributed throughout the
oven. Processes took longer and heating to temperatures over 800 C was difficult. All of these
issues then proved that not did material composition make a difference but geometry and stack
configuration were of equal importance. Even today, there are still issues with achieving the
same heating profile repeatedly and scientist offer many reasons as to the cause. Thermocouples
required shielding and covered with a sheath to prevent coupling and disruption of the heating
patterns. Different component layouts were challenged and experiments continued. If was
discovered that some of the components in the earlier designs prevented other materials from
receiving the predicted thermal energy and caused huge temperature differences. (Thorsell,
1994)
With the insulating material, thermal heating was improved and demonstrated comparable or
better profiles that both vacuum heating and furnace heating. This was due to the fact that all
space to the exterior of the insulation received minimal thermal energy and thus caused to
chamber to remain at almost room temperature on the outside. Significant amounts of the
thermal energy remained within the insulation and cooling rates were not varied for microwave
energy. (Buffler, 1991)
Microwave heating is a function of oven design, number of modes, power ranges and material
properties. From the design perspective, the more loss a material has in terms of dielectric
properties, the more likely that the oven operates more efficiently. While it is hypothesized that
the industrial microwave operates at 2450 MHz or 915 MHz, the shift in frequency occurs in
almost every microwave unit. This frequency shift causes many things to happen. For example;
the number of modes changes. Also, the forward and reflective powers are altered. The coupling
of the field to materials also experiences variation. Therefore, this phenomenon makes frequency
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one of the most important parameter for designing the industrial microwave oven. Reemphasized; there are many different frequency band and bandwidths, the FCC has limited the
design criteria for microwave heating 2.45 GHz based upon FCC regulations. Most oven cavities
are then tuned to offset any frequency shifts and return the oven operating frequency as close to
the 2450 MHz that is required.
For heating purposes, the required frequency for heating metals to the required melting
temperatures. With this frequency and the coupling mechanism suggested by the dielectric
crucible, metal casting can be performed and oven design efficiencies studied for optimized
casting cycles. However, there are many other variables that make the industrial microwave oven
a success. For example, the selection of the dielectric crucible is critical as the EM field tends to
desire the materials with the highest loss. Microwave energy is transferred to the material with
the highest loss regardless of how many materials are within the field. From an electrical
conductivity standpoint; currents tend to polarize the material and transfer energy even at low
powers. Quantification of how much energy may be best illustrated by examining the dielectric
conductivity term σ which can be expressed as a loss parameter. For any material the magnitude
of the loss is important depends on the material properties. Of course the from the electrical point
of view, the conductivity is important along with the frequencies as noted in Equation 12.
Loss = σ/ωεο

[12]

Within the oven, once materials as placed they do not move. This condition makes it possible to
concentrate the energy to the dielectric material easier. After heating has started and if all
components are performing well, then this feature should continue throughout the cycle. If the
oven is properly designed the field distribution will bounce off the interior oven walls and redistributed throughout the oven’s interior. If there are sharp edges on any component then this
can cause standing waves and even plasmas within the oven interior. Therefore, careful
preparation must be made to remove any unrounded corners. For the microwave technology, it is
the size of the wavelength that determines how the waves will propagate. The most popular size
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is the quarter wavelength. This size has proven to eliminate hot spots. The experiments
conducted as a part of this research used such wavelengths.
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CHAPTER III
DESCRIPTION OF EXPERIMENTS AND MATERIAL
CHARACTERIZATION
Modular Microwave Oven Design
In order to perform the research, there was a need to design a unit that was representative of the
typical industrial production unit. At first glance, these efforts to fabricate such an efficient
industrial microwave furnace were design intensive. Therefore the research sought to design this
unit specifically with control of not only operation but cooling rates as well. This would entail
having a two compartment design where the upper deck housed the crucible, insulation and
metal while the bottom housed the mold and supporting insulation. The design for experiments
was specifically critical since metal melting industry is dominated by Vacuum Induction Melting
(VIM) within most industry today. The starter design was proposed by a team of scientist at the
B&W Y-12 Nuclear Weapons Complex led by Ed Ripley. During that time I worked for Ed as a
Microwave Research Scientist and supported this effort through working with MSTI LLC to
determine the most suitable configuration for optimal oven performance. In order for the
modular chamber to be perceived sufficient to produce quality cast parts leading to analysis of
the final part, operations of the oven and reproducibility would all be studied. The unit originated
from the design of a next generation chamber that consisted of a top cavity to heat the metal and
lower chamber for the mold as shown in Figure 5.
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Figure 5: First Proposed Next Generation Microwave with Bottom Mold Housing

The bottom chamber was also to be equipped with electric heaters for control of mold
temperature gradients. However, during casting operations the molten metal is typically drained
into the mold. With this configuration, there is considerable distance that the metal would have
to travel in order to reach the mold and therefore cooling and solidification may occur. Therefore
the revised chamber was considered to be one compartment that housed the entire stack
including the crucible, metal and mold surrounded by insulation. This change therefore resulted
in the modular chamber designed to be used for this research. The bottom portion of the original
two piece chamber was modified for waveguide input, thermocouple installation, and pull- rod
features, and converted into the modular unit studied in this dissertation. The final dimensions of
the unit were 25 inches in diameter by 25 inches in height.
Inside the furnace, dielectric ceramics were used as microwave absorbers. The oven was
designed to perform at a frequency of 2.45GHz and tuned as needed to do so. In an effort to
model the process through full electromagnetic analysis and thermal 3D analysis, it was essential
to characterize the electric parameters of the utilized materials in the furnace. The experimental
data is seen later from the microwave melting experiments (i.e., melts 1-5) which demonstrated
the reproducibility of microwave melting of copper and consistent of thermal results. The

55

experiments proposed to yield 5 copper melts to study the final content of the solidified casted
donut. Methods to determine the final carbon, chemical and oxide content were to be sought.
One main concern for the metal melting was that during cooling of the molten metal, shrinkage
occurred. Therefore experiments to investigate methods to remove the metal from the mold
without totally using destructive methods were also conducted.
Overall, during the microwave melting and casting experiments, the overall goal of the modular
design was to emphasize that the unit could consolidate, standardize and simplify microwave
processing which required heat for production purposes, eliminate cross contamination of the
material during processing by selecting appropriate insulation schemes, improve material
inventory during casting process, and improve safety during unit usage.
The modular unit used during the experiment was fitted for gas purges and high vacuum and
equipped with a single waveguide. The top of the oven was fitted and used to open and close the
unit for material and stack placement. After the process was completed the top was removed and
material removed. The model was placed on a movable cart and all externals such as generators
were placed behind a wall as if the unit was in a production environment. The unit is shown in
Figure 6.
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Figure 6: Final Modular Microwave Unit Design for Experimental Testing

Experimental Materials
With the intent for the modular unit to produce 5 solid casts of copper donut disks with good
chemistry and grain size composition suitable for part manufacturing; 5 casts were made to
demonstrate consistency and reproducibility for the microwave oven were made and stack
materials had to be carefully chosen. These five casts were to melt copper to temperatures above
1100 degrees and then have the molten metal poured into the mold to form the disks. This meant
that the crucible had to have good dielectric characteristics, undergo extreme heating cycles and
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have almost zero moisture content. The final product was to demonstrate minimal porosity and
carbides that would hinder a typical machining process. If the electromagnetic or thermal
energies were not concentrated to the desired locations and balanced as needed, then the final
product would demonstrate unwanted chemical composition, high carbon contents and a poor
surface finish. After casting, the solidified metal part would be thoroughly evaluated and the
performance of the modular unit to melt metals rated.
The approach to determining if the casts were acceptable was greatly dependent upon the
reproducibility across the primary insulation configurations. However, observations of the stack
components prior to castings showed that there slight signs of moisture content. For the ceramic
this would mean that either the material needed to be baked out again or the moisture would
affect the overall heating profile. It was decided that the experiments would be best served by
not re-heating the materials since this would affect the life cycle and the experiment still had 5
runs to make using the same crucible.
The following figure expresses the amount of concern with regard to material usage for metal
processing and within the industrial microwave oven. (American Ceramic Society) There was
been significant interest especially for ceramics and insulating material such as alumina. The
data shows that even with all of the research that is going on with microwaves, experiments have
limited support from publications. These publications were made by the American Ceramic
Society during three international microwave symposia and the first three World Congresses that
catered to microwave and radio frequency processing and applications [28]. Figure 7 points out
the fact that only half of the publications are focused on ceramics and glasses and a few are
concentrated on sintering. Metal melting accounts for a significant fraction. Figure 8 illustrates
this finding.
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Figure 7: Papers published for microwave material processing (American Ceramic Society
1991) [21]
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Figure 8: Papers published by topic using microwave processing (American Ceramic
Society 1991) [21]

Within most production facilities, there is simply a need for high temperature microwave units.
Although microwaves were initially designed for low temperature applications, today’s
industries call for high temperature applications. In fact, material selection is one of the main
ingredients for making the cast successful as will be shown in this research. The normal
temperature ranges for metal melting applications ranges from 100 degrees C to 2500 degrees C.
As temperatures increase material properties change. Therefore, for researchers to fully
understand the heating cycles there must be some knowledge of how the materials behave as
functions of temperature.
The main problem with the material selection is that there are many materials that are available;
but data is minimal. The question arises as to which material combination will support the
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optimization of the overall metal melting process. With the lack of data available researchers
have mostly depended on testing and experiments to determine material behaviors. However, this
is a costly process and even more so time consuming. This fact makes the optimization of the
industrial microwave oven almost impossible. Figures 9 and 10 demonstrate that the technology
not only requires theoretical and experimental work, but modeling as well; leading to significant
cost to develop the technology. Since the microwave technology has faced many obstacles, the
processing data and material selection should be carefully monitored. Table 4 shows the type of
information that a microwave designer would look for when designing units and selecting
crucible materials. This information provides a lead in for understanding the how successful the
coupling may be prior to use within the oven’s chamber (American Society of Ceramics 1991 to
2003).

Table 4: Dielectric properties for microwave materials (ASC 1991 to 2003)

Material

Freq

Temp

ε'

ε'’

tan δ

(GHz)

Alumina

2.45

25C

8.9

0.0009

0.00010

Penetration

Critical

Depth (cm)

Temp

1.2

800C @
(3.89-3.61 GHz)

SiC

2.45

200C

105.0

110.0

1.048

0.28

Quartz

2.45

25C

3.8

0.0001

0.00003

1.9

Boron

8.52

25C

4.37

0.01311

.003

1.8

(5.17-4.96 GHz)

Nitride
2.45

100C

9.0

0.0008

0.00089

1.18

Silicon

2.45

25C

5.54

0.01994

0.00360

0.44

Nitride

8.82

0.68

0.015

0.022059

8.13

Teflon

2.45

25C

2.1

0.0003

0.00014

2.73

Water

2.45

25C

78.0

12.0

0.1565

0.39

Aluminum

800 @

Nitride
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Table 4 shows that there are other researchers that measure materials and achieve different
values for the same materials that we chose. This may be in part to the material composition
measured. For this dissertation the SIC crucible was sintered using an alumina matrix and
embedding SIC fibers within the matrix. Thus the measured value for the permittivity (real part)
was 30 versus 105 for the tabulated value above. Again this was due to the nature of the
experiments and the materials used during the experiments. If more SiC was embedded in the
alumina matrix then a higher reading is expected; therefore being much more than the value of
30 read during this research. This highlights the significance of how materials are derived and
sintered. However during the experiments several materials performed well within the
microwave field and were deemed suitable to serve as crucible materials. Critical parameters that
support this performance are of course the dielectric properties, critical temperatures, frequency,
penetration depth and of course the loss tangent. The data clearly illustrated that silicon carbide
has the most significant properties for coupling to the microwave field as proposed by Table 4
and other researchers. With a loss tangent of 1.048, this presents the material as being susceptible
to microwaves. While the penetration depth is not as high as the other materials the dielectric
constant is significantly higher than any of the other materials. Alumina and Quartz have low
loss tangents which indicated that the materials are less likely to couple with the field and may
serve as good insulators; if they are transparent to the electromagnetic field. One other key
observation is that water is also a good coupler. This supports the pre-cast bake out for the
crucible material to reduce moisture content. With the microwave technology there are many
other materials that have been tested and proved to both couple and resist the electromagnetic
waves. A couple of the resistive materials are magnesia and yttria. These two materials do tend
to couple at low temperatures and obviously will not make the cut crucible materials. Table 4
shows data captured at room temperature care should be taken because significant changes in
material properties may occur at the elevated temperature. If a material has a high loss tangent
then this research hypothesized that the material is will respond to the field propagation at both
low and high temperatures. While the input power ramp rates and overall process control
contribute to how materials are heated, heating is also a function of what materials are introduced
to the field and how the materials actually interact with each other. With the stack being
designed with the crucible sitting atop of the mold, the mold resting atop of an insulation block
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and then the entire crucible-mold configuration being enclosed by insulation, the interior of the
insulation will experience significant thermal energy. This occurs because the crucible will
absorb the field and reach significantly high temperatures. This heat is then transferred to the
insulations interior via radiation. Table 4 clearly paints silicon carbide has been the material of
choice. Others such as zirconium and boron carbide have proven to be as good; but reactivity to
other materials should be examined. Research has noted that zirconium has been known to heat
to temperatures up to 1000 C; but loses the thermal energy very rapidly due to conduction [31].
In most cases, coupling materials are embedded with fibers to increase the thermal energy
transfer and this makes them compatible to other materials [11]. In order for the metals to
become heated, they have to be surrounded by the coupling material. Typically the metal heats
by conduction and radiation from the crucible. Again, reactivity should be at a minimum. The
insulation used should not be in direct contact with the other stack components such as the
crucible and mold. On the other hand the crucible is sometimes wrapped in SALI to increase the
absorption capability of the material. In this case the crucible heats faster and more thermal
energy transfer is apparent. This concept is extreme sensitive when exposed to temperature
differences [11]. The stack arrangement and setup used during the experiments is shown in
Figure 9.
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Basic Casket Arrangement
for Melting
Insulation

Crucible

Mold

Figure 9: Basic Casket Arrangement for Industrial Microwave Heating

Figure 9 shows that a metal charge of copper is placed in the crucible which was an absorber of
microwave energy. Again; the crucible was chosen as silicon carbide and the mold was graphite.
The insulation selected was alumina due to its high melting temperature, resistance to microwave
energy and thermal stability. The crucible was selected as silicon carbide because of the
absorbing characteristics and reputation for stability during microwave heating. The
thermocouple was selected as chromel-alumel and required a sheath to be inserted into the mold
top and bottom. The sheath was selected as boron nitrate. The oven used for this dissertation was
designed by the microwave group at B&W Y-12 and MSTI. The oven was simulated using
HFSS (High Frequency Structure Simulator) and deemed suitable to perform for the metal
casting experiments. The design can be attributed to the Y-12 microwave team of which I was an
integral part of. The manufacturing of the unit can be credited to MSTI.
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Sizing of Components
When using the microwave technology to melt metals, the size and shape of the stack
components is of extreme importance. Also, the size of the oven itself is significant. However the
size and shape of the components is not as important as the material’s characteristics. This fact is
basically because dielectric properties are the driving factor when it comes to determining the
field absorption capabilities of any material. Although difficult to measure and with the limited
data for the dielectric properties, material characterization is hard to achieve and thus size, shape
and placement become important. Within the microwave oven, the need to reduce sharp edges
and corners becomes significant because these entities promote vast sparking and arcing within
the microwave field intensity. In fact, all microwaves will be concentrated towards the sparking
and other areas of the material experience reduced heating and field absorption. Microwave
heating seems to be complimented by having adequate penetration depth within the materials as
noted in Table 4. The penetration depth is important because shorter depths create extreme
heating and thermal runaway may occur. If the materials are given rounded corners then
typically overheating is minimal. If the shape is such that the electromagnetic field becomes
more trapped to a particular area, this makes the field non-uniform. If the field is unstable then
the thermal agitation is uneven within the driver; the dielectric material. (Risman, 1987; Ohlsson,
1990; Buffler, 1993). Research studies to investigate overheating with materials were conducted
and methods to eliminate such occurrences were established. Within the oven it is typically
polarization that detects whether or not the material shape will lead to overheating. If the shape is
such that the field only couples to specific parts of the component, then this is another problem
with the stack design; thus non-uniform heating in many areas and overheating in others. From a
parametric standpoint it is the permittivity that serves to govern whether overheating will
typically occur. Ohlsson and Risman (1978) stated that the size of the component is a function of
the material to be heated, power level potential, and amount of metal to be casted. The size of the
component is not nearly as important as the shape and location within the stack. The driving
factor is the magnitude of the power density within the material (Ohlsson and Risman; 1978).
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The shape of the crucible is cylindrical. The size varies depending on the amount of metal to be
melted. This range can be as small as 1 inch in diameter to 20 inches in diameter; or greater. The
crucible is a bowl shaped structure with a typically thickness of ¾ to 1 inch. The crucible height
ranges from 2 inches to 8 inches or greater. The crucible for this research was silicon carbide and
6 inches in diameter. The mold is also cylindrical and ranges from 1 inch to 10 inches in height.
For this experiment the mold was six inches in height and ¾ inches thick. The mold material was
selected as graphite. The insulation was cut into rectangular shaped alumina pieces and formed a
box around the crucible and mold. The insulation boards were 1 inch thick. With adequate
penetration depth, the field focus of energy is concentrated in the center of the crucible’s lattice
with the cylindrical shape. With the amount of power and material available for coupling,
variable material thicknesses have also been investigated (James, 1993; George and Burnett,
1991). Other than the crucible, the shape and size of the insulation is non-significant as long as
the amount of heat loss is minimized. For the mold, the shape is critical because the temperature
gradient along the mold should be at least 200 degrees C from top to bottom. This exists because
the crucible is the main absorber of the electromagnetic field. Thermal energy is then transferred
to the mold primarily due to conduction from the crucible. Additionally, there are radiation
effects and if the mold is designed as being bulky and over-sized then the crucible will not
deliver enough thermal energy to heat the mold and achieve the desired temperature gradient
along the mold. If the crucible is not shaped correctly then the field propagation will not be
uniform and look for the more lossier materials thus causing efficiency loss within the oven and
improper thermal energy balanced leading to potential thermal runaway. Additionally, the mold
receives energy from the crucible via conduction since the crucible rests atop of the mold. The
more surface area that the crucible has, the more conduction and thus the more thermal energy
transfer.
Crucible size and thickness are not trivial and should be decided with some knowledge of
microwave power contributions and dielectric properties. Crucibles are generally a ceramic
material embedded within another material and have rounded edges. Crucible construction is
generally performed by experienced ceramic companies and investigated experimentally through
the use of electromagnetic analyses. Crucibles are generally shaped to not only hold the metal
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but enclose the metal during phase transitions. The shape of the crucible is significant for heating
and coupling leading to optimization of the microwave system. The height and diameter offer
more or less absorption surface and should be decided upon based on the amount and type of
metal to be melted. The experienced designer should not select any crucible to heat metal
because the thermo-physical properties may just yield a material with extremely low thermal
conductivity. For a case as such the crucible should present enough surface areas to reach
extreme elevated temperatures in order to transfer enough thermal energy to the metal. The
inside shape of the crucible determines how the molten metal is stored prior to being drained to
the mold. While the mold shape and size will vary considerably based upon the part to be
poured, the crucible shape has an effect on the electromagnetic field distribution and resistances
within the crucible itself due to the molten metal state. These resistances affect the metal prior to
pour and certainly disturb the field; specifically if the metal couples directly to the
electromagnetic field at elevated temperatures. For most metals the density and weight are very
significant to determine how the metal will behave in the field and disturb the field. In fact Table
5 shows that the more dense the material the lower the resistivity. This means that the denser
materials have tendency to capture more attention from the electromagnetic field and therefore
distract the crucible from seeking attention to the wave propagation. Table 5 shows that copper is
one of the less resistive materials. When coupled with the SiC crucible the copper tends to pose
little threat at temperatures below 700 degrees C. However with the resistive-density factor the
copper then becomes sensitized to the field at temperatures above 700 degrees C and therefore
wants to couple with the electromagnetic field directly. Table 5 supports this phenomenon by
giving a resistivity –density of 150 nΩ•m•g/cm3.
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Table 5: Electrical Resistance contribution of the Metal to the Electromagnetic Energy
(Wikipedia 2001)

Material Resistivity (nΩ•m) Density (g/cm3)

Sodium
Lithium
Calcium
Potassium
Beryllium
Aluminium
Magnesium
Copper
Silver
Gold
Iron

47.7
92.8
33.6
72.0
35.6
26.50
43.90
16.78
15.87
22.14
96.1

0.97
0.53
1.55
0.89
1.85
2.70
1.74
8.96
10.49
19.30
7.874

Resistivity-density
product (nΩ•m•g/cm3)

46
49
52
64
66
72
76.3
150
166
427
757

Thermo-Physical Property Experiments
This research required knowledge of how each component performed during the experiments. In
conjunction with this effort, the modeling effort required this information for input. The first set
of properties that were of interest included the thermo-physical properties of the crucible and
mold. These would include the thermal conductivity and specific heat. The process to measure
such properties would involve the use of the Flash 5000 diffusivity system. (Manufactured by
Anter Corporation) This system is a laser pulse type that measures the properties with the
assumption of a constant density. The temperatures of each sample are increased and the
magnitudes of the properties are given.
The samples are created with sizes in the range of 8-12 millimeters and basically the irradiation
presented to the upper side of the samples in short pulses and generated temperature time data at
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the lower surface. The data is collected via an optical sensor. The thermal diffusivity was
determined from each time interval after the flash.
With the use of the Flash 5000 system, the research could use small sample sizes and the
experiments could yield data very fast. The materials were easy to install within the equipment
and there was no external heating process required. The system was simply set to a separate
mode selection available to measure the thermal conductivity. Samples for the dielectric ceramic
crucible are illustrated in Figure 10.

Figure 10: SiC samples for thermo-physical property measurement

The Flash systems use for this research is shown in Figure 11. It works using a tabletop
instrument that works with high power lasers up to 1200°C, and has integrated sample changer
for 4-8 samples.
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Figure 11: Flash 5000 Diffusivity System (Manufactured by Anter Corporation)

One of the experimental parameters that strongly influenced the diffusivity identification was the
finite pulse duration compared to the heat diffusion time. Actually, the laser beam had short but
finite pulse duration. The intensity distribution of the beam within the pulse duration was
normally at maximum. This pulse intensity function did in fact influence the duration of the
temperature distribution inside the test piece. This pulse duration was extremely long, compared
to heat transport time that is needed to reach 50% of the maximum temperature change at the
back of the test piece. This effect had to be taken into account while determining the thermal
diffusivity. In the software, this pulse correction was taken also into account according to
Lechner and Hahne [202]. The pulse duration was comparable to the necessary time for heating
the back of the test piece, and forced the experiment to carry out a correction of the finite pulse
width. The mathematical model used Netzsch-LFA Software [129] which highlighted the
approximation of a laser-pulse for algorithm development. Results yielded the specific heat and
thermal conductivity as a function of temperature. The data was plotted and later seen in the
results section of this dissertation, equations were derived by fitting curves to the data plots.
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Dielectric Property Experiment
After selecting silicon carbide as the crucible material, the need to measure dielectric properties
was forthcoming. In order to understand how the material responded to the field, the value of the
permittivity was needed as a function of temperature as well. After examining several literatures
it was concluded that we need to develop our own set up for dielectric constant at high
temperatures. Initial efforts found a procedure that was already on the market but for low
temperatures. Agilent had manufactured a coaxial probe that was capable of measuring dielectric
properties up to 200ºC. Although this temperature range would not meet the needs for the
research, at least this was a good starting point. The probe was purchased along with the software
and experimental testing was underway. In order to make the measurements, an experiment was
designed and data captured as a function of temperature for selected materials. In this case
distilled water, short and a load were discussed as reference loading materials required to
calibrate the Agilent probe. Even though initial tests proved that the Agilent probe could measure
dielectric material properties at low temperatures, a new high temperature probe was designed as
well.
The reason for this is that the dielectric constant is function of frequency and temperature.
Experiments performed as a part of this research were to illustrate the variation of the dielectric
constant versus at the least temperature. Therefore to study not only the Agilent probe validation
but also the temperature contribution to the dielectric property, the design of a high temperature
probe was underway. The probe would be designed as a spin-off of the Agilent probe; but
involve materials and configuration that would support temperatures up to 1300° degrees C.
Although the calibration procedures were perceived to be similar, the design variation in the high
temperature probe and Agilent probe was extremely significant.
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Dielectric Property Measurement Methods
The method to obtain the complex dielectric properties of materials is dependent upon whether
the material is transparent or absorbing. Typically the researchers are interested in how much the
material reflects the wave and transmits this data back to the network analyzer. The reflection
data is evaluated using an algorithm to calculate the complex dielectric permittivity of the
material. If a material is transparent, the reflection coefficient will be low due to the small
differences in propagating mediums and thus difficult to determine the dielectric properties and
facilitate discrimination between materials with similar properties using reflection coefficients.
Therefore the transmission methods would be a more practical choice for these mediums to
measure the portion of the wave that has propagated through the material. If a particular medium
is absorbing or lossy, the reflection coefficient will be also be relatively low and unique from
medium to medium. Table 6 illustrates the measurement approached based upon frequency.
Materials with high dielectric constants will give discernible reflections and its dielectric
properties can be evaluated.

Table 6: Comparison of Dielectric Measurement Methods

Low Frequency

High Frequency

Measurements

Measurements

(f ≤100 MHz)

(f >100 MHz)

Standard single layer capacitor

Transmission and resonant

Low Loss Dielectrics

structures measured via LCR

structures.

(tanδ < 0.05)

meter. Difficult to measure

(Cavity perturbation

resistance.

techniques)

High Loss Dielectrics
(tanδ > 0.05)

Standard single layer capacitor
structures measured via LCR

Reflection Techniques

meter
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Measurement Experiments
After weighing the options, a coaxial line approach was selected for experiments. The Agilent
probe and the design of the high temperature probe would be compared after the high
temperature probe was manufactured. First materials would be measured at room temperature
and then a plan devised to measure at elevated temperatures. One limitation of the coaxial line
approach was powders where the readings were mostly skewed due to porosity issues. The
coaxial probe design was made by using a coaxial line connected that was connected to the
network analyzer. Figure 12 demonstrates the Agilent Probe that was suitable for temperatures
up to 200ºC.

Figure 12: Agilent Dielectric Probe

The dielectric material was placed on a surface. The probe was put in direct contact with the
material eliminating as much air gap as possible throughout the measurement cycle. If there
were gaps present then the results yield a value close to 1 for the permittivity [138]. The Agilent
probe was the ideal choice to measuring high loss materials but again the temperature was the
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limitation. Now the research was tasked to design a higher temperature probe with measuring
capability up to 1000°C. Figure 13 shows the experimental setup for the Agilent probe
Figure 13. The experimental setup required a network analyzer Agilent 8510C, support stand,
heating mechanism, and support cabling. The hot plate was only able to reach temperatures up to
500 °C for heating the samples. This range was ideal for the Agilent probe usage.

Figure 13: Dielectric Probe Testing Setup

Several materials were selected for the experimental testing. The variation in material
characteristics was the primary criteria that yielded these materials for testing. In addition, these
materials were tested previously as shown on Table 4. Teflon, quartz, and water are given. The
materials were to have a smooth surface that was achieved by machining the samples prior to
testing. The machining would support elimination of potential air gaps during the measurement
phase. The network analyzer had to be calibrated prior to taking the measurements. The
calibration process involved using three required media; open, short and load. For the calibration
medium, the properties were known at least at room temperature. Deionized water was used as
tap water would result in inaccurate measurements. Before the samples were to be measured
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using the experimental procedure, they were tested for coupling capability using a domestic
1000W microwave oven. Each sample was then rated as being lossy or either transparent or
reflective. The alumina insulation board was used to support the samples and the heating cycles
were carefully monitored since microwave ovens require a load to minimize the reflective power
to the magnetron. The intent was to validate the results from the measurements. In other words,
if the microwave heating results showed that a sample heated, then the permittivity values should
demonstrate the same capability. Figure 14 shows a picture of the materials measured with the
Agilent Probe.

Mold
Material

Water

Crucible
Material

Teflon

Teflon

Quartz

Figure 14: Validation Measurement Materials

Although there were many other materials that were used as a part of the validation methods
such as ethanol, methanol, magnesium oxide, and boron carbide, the results of above mentioned
samples as a result of the validity test are present in Table 7. Additional results will be given in
the results section of this dissertation.
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Table 7: Summary of measurements for probe accuracy

Measured

Sample:

Frequency

εr’

tan δ

Published

εr’

tan δ

% Accuracy

εr’

tan δ

99.91%
Teflon

3 GHz

1.9982

N/A

2.0 – 2.1

0.0028

to

0%

95.23%
100 MHz

3.5994

0.0169

3.8

0.0002

94.72%

0%

3 GHz

3.7598

0.0103

3.8

0.00006

98.94%

0%

Distilled

100 MHz

81.0420

0.0188

76.7 –

0.005

95.38%

0%

Water

3 GHz

77.1133

0.153

78.2

0.157

99.57%

97.45%

Quartz

The measured results were typically accurate for higher loss materials. Agilent had already
hypothesized that their probe was accurate within ± 10%. The experiments here supported their
theory. The probe presented and accuracy of εr’% < ±10 % and tan δ < ± 0.1. The loss tangent
was actually quite accurate at 3 GHz for water with a value of 97.45%.
Additional experimental setups were used to study the temperature variation and specifically at
low temperatures. The samples were chosen to be both homogeneous and non-homogeneous.
The sample materials used here were of unknown composition and name during the experiments;
but tested anyways to seek data that matched the sample criteria as a part of the research.
Another experiment was prepared to study the distilled water. The water was heated with the
probe inserted into the water. As the water heated then measurements were taken. The
permittivity decreased and the loss tangent decreased as well. The final temperature reached was
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100ºC and the preliminary results are given in Table 8. Within the increasing presence of air
bubbles, the experiment was terminated.

Table 8: Distilled water measurements up to 100C

Elevated Temperature Measurements of Distilled Water

Temp (°C)

εr'

tan δ

24.5

77.84

0.1185

30

76.36

0.1039

35

75.68

0.0989

40

73.89

0.0872

45

72.78

0.0814

50

70.98

0.0718

55

68.26

0.0657

60

65.28

0.0628

65

59.76

0.0587

70

50.94

0.0549

75

38.11

0.0498

80

13.47

0.0371

For low temperature validation measurements there are several limitations. The frequency range
was restricted from 200 MHz to 20 GHz while the temperature range was -40°C to 200ºC. The
minimum diameter of the samples required was 20 millimeter.
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Design of the high temperature probe
While the Agilent Probe was deemed suitable for the measurement up to 200°C; the research
experiments required a probe that could measure up to at least 100ºC. With the coaxial probe
validation; this design illustrated at least good measuring capability. Additionally the coaxial
design was readily compatible to the network analyzer and the Agilent software proved to work.
At this point during the research, if the high temperature probe was designed based upon the
same principles as the Agilent Probe, then results was theorized to be similar along with the
calibration and measuring approaches. However, the fringing due to air gaps would have to be
accounted for and differences on results due to software adjustments realized. Thus materials
were to be selected.
The material selections for the high temperature probe were suggested mainly by the thermal
environment in which the probe will be operating. Materials researcher Edward Ripley with
BWXT Y12 was consulted extensively for a choice of material that would be suitable for the
projects requirements [31]. The recommendation was that the alloy Invar be used for its
extremely low thermal expansion and low thermal conduction properties. Invar offers the lowest
known coefficient of thermal expansion (CTE) of any alloy usage in environments where the
temperature is less than 200°C and the CTE is negligible to 1400°C [210]. Invar was also easy
to machine and readily used within welding processes. With the coaxial design available, invar
was selected and investigated for the high temperature probe material. With air being the
dielectric material for the design; the design required calculation and modeling to determine the
appropriate outer/inner diameter ratio (b/a). With this design the characteristic impedance was to
be monitored and the need for solid materials for the inner and outer conductors eliminated.
However, a boron nitride washer was inserted near the base to make sure that the probe parts.
The intent was to enhance the probe’s performance due to the good thermal properties of the
boron nitrate washer [140]. Boron Nitride has a dielectric constant of ~4.1 which means that the
coaxial ratio (b/a) must be altered at this point to maintain 50 Ohms. The choice was made to
increase the size of the outer conductor to maintain 50 Ohms throughout the coaxial shaft. An
SMA connector was used to ensure stabilization.
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The characteristic impedance was the fundamental parameter that influenced the design size.
This parameter was directly correlated to the b/a ratio and the dielectric constant. Equation 13
gives such a relationship.

Z0 =

60  b 
ln 
εr  a 

[13]

If the 50 Ohm impedance could be maintained throughout the length of the probe then the
reflection back to the analyzer would be controllable; thus adequate for measuring the
permittivity. With the b/a ratio requirement as 2.3 typically for air, the boron nitrate washer
caused this value to increase to a value of 5.4. Therefore at this point the design criteria had
been studied and manufacturing could begin. The materials were purchased and tooling selected
for the machining. Figure 15 gives the probe design.
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Figure 15: Dielectric probe design (high temperature-Invar)

80

This probe design was simulated in the software package High Frequency Structure Simulator
(HFSS) to investigate what cross-section changes effect have on the input return loss, i.e. match.
Results indicated insignificant return loss degradation at 2.45 GHz. HFSS will also account for
all of the fringing fields using full 3D EM analysis. The following is the model implemented for
HFSS simulation as shown in Figure 16.

Figure 16: Dielectric probe model (HFSS modeling)

The elements shown are the inner and outer conductors modeled as perfect conductors, a vacuum
coaxial dielectric, and εr’ = 4.1 dielectric disk representing the Boron Nitride washer. The system
was simulated with wave ports at each end of the probe and predicted results are recorded in
Figure 17.
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Figure 17: HFSS preliminary simulation results (showing almost 50 ohms at both ports)

The results show that at each port the reflection coefficients are extremely low (-35.6 dB) and the
characteristic impedance is 48.5 Ohm, a percent difference of 3% from 50 Ohm. This variance
will be adjusted in the error coefficient for the fabricated probe.
This probe was then simulated with an “infinite” sized block of dielectric at its face to determine
its effective range of measurement. The model used for these measurements is illustrated below
in Figure 18.
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Figure 18: HFSS simulation of measurement experiment

The probe results yielded dielectric constants ranging from 2-10 (relative) and a loss tangent
ranging from 0-1; comparable to each dielectric constant The main concern was the probes
ability to give the reflection parameter at the probe to sample contact location. This is where the
reading would be mostly affected and thus data affected and ranges that it could measure. The
results are formatted in 3-D graphical format for ease of interpretation. In regards to the
reflection coefficient magnitude, at a loss tangent (tan δ ~ 0) the software was not be able to
facilitate discrimination between materials with similar dielectric properties. However at a
higher loss tangent (tan δ ~ 0.1) the software was be able to facilitate discrimination between
materials with similar dielectric properties.
The probe was manufactured by a local subcontractor that had good machining capabilities, since
tolerances of the material’s dimensions needed to be handled up to 1/1000 of a millimeter.
Although measurements were provided to a further degree as results of calculations, machined
tolerances of 1 thousands of a millimeter were the limiting factor during fabrication. Invar
tubing was purchased for the outer conductor since inside milling to the required degree of
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accuracy was extremely difficult and required specialized equipment. Once the tubing was
procured and accurately measured, final dimensions were delivered for the coaxial probe shaft so
that the desired coaxial ratio will be maintained. These measurements are reflected in the new
probe design as noted in Figure 19.
Calibration of the designed probe will be accomplished as with Agilent probe, with three known
standard measurements: air, short, and a water load. The base of the designed probe was sized so
that the short block from the Agilent probe calibration kit could be utilized as well. To correct
for any error received in the designed probe, an error correction coefficient (ECC) was to be
derived from two theoretical simulations: a HFSS simulation of the Agilent probe versus the
HFSS simulation of the designed probe for the same dielectric constant values. The error
correction coefficient (ECC) would be then be calculated by the following noting that ECC =
HFSS Agilent probe results / HFSS designed probe result. The measured value with designed
probe then could be adjusted or corrected by the relationship Corrected Result = ECC *
Measured Result.
The high temperature probe has been fabrication and tested and is shown in Figure 19.

Figure 19: High Temperature Probe, Short Block, and Experimental Setup
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At first glance, it was thought that the probe could be calibrated by the Agilent short block. After
careful experimentation, it was revealed that since the center dielectric material area enclosing
the conductor were of different dimensions, then the Agilent short block did not completely
cover the dielectric medium; this there was no short circuit. A new short block was designed as a
replicate of the Agilent short block.
Initial testing proved that the probe was extremely sensitive to the load calibration. In fact the
probe did seem to respond correctly to any type of liquid calibration. This finding was later noted
as being caused by the absorption characteristics of the boron nitride spacer. During testing there
were many calibrations made and realization was found in using an isotropic solid material. As a
first step the Teflon was measured using the HP probe and thus; this value was used as a load for
calibrating the newly designed High Temperature Probe (HTP). After the calibration, air and
other materials were measured and found to be within acceptable ranges when compared to
published data. In fact the curves were relatively close and tended to present the same type of
trends. The probe was tested for heating and cooling cycles to trend the up and down
performance. Final results are given in the results for this dissertation.
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Metal Melting Experiments
The experiments were to be performed in an aluminum chamber (25” diameter x 25” height)
powered by a single Cobra 6 kilowatt (kW) microwave power supply that had one 6 kW feed
line through the top of the chamber as shown earlier in this dissertation. The microwave furnace
was manually controlled for system variability. The chamber configuration can be seen in
Figure 20.

Figure 20: Modular Chamber with Vacuum attached and Cobra Generator

Some of the microwave furnace features are:
•

Vacuum (<350 mtorr) with no load

•

Inert gas supply

•

No cooling water to or in proximity of the chamber

•

Programmable logic control system for monitoring:
o temperature
o forward and reflected power
o current/power
o O2 concentration
o chamber pressure

•

Remote visual monitoring of chamber
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•

Automatic microwave tuners (4 stub type)

•

No mode stirrer applied

The microwave melting project was designed as a joint effort of Ed Ripley and Brian Warren to
perform 5 melts using copper to study the scientific aspects of the modular chamber and verify
the simulation data. By performing at least 5 melts, the experiment would verify any
reproducibility and reliability and demonstrate control of the process. The project also allowed
continued development of an engineering basis built upon performance of a modern modular
microwave furnace prototype. Specific baseline objectives were to conduct 5 copper melting and
casting operations per Table 9.

Table 9: Microwave Copper melting and casting project objectives

Project
Phase

Phase I

Primary Objective(s)

Secondary Objective(s)

 Perform 5 melting and casting



operations at ~2-5 kg per melt and

casting time with an objective to

maintain consistent process parameters

melt in less than 80 minutes

 Achieve low surface oxide castings by



visual inspection

gradient for different power

 Validate microwave insulation stack

inputs

Determine the fastest melt and

Test graphite temperature

assembly performance
Efforts to define minimum heating cycles determined that crucibles could only accept microwave
power to a limit after which the microwave energy would go to form plasma. For the microwave
heating cycles; the process has to be controlled and operated in such a way that the metal and
other materials do not experience any sudden thermal shock and extract more energy than needed
to make to temperature distribution non-uniform. The thermocouples chosen were selected
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because alternatives were deemed to fail in the high electric field as a result of coupling. In order
to conserve these materials improved sheathing methods would have to be designed (Richardson,
1989).
During the post heating process there are many alternatives to measure the material temperatures.
For example, optical pyrometers, and versatile thermometers are typically used. As long as the
thermal conductivity was low and the size was small, temperature readings were readily recorded
Sensors were use and also proved viable. Thus; Non-perturbing and non-intrusive temperature
measurement was performed by designing a shielding technique to prevent the thermocouple
from disrupting the field propagation. The thermocouple setup can be seen in Figure 21.

Figure 21: Fitting of Thermocouples into the Insulation and Chamber

The modular microwave selected for this research was the newly designed “Cylindrical Modular
Unit” designed by the microwave team at Y-12 and MSTI; led by Ed Ripley and supported by
Brian Warren and Ken Givens. The unit was rated at 6 kilowatts and proved appropriate for the
metal size to be casted. The field symmetry of the oven was examined using large faxed sheet
composed of litmus paper with a temperature limit of 900C to map the electric field. Research
has proven that if the oven is symmetrical about the mid-section, then is the crucible is placed in
the center; most of the thermal energy would be concentrated to that area [103] proved that the
axis of symmetry was significant to the power distribution within the oven.
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The copper samples were distributed in the center of the cylindrical crucible. A crucible lid was
not used but insulation was placed over the crucible and the crucible placed on top of the mold.
A rectangular place of alumina approximately 1 inch thick supported the mold and crucible and
served as the base to the thermally insulated casket. The crucible and mold were centered in the
oven and re-insulated by using small strips of SALI. The methodology for placement of the
samples can be visualized in Figure 22. Figures 22 and 23 give the crucible and insulation
scheme used to minimize heat loss.

Figure 22: Placing of Copper Metal in Crucible
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Figure 23: Crucible, Mold and Lid Surrounded by SALI Insulation

The heating time was chosen based upon the optical pyrometer temperature reading. In some
cases, the metal melted rapidly and in other it did not based upon the input power. A
recommendation from the previous simulations revealed that the cycle time should be around 6080 minutes for the modular applications. The resting period between melts would be one day for
cool down and restructuring of the components.
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Pros and Cons of Experiments
Obstacles associated with microwave heating have long been realized by industrial scientist. For
example the purchase of materials and selection of appropriate operating parameters are
significant keys to making a sound cast. Like most of the new technologies that generally have
initial glitches, this process was still in the initial stages of optimization. Some of the common
challenges in microwave castings are the needs to
•

eliminate any potential for hot spots

•

increase efficient heating and uniform melting

•

prevent high field localization into the crucible

•

minimize power reflections

•

prevent any plasma formation

•

avoid any arcing potential

•

minimize out-gassing

The process of placing the stack directly in the chamber such that the field distribution is
homogenized, thermocouples are properly located, and the optical pyrometer can view the
material, can lead to complicated setups. For this dissertation, alignment problems were solved
by using tape to mark the center of the chamber as shown in Figure 24.
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Figure 24: Alignment of Chamber Component

The experimental approach was to use nitrogen as an inert gas such as to minimize plasmas. One
such limitation would be the supply and purchase of the gas. Since the experiments were
operating on a very limited budget, the usage of any gases and other materials had to be wisely
selected. On the other hand the experiments presented a rather larger problem because a
determination of the amount of leakage had to be performed. The system was pumped down to
1e-3 torr and a leakage detector was used to determine if a leak was present. After several trials,
a few of the waveguide support clamps were replaced for more stability in the unit. The unit did
not pump down as far as desired but the nitrogen backfill created a positive pressure atmosphere
suitable for melting metal. Figure 25 illustrates how the vacuum system is connected.
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Figure 25: Vacuum Assembly

Additionally, several insulation schemes were tested and studied. The first choice was using all
SALI to wrap around the crucible. This approach was found to be feasible but did not seem to
control the heat flow as expected. An alternative method was proved by the use of insulation
fiber board in conjunction with the SALI insulation. The first attempts prove satisfactory but
additional tests are conducted using pellets in between the fiber board and SALI covering
surrounding the crucible. However, disassembly and clean-up were a difficult job due to the
pellets being displaced everywhere. This method assured that minimal heat loss to the inert
atmosphere would be achieved; but finally after testing it was concluded that the fiber board
would be enough to melt copper since the melting temperature was only 1080º degrees C.
The appropriate power ramp rates were determined by repeating several heating experiments to
study the crucible and mold temperature profiles. A mock up stack was placed in the modular
cavity and thermocouples were inserted along the mold (top and bottom). An optical pyrometer
installed at the top of the oven measured the metal temperatures above 700° C. Initially the
thermocouples were overcome by the huge electromagnetic field and basically burned into due to
arcing. The re-shielding process involved a trial and error approach to determine the appropriate
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shielding materials and technique. The temperature profiles were similar to the prediction but,
the ramp rated noted for the one hour melting cycle had to be modified. Research dictated that
there a relationship between the power and temperature that could be easily predicted by noting
temperature increases of 100º degrees per 5 minutes, and a power input of .5 kilowatts. However
the experiments were best proved by studying different variations of input power ramp rates. For
example, the first run was made with a uniform power input of 3kW for the entire melting
process. Other runs demonstrated variation in the input power versus time.
Other initial problems were associated with trying to achieve the appropriate vacuum. For
whatever reasons the system would not pump down to the desired 1e-3 torr; thus an alternative
had to be sought. A potential solution was to pump to as much as possible and then backfill the
chamber with Nitrogen at 14.7psig. Also there were significant problems with reflections in the
waveguides. After careful investigations it was revealed that the quartz window located between
the chamber and waveguide connection had debris from the previous titanium runs. Thus it was
changed.
Furnace and operating parameter must also match the operators desire to produce quality parts.
Table 10 provides a summary of the microwave furnace predicted operating parameter and run
parameters discussed by the group. From the run summary table, we have concluded that plasma
generation may be a significant factor in not achieving a melt time of less than one hour or
consistent temperature control. Plasma is a result of excess electromagnetic energy beyond the
microwave absorption load in the chamber and may be realized if the diameter of the crucible did
not lend itself to readily absorbing the electromagnetic field. In addition, argon is relatively
more susceptible to plasma generation than other diatomic gases; thus nitrogen will be used. The
absolute pressure was adjusted in an attempt to eliminate the plasma generation, but differences
were minimal between 0–14.7 psig.
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Table 10: Predicted operating parameters to reach melting temperature

Time

Input Power

Input Power

Input Power

Input Power

Input Power

Variation (kW)

(kW)

Variation(kW)

Variation

Variation

(kW)

(kW)

5

2

3

.5

1

5

10

2

3

1

1

5

15

2

3

1.5

2

5

20

2

3

2

2

5

25

4

3

2.5

3

5

30

4

3

3

3

5

35

4

3

3.5

4

5

40

4

3

4

4

5

45

6

3

4.5

5

5

50

6

3

5

5

5

55

6

3

5.5

6

5

60

6

3

6

6

5

Evaluation of the process variables to visual observations perceived no direct correlations and
hopefully there would be no thermal runaway. A potential control condition that seemed to be of
significance was the melt hold time before pulling the rod and allowing the metal to flow into the
mold. This would seem reasonable as the high surface area of the crucible provided a reaction
area. This could be evaluated by conducting melts in taller crucibles with less surface area and
then returning to the smaller crucible.
The first attempts to melt the copper were terminated by the fact that the crucible experienced
cracks along the outer diameter. This may have been caused by extreme thermal stresses during
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the trial tests or even the bake-out period. In order to collect data that was relative to the overall
process a new crucible was obtained and the set-up and validation process repeated.

Data Collection
The crucible proved useful and this phase of the project successfully demonstrated improved
reproducibility of cast parts through better process control and materials substitution. The data
from the unit was captured manually by the operators. Although the data tracking proved
reliable, the data was also noted in the operation log book as well. The data for the temperatures
are shown in the results and noted to have similar findings by maintaining the power input
consistent minimal variation if the temperature profiles was expected. Each of the five runs was
given and the variations in power ramp rates offered no change in the overall temperature-time
curve profiles. The runs were varied as 3 kilowatts steady, .5 kilowatt increment every five
minutes, 1 kilowatt increment every five minutes, 1 kilowatt increment every ten minutes, and
five kilowatts steady.
When examining the results, one will find that the plots show the temperature variations for the
mold versus the metal. Although the optical pyrometer started measuring temperature at 600°
degrees, the data was sufficient to capture the metal melting profile in terms of temperature. The
curves exhibited different profiles due to the variation for input power. Another important
observation was the forward and reflective power plots and their dependency on temperature.
The data collected as a part of this research represented the process efficiency as compared to
other technologies; thus supporting the technology optimization and integration to industry. For
example, if the reflective power was too high then most of the power would have been reflected
back to the magnetron and therefore minimal energy input would be realized inside of the oven.
The best energy balance was demonstrated through proving as little reflective power as possible.
The research experiments demonstrated differences in the heating cycles, there were many
changes to the power input. This was the result of taking all precautions to minimize unwanted
plasmas while experimenting with different inputs to study optimization. Visual observation
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through the viewport allowed for minimal observation into the chamber. Through this effort,
documentation of any sparks could have been noted. The stack material remained to same.
Metallurgical analysis samples were taken from the copper metal surface after etching to prove
sound casting. The hypothesis was to show minimal inclusion and porosity indications. Uniform
grain sizes were desired and carbides non-existent. While there would be some aspects of the
data that would prove undesirable, process control would be sought. Chemical analysis would
also be performed to determine the final chemical make-up of the casts. The ICP method (Table
11) would be used and the procedure is given below.

Table 11: Typical Chemical Analysis Procedure

ICP Method:

1. Cut a 1 gram sample containing no cast
surfaces

Proposed Contribution and Purpose

Chemical sampling proved significant to the
research in order to determine if unwanted

2. Clean sample in nitric acid

alloys were present after performing the casts.

3. Dry and weigh sample

When compared to alternative casting

4. Digest sample in 10 ml of nitric acid

methods; the chemical data would prove or

5. Dilute solution up to 50 ml with DI water

dis-prove the credibility of the microwave

6. Extract DU with tributyl phosphate

oven to produce parts with the same or better

and hexane mixture, keeping the

features as the other technologies

aqueous solution
7. Calibrate ICP utilizing known calibrated
standards
8. Perform analysis

A total of 23 metallographic samples were prepared on the copper castings. The sample testing
method is shown in Table 12.
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Table 12: Typical Metallographic Analysis Procedure
Metallographic Method:

Proposed Contribution and Purpose

1. Cut sample using abrasive wheel saw

The metallography would serve to

2. Mount sample in cold mount epoxy

present the final grain size and metal

3. Polish sample using the following steps

content of the final cast. The data would

•

120 grit SiC paper

prove that the final part exhibited good

•

P500 grit SiC paper

machining, forming and shaping features.

•

P1200 grit SiC paper

The data would also be compared to

•

6 micron diamond suspension (in

VIM and other technologies to prove that

mineral oil)

the final cast was very conservative in

•

1 micron alumina suspension (in DI terms of exhibiting carbides
water)

Note: The samples are cleaned between
each step
4. Polished samples are then examined and
photographed
5. Etched samples are prepared using
electropolishing in 5% orthophosphoric
acid then etched using 10% Oxalic acid

The samples were viewed on a Leco PMG 3 Metallograph. The images were captured using
PaxCam 3 Digital Camera and imaging software.
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CHAPTER IV
SIMULATION METHODOLOGY
Purpose of Simulation
The research proposed to perform experimental testing to validate the data obtained from the
industrial microwave oven for metal testing. In order to perform such a task 3D modeling was
performed to simulate the structure and process. Material specific data was experimentally
determined as a function of temperature. The data was then used within the parametric software
to validate the metal melting data.
While there had been much research to study the microwave oven for melting, high power
applications yielding temperatures above 1000C were minimal. Most early researcher proposed
to simply study the technology experimentally which ultimately slowed the integration of the
technology. During experiments power distribution and heating profiles are of extreme
importance to the industrial oven operator. These parameters govern the thermal outcome and
overall performance of the unit and determine how the electromagnetic energy is distributed
within not only the dielectric material; but oven as well. For 3D modeling structures,
computation time and the number of node points always creates a problem since they also have
to be a function of the EM wavelength. With numerical modeling, these factors have to be
considered and have plagued many researchers. Typically 3D meshes are very difficult to do
with computers less than 64 giga-hertz RAM. Typically approached to solving such problems
generally force software companies to use either one of several methods: Finite Difference,
Finite Integral or Finite Element. Therefore in order to select an appropriate software and then
perform the modeling successfully, there were many factors to consider as will be seen.
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Selection of Software
Used within the software market there were several software that proved to be capable of
modeling the oven. The research studied and evaluated software for its parametric capability,
transient analysis talents, and ability to couple the electromagnetic and thermal aspects of the
problem. The objective developed methodology for a computer simulation tool that could
represent heating any metal using the silicon carbide crucible and graphite mold to their melting
temperatures. For copper this data was compared to the experimental data. The validation
process created a model with the same geometric configuration as the modular unit. The model
yielded sub-domains that were representative of the different components as the modular oven.
Each sub-domain was assigned as a temperature dependent material with temperature
dependency. The boundary conditions for both EM and thermal were given as best suitable
depending on the software. The software selection and modeling demonstrated significant
contribution to validating the science behind microwave melting using 3-D realization and
proving software could be used for such. When the research first started, there were no 3D
models trusted by industry and therefore scientist considered the modeling approaches unsuitable
for process validation. While there was software available, none presented all of the capabilities
needed. In other words, either the modeling was quasi-static, or required the EM modeling to be
totally performed first and then use that data to perform the thermal modeling; but not at the
same time.
Commercial software is not only expensive in most cases but also offer only single licenses. For
industrial applications, this research was faced with considering not only the capabilities but cost
as well. In the mist of these obstacles, observations yielded that most companies advertised
software as being capable of performing more function than the software was actually capable
of. The software selection criterion for this dissertation was based upon identifying high
frequency 3D software that could determine the return losses and compute the dissipated power
and electromagnetic properties within the chamber based upon user defined material parameters.
Additionally, the requirements for a complete transient analysis the couples the electromagnetic
and thermal modules for any specific metal melting application were a must. Based on this study,
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the following software packages, shown in the Table 13, were considered for the research in this
dissertation problem formulation.

Table 13: Modeling software packages applicable for microwave furnace modeling

Code Type

Ansoft HFSS

Kernel Methodology

Finite Element Method

Software Observation

EM simulation, SAR

Comsol Multiphysics Finite Element Method

EM simulation, heat transfer module

CST Microwave

Transient solver, Frequency domain

Studio (MWS)
Quickwave-3D

Finite Integration Technique
Conformal Finite Difference
Time Domain

solver, SAR, simple thermal problems
EM simulation, SAR, BHM-Basic
Heating Module for microwave heating
application.

The modeling effort proposed a discrete grid to represent the cylindrical microwave oven. Not
only was the problem space specific but also a function of time. Most software used the banded
matrix approach and thus selection of the grid size and time increments were significant to the
accuracy of the results. The input power was then determined to be simply a signal proposed as
an excitation across the grid in the form of an electromagnetic wave [142]. During most
modeling exercises, finite difference time domain has been used more than either the finite
element or finite difference time domain methods. This is primarily due to the amount of
computation time required solving a 3D problem with large computational domains. Table 14
shows computer memory requirements as a comparison for the FEM and FDTD methods: where
N represents the number of cells within the grid.
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Table 14: Computer memory requirements

FEM – direct

FEM - iterative

FDTD

Storage

N5

N5

N3

CPU time

N7

N4.6

N4

For the modeling effort in this dissertation, N could approach 24.5 million cells for large
chambers and 10-12 million for smaller modular chambers. Preliminary results and software
validation were performed using a larger chamber. As with the current FEM computing capacity,
it would have been impossible to solve any problem with the desired accuracy using a 24 million
cell model. However, FDTD solvers may attempt to solve these types of problems. Again,
another consideration is whether or not the approach has transient and temperature dependent
capabilities versus quasi-static solvers. For this reasons, a comparison of software capabilities
and available modules must be made. Although all of the software of consideration advertised
transient or multi-physics capabilities, the problem called for complete transience and not quasistatic analysis in order to properly represent the type of industrial processes in question. CST and
HFSS were realized to have very sophisticated electromagnetic modules and as well as transient
analysis. Simulations proved the EM module was appropriate but the heat transfer applications
were in fact quasi-static. Quickwave-3D was analyzed for our simulations since it was based on
FDTD method and could handle larger models. Additionally, it had a specialized module for
microwave heating applications which calculated the temperature inside the applicator, as well
as, demonstrating capability to for materials properties as functions of enthalpy or temperature.
However, the software had many limitations including quasi-static heat transfer, lack of enthalpy
versus temperature data for specified materials, slow convergence rate for heat transfer, and
inadequate post processing visualization. Comsol Multiphysics was a software the clearly
presented the capability to handle the problem based on the type of computing system (16G 102

RAM). However, the simulation was slow and the mesh size limited thus barely meeting the
required size of 10-11
11 elements per mesh as required by the wavelength.. Comsol also had a very
sophisticated multi-physics
physics package that directly couples any of the modules involved in the
simulation. Comsol allowed for temperature dependent properties as well as Matlab interface for
code development. In fact the entire GUI model could be exported to Matlab for easy conversion
into an .m file.
Comsol allowed for the exporting the structure of the geometry to a structure file as well as
direct export to Matlab as a Simul
Simulink
ink file. These capabilities in addition to the many modules
supported by Comsol including chemistry, structural, radio frequency, porous media fluid flow,
and others allow for simplified modeling attempts of the modular microwave oven.
Before proceeding with the numerical calculations of the modular unit, a validation check was
carried out for the software to verify its calculation and determine if the results generated were
accurate for both the modular and a scaled model of a larger chamber. The larger oven was a
model version of another vertical unit used to melt metal. The larger chamber can be seen is
Figure 26.

Figure 26:: Large Chamber Vertical Microwave Unit (Model)
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Three tests were designed for the vertical unit to determine if the results were similar when
compared to other software. In addition, further simulations were used to determine variations in
the results for different mesh sizes contributing to convergence for a specified number of
iterations. Since the size of applicator could be a variable in terms of variations in design, the
modular was the idea chamber to perform the evaluation due to its simplicity form an
electromagnetic perspective and suspicion in terms of symmetry. Again, HFSS and CST MWS
were not very successful while simulating the full
full-size
size applicator, thus a scaled down model was
used.
Initial Return losses for the scaled model was carried out using both Quickwave
Quickwave--3D and CST
Microwave Studio packages and compared. HFSS was unable to converge satisfactorily and so
its results were omitted from consideration
consideration. The results will later show that the return losses at
one of the ports while modeling with CST and Quickwave respectively were similar.
similar A sample
of the return loss plot is given in Figure 227 below.

Figure 27:: Sample return losses for Port 1
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Model Development
Dimensions of the both the large chamber and modular units chosen for this dissertation to
perform modeling were measure from actual industrial units located at casting facilities. The
large model was scaled and the modular presented to dimension for creation of the 3-D models.
The modular chamber, which is of significance interest, featured a single waveguide power
input, insulation, crucible, metal, mold and mold core, which are the basics components of the
modular unit. Although there are many variations of industrial microwaves, the modular unit is
representative of a production oven and did not require a mode stirrer to maintain the uniform
field. The multi-mode oven had a maximum power input of 6kW. The heating time for both
simulation and experimental was approximately 80 minutes. The modular model development is
given in Figure 28 while Figure 29 shows the internal components. The modular model was
simulated using Comsol Multiphysics software and was noted to be 25 inches height and 25
inches in diameter. The experimental chamber was 25 (.64m) diameter by 25 (.64m) in height as
well. The crucible was ten inch in diameter. The metal chosen for the model was 4.2 inches in
diameter (copper). These parameters were chosen because they were representative of typical
dimensions of the experimental stack components, In fact, the metal chosen for the experimental
set-up was 4 inches in diameter and the crucible was exactly 10 inches in diameter.
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Details of Industrial Microwave Oven
Modular Unit

Model of Modular Unit
Waveguide
Inert Environment
Crucible
Insulation

Mold Core
Mold
Typical large industrial microwave ovens are: Diam. 50λx height 50λ
λ

Figure 28:: Modular Microwave Model Design

Figure 29: Stack Components for Microwave Melting
Material properties
roperties used in the model were experimentally measured and extracted from text;
i.e., Introduction to Heat Transfer First Edition (Incopera and DeWitt). The crucible was given a
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permittivity of magnitude 26-8j. The mold was graphite, metal copper, and insulation Alumina.
The thermo-physical material properties can be seen in the Table 15, 16 and 17.

Table 15: Examples of Equation Based Properties for Stack Components

Subdomain Thermo-Physical

Equation

Crucible (Silicon Carbide)

200.86*T0.2557

Specific Heat (J/kg-K)

29545*T-.924

Thermal Conductivity (W/m-K)
Metal (Copper)

Specific Heat (J/kg-K)

89.325*T.24

Thermal Conductivity (W/m-K)

855.9*T-.125

Constant Density for Stack Components and Melting Point

Melting point (K)

Density (kg/m3)

Copper pure

1358

8933

Carbon

1500

1950

SiC

3100

3160

107

Table 16: Temperature Dependent Thermal Conductivity and Specific Heat

100K

200K

300K

400K

600K

800K

1000K

1200K

Copper

482

413

401

393

379

366

352

339

Carbon*

450

225

150

112

90

64

56

50

87

58

1000K

1200K

T(K) /
k(W/m-K)

490

Silicon
Carbide

T(K) /

100K

200K

300K

400K

600K

800K

Cp(J/kg-K)

Copper

252

356

Silicon

385

397

417

433

451

480

675

880

1050

1135

1195

1243

Carbide

Table 17: Boundary Conditions for Thermal Modeling Stack Components

Boundary Heat Transfer Type

Thermal Energy Mode

Crucible-Insulation

Surface to Surface Radiation

Mold-Crucible

Conduction at Interface

Insulation-Mold

Surface to Surface Radiation &
Conduction at Bottom Contact

Metal-Crucible

Radiation and Conduction at Interface

The initial efforts began by modeling the electromagnetic characteristics and determining if the
model was representative of the modular unit in terms of experimental observations. As a
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convenience, Comsol offered some data for material properties specific to the required materials
for the study. The electromagnetic module offered Silicon Carbide for the crucible, Graphite
(carbon) for the mold, and 99% Alumina for the Insulation. Additionally, certain assumptions
were made to reduce the complexity of the problem for modeling applications of
electromagnetic, heat transfer and others, such as:
•

Walls for the furnace are assumed to be lossless and assumed to be perfect electric conductor
(PEC)

•

The metal disk is also assumed to be PEC initially but later modeled as lossy at high
temperatures

•

Electrical properties of the materials were assumed to be constant for return loss and for field
distribution

•

Initial modeling of materials were noted as being isotropic

•

Both forced and free convection were negligible since the chamber was operated under
vacuum

These assumptions were valid because they presented the walls and the metal as non-absorbing
boundaries. However, in reality, the metal is non-absorbing until a certain temperature, thus
becoming absorbing at high temperatures. The initial models were simulated with the metal
having permittivity as 1, and later refined to have temperature dependent permittivity. Initial
modeling would also simulate the materials as non-homogenous to determine if the profiles were
realistic of microwave heating. If this was not the case, then problems may be realized by not
having significant variation of material properties correlated to temperature; but temperature
dependency was a must. The model was fully developed to be a transient model with variation
capability for material with temperature and time dependency.
The preliminary analysis for the microwave metal melting research then established a procedure
to first calculating the S-parameters for the larger (large microwave oven) 4 port chamber. The
oven was given a pulse at one model waveguide port and the other three ports were matched. The
S-parameters were extracted using Fourier transform of the reflections or the transmission at
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each port. Figure 30 gives an example of a plot for the reflection loss versus the frequency
within the band of interest. It can be concluded that the input match was acceptable (at least less
than -15dB for all ports); however, there were many sharp resonances present. In practice, the
magnetron spectrum could be few megahertz wide and the dominant frequency often jumps
depending on the actual reflection coefficient. Figure 31 gives an example of the coupling
between ports 1 and the other ports. This parasitic coupling was acceptable (at least less than 10dB around 2.45 GHz) but it might prove difficult to control and be maintained at all times
during the heating operating frequency of 2.45 GHz. Thus the initial simulation confirms what
the theoretical has long describes; a variable frequency chamber.

Figure 30: Return Loss (4 Ports)

110

Figure 31: Coupling for Port 1

From the previous analysis, throughout this dissertation, attention has been focused mostly on
the approach and analysis techniques rather that the data itself. Although the model was designed
to understand the science behind industrial microwave melting of metals, attention must
continuously be paid to the user input and temperature dependent parameters. For the modular
(smaller oven) model studied using Comsol, the single port was excited with a TE10 mode and
the power ramp rate was 0-6 Kilowatts for 80 minutes. The crucible material was again 26-8j
which seems to be realistic of measured dielectric properties for the Silicon Carbide. The
software was capable of generating many characteristics of the EM analysis such as electric
field, magnetic field and resistive heating as will be shown in the results.
The modular used experimentally demonstrated well suited for demonstrating the characteristics
of an industrial microwave. Even though the unit did not have a mode stirrer the thermal heating
profiles, as will be seen later, illustrate that the oven performed properly and heated as expected.
Although predicted that the modular model would show these rather uniform heating patterns,
111

consideration had to still be given to the variation in the dielectric materials for different
materials. With the devised simulation methodology developed, the modeling approach was
deemed to at least comparable to the experimental setup.
The models were expected t show the temperature increases in the crucible as a function of time
and give the conducted and radiation effects within the oven. Additionally, the temperature
gradient within the stack and insulation were to be simulated.
For this dissertation several different materials will be simulated and the thermal properties and
materials are listed in Table 18. Copper modeling results will be compared to experimental data.

Table 18: Thermo-physical Properties for Metal Modeling

Metal (Melting Temp)

Conductivity

Specific Heat

Density

(W/m*k)

(J/kg*K)

(kg/m3)

Copper (1136C)

391

385

8940

Steel (1540 C)

44.5

475

7850

Aluminum (660C)

160

900

2700

Titanium (1670C)

7.5

710

4940

Iron (1538C)

76.2

440

7870

Beryllium Copper (1287C)
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420

8250

The modeling approach hypothesized that the results from the modeling of different metals will
show the variations in heating profiles and temperature distributions caused by the differences in
specific heats and conductivities of the materials. The thermal diffusion contribution will give
the stack component’s ability to transfer the thermal molecular agitation of the molecules
throughout each material’s interior (conduction) while showing the material’s resistance to
temperature increases due to thermal energy transfer (specific heat).
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Metal Phase Change Modeling Consideration
Even though the Comsol software is not the software of choice to use for phase change modeling
as compared to a ProCast; consideration was given. However the data from Comsol would have
to have been exported to ProCast; this seemed highly unlikely with the research funding since
ProCast was priced at $ 100,000.00 per seat. Nevertheless, from a thermodynamic perspective,
phase change is created theoretically through latent heat phenomenon within the material.
Generally the temperature, pressure and specific volume are key material properties that suggest
dependence upon the p-v-t relations to understand what happens when a metal changes phases.
For this dissertation, the metal was copper, and it was heated to 1200 degrees C both
experimentally and through modeling and simulation. For typical p-v-t relations there are many
graphs published that show that materials exist in one of three forms: solid, liquid and/or gas.
For this research the copper starts off as a small disk and undergoes a phase transition. From a
modeling perspective; the proposed model would have to be capable of simulating many metals
and first offer results of the heating times inclusive of temperature profiles to reach melting
temperatures. Additionally the model would be modified to study what may take place as the
copper changes from solid to liquid to gaseous forms. As it is known each metal behaves
differently during the heating cycle and of course thermo-physical properties play a vital role.
Special attention is paid to the specific heats and conductivities as they are the key material
properties that cause a metal to heat and diffuse the thermal energy. While uniform temperature
increases are desired, care must be taken during the heating process to monitor the thermal
profiles within the material’s interior. The thermal diffusion process generally starts beneath the
surface on the metals and makes its way to the surface. However conduction between contacting
surfaces further contributes to reducing heating times for each metal. With each additional mode
of heat transfer present, the heating time for each metal is further decreased.
Metals such as Titanium, Aluminum, and Steel all behave differently during the heating cycle
and thus will reach melting temperatures at different time intervals based on their material
properties, choice of crucible and modes of heat transfer present. This information is critical for
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process optimization and thus offers significant information to oven operators when preparing to
melt metals and oven designers when constructing chambers for specific melting operations.
Homogeneity of a material determines the level of solid, liquid and/or gas. For the copper disk
chosen for this research, the initial state was pure solid. At room temperatures the disk existed at
a low temperature well below the triple point on state for a pure substance. In the single phase
region on for the P-T graph show in Figure 32, the state of the copper could be defined by
typically two phases that exist in equilibrium: solid-liquid. This occurs at significantly high
temperatures and the molecular agitation has gained control of the copper’s lattice; thus causing
internal stresses and thus breakdown of the material core structure. From a latent heat
perspective two phases can coexist during changes in phase such as vaporization, melting and
sublimation. However when this phenomenon occurs, and the copper is a two phase state then
the pressure and temperature are not independent of each other and one cannot change without
changing the other. Since copper is a metal that heats rather easy due to the nature of the
material, existence in a two phase state is rather short specifically when thermally exposed. With
this said, the copper disk receives two forms of energy; conduction from the crucible, and
radiation from the crucible. This causes a significant change in the copper’s volume which has to
be correlated to temperature and or pressure to fix the state at each time step.
After significant heating has occurred, the process then goes from a two phase state to a potential
three phase state. This copper will then be classified as existing along the triple point line where
solid, liquid and some forms of vapor exist in equilibrium. At the critical temperature Tc the
liquid and vapor will exist and the solid forms of copper will no longer exist.
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Figure 32: Diagram for Phase Change (P-T)
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Figure 33: Diagram for Phase Change (P-V)

Figure 33 show that the copper starts off as a solid. The temperature and pressure increase
leading to an increase in the specific volume. As the pressure and specific volume increase, then
the copper approaches the triple line. Gradually, the temperature pressure and volume increase
and the copper approached the critical point where the solid vapor and liquid phase battle for
dominancy. If the process received no more energy the process tends to proceed back towards
the solid region but emphasizing that this does not constitute a reversible process. If a constant
source of energy is present, then the copper reached the liquid vapor region where coupling to
the EM field may exist and off-gassing of the metal is realized.
For a control volume analysis of the copper itself, theory suggests that the amount of energy Q is
the function of the change in enthalpy (H). In other words, enthalpy a combination of internal
energy (U) of the copper and flow work given as the product of the pressure and volume (pV).
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Therefore from the first law of thermodynamics for a closed system, the energy change is
equivalent to the change in enthalpy (∆H).
For modeling, ∆H would be derived as a function of temperature. Within the software, user
function definitions allowed for assigning a value to H for each incremental temperature
increase. The phase change was derived by establishing temperature dependent enthalpy for
copper. Since the model is primarily composed of temperature dependent material properties,
incorporating the enthalpy as a temperature dependent function proved viable. Therefore for the
metal to begin the phase transition, the change in enthalpy was given as an additional heat source
within the metal sub-domain. This feature within the Comsol Software then allowed for
introduction of the Structural and Deformed Mesh modules. The model then used a physics
induced phase transformation based upon the change in enthalpy of the copper metal.
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Simulator Development Approach
After validating that the modular unit matched the experimental data, capability for developing a
desktop simulator to enhance operator perception was needed. The simulator would assist
industrial microwave users with understanding the technology and propose using a computer
based microwave oven that followed the same operational process as the actual industrial oven;
but the only difference would be that it was computer driven. The simulator would be a 3-D
immersive environment that called for input parameters from the user and functioned with
mathematical expressions for material properties and process parameters. The simulator model
would allow input for temperature dependent material properties and power ramp rates as a
function of time. The simulator design required knowledge of how the operator wanted to
control the metal melting cycle. While the simulation was driven from the Comsol model, code
was generated by converting the Comsol language to Matlab. The Matlab program was then
modified and then developed to be used for the simulator. The simulator could then provide
results for the same output as the Comsol program; with the exception being the 3D immersive
environment where the user could navigate throughout the model and visualize the results from
any perspective within the oven. Additionally, the governing equations and boundary conditions
could be modified as a part of the code; both using mathematical expressions. Table 19 shows
examples of the types of equations and modification applicable within the simulation code.
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Table 19: Simulation Program Code

Program Code

Code Type

A)

(Boundary Type)

bnd.inport = {0,0,0,0,1,0,0,1,0,0,1,0,0,1};
bnd.E0 =
{{0;0;0},{0;0;0},{0;0;0},{0;0;0},{'(P(t)/A)/.005*(sin(w*nu_emw*t))'; ...
0;1},{0;0;0},{0;0;0},{0;'(P(t)/A)/.005*(sin(w*nu_emw*t))'; ...
1},{0;0;0},{0;0;0},{0;'(P(t)/A)/.005*(sin(w*nu_emw*t))'; ...
1},{0;0;0},{0;0;0},{'(P(t)/A)/.005*(sin(w*nu_emw*t))';0; ...
1}};
B)

(Equation Type)

equ.k = {400,27,5000,.12,470,400};
equ.shape = 2;
equ.usage = {0,1,1,1,1,1};
equ.opacity = {1,1,1,0,1,1};
equ.rho = {8700,3900,3100,1000,2000,8700};
equ.C = {385,900,750,1,800,385};
equ.Q = {0,0,'Qav_emw*t',0,0,0};
equ.Dts = {1,'1/60','1/60','1/60','1/60','1/60'};
equ.ind = [1,1,1,1,1,2,2,3,3,4,5,2,6,4,1,1,1,1];
C)

(Application

% Application mode 1

Mode

clear appl

Specification)

appl.mode.class = 'ElectromagneticWaves';
appl.module = 'EM';
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Through development, the visualization allowed for users to move throughout the model and
visualize different characteristics of the electromagnetic and thermal results for heating a metal
to its melting temperature. The visualization environment resembled a laboratory model with the
chamber being available in four quadrants. The lab was designed with the oven, walls, floors
signs and controls. The simulation allows control over what parameters are being visualized,
quadrant selection for results observation, capability for choosing which output variables are
being visualized at the same time, and capability to run on a desktop. The theory behind the
desktop simulator was to allow operators capability to run the metal melting experiments from
the computer prior to actually heating the metals experimentally.
Evaluations led to VRCO, a software vendor that specialized in the creation of immersive
environments and user interfaces. Although the approach was not clear, an attempt to perform
such a task was implemented. Two user interfaces were developed: one for the process and
another for material properties. Figure 34 and Figure 35 show both user interfaces. Figure 36
shows the user interface with the power ramped as a function of time which is provided as an
option. This feature allows the simulation process operator capability to design the experiment
and power input the same as he would do for an experimental metal cycle.
Each user interface gives the control buttons for simulate and/or visualize which provide easy
start, stop and repeat capabilities for immediate data and process changes. The user interfaces
also provide output control and selection for whether or not the results would be presented in
single, double or multiple quadrants. Control for mesh size and gauge loading (for indication of
parameters during the simulation) was also included in the simulator design.
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Figure 34: Interface for Process Control

Figure 35: Interface for Material Properties
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Figure 36: Power Ramp as a Function of Time

The simulator design began by realizing that the process was very dynamic and required varying
many process parameters as a function time, temperature, and other parameters. For example,
both the dielectric and thermo-physical material properties were temperature and time dependent,
the power input could be a variable specified only by the operator in charge of the metal melting
run. Other variables included the time itself and the frequency for the heating cycle.
The simulation was designed with VGEO Software using an Open GL platform. VGEO is a data
insertion and visual analysis tool designed to support data exploration, knowledge discovery, and
data display and presentation developed by VRCO. The input code was derived by selecting the
export to Matlab command within Comsol. This capability allowed the source code used by
Comsol to be converted to Matlab language. Once this process was completed then the Matlab
program had to be modified for operator control and decisive input. One limitation of this effort
was the fact that the Matlab code required the Comsol libraries in order to operate. Therefore the
integration of Matlab into VGEO was based upon launching the both Comsol and Matlab
software. To overcome this obstacle, the Comsol libraries would have to be purchased and a link
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created independently of the Comsol software. Figure 37 shows the connectivity between
Comsol, Matlab and the VGEO immersive environment.

Figure 37: Interface for Simulator Development

The final simulator was created using the source code and visualization tools within VGEO. The
final simulator will be given on the results section.
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CHAPTER V
RESULTS
This section shows the results for the research. While the emphasis of the dissertation was to
create a simulator that represents the microwave processing of metals, the simulator itself has to
be user friendly. In order to develop the simulator several obstacles had to be overcome. First the
theory behind the electromagnetic and thermal interaction had to be understood; thus leading to
derivation of the governing equations. Next the modular oven had to be designed and
manufactured. Then the experiments were carried out to present data representative of the metal
processing. Both electromagnetic and thermo-physical properties were measured. Modeling was
performed to validate that the metal processing could be simulated and finally the model was
converted to a simulator that operators and scientist could use to further develop the technology.
Each portion of the research generated results. In some cases the results were equations and in
others the results were data and/or tables. Ultimately the final results were modeling and
simulation of the metal processing operation.

Thermal Theoretical Equation Derivation Results
Since microwave heating is caused by coupling the electromagnetic energy and thermal energy;
thus creating resistive heating within the high loss crucible material, an energy balance would
reveal that the generalized thermal heat equation can be derived by examining the heat transfer
modes and including the resistive heating power dissipation term. However, the heating process
within the oven is not just a function of electromagnetic and thermal interaction. There are
chemical interactions and reactions, physical mass transfer, and latent heat effects as the
materials approach high temperatures. In order to perform the complete energy balance, the
contributions must all be considered and include the coupling variable Q. Although the best
solution would be to solve energy balance equation numerically, many researchers have made
attempts to solve the equations analytically; specifically for the 1D case [94]. The following,

124

generalized form of energy balance is given in Equation 14 and the corresponding mass balance
is proposed, together with the combined terms for the latent heat in Equation 15.
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Equation 14 notes the time dependency of the microwave heating cycle via the variable t. Space
is considered through the polar coordinate systems and variables as r and θ. T(t,[r , θ]) is the
transient temperature variable which when solved for will give the temperature distribution.
Material thermo-physical parameters are accounted for in the diffusivity (thermal) term α(T) and
conductivity (thermal) k. Equation 14 makes note of the heat source Q, which is the coupling
variable for the electromagnetic and thermal analysis. The heat source is derived by solving
Maxwell’s equations and then suggesting that due to the nature of dielectric phenomenon;
resistive heating takes place within a loss material. The term LH represents the different latent
heats due to chemical reaction or phase change. Equation 14 offers satisfaction to the overall
thermal energy balance that suggests contribution for the electromagnetic energy. Equation 14
however makes no attempt to examine the specifics of thermal boundary conditions such as
radiation.
The high vacuum contribution of inert gases within the oven’s interior support the prevention of
sparking at the sharp edges of the stack materials within during the heating process. The specific
heat term and enthalpy of evaporation term due to either moisture of off-gassing during the phase
change heating cycle are generally covered in the latent heat term of Equations 14 and 15.
Examination of Figure 38 shows the coordinate system for equation derivation and the noted
electromagnetic and thermal boundary conditions for a symmetrical section of the oven. Figure
38 gives both the rectangular and cylindrical parameters for the microwave oven. These
conditions would exist if the analysis was performed on a quarter-section to reduce
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computational time. However the difference for the entire structure (360 degrees) would pose a
PEW boundary condition for the entire outer wall of the structure. Figure 38 shows a quarter
illustration of the microwave model with stack interior, waveguide, chamber, and coordinate
systems.

r
θ

z

Thermal
Insulation
x

y

Figure 38: Microwave Oven Section with Coordinate Systems

Figure 38 also notes that PMW highlights the Perfect Magnetic Boundary Conditions; PEWPerfect Electric Boundary Condition for the electromagnetic analysis and thermal insulation for
the heat transfer analysis. These are shown now but later used for the purpose of modeling the
microwave oven. Additionally, the polar coordinate system is given by the radial, angular, and z
direction respectively. For the thermal heat equation to be revisited (Equation 14), conduction is
noted between the internal components in contact with each other, and radiation between internal
surfaces in view of each other. Coupling these conditions with the latent heat and chemical
reaction analysis presents a dynamic transient energy balance within the oven’s interior difficult
for analytical analysis but suitable for numerical analysis. For this reason alone the heat equation
is generally solved numerically as opposed to analytically (modeling). This dissertation focuses
on heat transfer and electromagnetic and therefore leads to future analysis of chemical and phase
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change. Furthermore, the initial conditions that propose a uniform temperature T0 at time=0,
n. XH  0 , n. XE  0 , and no chemical, latent heat, or mass transfer. This simplification presents

a methodology for numerically solving the heat equation [8]. The goal for this research is to
develop governing equations to predict the temperature distribution based upon the modular
structure and imposed boundary conditions for radiation and conductive heat fluxes at each
component material surface.
While there are many approached to deriving the energy balance and thus the heat equation, the
formulation is based on simply the offset of electromagnetic energy with thermal energy. The
formulation will vary depending on whether or not the researchers attempt to derive the heat
equation based upon including convection, radiation, chemical, structural or other phenomenon
are included in the theory.
For this research Equation 14 and 15 are then revisited to include the net radiation that combines
the emissive and absorbed radiation per the surfaces that view each other. This approach then
provides analysis for conduction, radiation, chemical, latent heat, and energy storage within the
oven materials. Equation 16 gives an overview of the thermal entities that make up the energy
balance.
Est=Econd+Enet-radiation+Echemical+Ephase+Egenerated

[16]

Equation 16 gives new light to Equations 14 and 15 by highlighting the net radiation term that
includes the radiation emitted by each surface and the radiation absorbed by the same surfaces;
thus net radiation.
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From a design perspective, Equation 17 covers most of the significant occurrences within the
microwave oven. The first term to the left represents the temperature distribution at a specific
point for microwave height “z”. The first term to the right of the equal sign indicates the net
conductive effects. The second term represents the contribution of latent heat. The third term
illustrates the resistive heat term or source term. This term is generally a function of the
dielectric medium. The fourth term represents the radiation effects. Of course there is thermal
wear and structural considerations that may be considered; but not covered as a part of this
research as Equation 17 may be for temperature distribution calculations if proven solvable. This
equation is the first of its kind and offers vast challenges to even the most talented of
mathematicians. The electromagnetic energy is realized by solving the Maxwell Equations and
determining how much power is available for thermal conversion via Equation 10.
Again for design consideration, the requirement is a predictable temperature distribution in the
oven materials and oven cavity during each time step. After the metal has reached a steady state
during the run, the spatial temperature distribution should not change with time and the melting
temperatures have been reached. If the metal couples directly with the field at elevated
temperatures, then the metal temperature will continue to increase slightly and small instances of
thermal runaway may occur. At steady state the all stack materials will have an inverse
temperature distribution and heat flow ceases to increase.
Equation 17 gives that thermal energy stored resulting from an electromagnetic field is
equivalent to the amount conducted from other surfaces through the material, the amount
generated by the field (resistive), phase change, chemical reaction, and what is given and
received as a result of radiation exchange (net radiation).
While Equation 17 covers the entire thermal energy balance, some of the terms may not be
required depending upon which volume and which material are being considered. For example,
if a ceramic crucible sits on top of a graphite mold; then the mold does not couple directly with
the field and thus the generation term is zero within the mold, metal and insulation. Only the
crucible would have the resistive heating term in the heat equation and the other mediums would
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encompass the modes of heat transfer in the energy balance. Another example is that the phase
change and chemical reaction terms for the mold as a control volume may well be zero since the
role of the mold would be to only hold to liquid metal upon casting. Equation 18 shows such a
balance equation with the conductivity and radiation terms only. This equation would be
sufficient for the mold since there is not resistive heating. An additional simplification may be to
put the radiation at the surface in the boundary conditions.
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Equation 18 highlights the complexity of the analysis for the microwave oven. Care must be
given to examine each component within the oven’s interior to note which terms of Equation 17
will vanish due to inclusion in the numerical software boundary condition or excluded based on
that particular mode not being present.
Finally for microwave design it is hypothesized that the amount of resistive power generated is a
function of the input power from the wave generator system. This power is then directly
proportional to the resistive heating that is presented within the dielectric ceramic. As long as
there is power, then the temperature will continue to increase. The temperature time profile can
be controlled by increasing and decreasing the amounts of power sent to the oven’s cavity. The
energy and penetration within materials at some point has to match the contribution of the field.
With microwave heating, if a material couples with the field then the temperature on the interior
will be a maximum for that material. If the material does not couple with the field, but is in
contact with other materials, then the surface has the maximum temperature and heat is
conducted to the material’s interior. From that point the conductivity, specific heat and density of
each material determines the heating rate and potential temperature increases.
For microwave heating control, the power ramp rate is one of the most significant factors
involved. While material properties are constantly changing with time and temperature, operators
desire a controllable, stable transient temperature distribution, where the temperature is usually
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required to ramp up in a controlled fashion to a stable process temperature. However in order to
control such parameters, the temperature at as many locations should be monitored and the input
power should be a function of the localized internal temperatures. Process control also means
protecting the unit and ensuring that the magnetron is protected at all cost. This means to control
the reflective power regardless if there are forward power problems. Control is achieved through
having knowledge of the process limitations and material limits. In other words if the metal to be
melted is titanium and the dielectric ceramic cracks at 1500 degrees C, then chances are that the
metal will never get melted successfully since titanium’s melting temperature is higher than 1500
degrees C.
The rate at which heat is transferred through the material by the temperature gradients is also
significant. The designer must have knowledge for the material’s thermo-physical properties as a
function of temperature even though any phase transitions in the material can have a strong
influence on the temperature increase rate near the phase transition. For simplicity, most
designers look to numerical modeling to reduce the complexity and achieve less error while
considering all variables that must be examined for an in-depth analysis of microwave heating.

Experimental Results and Significance of the Data
The modular oven performed 5 successful casting runs per the requirements of the research. The
castings were all sound and thus the data could be ultimately compared between experimental
and modeling. One key aspect of the results was the fact that the crucible was one of the main
contributors towards project success. The crucible supported the reproducibility and control for
thermal casting of metals within microwave ovens. The coupling of the crucible dictated the
thermal process control and material contribution. The data from the unit was capture manually
by the operators. Although the data tracking proved reliable, experimental data was also noted in
the operations log book. The data for the temperatures time profiles are ultimately given and
immediate observations prove similarities in the curvature of the different profiles. Each of the
five runs was based upon using a different input power ramp and this variation caused no change
in the overall temperature-time curve profiles: “amazing”. The runs were varied as 3 kilowatts
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steady, .5 kilowatt increment every five minutes, 1 kilowatt increment every five minutes, 1
kilowatt increment every ten minutes, and five kilowatts steady. The temperature-time profiles
for each run are given below in Figure 39. The red line is the mold bottom temperature. The blue
line is the mold top temperature and the yellow line is the optical pyrometer reading for the
metal. The pyrometer did not register a reading until after 500°C. The data is representative of
melting copper to temperatures above 1000°C and noting the process thermal behavior. While
the plots seem simplistic in nature, they represent significant contribution to the microwave
technology. The plots give temperature data and detail how materials are thermally heated when
exposed to electromagnetic energy. The plots emphasize the conduction and radiation modes that
are realized and caused by dielectric resistive heating. One key feature of the plots is that they
demonstrate the cycle times that are generated as a result of using the different input power ramp
rates. This information is critical to the operator and offers substantial knowledge towards
optimizing the microwave for melting any specific metal.
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Figure 39: Temperature - Time Plots for Different Input Power Ramp Rates

The plots observations show clearly that the thermal temperature gradient for the mold is
approximately 200°C at the end of the heating process. During the experiments, there was no
clear methodology to measure the temperature of the crucible. However, the crucible temperature
132

can easily be predicted by careful examination of Figure 39. Since the mold supports the
crucible in the casting stack and the crucible holds the metal then it is readily realized that the
crucible temperature is significantly higher than the metal’s temperature at the early stages of
heating. This occurs due to the fact that the electromagnetic energy is concentrated to the
crucible and the resistive heating phenomenon is becoming apparent within the crucible’s lattice.
After a period of time, the crucible then starts to transfer this energy to the metal and mold.
Figure 39 indicates that the heating is so rapid until the mold top can be up to 200°C in 7 minutes
and 400°C in 10 minutes depending on the input power ramp rate. Likewise, the mold top
temperature can take as much as 15 to 20 minutes to heat to 200°C if the power rate is low per
unit time. Although the optical pyrometer started measuring temperature at 600 degrees, the data
was sufficient to capture the metal melting profile in terms of temperature. The key observation
of the metal temperature data is that one can conclusively state the time that the metal actual
melted and observe how the metal behaves thermally once melted. Additionally the metal then
starts to approach the mold temperatures once the phase change has taken place. This fact is
leaning towards hypothesizing that some type of thermal equilibrium is taking place with the
stack materials. One significant fact about measuring the temperature along the mold is the
ability to determine the cooling rates of the metal and ultimately determine an approximate grain
size. This causes the final metallurgical characteristics to be predictable and reflects back to the
contribution of the input power versus time. The input power is significant because it represents
the amount of energy that at some point reaches the metal. Even thus so some of the energy is
lost along the way, a huge amount reaches the metal and is then distributed throughout the
microwave casting stack.
Another important observation is the amount of power that is actually reflected back to the
magnetron. The research proposed to tabulate this data since it supported validation of the
microwave’s performance. If the unit had experienced significant reflective power; even though
it was not enough to destroy or damage the magnetron; the heating capacity would have been
reduced proportionally. The forward and reflective power plots therefore give the operator a
sense of the efficiency for the copper melting experiments. For example, if the reflective power
is to high then most of the power is being reflected back to the magnetron and therefore minimal
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energy input is being realized inside the chamber. This then proposes a minimal value for the
resistive heating within the dielectric crucible and thus; shortfalls in the conduction and radiation
heat transfers. The best energy balance is realized by having as little reflective power as possible.
Figure 40 shows the power for each run as a function of time.
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Figure 40: Forward and Reflective Power for Each Run
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While the plots appear simplistic, again they provide critical information towards optimizing the
microwave technology. The realization is that each unit has specific costs depending on the size
and power delivery specifications. If a unit is severely damaged due to reflective power issues
then there can be vast consequences. The production units typically have critical path operations
and this type of process failure can cause outages and limit part delivery to the manufacturers.
On the other hand, to get the units repaired may take several thousands of dollars and result in
large lead times for parts. These plots show that for the heating cycles that undergo many
changes in the power input, reflective power can still be controlled. While there are several
variations in the power ramp rate for this research, the reflective power remains minimal. This
type of control can be generated using several approaches. The most common approach is to use
mode stirrers to break up any standing waves and then tune the chamber at the same time. This
effort supports taking all precautions to minimize unwanted plasmas while experimenting with
different inputs catering to process optimization. Visual observation through the viewport
allowed for minimal visualization into the chamber. Through this effort, documentation of any
sparks would have been readily visible and thus noted.
Both the temperature-time data and the forward-reflective power data demonstrate the modular
oven performance which leads back to “design characterization” for the oven. With the modular
being designed as a part of this research, the need for multi-mode propagation using quarter
wavelengths seemed apparent as the materials heated with ease. The waveguide dimensions and
the oven diameter were well correlated and power flow proved the same. An appropriate test was
to heat the same material several times and vary process parameters to study the oven’s
characteristics. This resulted in the data presented within for the experiments and made modeling
validation just as easy.
Figure 39 showed how the temperatures of the sample and some parts of the stack change with
time for different runs under microwave irradiation. For copper, the temperatures of the crucibles
were slightly higher than the metallic copper samples, which indicate that high levels of thermal
energy transfer were apparent inside of the crucible during the microwave cycle period for a
prolonged period of time. When subjected to microwave irradiation, the copper sample heated up
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a few degrees higher than would be expected prior to the cast. This may have been caused by
intensive electromagnetic absorption that could have resulted in potential thermal runaway
commonly experienced by metals if heating had continued. This phenomenon is caused by the
metal’s ability to reflect the electromagnetic energy at low temperature and then absorb the
electromagnetic energy at elevated temperatures; at least that is what has been hypothesized.
Researchers believe that after metals reach a certain temperature; they can absorb the microwave
energy directly, thus producing the potential for thermal runaway. This phenomenon is not
clearly understood at this time. In general, the experimental data has shown no evidence of
thermal runaway as the temperature of the samples remained constant or decreased without the
temperature plot spiking suddenly to extreme temperatures.
Detailed analyses of the castings were performed and compared to the each other for chemistry
and metallographic. Castings were sampled at top (T), middle (M), and bottom (B) for
identification purposes as a part of the experiments.
This phase of the project successfully demonstrated improved reproducibility of microwave
melting. Control of metallurgical- chemistry within the final casted material lead to
understanding the process better and developed knowledge of process control and material
contributions. All of the primary objectives were accomplished. The number of vacuum
evacuations on the chamber also assisted with the reproducibility of the process by establishing
the controlled oven environment. Typical absolute pressures of 1e-3 torr were achieved.

Dielectric Property Results
Prior to validating the experimental data, material properties were to be measured. However, in
order to measure the dielectric properties, material to be measured and equipment requirements
were identified. As mentioned earlier the high temperature dielectric probe was designed and
manufactured using Invar. Calibration of the probe was carried out using the 8510 Network
Analyzer and several materials with known room temperature dielectric properties such as
Teflon, quartz, and water. The measured values were compared to the literature values. The
materials were prepared by performing surface polishing to remove any rough spots. With the
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materials being as smooth as possible; measurements were perceived to be more accurate if the
probe experienced minimal air gaps between the probe surface and the material. The calibration
procedure then used the recommended procedure of applying an open circuit and short to take
the initial readings. The final reading was taken using the known load. The heating was applied
during the readings using a hot plate with elevation capabilities to make sure that the materials
remained intact with the probe during heating. Additionally, the samples were heated using the
microwave oven to verify increases in temperature (5 min); a 1000W microwave oven. Simply
put, if the sample heated then it was deemed lossy and if it remains cool then it was considered
either transparent or reflective. Each sample was placed flat on a piece of high temperature foam
insulation for the duration of its heating cycle. These preceding validation measurements were
performed to prove that the measurement system was properly calibrated and performed as
promised by the manufacturer. Figure 41 shows a picture of the standard materials measured.

Mold
Material

Water

Crucible
Material

Teflon

Teflon

Quartz

Figure 41: Validation Measurement Materials

Although there were many other materials that were used as a part of the validation methods
such as ethanol, methanol, magnesium oxide, and boron carbide, the results of above mentioned
samples are presented in Table 20. This table also presents the results of several different
materials and the associated accuracy when compared to published data.
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Table 20: Measured and Published Data Comparison

Measured

Literature

Percent Accurate

Sample:

Frequency

εr’

tan δ

εr’

tan δ

εr’

tan δ

Teflon

3 GHz

1.9982

N/A

2.0 – 2.1

0.0028

99.91%

0%

100 MHz

3.5994

0.0169

3.8

0.0002

94.72%

0%

3 GHz

3.7598

0.0103

3.8

0.00006

98.94%

0%

Distilled

100 MHz

81.0420

0.0188

76.7 –

0.005

95.38%

0%

Water

3 GHz

77.1133

0.153

78.2

0.157

99.57%

97.45%

Quartz

The results show that most cases the literature gives that most loss tangents are outside of the
measurement range for the probe. However the temperature was representative of dielectric
measurement for each material. The value of εr’ = 3.5994, tan δ = 0.0169 @ 100 MHz represent
the measured characteristics of the quartz at the 100 MHz frequency. When compared to the
published data of εr’ = 3.8 and tan δ = 0.0002 @ 100 MHz the accuracy still presented εr’ =
94.72%, tan δ = 0%. In the case of the water, the values at 100MHz were εr’ = 81.0420, tan δ =
0.0188. There was no heat test performed. The published data yielded tan δ = 0.005 @ 100 MHz
which generated an accuracy of εr’ = 95.38%, tan δ = 0% at 100MHz. It is noted for the
experiments that the frequency was too low for accurate loss tangent measurements at 100 MHz,
but believed relatively accurate at 3 GHz.
The measured results are typically accurate for higher loss materials. For example, materials
with low values of εr’; generally less than 5 and low loss tangents; generally less than 0.1 @
2.45GHz the accuracy for the dielectric constant is < ±10 % and the loss tangent < ± 0.1. The
loss tangent is actually quite accurate at 3 GHz for water with a value of 97.45%. The results
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validate that the high temperature probe gives a clear representation of the material properties
and may offer suitable data to be used within the modeling effort.
During the previous experiment, the samples were heated to less than 200°C. This was the initial
range for the Agilent Probe. However, more testing was needed to compare samples that were
both homogeneous and non-homogeneous with unknown materials.
Distilled water was place on the hot plate with the dielectric probe submerged in the water for
the duration of the test. Measurements were suspected to have a decrease in dielectric
permittivity and loss tangent since the air bubbles would cause the volume of air to increase.
However, with a value of εr’ = 1 and tan δ = 0, the testing was terminated prior to boiling point
(100°C) due to the formation of air bubbles on the probe face at 60°C. The data collected is
presented Table 21.
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Table 21: Distilled Water Measurements

Experimental Measurements of Distilled Water

Temp (°C)

εr'

tan δ

24.5

77.84

0.1185

30

76.36

0.1039

35

75.68

0.0989

40

73.89

0.0872

45

72.78

0.0814

50

70.98

0.0718

55

68.26

0.0657

60

65.28

0.0628

65

59.76

0.0587

70

50.94

0.0549

75

38.11

0.0498

80

13.47

0.0371

Initial testing proved that the probe was extremely sensitive to the load calibration. In fact the
probe did seem to respond correctly to any type of liquid calibration. This finding was later noted
as being caused by the absorption characteristics of the boron nitride spacer. During testing there
were many calibrations made and realization was found in using an isotropic solid material. As a
first step the Teflon was measured using the HP probe and thus; this value was used as a load for
calibrating the newly designed High Temperature (HTP). After the calibration, air and other
materials were measured and found to be within suitable ranges when compared to published
data. In fact the curves were relatively close and tended to present the same type of trends. The
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probe was tested for heating and cooling cycles to trend the up and down performance. Figure 42
demonstrates the probes performance during heating and cooling cycles.

Figure 42: Real and Imaginary Parts for Heating and Cooling Cycle (HTP)

Many measurements for several materials was made whether the material was considered to be
homogeneous, or at minimum, appear as such. This section of the dissertation examines sample
data as measured by the HP probe and thus compared to the HTP Probe. This effort was
performed as a step to make comparisons between the two probe systems. Materials measured
were in both powdered and solid forms using the HP probe and mostly solid form using the HTP
probe. The major emphasis was to collect data from the HP probe to determine whether initial
measurement of the HTP probe made sense. The samples were heated for a minimal time period
to determine any correlations between the heating cycle and dielectric properties. The results are
shown in Figure 43.
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Sample A
(Solid)
Sample B
(Solid)

Sample C
(Powder)
Sample D
(Powder)

Sample B
(Solid)

Figure 43: Unknown Measurement Materials Samples A–D

Sample A was prepared form a sintered material similar to mold materials. The materials did not
exhibit lossy characteristics and did not show any response to microwave field excitations. The
measured value of εr’ was 9999, tan δ was 1 @ 2.45 GHz. During a heating cycle of 5 minutes,
the material reached only 80°C which means that most of the energy was reflected. A
comparison between the two probes revealed that εr’ was 9999. The conclusion was that the
material was reflective. The material exhibited a hard, dense and possibly metallic in nature
characteristic.
Sample B revealed a εr’ value of 97.4114, tan δ = 0.4173 @ 2.45 GHz for the HP probe and εr’
value of 141.234, and tan δ = 1.2343 @ 2.45 GHz for the HTP Probe. The temperature after 5
minutes of heating was 227°C which revealed that this was probably a crucible material and was
very susceptible to the microwave field. The material was also very hard and dense.
Sample C was measured from single powdered sample and revealed εr’ of 11.3848, tan δ =
0.0863 @ 2.45 GHz for the HP Probe and εr’ of 21.5546, tan δ = 0.2354 @ 2.45 GHz for the
HTP Probe. The temperature after 5 min heating cycle: 311°C which means that the material is
extremely lossy and definitely an acceptable crucible material. The material appeared to be a
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black granular material, possibly too large of granules for accuracy with the HP probe of for that
fact either probe, but if tested with finer grit granules, then less potential for possible air-gap
issues to effect the measurements.
Sample D was also measured from single powdered sample and revealed a value of εr’ as 3.9606,
tan δ as 0.0061 @ 2.45 GHz for the HP probe and εr’ as 9.3412, tan δ as 0.09 @ 2.45 GHz for
the HTP probe, The temperature after 5 min heating cycle: 123°C. The material appeared to be a
white talc-like powder with good granule sizing. The material was relatively lossy in the
presence of the microwave field.
Another series of measurements were repeated for a totally different group of materials definitely
known to be non-homogeneous, or at minimum, appear as such. The materials measured were in
solid “puck” forms and are considered probably parts of the crucible segments. The dielectric
measurement of the non-homogeneous materials required that several measurements be taken at
multiple points on the sample. Data points are included until the further addition of points does
not alter the running average. The coaxial dielectric probe results are presented along with the
heating cycle results for each sample. The sample makeup has been withheld and they will be
discussed only as Samples E – F. The materials presented for measurement as illustrated below
in Figure 44.

Sample E

Sample F

Figure 44: Measurement of Non-Homogeneous Materials (Samples E–F)
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Sample E was measured 15 times at multiple points and averaged to a value of εr’ as 26.94, tan δ
as 0.1563 @ 2.45 GHz for the HP Probe and εr’ as 36.94, tan δ as 0.1634 @ 2.45 GHz for the
HTP Probe. The temperature after 5 minutes of heating cycle revealed an amazing 615°C. The
material appeared hard and porous material. There appeared to numerous air pockets that may
have affected the measurements made by the HP Probe.
Sample F was measured 15 times at multiple points and averaged to a value of εr’ as 26.86, tan δ
as 0.2713 @ 2.45 GHz for the HP Probe and εr’ as 35.65, tan δ as .6013 @ 2.45 GHz for the
HTP Probe. The temperature after 5 minutes of heating cycle was 661°C. The material appeared
hard and porous. The material also exhibited several air pockets.
Additional testing for Samples F were made for temperatures up to 200°C and the data were
tabulated in Table 22. The data reveals the variation in measurements from the previous data is
believed to be a calibration error for the HP Probe. However the HTP Probe measurements have
proven rather repeatable data as the prior measurements.

144

Table 22: Sample F Data for HP and HTP Probes as a Function of Temperature

HP Probe

HTP Probe

Temp

e'

e''

Temp

e'

e"

30.0

34.2575

3.9916

40

35.4045

6.1658

40.0

35.2579

3.7878

55

36.7634

5.4309

50.0

36.1360

3.4839

70

38.7135

5.1991

60.0

36.7296

3.1855

85

41.5788

5.3553

70.0

37.2117

2.8562

96

42.708

5.0251

80.0

37.6539

2.6681

100

44.1948

5.2079

90.0

38.2828

2.5195

117

45.0027

4.9391

100.0

38.8003

2.4200

125

45.7729

4.2281

110.0

39.5530

2.3450

135

45.8683

4.1543

120.0

39.7373

2.2568

145

45.964

3.829

130.0

40.0280

2.1928

155

46.0431

3.7867

140.0

40.3777

2.2025

165

45.8074

3.6382

150.0

40.5336

2.0990

170

45.6064

3.4908

160.0

40.6837

2.0610

180

45.8545

3.3522

170.0

40.8209

1.9931

180.0

40.8772

1.9424

The plot for dielectric comparison of the two probes is shown in Figure 45. The plots reveal the
already mentioned differences in the two probe measurements although more testing is
forthcoming and calibration procedures repeated.
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Figure 45: Comparison of Probes Data for Material F

The data in Figure 45 clearly illustrates that the two probes exhibit the same profiles. While there
is some deviation the readings it should be pointed out that the software developed by Agilent for
the HP probe was also used for the HTP measurements. There may be some differences in the
probes that caused the variations and further research would impose developing a correction
factor for such deviation. The readings show the most deviation in the temperature ranges of 60110°C for both the real and imaginary parts. Nevertheless, the high temperature probe was
validated to make such measurements and also prove its capability to measure up to temperatures
over 1000°C. The results demonstrated that the high temperature probe is the first of its kind that
measures at elevated temperatures and quickly offered itself as a patent candidate.
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Metallurgical Results
As a part of the research, the casted copper samples were tested to prove that the modular
microwave unit was capable of delivering a sound cast comparable to vacuum induction melting
and typical furnace heating. The results from the metallurgy testing would offer data that could
prove that the structural characteristics of the metal as it solidified were suitable for part
manufacturing. Figure 46 shows sample metallographic data that was taken from the copper
metal surface after etching. The results show that there are minimal inclusion and porosity
indications. The data reveals rather uniform grain sizes but exhibits carbides as would be
predicted. The data shows minimal inconsistencies between the copper metal melts from a
metallurgist point of view. This fact is significant because the variations in input power really
caused no damage to the material’s lattice structure; validating that the results were based on
solidification control as hypothesized. Even though the solidification rate was not controlled, the
mold temperature revealed that at least a 200°C delta was maintained along the mold from top to
bottom as the metal solidified. While there is some variation in the texture of the materials, this
is common since the etching process is the primary contributor. Surface conditioning does have
some significance when it comes to obtaining results. However the surface polishing could not
remove and/or hide the carbides and for that matter porosity. These results presented here prove
that the copper castings were suitable for machining and that the carbides, although present, did
not appear significant in size for samples 1-4 (figure 46).
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Sample 1

Sample 2

Sample 3

Sample 4

Figure 46: Metallographic Data from Etched Copper Casts

Chemical Analysis Results
Additional results were obtained for studying the chemical composition of the final casted
copper disks. While the testing procedure was discussed in the experiments section of this
dissertation, the results presented here represent the presence and quantity of carbon and
niobium. Carbon is undesirable because it makes the material difficult to machine. Niobium
improves the strength of materials but also offers hard spots at random location within the
material’s core. While the chemistry offers relevant information as to how sound the cast is, it
also works hand in hand with the metallurgical analysis to prove the cast’s viability. Figure 47
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shows sample chemistry data where a comparison is made to study if carbon content was
significant when compared to other chemicals.
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Figure 47: Sample Chemistry Data

The results show the median carbon levels have a variation of only, 299 ± 17 ppm (3 sigma).
This proves that the carbon levels were within a variation tolerance of ± 50 for the five runs. The
results indicate that the data is well correlation with only one apparent process variable that may
have caused the shifts in the data; insulation contamination. Oxide formation was visually
noticed and carbon control established by maintaining the process variables within a consistent
range for all of the runs; with the exception being the input power. Evaluation of the other
chemical elements in the castings showed no significant change as they are not shown here.
Carbon and niobium were shown due to their significant contribution to machining capability of
the final part. Again the results were obtained using the ICP Method.

Modeling Results
One of the core objectives for this research was to validate the experimental data collection to
modeling efforts. In order to do so, the experiments had to be carried out, the thermal and
electromagnetic theory understood, process parameters clarified and material properties
characterized. Thus far, we have presented the thermal governing equation and noted that by
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coupling these to the resistive heating variable given by solving Maxwell’s Equations that the
field propagation and heating profiles could be represented. From an experimental point of view,
the temperature time profile was revealed that generated vast amounts of information respective
of the process parameters and input power contribution. Additionally, characterization of the
dielectric properties was given along with data to develop knowledge as to how materials
interacted with the electromagnetic field. The real and imaginary parts of the dielectric constant
were measured for several materials including the ceramic crucible that was used for the
experimental metal processing.
However, additional results are needed. The modular microwave oven performance must be
validated within the model in conjunction with validating the forward and reflective power
contribution. This section gives such results and ultimately leads to a model for studying the
industrial modular microwave oven for metal processing.
Software was researched for creating such a model and finally Comsol Multi-physics was
chosen. Different mesh sizes were evaluated and revealed a unit mesh-size of 0.012” in order to
have wave propagation within the Comsol Software. This mesh size was not only studied for
propagation but also convergence since the model would require significant computational
capability. Since the size of applicator could be a variable in terms of variations in design, the
modular was the idea chamber to perform the evaluation due to its simplicity from an
electromagnetic perspective and suspicion in terms of symmetry. Again, HFSS and CST MWS
were not very successful while simulating the modular unit.
The results proposed to first show the return losses using the software variations. Quickwave-3D
and CST Microwave Studio packages were compared. HFSS was unable to converge
satisfactorily and so its results have been omitted in this dissertation. Figure 48 and Figure 49
show the return losses for CST and Quickwave respectively. The results were very close and in
agreement with each other and both have propagation as the S(1,1) or “Scattering Parameters”
are at least low. It should be also noted that CST’s result did not converge enough to significant
low values, which means that less propagation was possible using that software and the required
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frequency of 2.45GHz. The return loss results indicate that if a wave trave
travels
ls through the
waveguide, part is reflected back to the wave generator unit. The farther down the reading, the
less the reflection. The idea is to have the most propagation at the microwave unit operating
frequency. The results indicate that CST has -7.879dB
dB down at 2.45GHz while Quickwave has
approximately -20dB down.

Figure 48:: Return Loss using CST MWS

Figure 49:: Return Loss using Quickwave
Quickwave-3D
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Using the applied meshing of 12 cells per wavelength, the basic FDTD dispersion is below 1%.
Thus the reported values in Figure 38 below have converged within 1%. However, in general
FDTD practice, the most reliable way of double
double-checking the numerical accuracy
uracy is to repeat the
simulation with further refined meshing. It is believed that mesh refinement by a factor of N
gives error reduction by a factor of close to √N.
N. For this reason, results for return loss at 12 cells
per wavelength and 14 cells per wave
wavelength
length around 71,000 iterations were compared below in
Figure 50 and Figure 51 and as expected, the results were in close agreement for the two
software; Quickwave 3D and CST. The results seemed to have reached a steady
steady--state after
60,000 iterations, which is why the results were compared at 71,000 iterations.

Figure 50:: Return Loss Results Using 12 Cells per Wavelength around 71,000 Iterations
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Figure 51:: Return Loss Results Using 14 Cells per Wavelength around 71,000 Iterations
The modular microwave unit was then re
re-evaluated
evaluated and simulated using all software to further
validate the performance. The scattering parameters are given and therefore support the selection
of Comsol for the software off choice. While the research required many house for simulations,
the results are astounding as to how much accuracy the software has with regard to simulating
electromagnetic phenomenon. The solution was based derived using the Finite Element Method,
whichh solves rather quickly and required 381,036 matrix converges’ to an error < 10-3
10 in only
two iteration (12 Hours). The simulation reveals resonant frequencies and multiple modes within
the chamber. Although HFSS did not prove itself early on, additional results support these
findings
dings and are given in Figure 52.
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Simulation Using HFSS Cont.

Resonance at 2.45 GHz
Fast Convergence
HFSS not suitable for multiPhysics modeling

Figure 52: HFSS Reflection Simulation

Figure 53 shows the reflection plot while using CST; which has a transient solver. The total
number of mesh elements was 1,010,352 with and analysis time of 4 hours. The results obtained
are very close to the profile of HFSS. This fact highlights validation that at least the software is
in agreement. Further evaluation is needed. Additionally, the amount of propagation is still weak
as noted by the scattering parameter magnitude.

Simulation Using CST Cont.

Similar results were obtained
Static heat models can be developed

Figure 53: Reflection Plot using CST
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Figure 54 demonstrates the reflection plot of CST and HFSS. This comparison was demonstrated
to overlay the profiles of the software. The results indicate that the profiles are amazingly
similar. This emphasizes the fact that the performance of the modular unit as seen by the
software is comparable. Although the scattering parameters are not totally desirable from the
design perspective, the results do indicate that the unit will perform as designed. These findings
results from the fact that dimensions of the model are exactly as the actual modular unit and
respectively for the process parameters. Both plots reveal the same resonant modes and
transmission characteristics for the modular unit. In fact, the plots reveal transmission as low as 9
dB down without the support of a mode stirrer.

CST vs. HFSS

Results were validated

Figure 54: Reflection plot of CST versus HFSS

Figure 55 shows the reflection results for CST, HFSS, and Comsol. Again the results are very
similar in profile. The exception here is that Comsol has demonstrated a much better
performance factor. Comsol indicated that the modular oven does in fact have acceptable
propagation at the required frequency of 2.45GHz. Comsol is also has a transient solver which
means that the analysis is realistic of time dependency versus quasi-static solving. The plots
reveal similar resonant modes with the exception that Comsol presented tremendous
transmission at the required frequency of 2.45 GHz. This effort meant that the modular model
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was receptive to the prescribed frequency noted in the model design when compared to the other
software.

Comsol vs. HFSS and CST

Comsol is used for multi-physics modeling

Figure 55: Reflection Plot for CST, HFSS and Comsol

Figure 56 shows the reflection plot for Quickwave versus Comsol. This plot was generated to
indicate that with its best refinement, Quickwave could not present the resonant modes at the
required frequency of 2.45GHz. Although software was thoroughly evaluated, Comsol
repeatedly demonstrated resonance at 2.45GHz. The plot shows that the software exhibited
similar modes. However, Quickwave seems to have a slight shift in frequency. The phenomenon
was caused due to the variation of the material dielectric properties. While defining material
properties using CST and HFSS, the dielectric properties were stated as real and imaginary parts
of the complex permittivity. Quickwave defines these same properties using the materials
electrical conductivity. Also, Quickwave did successfully solve the analysis with a minimum
number of cells per wavelength of 12. The total number of cells was 4,116,924 with 90,000
iterations.
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Comsol vs. Quickwave

Figure 56: Reflection Plot for Quickwave versus Comsol

Figure 57 shows the reflection plot for CST, HFSS, Quickwave, and Comsol as a Final
Comparison. Again the plot reveals similar modes for all of software; thus concluding that
Comsol was to be trusted for the modular electromagnetic analysis. Comsol repeatedly
demonstrated resonant modes and had capability for EM and thermal coupling via the resistive
heating variable. Comsol had the capability to analyze the electromagnetic and thermal processes
during each time step versus performing the EM first and then using those results in the thermal
analysis.
From the previous analysis, throughout this dissertation, attention has been focused mostly on
the approach and analysis techniques rather that the data itself. Although the model was designed
to understand the science behind industrial microwave melting of metals, attention must
continuously be paid to the user input and temperature dependent parameters. For the modular
model studied using Comsol, the single port was excited with a TE10 mode and the power ramp
rate was 0-6 Kilowatts for 80 minutes. The crucible material was again 26-8j which seems to be
realistic of measured dielectric properties for the Silicon Carbide. The software was capable of
generating many characteristics of the EM analysis such as electric field, magnetic field and
resistive heating.
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All of Simulations

Figure 57: Reflection plot for CST, HFSS, Quickwave and Comsol

Figure 58 shows the modular microwave oven with results. The results provide key information
as to how the microwave heating process is derived.

Field and Resistive Heating Simulation
Using Comsol

E Field

H-Field

Resistive
Heating

Figure 58: Field Plots for Modular Chamber EM Analysis.
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The results given in Figure 58 clearly show that many modes are present inside the furnace
cavity. Both the E and H fields present evidence that the microwave oven is symmetrical as
suspected. The field plots show strong transmission characteristics and magnitudes of the E Field
of 105 V/m and H Field of 70 – 150 A/m. It is this type of field base magnitudes that causes the
rapid heating of the dielectric ceramic crucible. Evidence will be seen hopefully during the heat
transfer analysis. The plot shows resistive heating within the dielectric ceramic crucible as the
field is absorbed as a function of time; thus causing heating and providing a heat source for the
thermal analysis.
The crucible, being the lossy material is readily coupled to the input power for our measured
materials parameters. Although the scattering parameters are within an acceptable range, a better
load match could be achieved by using an oven tuner of mode stirrer. The results highlight the
fact that the microwave heating process is difficult to control and continuous monitoring of the
amount of reflections should be performed. Any oven conditions those results in low EM
coupling to the crucible makes it more time consuming to model and operate because simulations
required many iterations to reach steady state. For the results presented above in Figure 58, the
modeling was run for 3 hours on a 16G Ram System. Nevertheless, it all comes back to the
microwave oven design. Design for a particular mode is very difficult and the systems have to
incorporate a mechanism to handle frequency shifts.
Comsol is set up such that there are many modules such as Microwave Heating, General Heat
Transfer, MEMS, Structural, Chemistry and others. The software allows these modules to be
coupled and variables form one module can be used within another module as a function of time,
space or a variable. For this research, the Microwave Heating Module allowed for coupling the
transient electromagnetic analysis with the transient heat transfer analysis. Therefore as a heating
source within the heat transfer module, the resistive heating variable “Qav_rfw” was given.
The design of the modular oven used for this research was fundamental in that it was based on
the quarter wavelength multiples to dictate the dimensions of the oven. The unit demonstrated, as
the results show, good propagation and good heating capability. For this research the
experimental testing proved that the unit could melt copper and the modeling proved that the unit
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could exhibit good field potentials. Although predicted that the modular model would show the
rather uniform heating patterns, consideration has to still be given to the variation in the
dielectric materials for different materials. In fact Figure 59 shows the heating pattern for 60
minutes of heating using the dielectric material property of 60 – j120 for the crucible
permittivity.

Heat Simulation Using Comsol
Model Input parameters
Density ρ(T)
Conductivity k(T)
Specific Heat Cp(T)
Time Dependent
Surface-Surface
(radiation)
Free and Natural
Convection
Inert Atmosphere

Figure 59: Heating Pattern for Modular Chamber

The results in Figure 59 show that the temperature increases in the crucible as expected. The
increase in temperature is dependent on time and is the result of thermal energy being conducted
and radiated within the oven. However, the vast majority of the temperature gradient is
maintained within the thermal insulation as predicted. The plot demonstrates a very symmetric
and uniform thermal profile as the crucible temperature is uniformly distributed. The results
showed an approximately 300°C degree delta between the temperature of the crucible and mold
top as well as a 200 degree from the mold top to the mold bottom.
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Figure 60 and 61 show the heating profile for variations in the dielectric properties of the
ceramic crucible material.

Heat Simulation Using Comsol
914

273

Crucible εr=100(1-j0)

Crucible εr= 100(1-j0.05)

Figure 60: Temperature Profiles for Variation in Dielectric Properties

Heat Simulation Using Comsol
961

Crucible εr= 100(1-j0.1)

1029

Crucible εr= 100(1-j0.2)

Figure 61: Temperature Profiles for Variation in Dielectric Properties

161

Since it has been shown that the dielectric properties are a direct contribution to the heating
profiles within the modular chamber, it must also be a fact that other material parameters are
associated with heating as well. An important objective of the dissertation is to test the modular
model for many variations of thermophysical properties as well. Figure 54 show the heating
profile for slightly different variations of the thermophysical properties as noted during the
previous analysis. The simulations depicted use the material properties from Comsol with
constant real and imaginary permittivity. This study was performed because the Comsol
Software has temperature dependent material properties in the material library. Therefore a test
of these material parameters is given with the only change being the input of a complex
permittivity. Again, the results show that the unit heated and demonstrated a symmetrical profile.
The temperature reached levels above the melting temperature for copper. One limitation of the
model is that the bottom insulation is too thin and thermal energy is lost at the mold base.

Figure 62: Temperature Profile for 70 minutes

Figure 62 shows that the temperature profile is slightly higher than the 60 minute profiles
performed earlier. However, the temperature distributions are amazingly identical. The figure
demonstrates that the thermal insulation is performing as expected everywhere but the base
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(except at the base) by shielding the heat inside of the stack configuration. The crucible seems to
have absorbed an enormous amount of energy during the heat cycle. Conduction and radiation
are being realized by noting that the vacuum atmosphere inside of the stack is filled with heated
inert gas. The mold temperature demonstrated about a 300 degree C gradient in temperature
while the surface-to-surface radiation dominated to the mold core. The metal inside of the
crucible has also heated well beyond the melting temperature, which is viewed as being
acceptable for the modeling purposed. After all; “What is the purpose of Modeling?” The
atmosphere outside of the insulation is approximately 500 degrees C, which means that surface
emissivity may be rather large compared to materials used during experiments. During typical
experimental runs, the operator can touch the outer oven walls and they are slightly higher than
room temperature. The results in Figure 54 show conduction and radiation from the mold bottom
to the insulation. Again, temperatures reveal that the bottom insulation may not be thick enough
since the inert atmosphere at the bottom reveal higher than expected temperatures. Figure 63 and
Figure 64 shows a 3-D plot of the temperature profile for the same run.

Figure 63: Temperature Plot 1 (70min)
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Figure 64: Temperature Plot 2 (70min)

Figure 63 show that the three-dimensional view reveals what is typically happening within the
isolated microwave oven. The glowing of the molten metal and high temperatures of the crucible
have been seen by many cameras during metal melting experiments as shown in Figure 65.
These results clearly illustrate that the bottom of the oven is warmer than the top on the outside;
further proving that the insulation is not thick enough.
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Figure 65: Camera Image of Molten Metal during Microwave Processing

Figure 65 shows the significant contribution of the radiation to the process. The circular patterns
show the dispersed energy between the stack components and their respective temperatures. The
figure demonstrated the surface-to-surface radiation capabilities of Comsol that are also inclusive
of the Lagrangian shape factors.
Figure 66 shows the stack temperature as a function of the Z or vertical height of the chamber. If
one looked at the oven as if it were on its side then the results in 57 resemble the temperature
profile as seen earlier.
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Stack Temperature Profile as a
Function of Z Height (Z Plot)
Crucible

Mold Top
Mold Bottom
Z

Z Height
•Mold Top and Bottom Show a 300 Degree C Gradient
•Crucible Appears to Heat at a Uniform Rate

Figure 66: Temperature as a Function of Z Height

The results in Figure 66 illustrate that all stack components exist at room temperature prior to
processing start. The mold bottom reached over 600 degrees C during the processing and the
mold top reached approximately 900 degrees C; which supports the theory of the 200 degree C
mold temperature gradient as expected. The crucible is believed to heat rather uniformly and
demonstrated such actions by noting the minimal slope for the crucible temperature profile. The
temperature gradient of the crucible throughout the heating cycle appears to be less that 50
degrees C. This action may have been attributed to the fact that the waves are pounding the top
of the crucible and thus may cause slightly higher field propagation for the top surface of the
crucible lid. Again the profiles seem realistic of previous experimental data.
Figure 67 shows the temperature profile for the mold gradient. As expected, the mold gradient
tends to increase as time progresses throughout the heating cycle. This behavior is primarily due
to the significant thermal energy transfer between the mold and the crucible. As the crucible
tends to heat, the conduction portrays more of a dominant role; again raising the top of the mold
temperature at least 200- 300 degrees C above the mold temperature at the bottom. Also, the
bottom of the mold is experiencing conduction heat transfer with the insulation. The top of the
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mold has surface-to-surface radiation with the bottom of the crucible and outer insulation as
well. Thus the combined effect of the radiation and conduction at the mold top proves to
supersede the bottom mold temperatures.

Heat Simulation Using Comsol Cont.
Temperature Profile of Bottom and Top of the Mold

Time (Minutes)

Mold temperature gradient is a function of final Time.

Figure 67: Mold Temperature Gradient

Figure 68 shows the temperature gradient for the crucible. The plot clearly reiterates the previous
points made regarding the temperature profile for the crucible. There is a very small delta
temperature. This indicates that the crucible has done a remarkable job of absorbing the
electromagnetic energy and thus heating rather uniformly. The heating cycle in this case was 70
minutes and the temperature remained within ± 50 degrees C.
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Heat Simulation Using Comsol Cont.
Temperature Profile of Top and Bottom of Crucible

Time (Minutes)

Variation in the crucible temperature is very minimal from top to bottom
exhibiting uniform heating as shown in the previous Z plot

Figure 68: Crucible Temperature Gradient

Figure 69 shows the conductive flux through the metal. If observed closely, the figure depicts a
darkened coloration throughout the center. This is an indication that the core of the metal is
experiencing uniform conduction through the bottom. The outer diameter of the metal illustrated
that radiation caused a distinct rendering that is observed as unusual patches. However, the
transfer of energy by conduction appears to be rather uniform as the metal reaches the melting
temperature.
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Heat Simulation Using Comsol Cont.
Normal Conductive Flux of the Metal

Time (Minutes)

The profile suggests uniform conduction. Other thermal effects such
as radiation seem to be effecting the boundaries. The top center exhibits
A darker color through the core of the material exhibiting uniform internal heating

Figure 69: Conduction Heat of Metal

Figure 70 highlights the temperature time profile of the metal form a different prospective.

Heat Simulation Using Comsol Cont.
Temperature Profile Metal
Heating as a Function of Time

Temperature versus S(1,1)dB
show continued transmission

Time >t melt

Time>0

Time=0

View of approximate times (T) for
each stage of Heating

As temperature increased
S parameters (-18.54 to -18.524)

The metal remained at low temperatures for a considerable time and thus
started to increase. Once heating, coupling began and temperature gradient
intervals decreased

Figure 70: Temperature-Time Plot of Metal
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The plot on the right shows that at time=0, the metal starts at room temperature and remains
there for some time as revealed in blue. This indicates that the conduction and radiation
processes are functions of time and don’t become significant until enough thermal energy is
being generated. They are also based upon the dielectric properties and power input for the cycle.
This also means that it took some time for the metal to respond. The figure shows that once the
metal has started heating, the times at different temperature is realized. It is clearly indicated that
as the temperature increases, the time at each temperature starts to decrease. In fact the yellow
strip is very thin which means that maybe the metal is at the transition point and less energy is
required to step up a notch to the melting temperature.
The plot on the right makes notation of the temperature increase compared to the electromagnetic
power flow. The figure shows that as the temperature increases, the S(1,1)dB oscillates between
-18.5 and -18.52. This is an indication that the energy transfer within the chamber is well
balanced and the energy entering the chamber is being absorbed by the crucible or dissipated
within the chamber. The reflection is a very minimal for the entire heating cycle. The figure
shows more fluctuation between 700 and 900 degrees C. This may be an indication that the
transition period has started and the metal is also starting to couple along with the crucible. If this
occurred then changes would occur to the entire electromagnetic characterization of the cavity.
The results show that the plot seemed to become a straight line above the melting point. This fact
may indicate that the energy balance has reached as steady state condition and chemical species
changes and chamber phenomena are constant with time and temperature.
Figure 71 shows four plots. The top left plot gives the temperature gradient as a dependent on
time. The results of Figure 71 indicate that the highest gradient is in the inert atmosphere as
expected. The surrounding atmosphere is also under vacuum as the surface-to-surface radiation
between the insulation, crucible, and mold contribute to a potentially induced natural convection
environment. Although the presence of a vacuum would minimize this effect, the convection
heat transfer should never be under-estimated. In fact, if the vacuum condition were to become
unstable due to any pump malfunctions, convection induced by buoyancy-induced forces could
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dominate in the air and offer as much of a contribution to the process heat transfer as the
radiation or potentially conduction effects.

Additional Thermal Analysis
Bottom slides used heat generation from Comsol in
Algor for comparison (appx 2.63e6 W/m3)
Temperature
Gradient

Temperature-Radiation

Algor plot using generation
term form Comsol

Algor Plot of Crucible,
Mold Top, & Bottom

Finding Emissivity is somewhat a problem

Figure 71: Temperature Gradient, Radiation, and Algor

The temperature gradient plot is inclusive of a streamline plot that shows how the temperature is
dispersed through the air both inside of the stack and outside of the insulation. If fact, there are
very high concentrations of streamlines within the crucible and surrounding the mold core. This
may be explained by the fact that radiation within the enclosures is predicted by a T4 term.
Combining this with the fact, the Lagrangian Shape factor within the enclosure allows for
radiation transfer between surfaces that are not required to be normal to each; increases in the
potential for huge gradients and requirements for materials that can withstand these gradients.
The results in Figure 71 to the top right re-emphasize the radiation heat transfer. The circular
rings demonstrate the radiation fluxes traveling throughout the stack, from the stack and from the
insulation. The fluxes can also be clearly seen surrounding the mold. Observation of these fluxes
indicate that the effect is a minimal on the insulation; thus contributing to the uniform
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temperature gradient of approximately 300 degrees C on the mold. The fluxes have a direct
contribution to the temperature of the stack and chamber components. As noted in the figure, the
temperature surrounding the mold reveals a uniform coloration: again exhibiting uniformity. This
is normally caused by the design of the insulation scheme used within the chamber. The function
of the insulation is to control the radiation fluxes at all times and determine the distribution of
energy and therefore temperature. The results also highlight the significance of the energy
balance to the melting of metal. If the crucible is the component of choice, then high uniform
temperature profiles are desired. The plot shows since radiation fluxes exist within the insulation,
the energy generated within the crucible must be carefully balanced to prevent localized heating
of the metal or the generation of plasma. Although the electric field is normally reflected from
the metal, the dipolar rotation of molecules in the crucible is then associated with the radiation
fluxes and thus temperature distribution. For all of the associated thermal aspects of the process
that are considered, the results show that the simulation captures the heating similar to what the
experimental results show. The need for a simulator that can run many times and allow user
control is then realized to prove this hypothesis.
For this dissertation a range of materials will be simulated. The thermal properties and materials
are listed in Table 23.
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Table 23: Thermo-physical Properties for Metal Modeling

Metal (Melting Temp)

Conductivity

Specific Heat

Density

(W/m*k)

(J/kg*K)

(kg/m3)

Copper (1136C)

391

385

8940

Steel (1540 C)

44.5

475

7850

Aluminum (660C)

160

900

2700

Titanium (1670C)

7.5

710

4940

Iron (1538C)

76.2

440

7870

Beryllium Copper (1287C)

118

420

8250

Results from the modeling for different metals showing the variations in heating profiles and
temperature distributions will be given. These variations are strongly caused by the differences in
specific heats and conductivities of the materials. The thermal diffusion process is limited in
some cases by the metals lack of ability to transfer the thermal molecular agitation of the
molecules throughout the materials interior (conduction) and the metals resistance to temperature
increase due to thermal energy transfer (specific heat). Figure 72 below gives the temperature
profile for copper and the temperature distribution.
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Figure 72: Temperature Profile and Distribution for Copper

Since copper was the baseline material for the research and also used during the experimental
process; the other metals will be compared to copper and tabulation of the times to reach each
melting temperature will be noted. Copper’s melting temperature was given as 1136°C and the
model was validated by matching the experimental data and time to melt copper. Other metals
given in Table 23 all have different thermo-physical properties and different melting
temperatures. The temperature-time profiles for each material respectively to reach the melting
point.
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Figure 73: Temperature Time Curves to Reach Melting Point
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(a)

Copper

(b) Beryllium

(b)

Steel

(d) Aluminum

(e) Iron

(f) Titanium
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(g) Titanium Continued
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Figures 73 (a, b, c, e, f, and g), all reveal the non-linear profiles for the heating profiles. Figure
73 (d) for Aluminum, shows that for the heating cycles with process times less than 50 minutes
reveal a temperature profile that seems more linear that the other profiles. For Scientist,
temperature data and estimated melting times present process critical and cost savings
information for melting metals. Table 23: gives the melting times and temperatures reached for
each metal. The data clearly shows that thermo-physical properties offer significant contribution
to how metals are heating and melted. This dissertation chose several metals that exhibited a
wide variety of thermo-physical properties. Additionally, the metals were the most common
metals used within industry for manufacturing casting application and part production. Table 24
shows that if part manufacturers had knowledge of the melting times and materials to cast each
of the metals listed; then a potential huge cost savings would be realized. This type of chart is not
available for metals utilizing the microwave technology and would be of significant interest to
microwave users.
Table 24: Materials, Melting Temperatures and Melting Times

Metal

Temperature (Degrees C)

Time (Minutes)

Copper (1136C)

1140

80

Steel (1560C)

1580

140

Aluminum (660C)

680

25

Titanium (1725C)

1800

170

Iron (1538C)

1550

130

Beryllium Copper (1287C)

1300

100
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Phase Change Modeling Results
The more homogeneous a material the more difficult the material to change phases when
exposed to elevated temperatures. In fact the variable that makes the most significant
contribution that must be noted is the enthalpy (H) of the material. The enthalpy dictates the
amount of energy per unit mass that a material can undergo. As it stands, at room temperature
metals are far below the triple point state for matter. From a pressure temperature perspective
the metals exist in solid form and remains there during most of the heating cycle. For modeling,
∆H would be derived as a function of temperature. Within the software, user function definitions

allowed for assigning a value to H for each incremental temperature increase. Phase Change
expressions were derived by establishing the temperature dependent enthalpy for copper. Since
the model is primarily composed of temperature dependent material properties, incorporating the
enthalpy as a temperature dependent function proved viable. Therefore for the metal to begin the
phase transition, the change in enthalpy was given as an additional heat source within the metal
sub-domain. This feature within the Comsol Software then allowed for introduction of the
Structural and Deformed Mesh Modules. The model then used a physics induced phase
transformation based upon the change in enthalpy of the copper metal. Figure 89 shows an
example of the metal transformation beyond the melting point and molecular agitation starting to
take place. However, Comsol does not represent phase change and therefore did not offer a
complete representation of the metal deformation. The software did suggest that the metal had
molecular agitation as noted in the figure below. Figure 74 shows such occurrences.
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Figure 74: Molecular Agitation within Copper Metal

Figure 74 makes note of the fact that the change in enthalpy caused an internal energy change
within the copper disk. The change in internal energy was then given as physics induced internal
forces that provoked principal stresses within the metal. The displacement of atoms within the
metal then behaved as functions of Force; F(T) per unit area within the metal. The animation of
Figure 66 demonstrated that the metal actually started to deform and resemble a melting process.

Modeling and Experimental Validation Results
Another promising objective of the research was to demonstrate that the model developed and
the material properties characterized actually led to a realistic model that could be used by future
researchers to study not only the process but the optimization of the technology as well. The
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modular oven was the experimental chamber used for the research and was designed with
making a comparison to the model in mind. While microwave energy has been demonstrated to
provide heating to metals and ultimately cause metals to melt, the conversion from
electromagnetic energy to thermal energy is not so straight forward. The basis for performing the
experiments for this dissertation was to prove the design theory, perform casting, develop a
model, and validate the modeling. On the other hand the modeling was performed to validate the
experiments and offer contribution to the science.
In order for such a validation process to become apparent, the modeling data would have to be
compared to the experimental data for the same run. In other words the model would have to be
set up in such a way to represent the experimental setup. For the experimental it was noted that
the unit was to operate for one of the runs with a 3 kilowatts continuous power supply from the
generator. The unit was to have a vacuum condition and use silicon carbide for the crucible,
graphite for the mold, alumina for the insulation and copper for the metal. The dielectric
properties for the silicon carbide were to be known and the temperature dependency of the other
stack material understood.
The oven was designed with a wavelength propagation factor of 12.2 centimeters that determined
the modeling mesh size and the waveguide was copper; thus sized as required for the 2.45GHz
frequency requirement. While earlier in this dissertation, the governing equation was given for
the electromagnetic and thermal coupling, the Comsol software had already incorporated a
module that supported such coupling. The governing equation was reviewed and deemed
appropriate to EM-thermal modeling. The radiation was given in the boundary conditions and
convection neglected due to the inert condition proposed within the oven. The model utilized a
complex permittivity and heat source as the resistive heating variable within the heat transfer
module. The resistive heating variable was calculated during the electromagnetic analysis as a
result of solving the Maxwell’s Equations.
For the validation, the modeling data and experimental data were overlaid for two scenarios:
•

Radiation Boundary Condition
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•

No Radiation Boundary Condition

Figures 75 and 76 give the results for the two scenarios.

Figure 75: Comparison of Data Between Experimental and Modeling Using Non-Linear
Radiation Boundary Condition

Figure 76: Linear Temperature Profile from COMSOL Modelling Using No Radiation
Boundary Condition
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The results in Figure 75 show a curved plot. This is primarily due to the fact that the radiation
boundary condition proposed a non-linear profile due to the T4 term in the net radiation equation.
Figure 76 on the other is more of a linear profile and therefore does not have the radiation
boundary condition. While there is a slight difference between the measured and the
experimental data sets; specifically at elevated temperatures closer to the metal melting point,
this research proposes that such behavior is related to the slight deviation of the temperature
dependent properties assumed within the model as compared to that actually used in the
experiments. Material properties significantly above 1000ºC have yet to be investigated. Even
though, Figure 75 still validates that such a process can be modeled adequately. It also
demonstrates a thermal gradient is developed along the mold from top to bottom as expected to
be; 200-300°C. As evident during the experimental phase, thermocouples were embedded along
the mold and yielded that the mold top is always hotter than the mold bottom. Again, this results
from the fact that the crucible and its dominant thermal features provided substantial thermal
energy via conduction to the mold; which is located directly underneath.

Simulator Development Results
The final objective for the research was to combine all findings and develop a simulator that
could be transitioned into a software package. Since the modeling had been validated to the
experimental, the data and approach made significant contribution to the simulator development.
The objective here was to create an input mask for the user to define all process parameters. The
analysis was performed behind the scenes and the results were displayed in a laboratory
environment representative of an industrial facility. The end user code for the laboratory was
developed using the VGEO software and provided provision to operate the program. The lab
environment is shown in Figure 77.
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Figure 77: Microwave Laboratory Environment

The data was transitioned into the lab by converting the Comsol code to a Matlab code. The
Matlab code was revised to provide for variation in the process control and user control. The
code was then immersed into VGEO to allow for input/output management. The simulator then
had capability to represent the facility and also allow the user to determine what process
parameters to use and also dictate which parameters would appear in the output. Figure 78 shows
the control masks. VGEO allowed for animation and options for how the plots were to appear;
silce, subdomain etc..

184

Figure 78: Controls interface for Modular Unit

Figure 79 shows additional results of the simulator with other controls. The environment shows
that the user can create and choose exactly which results the are to be displayed. So far the
simulator has the capability to present slice plots, contours, and other featuers. In order to
manuever and select what is to be presented, the operator has to have knowledge of VGEO,
knowledge of mivrowave oven design and operation, input parameters and what is desired for
output. Not only can the microwave be designed; but whether the results are desktop, or theater
is an additional option. As an example, the electromagnetic field is given within the oven interior
to illustrate how the electric componenet of the field reacts with the crucible and the stack.
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Figure 79 shows three menus: one for the display components, one for task creation and the other
for design. Additionally the laboratory enviroment is readily visible.

Figure 79: Modular Oven Control Menus, Temperature Profile and Electric Field (Black)

To determine the temperature and time dependency of the model, Figure 80 and Figure 81 show
the thermal profile of the heating cycle as the copper is heated and compared to the model. The
results show that the profile is similar to the modular microwave model demonstrated earlier in
this dissertation. The view shows a cut away of the modular chamber temperature distribution.
Figure 80 and Figure 81 present the crucible as the leading contribution to the overall stack
temperature increase as well as temperature limitations for the heating cycle. The chamber
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depicted in these Figures is a replica of the industrial modular microwave oven used to melt
copper experimentally and also created for the modeling effort within the Comsol software.
Although the illustration is representative of the temperature profile only; the simulator has
capability to show the electric and magnetic fields, resistive heating, conductive flux and many
other features as a result of the modeling output. Table 25 shows the post evaluation code and
types of output possible within the simulation code.

Figure 80: Temperature Profile Generated from Comsol Model
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Figure 81: Temperature Distribution within the Industrial Modular Microwave Simulator.
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Table 25: Simulation Postprocessing Output Data Commands

Comsol Multiphysics Command Call

Output to Simulator

data=posteval(fem,'normE_rfw');%electric field norm

Plot Electric Field

data1=posteval(fem,'normH_rfw');%magnetic field norm

Plot Magnetic Field

data2=posteval(fem,'Qav_rfw');% Resistive heating

Plot Resistive Heating

data3=posteval(fem,'normscD_rfw');% Scattered electric

Electric Field Displacement

displacement Norm
data4=posteval(fem,'normscB_rfw');%Scattered magnetic flux

Magnetic Field Displacement

density
data5=posteval(fem,'normB_rfw');%Magnetic flux density

Field Density

data6=posteval(fem,'normD_rfw');%Electric displacement

E-Field Displacement

norm
data7=posteval(fem,'normPoav_rfw');%Power flow time

Average EM Power

average
data8=posteval(fem,'T');%Temperature

Temperature Distribution

data9=posteval(fem,'t');%Time

Processing Time

data10=posteval(fem,'tflux_htgh');% Total heat flux

Maximum Heat Flux

data11=posteval(fem,'gradT_htgh');%Temperature gradient

Thermal Gradient

data12=posteval(fem,'rho_htgh');%Density

Selected Material Density

data13=posteval(fem,'C_htgh');%Heat Capacity

Material Specific Heat

data14=posteval(fem,'Q_htgh');%Heat Source

Thermal Heat Source

data15=posteval(fem,'dflux_htgh');%Conductive Heat Flux

Conduction Heat Transfer

data16=posteval(fem,'cflux_htgh');%Convective Heat Flux

Convective Heat Transfer

data17=posteval(fem,'cellPe_htgh');%Cell Peclet Number

Peclet Number
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CHAPTER VI
SUMMARY AND CONCLUSIONS
Summary
This dissertation has purposed to research the microwave technology and then organize
information in to six chapters of literature review, technology perspective, theory, experiments,
data collection, modeling, simulation, results and conclusion. The objective was to study the
aspects of microwave uses for metal processing. One such research question proposed to address
the question, ‘Can the industrial production microwave be used to process metals and can a
realistic modeled be developed to simulate metal melting?’ Answering these questions
stimulated the need for the research and further would provide the technology with important
data, experimental approaches, material characterization knowledge leading to a modeling
method that offers significant cost saving measures, and time savings protocols for the metal
processing technology. With the information presented within, the study of materials and casting
of such using the microwave technology generated information that offered researchers a new
resource towards evaluating the process parameters and operation of the oven itself. The
modeling and simulator alone proved to demonstrate that metal melting could be studied from a
computer and that the electromagnetic and thermal aspects of the process could be further
understood. Factors considered were the pre-casting analysis, material selection, operation
parameters, moisture content and energy balances for metals. Knowledge gained emphasized that
in order to fully understand the microwave metal processing technology, a systematic approach
to merging all of the phenomenon that effect the heating process must be considered, researched,
and tested. Specifically with metals, since they are reflective to the microwave field, a method
has to be developed to prevent interruption of the fields. Although optimization of the
technology is far from being realized, repeatability of the heating process proved that at least the
technology can be slowly integrated into the commercial metal processing industries. The
missing piece of the puzzle was data. For the microwave technology there are many publications
and research conducted, but the consistency of the research and funding available to perform
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such research is minimal. Even users of alternative technologies have admitted to at least testing
the microwave technology and most refuse to comment regarding any comparison to other
technologies such as VIM. It is known that the microwave technology can hold its own place
within industry and that in due time the technology will become as significant as furnace heating
and VIM for metal processing.
Now that the use of electromagnetic energy has become a reality for metal processing
researchers, more energy is being put into understanding the technology and making it a more
comfortable approach. One of the main concerns is that the coupling aspects of EM to thermal
and field distributions do not have enough research history and evidence is lacking proving
continuous propagation since the oven is fully enclosed during operation. One solution may be to
make the oven transparent somehow and illuminate the field to validate modeling data. Currently
the models developed do present that there is uniform field distribution within the oven and that
the coupling to dielectric materials does happen. However, it is also realized by researchers today
that the EM field does experience standing waves periodically there is no pattern to
understanding when this happens. However, there are many hypothesis’ regarding the relevant
causes. Simply put, with all of the newly developed tools that exist, there is still no validation
method for the EM field and complete magnitude of the coupling between EM and thermal from
an experimental point of view. No matter how much work that is presented , the microwave
technology needs to be tested for at least three years continuously and funded as such to generate
enough data to show consistent repeatability for casting the same metals at a minimum of twenty
times. The data and results from such experiments would be evaluated not only from a process
standpoint; but also from an economic, chemical, metallurgical and machining perspective.
This research took a systematic approach to studying the microwave metal processing operation.
It was first realized that in order to study the microwave technology, that an oven was needed.
The design and modeling of such an oven was performed and even though the modeling
emphasized a good design, concerns were still apparent. Additionally, the auxiliary equipment to
support the oven was chosen and thus a complete system was available. While the support
equipment included the wave generator and vacuum equipment, other factors were significant
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such as the sizing of the waveguide and shielding of the thermocouples. If any of the factors
were mis-represented, then the oven design was deemed to fail. For example, improper shielding
of the thermocouples would cause arcing and increased reflective powers posing potential
damage to the wave generator. Also, if the waveguide was not sized correctly, then there would
not be sufficient power supplied to the oven at the 2.45GHz frequency.
Even though the technology is mostly applications based; there must be understanding of the
underlying theories and science that cater to the electromagnetic and thermal phenomenon.
Control of the process rests upon the fact that enough process and operations knowledge should
dictate the final metallic cast and waste during the casting phase should be at a minimal. The
overall process from start to finish for metal processing has to be clearly defined and all process
parameters set in place. Operator knowledge of not only the microwave oven but also the metal
to be melted must be understood.
One measure of success for the research is to validate that the experiment was successful and the
casts were sound. Another factor was to validate that the modeling results actually represented
the experimental data. Temperature-time profiles were the only available method to determine if
the data matched and also proved how the process performed thermally. Success is realized by
understanding not only the differences between the data but reaching a comprehensive
conclusion as to why deviations between the modeling and experiments exist. Additionally in
conjunction to understanding data differences, recognizing process anomalies and thermal
runaway, if it were to occur, would be significant. For this research, success was not achieved
through obtaining the perfect run in a model and correlating to experimental methods. Success
was achieved by proving that the model could predict process behavior, establish material
selection, and contribute to process optimization for metal processing. For the five experiments
in this dissertation, such deviations and proposed explanations for their particular case are noted
and discussed. Several observations are given to highlight findings of the research.
The modular unit was designed based on budget and to overcome the shortcomings of the large
scaled unit for a production environment. It was most suited to assist with the research studies of
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the EM field, temperature and other parameters during melting of metal and process simulations.
The modular unit proved to have adequate design and sizing for the five casts required. Early on
the unit was tested and proved to generate heating of dielectric ceramics; thus coupling.
However, there were limitations in that the maximum power input was only 6 kilowatts and the
unit was small; thus not suitable for bulk metal heating.
When compared to the model, there were also limitations of the model. For example the model
used material characterization approaches that resulted in slight deviations for stack material
parameters, lack of process specific input data, and slight variations in vacuum and inert
atmospheres. For example, configurations, high moisture in the atmosphere due to improper
bake-out, and other out gassing are typical examples where the model has a shortfall for
representing an experimental process. The model demonstrated great electromagnetic response to
input power for all of the runs and at times up to 6% of the received wave signal’s variance could
be attributed to frequency, material and temperature fluctuations. The crucible material variation
experiment highlighted the effect of absorptive material dependence for the signal variance at the
ports. This effect was also apparent through the test of the many wavelengths to determine
whether or not the model made at sense to begin with. Subsequent modification to the model’s
design and operating frequency alleviated many of the problems posed with meeting the
2.45GHz requirement. If larger chambers are being used, based stack size and part requirements;
then materials may contain the effect of absorption fluctuations due to space and mode
fluctuations. In many cases, as we have discovered, this problem is overcome by use of the mode
stirrer or carefully monitoring the power input; generally up to 25kW for larger units.
The dissertation observed that microwave oven modeling results were similar using different
electromagnetic software and that a symmetrical field distribution was apparent. One of the
many unexpected results was the sensitivity of the model to frequency. In fact during the initial
frequency sweep from 2 to 3 GHz, scattering parameters were basically dependent upon mesh
size and frequency. The bandwidth was very narrow and observation revealed that there were
significant shifts in the scattering parameter for frequency variations of 1MHz. The design of the
model demonstrated almost 100% transmission through the waveguide for wide ranges of
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temperatures. Although the model was tested over and over again for many materials, initial
results showed that the model did in fact respond to dielectric sensitivity for the crucible
material.
The temperature profiles proved that the resistive heating source for the electromagnetic module
was the dominant variable for thermal heating. In fact, the observations show that if the crucible
material is not lossy at all then there is no heating; as expected. The heating profiles could only
be measured along the mold and atop of the crucible for the metal and provided thermal heating
as a function of time and power input; which is great, however material characterization was a
key part of this effort while the thermo-physical properties support the heating cycles. The
thermo-physical properties worked in conjunction resistive heating variable to stimulate
molecular agitation within the materials and promoted conduction at interfacing surfaces. Since
it is known that thermo-physical properties are a direct function of temperature; microwave
processing of metals, being a temperature based process, depended upon these properties to
enhance heating materials to elevated temperatures. Not only this but, the inert atmosphere
changes as well, and in some cases, can cause a turbulent reaction if stack parameters are
improperly selected for support of the energy balance.
Other research goals attempted to include the use of the mesh deformation module to simulate
phase change. Although the software did not support phase change, the structural module
coupled with the EM and thermal modules allowed for a temperature dependent enthalpy. The
enthalpy further represented the internal energies of the metal and made provision to simulate the
increase in internal energy and expansion of each material’s lattice; thus causing deformation. If
the Comsol software has capability to export results into phase change software such as ProCast
then the deformation would be revealed.
The simulator development was successful along with the simulation of copper within.
Additional modeling was performed for several metals and offered significant information
regarding temperature time data to microwave experts.
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Conclusion
The dissertation proved that metals can be processed using microwave energy and that with the
correct materials and operating parameters, metals can be heated to elevated temperatures and
even casted. The research started out seeking answers to how would metals be processed within
the industrial microwave oven. Also, how the process would be validated and understood when
the oven is closed during operation. For the research, one proposed approach to understanding
the science was to perform computer modeling as well. Early on the research was challenged
since there was minimal experimental data for microwave heating available; specifically from a
3-D perspective. In addition, detailed process operating parameters and temperature-time profiles
for metals were almost non-existent. These facts set the tone for defining research problem
statement and establishing the dissertation objectives for studying metal processing within the
industrial microwave oven.
The literature offered significant information regarding the history of the microwave technology
and applications. In fact, sintering and annealing seemed to be the primary uses for the
technology early on. While on the other side of the fence, the restaurant industry quickly adapted
to the microwave technology and used it almost immediately for food processing. Industry as a
whole mostly rejected the ovens for metal melting, casting and production applications. However
on the other hand, theoretical research results were readily available and many explanations of
the microwave heating phenomenon were given. The available literature, at the least, generated a
conclusive background for microwave technology but was limited with respect to detailed
casting and metal processing techniques.
The design of the microwave of the modular microwave proved to be the first approach to
modeling. The unit was simulated using HFSS and the model demonstrated that the oven would
have appropriate wave propagation and field distributions. The modeling also revealed that there
were several modes that would exist within the oven during the metal processing and that
standing waves would be at a minimum. Upon completing the modular oven manufacturing, the
unit was tested for heating and proved to be efficient for ceramic drying. The testing for metal
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heating proved that thermal temperature increases were adequate for casting using the materials
selected for the casting stack. The modular unit, although originally designed to replicate the
production unit, served its purpose. The unit was smaller and demonstrated that no matter the
size of the oven; the functionality is the same. This finding was a significant accomplishment for
the research since the results derived would prove useful for any industrial metal processing
microwave oven.
The experiments conducted that using the modular microwave oven to represent the technology
was a major success for the research. The results indicated that for the five copper casting runs
made with the oven, part manufacturing could be performed. The final grain sizes were
acceptable and the metal’s surface finish was good. The vacuum conditions were held by the
oven and the inert atmosphere prevented high profile sparking and arcing. There was no
evidence of thermal runaway during any of the runs and the crucible and stack materials
maintained their integrity. The outer diameter of the oven remained slightly above room
temperature and the metallurgical composition of the casts was within specification. The
experimental process was conducted using the same process as would be performed within
manufacturing. While the oven’s performance was good, there were concerns for the stack
materials after the third run. The forward power was varied for each experiment and the
reflective power was minimal. The selection of materials for the stack was appropriate and
heating was rapid and consistent. The copper metal reached the melting temperature in all cases
and the casts flowed as required into the mold when the pull-rod was raised. While there was
minimal visibility into the oven through the port, the thermal changes for the copper could be
visualized. The randomness of the EM field contributed to uniform heating of the dielectric
crucible and the mold temperature gradient was carefully maintained at an average 250C. The
limiting factors were the lack of EM visualization, reduced areas for thermocouples, minimal
ability to interrupt the run if a problem occurred, and no control for breaking up standing waves
within the modular oven. The stack was allowed to cool at room temperatures and remained with
the oven for a 24 hour period. There was no sign of thermal shock and/or cracking for any of the
materials. The metallurgical data showed a ± 50ppm for the casts. The chemical results provided
information for carbon and niobium which were critical to the final cast. The results indicated
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that the levels of carbon and niobium were acceptable. One main concern was that the casts still
contained a significant amount of carbides; but not enough to cause inappropriate machining in
this case. However, alternative casting solidification methods should be evaluated and different
inert condition tested.
Dielectric properties were measures as a part of the experimental process. The research presented
a high temperature probe designed to measure the dielectric materials and offer the complex
permittivity for each material respectively if they were deemed lossy. There were several
problems in the early stages of probe design and materials selection for the probe was the main
concern. Also the probe was faced with using the Agilent software that was written for the
Agilent HP Probe. Immediate results indicated that there was some discrepancy between the two
probes and that the calibration approaches were different as well. When comparing the designs,
findings indicated that the high temperature probe used a boron spacer that did not receive the
calibration well and with air as the dielectric material caused differences in the readings.
Therefore the correction factor was introduced and improved surface finishing of the sample
material surfaces to ensure minimal air gaps was performed. The probe comparison data up to
200C showed that the profiles between the two probes were remarkably similar. Even though
there were measurement magnitude differences, the correction factor reduced the error. The high
temperature probe provided data for materials up to 1000C and offered the complex permittivity
used within the modeling effort. Since the high temperature probe was the first ever of its kind,
patents were filed and licensing of the technology was granted. The high temperature probe
provided results for materials that were not porous, and had smooth surfaces. Powders and some
composites were not capable of being measured.
The thermo-physical properties were derived using several approaches. The Flash 5000 System
was used to measure the specific heat and thermal conductivity as a function of temperature. The
system provided data comparable to that published within the Incopera Fourth Edition Heat
Transfer text. The Comsol Software also provided thermal data for materials as a function of
temperature. The Comsol data was plotted using Microsoft Excel and the results were in close
proximity to both Incopera and the Flash 5000 System. The results for each source revealed that
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the experimental data measured proved accurate and within 3-4% of the published data even
though a constant density approach was used. The data was used within the modeling effort as
temperature dependent thermo-physical properties.
The models were created as a result of studying different software. The results indicated that the
scattering parameters for Comsol was lower than the others; and additionally the Comsol
software allowed for true transient analysis versus quasi-static. The comparison of software
overlaid the S(1,1) plots respectively and the results concluded that each exhibited the same
profile. The performance of the software was used to validate the EM characteristics of the oven
and the model was created as a replica of the modular unit using the same dimensions. The
modeling stack materials were basically selected from the experimental materials. The material
properties were derived as a result dielectric and thermal experimental measurements. The model
was prepared using the Comsol Microwave Heating Module. The module proved to support both
EM and thermal analysis and further allowed for coupling of the EM, Heat Transfer and
Structural modules. The modeling results indicated that the field propagation within the oven
was uniform and symmetrical about the mid-plane of the oven. The result indicated that the
forward power was appropriate within the module by noting the S-Parameter magnitude. During
the modeling, frequency shifts were apparent and the S-Parameters varied from -12dB down to 18dB down. The model was extreme sensitivity to frequency but maintained good performance
during the thermal heating cycles. The model was given for both 360 degrees and 45 degree
analysis. The 45 degree models illustrated coupling and resistive heating with the dielectric
ceramic and temperature profiles as functions of time. The results concluded that due to the
contribution of the dielectric ceramic, the temperature profiles varied in magnitude depending on
the complex permittivity. The modeling revealed the significant conductive heat transfer
contributions and emphasized the radiation and heat flux effects. The modeling results were then
compared to the experimental data and conclusively matched within 4% for the material
properties used. The deviation is attributed to mesh size, frequency shifts, material properties and
interior oven conditions. The model also highlighted the significance of using the appropriate
boundary conditions and emphasized that when comparing the radiation and non-radiation
profiles; non-linearity becomes apparent. The non-radiation boundary condition proved to be
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much more of a linear profile. The modeling was compared to experimental results for the 3
kilowatt continuous input power run and yielded that the temperature reached and the time
accounted for during the run match the experimental data almost exactly. Therefore the model
was validated as compared to the experimental data.
Several other metals were studied and temperature time profiles given. This approach was to
demonstrate that the model could be used to study any metal for processing using the microwave
technology. The temperature time profiles gave the temperatures reached and time for each metal
to reach a molten casting state. The results concluded that the time variable and the input power
used per each metal provided significant information to research scientist that are interested in
using the technology for productions. The thermo-physical data was derived using published
material properties and may vary slightly for actual experimental processing.
The results also provided a simulator that was created using Matlab Code. The code was
converted to a VGEO programming language and used behind the scenes for simulator control.
The simulator environment was representative of a comfortable work environment to give user a
feel of involvement. The simulator proved to provide the same thermal profile as the modeling
and this was validated to the experimental. However the simulator offered significantly more
process control for both input and output. The simulator, when tested, proved to provide a sense
of being in an actual work environment. The users concluded that only mouse control was
required and the selective output proved use friendly. The limitation was computation power and
the user required some knowledge of the microwave process in order for the results to make
technical sense.
Overall the research concluded that metals are capable of being processed within the industrial
microwave oven. The experiments provided data and the theories support the modeling
governing equation derivations. The material characterization provided data that when published
will be used by many researchers and the simulation of other metals proved the modeling
capability to simulate microwave processing of metals. Validation of the modeling to the
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experimental supported one of the main research objectives: microwave ovens can be used to
process metals and further used as a production tool to manufacture parts.

Recommendations
After careful discernment of this dissertation and experiments conducted, it is concluded that the
problem formulation presented a unique challenge when it came to melting metals within the
industrial microwave oven. The project utilized many literature and resources to coordinate all
efforts and complete all experiments. The following recommendations were derived as a result of
the research.
•

Microwave modeling which incorporate multi-physics analysis such as the coupling of
electromagnetic and heat transfer should be performed with a minimum of 64GHz RAM for
result accuracy. The recommendation would be to continue modeling and refine the mesh
twice the recommended mesh size and re-validate results.

•

This recommendation suggests performing several other experiments with variation in the
dielectric crucible. Compare the results to modeling using the same model.

•

Run the model for temperatures above the melting temperature and extract results for
software coupling such as ProCast. Model the actual phase change and evaluate the modeling
conditions for a convective atmosphere.

•

Recommendations are made to conduct at least 20 copper runs and evaluate the experimental,
model and stack materials. Compare the first five to the runs made as a part of this research.
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Future Work
The research performed as a part of this dissertation satisfied the objectives for the research.
However there are many challenges that plague the technology. This future work defines some of
the tasks that should be performed to assist the technology in the realm of metal processing
optimization.
•

Perform more hours of research to determine the latest developments for the technology to
date.

•

Perform many more experimental studies prior to re-attempting simulation for the process

•

Examine the process and compare the results from an analytical perspective including a
multi-modular approach including EM, thermal, chemical and others

•

Run many simulations with as many material and process variation as possible

•

Orchestrate each experiment with appropriate sensory devices to capture as much
information relevant to the process as possible

•

Carefully examine research performed by others for content and data relevant to the metal
process application in question

•

Perform statistical analysis for experimental and simulation data to establish cause for
deviations

•

Learn as much as possible and ask more questions
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