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ABSTRACT   

Paint and coating removal and replacement is a necessary and significant aspect 

of maintenance of a variety of equipment and structures, including exposed structures 

such as bridges, sheet metal cladding, holding tanks, motor vehicles, air craft, and sea-

faring vessels.  Due to practical, ecological, and safety concerns, coating removal is often 

an expensive and time consuming challenge. Current technologies rely on either chemical 

or mechanical means to remove paint.  Chemical, abrasive, and water-based technologies 

produce a high volume of chemical waste.  Mechanical and abrasive techniques are 

extremely labor intensive.  Because of these and other significant issues with 

conventional coating removal, improved coating removal techniques need to be 

developed. To effect more efficient removal, microwave absorbing paint additives are 

being developed as an aid in combination with, or alternative to current paint removal 

methods.  The additives will convert the microwave radiation into heat or mechanical 

energy to remove the coating.  Several microwave absorbing paint additives were tested 

in various industrial paints.  Different additive materials have been tested, including 

zeolites, ceramics, and carbon, at a frequency of 2.45 GHz (the frequency used by most 

commercial microwave heating equipment).  Rate of heating additives in bulk has been 

studied, as well as the physical effects of heating paint mixed with additives.   Multiphase 

additives with a volatile phase absorbed to a porous particle have also been tested.  

Temperatures capable of pyrolysing paint have been demonstrated, but arcing, uneven 

heating, and thermal runaway still remain issues.  Mechanical degradation of the paint 

was also observed in some cases, mainly due to large volume changes caused by thermal 

stress gradients and additive phase changes during microwave heating. Mechanical 

testing of coatings and materials before and after microwave heating reveals degradation 

of paint coatings from heating.  These results demonstrate the feasibility of using 

microwave absorbing additives to aid in paint removal. Results of these experiments 

suggest more advanced, multi-phase or layered designs merit investigation.  
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INTRODUCTION 

Protective coatings are essential components for proper maintenance of most 

vehicles, machinery, vessels, structures, etc. requiring protection from weathering and 

corrosion.  The paint and coatings industry generally focuses on producing products as 

durable and long-lasting as possible, designing coatings to resist degradation and 

removal.  However, part of maintaining an effective protective coating over the life of the 

product or structure often requires the removal of old coats of paint.  This coating 

removal represents significant investment of both monetary and human resources.  With 

current technology, paint removal often requires using some sort of media, such as highly 

pressurized water, abrasive grit, or steel shot to mechanically remove the coating.  All of 

the media used that is contaminated with the remnants of the paint becomes waste to be 

processed. If chemicals are used to degrade the paint, they also represent hazardous 

waste.  Manual removal methods such as needle-gunning, sanding, and abrasive grinding 

exist, but are impractical for large areas because of the man-hours involved or complex 

geometries.   

One concept being researched for improved coating removal methods is using 

electro-magnetic energy in various forms to remove the coating.  While laser radiation in 

UV, visible, and IR regions of the spectrum have been used to ablate paint and rust, the 

microwave region of the electromagnetic spectrum also holds promise for other paint 

removal methods.   In particular, the use of additives incorporated into coatings that 

selectively respond to specific microwave frequencies would allow significant 

advantages over other current technologies.  Microwave energy transmitted toward the 

coating would be absorbed by the additives and transformed to heat energy very rapidly.  

In addition to thermal mechanisms, design of the additives can include several 

mechanisms to convert the heat into mechanical energy, including materials that undergo 

phase-change or using particle coatings to control the build-up and release of residual 

stress.   
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This research explores materials options for the microwave heating component of 

the additive, as well as possibilities for phase-changing materials.  Microwave heating 

rates for several materials samples are observed, as well as the heating rates of coatings 

with the additives incorporated, to test the effectiveness of the additives when used as 

intended, in coatings.  Materials and coating degradation after heating is evaluated by 

several means; hardness testing, pull-off adhesion testing, scratch testing, and visual 

examination of crack patterns.  Conclusions and suggestions for future research directions 

follow these results.  

  



3 

LITERATURE SURVEY 

 Scope of Field 

Paint and coating removal is a significant part of the constant maintenance 

required for naval vessels, aircraft, storage tanks, bridges and exposed structural supports, 

and a wide variety of other equipment, vehicles, and structures.  Given that most coatings 

are designed to adhere for as long as possible under adverse conditions, removing the 

coatings when needed poses a challenge.  Some coatings in particular applications are 

designed to resist abrasion and extreme temperatures, making the m particularly difficult 

to remove because of their durability.   Also, the nature of the location of the coating to 

be removed may pose challenges.  The surfaces may be in an inaccessible location, like 

the interior of a storage tank, or may have complex geometries that make techniques 

requiring a direct line-of-sight time consuming or even impossible.  Contaminants on the 

surface, such as rust or residue build-up, might interfere with some removal methods, or 

the coating surface may simply be impractically large, such as the exterior of a large sea-

faring vessel.   

With an increasing amount of coating maintenance required and more 

conservative safety and environmental restrictions, improved coating removal technology 

would be very valuable.  The types of paint used vary widely, including polyurethane and 

epoxy bases, silicon alkyd, acrylic coatings, and others.  Depending on application, the 

coatings formulae can have relatively few additives, or require very high solids loading 

(up to 80%).  For this reason, a technology, such as a coating additive, that could be 

applied to many types of paint would be ideal.    

Current paint removal technology utilizes a wide variety of techniques, and can 

remove around 100-300 square feet per hour under ideal conditions. (1)  The majority of 

paint removal uses mechanical abrasion or fracture to effect paint removal.  These 

techniques include both ‘media’ and ‘non-media’ processes.  ‘Media’ processes, such as 

blasting with sand, grit, and other materials, and high pressure water jetting, use some 
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sort of liquid or solid for abrasion that then becomes waste itself after passing through the 

process.  This waste can be very expensive to process if, for example, the paint contained 

lead or other contaminants, as all of the used media would need to be processed as 

hazardous waste.  ‘Non-media’ techniques, such as using sanders, grinders, scrapers, and 

needle guns, only leave the paint removed as waste.   

Paint removal is currently achieved through a variety of techniques and 

mechanisms.  Both media and non-media techniques utilize an erosion process to wear 

away coatings.  A non-media example would be sanding and grinding, while a technique 

using media would be blasting with some sort of grit.  For blasting, sand and mineral 

materials are most common, but plastics, hard organic materials such as nut shells and 

corn starch, and other alternative materials such as ice crystals have been used.  In 

addition to the wearing caused by friction, some techniques rely on the shock of impact 

inciting brittle failure. The shock of impact causes cracks to form, including at the 

coating-substrate interface, causing delamination.  These techniques include needle-

gunning and blasting with steel shot.  Furthermore, blasting can be accomplished with 

liquid media, often water-based.  In addition to eroding the paint layers, liquid media can 

infiltrate cracks and interfaces, forcing the cracks open with high pressures.  Also, some 

combination of the above is often used to increase efficiency, such as blasting with a 

water-based slurry. (2) 

Chemical stripping is very effective, and has a number of advantages.  Paint is 

literally dissolved by the solvent.  In addition to chemically attacking the polymer 

crosslinking, the solvation of the polymer paint layers causes them to swell adding a 

mechanical action to the mechanism.  This method, which is heavily regulated by the 

Environmental Protection Agency, as well as international agreements  is also considered 

a media technique because of the chemical waste stream.  Because of the toxic nature of 

the chemicals and resulting waste, disposal is difficult and extremely expensive. Older 

stripper formulae were based on methylene chloride and phenolic compounds, but later 

chemical strippers have less harmful chemicals.  Even though these new, less toxic 

chemicals have been developed over the years, the chemical strippers must still be treated 

as contaminants. Chemical stripping is being phased out for health and environmental 
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reasons as well as the associated costs.  Also, chemical stripping is difficult to eliminate 

because of its necessity.  Often, it is the only cost-effective solution for very durable 

coatings or delicate parts with complex geometries.  Chemical stripping is very effective, 

and the cost associated with the man-hours required to address these situations manually 

would make them cost prohibitive. (2) 

 Other technologies focus on thermally removing the paint.  These include using 

torches or hot plasma to vaporize the paint.  The polymer coating literally burns away via 

typical combustion reactions usual for the temperature applied.  (3) Another approach 

involves using induction heating in a metal substrate to bake off the paint.  Useful for 

ferrous substrates, this relies on both the chemical thermal breakdown of the paint as well 

as thermal expansion mismatches to effect coating failure.  Also, techniques using lasers 

to burn off coatings and rust have been developed.  (4, 5) 

Still, these techniques all have several drawbacks.  Except for the chemical 

methods, all of the current technologies require a ‘line-of-sight’ between the applicator 

and the substrate.  From a simple geometric standpoint, this increases the complexity of 

the operation.  For this reason, as well as the effort required to operate the equipment and 

time required for the erosion process, the mechanical techniques tend to be very labor-

intensive and time-consuming.  A structural element as simple as a 90
o
 angle significantly 

increases the time, effort, and consequently cost required for a project.  Sufficient 

complexity makes stripping impossible in situations where geometry prohibits a line-of-

sight between the equipment and substrate from being established, often requiring 

resorting to chemical methods.  Also, there are significant health and safety issues to 

mechanical methods.  Manual work such as sanding and grinding produces a significant 

amount of airborne dust, which may contain harmful compounds, such as lead. (6)  Also, 

the industry is attempting to cut down on media approaches because of the large amounts 

of environmental waste it produces, for cost and environmental reasons. In addition, 

blasting and sanding may damage sensitive substrates.  Use of chemical strippers has also 

been restricted because of health risks to the user and the amount of toxic chemical waste 

produced.  Again, the excessive cost of this method is directly related to the large 

amounts of waste that must be specially processed.  Thermal techniques are limited for 
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temperature sensitive materials and substrates, as they tend to heat both the coating and 

substrate indiscriminately, or, in the case of induction heating, actually rely on heating 

the substrate.  In addition, induction heating is limited to ferrous metals, and laser heating 

results in a large energy loss because much of the energy is reflected by the substrate. 

Finally, these thermal techniques pose a risk for flammable contaminants, such as oil or 

fuel, which may be present on the coating surface. 

This project introduces a non-media technique for coating removal that should 

address most if not all for these concerns.  This technique will utilize a microwave 

emitter in conjunction with a functional paint additive that absorbs microwave radiation 

and converts this energy to heat.  The coating itself, and not the substrate, will be 

selectively heated.  In addition to thermal degradation, the additive will produce a 

physical change in volume when subjected to microwave energy, allowing residual 

stresses to accumulate in the coating in order to accelerate the failure of coating adhesion. 

These features allow for low-pollution, non-media paint removal, removal of selective 

layers, and removal on a wide variety of substrates.  Also, this technique has potential to 

be more energy efficient and less labor-intensive than existing techniques. This 

technology may also respond to the search for automated systems and systems that can be 

applied underwater as opposed to traditional technology which requires working in air. 

(1) 

 System Design 

The following literature review is divided in sections relevant to each particular 

component of the system design.  These components include the functional, microwave 

activated coating removal additive, the coating of which the additive will be a 

component, and the microwave equipment required to activate the additive.    A 

successful system will consider the properties of all these components.  This includes the 

structure and chemistry of the coating and the nature of the adhesion to the substrate, just 

as in any other coating design.  Also, any microwave absorbance/reflectivity of the 

substrate must be considered.  The materials properties of the electromagnetic radiation 

(EMR) absorbing additives as well as any other additives are obviously important as well.  

Finally, the nature of the electromagnetic radiation used to remove the coating can be 
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manipulated in different ways.  Most obviously wave frequency and intensity can be 

controlled.  Other variables include the ratio of electric wave component to magnetic 

wave component and the transmission method, as well as varying any of the above 

variables with time.  Full understanding of the advantages and disadvantages of the 

importance and utility of these requires further investigation.  

While all of the above system components are important, the focus of this 

research is the microstructure-level design of the particulate paint additives themselves.  

While a complete exploration of the intended design is not yet completed, understanding 

the intent of this design is essential to understanding the rationale of the basic research 

completed to date.  The end goal of this project is one or more marketable products, 

particularly in the form of a highly engineered particulate additive.  The properties of the 

additive will be derived from the structure on the level of the individual particle.  While 

variations of more or less advanced designs will be developed, the concepts will be 

derived from the following design. 

The additive particles will consist of a microwave-activated core enclosed in a 

hard brittle shell (Figure 1).  The particles will effect coating failure in three ways: 

thermal failure from microwave heating, mechanical failure due to thermal expansion 

mismatch between the coating/particle interface, and de-lamination resulting from a 

shockwave generated by rapid particle expansion and subsequent rupture of the brittle 

shell.  The core material(s), therefore, primarily must rapidly absorb microwave energy 

and convert it to heat, and secondly change volume in response to heating.  The outer 

shell must withstand the stresses produced by the heating and volume change in the core, 

then, near the maximum pressure produced in the core, fail rapidly enough to produce a 

shock wave. (7) 
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Figure 1: Schematic representations of design variations.  Detail 1 refers to the microwave 

absorbing core of the particle made of a single material, which will undergo a volumetric change 

during heating. Detail 2 indicates the outer shell made from a rigid, brittle material different from 

the core.  Detail 3 indicates a core that performs the same function as (1), but is made from a 

composite of materials, each with separate primary functions of either microwave absorption, or 

rapid volumetric expansion and/or phase change.  Detail 4 illustrates that a core similar to (1) or 

(3) may be an effective design without the shell illustrated as (2).  From (7).  Reprinted with 

permission.  

 Physical Design Considerations 

 Microwave Absorption 

Electromagnetic waves are comprised of two components, an electrical 

component and a magnetic component.  As one component, say the electrical field, 

oscillates from a maximum to a minimum, this changing field induces an equal, 

perpendicular magnetic field that is in phase with the other.  In turn the changing 

magnetic field induces the electrical field component, causing wave propagation.  Both 

fields are perpendicular to the direction of travel (Figure 2).  The frequency with which 

the fields oscillate is the frequency of the electromagnetic (EM) wave. (8) 
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Figure 2: Schematic of an electromagnetic wave in the context of self-propagating 

perpendicular electric and magnetic fields.  From (9).  Reprinted with permission (pending). 

Microwave heating describes the process of absorbing the energy in microwave 

frequency (.3 – 300 GHz) and converting it to heat.  In order to absorb this energy, a 

material must respond to either the changing electric field of the EM wave, the changing 

magnetic component, or both.  The ability of a material to respond to microwave 

radiation therefore directly related to the electric permittivity, or the effect of the electric 

field on the material, and the magnetic permeability, the analogous term for a magnetic 

field. (8) 

The electric permittivity ε can be expressed by in the form of an equation yielding 

terms with complex numbers: 

 ε = ε’ + iε”             (1) 

where is ε’ is the real term of the complex permittivity, or the dielectric constant, and is 

ε” is the complex term, called the dielectric loss factor.    The dielectric constant ε’ is the 

ability of the material to store energy internally in an electric field, while the imaginary 

term ε” is a measure of how much of the energy is dissipated as heat.  Another measure 

of the loss in a material is the loss tangent, tan δ, which follows the equation: 

tan δ = ε”/ ε’             (2) 
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The term δ is actually the angle representing the phase difference between the 

peak electric field and the peak relaxation.  It is important not to confuse tan δ and ε”; 

ambiguity and even mislabeling of either term as the other is not uncommon in the 

literature. (10) 

Similarly, for the magnetic component, the complex permeability µ follows the 

equation: 

µ = µ’ + iµ”            (3) 

where µ’ is the real term, and µ” is the imaginary term.  The µ’ term is analogous to the 

ε’ term in the electric permittivity equation, but instead measures the ability of the 

material to store energy in a magnetic field, and the µ” term measures the dissipation of 

the magnetic field instead of the electric field. (10) 

The ε” term is actually a catch all term that describes losses from several 

dielectric mechanisms.  In general, EM radiation is converted to heat when the electrical 

field component disturbs electrical charges.  Sources of these charges can be electrons 

(conductive dissipation), space charges, ions, dipoles of polar molecular structures, and 

temporary dipoles. (8, 10, 11)  For dipoles and charges with mobility, the changing 

electrical field causes a physical displacement or alignment of these charges, generating 

kinetic energy.  The extent to which EM energy is converted to kinetic energy depends on 

how well the mechanical motion couples to the frequency of the wave.  If the relaxation 

time, or the time it takes for the charge to fully respond to the electric field, matches the 

frequency of the wave the highest losses occur.  Loss from the induction of an electric 

current, and the resulting resistance loss, is more complex.  The term ‘effective loss’ is 

used when the loss term observed is partially due to resistive loss from conduction, which 

is not dependent entirely on only the material, as well as other mechanisms, which are 

material properties.  This resistive loss from conduction is particularly important, and the 

peak relaxation frequency can be predicted from the conductivity (σ) using certain 

models.  According to the Maxwell-Wagner model, this frequency ω can be expressed as: 

(11) 

ω = σ/ε                                             (4) 
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Likewise, the term µ” covers all magnetic loss mechanisms.  These mechanisms 

include hysteresis loss, eddy current loss, domain wall movement, magnetic effects from 

electron diffusion, and magnetic resonance. (11) 

There is a wide array of loss mechanisms, and all of these mechanisms do not 

share the same relaxation times.   Due to this fact, the components of ε and µ, and 

therefore microwave heating, are heavily dependent on frequency and temperature.  

Because of this effect, for some materials it is possible to obtain ideal behavior for 

microwave heating for this application: 

-  a high rate of heating,  

- a narrow active frequency range, and 

- specific active temperature range.   

Depending on these properties, a material may either be effectively transparent to 

microwave radiation, absorb it to some degree, or reflect it.  The behavior of the material 

depends on its penetration depth, which is at what depth in a material a certain percentage 

of the microwave radiation has been absorbed.  An equation for a penetration depth D 

where the power that has not been absorbed or reflected is 1/e (~37%) is given as: 

D = 
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(11, 12) where λ0 is the EM wavelength in free space, µ is the permeability, f  is the 

frequency, and σ is conductivity.  Materials with a small penetration depth, such as 

metals, which are very conductive, will reflect the radiation, and there will be little 

effective heating.  Therefore, the materials must have a suitably high penetration depth in 

order to effect microwave heating.  This depth affects the heating profile of the object 

being heated. Alternately, if materials have a large skin depth but a low ε”, the waves will 

pass through them without transferring much energy, and little heating will occur.   

Purposes of the application require heating a small, microwave active material as 

quickly as possible. Therefore, materials with high power absorption are required.  The 

equation for power absorbed is:  

P = 2πfεoε”E
2
 + 2πfµoµ”H

2
           (6) 
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(11, 12) where f  is the frequency, ε0  is the permittivity of free space, E is the root mean 

square of the internal electric field, µ0 is the permeability of free space, and H is the root 

mean square of the internal magnetic field.  Therefore, high ε” and µ” are desirable.  In 

addition, a higher frequency f is desirable as power dissipated increases with f and the 

risk of arcing is reduced due to the lower field E is required for the same energy 

dissipation at higher frequencies.   

Following from Eq. 2. and Eq. 6, another form of the dielectric contribution 

substitutes ε” in terms of ε’ and tan δ :   

P = 2πfεoε’(tan δ)E
2
           (7) 

Here it appears a high ε’ is desirable.  However, ε’ is also a term of E (a quantity 

which is rather tricky to calculate itself), according to the equation: 

Eint = ù
ú

ø
é
ê

è

-+

-
-

)1'(1

)1'(
1

e

e

N

N
Eext          (8) 

(11, 12) where Eint is the internal electric field, Eext is the external electric field, and N is a 

geometric factor (often greater than 1) that takes depolarization into account.  Because of 

this, a high ε’ can actually reduce the power absorbed.  In summary, ε’ is a measure of 

the amount of electrical field energy that can be stored in a material,  ε” is a measure of 

the efficiency with which the material converts electrical field energy to heat, and tan δ 

represents overall ability to dissipate electrical energy as heat. (9)  The terms µ’ and µ” 

behave similarly for the magnetic field, but are not as well documented in the literature 

because they have fewer applications compared to the dielectric terms.  

Another microwave property to consider is the electromagnetic impedance of a 

wave traveling through the material, which is dependent on the workload, the object 

undergoing microwave absorption.  The impedance is an expression of how efficiently 

power is transferred for the wave generator to the workload.  While it can be expressed in 

other terms, for our purposes it is convenient to use the definition: 

Z = E/H             (9) 

 where Z is the impedance, E is the electric field component of the EM wave and H is the 

magnetic field.  If the impedance of the generator and waveguide are matched with the 

material, the most efficient absorption will occur.  If there is a mismatch, some of the EM 
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wave will be reflected.  This both lowers efficiency and can cause safety issues from 

reflected waves, which can damage the generator.  There are two basic solutions to this 

issue, which are to tune the microwave emitter to have the same impedance as the 

workload, or to protect the generator so that any waves reflected toward it are deflected 

back toward the work load.  Because of reflection at material interfaces, one way to 

reduce impedance mismatch is to have the absorber thickness be equal to one quarter of 

the wavelength of the EM wave.  Because a 2.45GHz wave length is around 12.24 cm, 

this would be difficult to accomplish with a thin coating, but becomes more feasible at 

higher frequencies.  (10) 

Because the heating rate is (13) 

r

d

pc

P

t

T
=              (10) 

where ρ is density, cp is specific heat, and P is power absorbed.  Note P is different than 

power applied, as the power applied may not be fully absorbed.  This means simply 

increasing the power rate does not necessarily guarantee a proportional increase in 

heating rate or even any increase at all.  However, the rate of change in temperature does 

increase if less heat per unit mass is required to raise the temperature.   Therefore, low 

theoretical density and low specific heat are desirable properties for this application as 

well.   

Temperature related properties must be considered as well.  These include 

temperatures of phase transformations, Curie temperatures for ferroelectric materials, 

thermal conductivity, and auto-ignition and degradation temperatures of soft materials.  

Phase transformations may cause significant change in volume and thereby cause 

mechanical stress.  Also, the temperature will plateau around this area as the latent heat 

of transformation is absorbed.  In ferroelectrics, Curie temperatures indicate a drastic 

change in magnetic properties, and may cause a drop in heating rate by a few orders of 

magnitude.  (14)  Auto-ignition of volatile materials represents a safety issue, and 

degradation of soft materials will change the properties of the additive. 

The parameters ε and µ are very sensitive to temperature and frequency, because 

different response mechanisms are active at different frequencies, and temperature affects 
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relaxation times and resonance peaks.   Both the real and imaginary components of the 

complex permittivity and also of the permeability respond to temperature changes.  (8) 

Also, resonance effects only occur at very specific frequencies for a given temperature. 

(15)  Frequency dependence of a material can be used to an advantage by choosing a 

material that only responds to specific frequencies.    

Because the temperature changes as the material is heated, microwave absorbance 

properties change during heating.  Often, as a material becomes hotter, ε” rises and ε’ 

falls. (16–18)  This causes the material to heat easier, and rise in temperature.  This 

behavior begins a feedback loop where the material starts to heat rapidly due to its 

changing properties.  This phenomenon is known at thermal runaway, and the 

temperature at which it begins is called the critical temperature.  (11) The rapid heating is 

very desirable for the proposed application.  In particular materials that experience 

thermal runaway around room temperature are ideal for rapid heating.   Materials with 

other properties, such as a ε” that falls with rising temperature or a drastic change in µ” in 

a ferroelectric material at the Curie temperature, will cause a self-limiting behavior 

instead.  This may be beneficial if excessive temperatures increase risk of arcing, or 

prolonged heating of the coating at a specific temperature is desired. 

Geometry plays a role in the microwave, thermal, and mechanical properties of 

the system. (11)  The shape, size, and distribution of the microwave absorbing particles is 

important, as well as the nature of the surface interaction between the particles and their 

surroundings.  The shape of the particles can be spherical or irregular.  Brittle ground 

powders will tend to have jagged edges.  The shape affects the mechanical behavior of 

the system.  The jagged edges may create a favorable geometry for crack propagation in 

the coating matrix, because if a void forms between the particle and the matrix, there will 

be greater stress concentrations on surfaces with sharp angles. (19)  This effect may also 

be used to control how readily a second phase shell fails depending on the shape of the 

microwave absorbing core.   Another effect of the jagged edges is that the electrical fields 

can concentrate at edges and sharp angles, which increases risk of arcing.  Finally, the 

shape will have an effect on the surface area available.  For this reason, irregular grains 

may also have different adhesion properties than regular, spherical ones.  Surface area is 
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also important for thermal conduction and for conductive loss and free space charge 

mechanisms. (11, 13) 

 The size of the particles is important because of several factors.  The first is the 

penetration depth mentioned previously. (11)  For this application, the penetration depth 

is from nanometers for very conductive materials to millimeters for less conductive or 

absorptive materials, which means the particle size can be on the same order of 

magnitude as the penetration depth, theoretically maximizing the absorption efficiency.  

The most important effect of size is that smaller particles increase the surface area of the 

particulate phase.  Increased surface area has several implications.  Increased surface area 

affects the mechanical properties of the coating because the effect of the adhesion of the 

embedded phase is dependent on surface area. (19)  More importantly, the surface 

transport is the preferred mechanism for diffusion of free charges. (20)  The surface area 

also has a greater number of defects, which both contribute to space charges and 

increases the conductivity by increasing charge carriers.  Coupled with the ‘skin effect’ in 

highly conductive materials, which refers to the current induced on the surface of a 

conductor in an electromagnetic field, an increase in surface area can greatly increase 

conductive losses.  Also, if the impedance of the particles and their surroundings are not 

exactly matched, surface area and orientation can affect the reflection of microwaves, as 

more surface and interfaces allow more opportunities for EM wave reflection. (10) 

Increased surface area also has an effect on thermal properties, particularly 

thermal conduction.  The greater the surface area between two materials is, the greater the 

thermal flux between them will be. (19)  While transferring heat for the microwave 

absorbing particles to the surroundings is essential for the paint removal mechanisms, too 

much heat transfer will have a negative effect.  If this heat flux is greater than the power 

absorption by the particle and represents a net loss, the temperature of the particle will 

not rise.  This makes heating of the particles slow and runaway heating particularly 

difficult.  Furthermore, because coatings have a large surface area to volume ratio, much 

of the heat lost to the coating matrix at lower temperatures is subsequently lost to the 

environment, where it is not only wasted energy but may damage materials in the 

environment from excessive heating.  (21) 
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In addition to the shape and size of the particles, the loading and dispersion of the 

particles in the coating matrix is also significant.  While several models have been 

created to predict the behavior of a dielectric composite, such as a microwave transparent 

matrix with absorbing filler particles, these models focus on the bulk properties of the 

composite.  (22, 23)  For this application, the behavior of the particles in relation to the 

matrix is more important.  The most important consideration for conducting and semi-

conducting materials is when loading reaches the percolation threshold. (13)  The 

percolation threshold is the when loading is high enough that there are enough particles to 

form a continuous diffusion path through the matrix, they form a preferential path for 

electrical conduction.  Because of electron tunneling effects, the particles do not need to 

be in direct contact.  This critical loading varies, but may be very low, for instance 

between 10 and 20 % volume fraction for SiC (for both beta phase, 1 µm particle size, 

and alpha phase, 2µm) in an alumina matrix, and around 20-30% has been reported in 

instances for carbon black in a polymer matrix, and lower under different conditions. (13, 

24)   This critical loading can be affected by the nature of the particles used, including 

size and conductivity.  For example, for SiC particles in an alumina matrix, a mixture of 

larger (15%) and smaller (15%) particles yielded a different loading threshold than for 

either individually (the threshold for the mixture was closer to the behavior of the larger 

(1000µm) particles than the smaller (85µm) particles.) (13).   When the percolation effect 

increases the overall conductivity, the microwave heating from conductive losses is 

greatly increased. (13) 

 

Figure 3: Schematic of percolation effect on a 2D grid.  Moving left to right: as the grid 

becomes more populated, more ‘paths’ between adjacent particles appear.  As loading increases, a 

path all the way across the grid appears before most of the grid sites are populated.  The dots on 

the grip represent particles, the path between them the conduit for the electrical conduction 

required for conductive heating, and the grid is the material matrix. Adapted from (13). Reprinted 

with permission. (pending) 
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 It is also important to note that in the polymer-additive composite construction, 

the polymer matrix also has an effect on the overall dielectric properties of the material, 

as well as affects the critical limit for percolation.  A study of BaTiO3/polymer 

composites demonstrated that the polarity and relaxation time of the polymer affects the 

dielectric properties, in particular the amount of loss and location of the peak. (25) 

Composites with identical ceramic loading but different polymer matrices exhibited 

different loss spectra, demonstrating the importance of the polymer component of the 

material.  The study implied while polymer polarization was very significant at lower 

frequencies, it has limited effect on the microwave region.  The relaxation behavior or the 

polymer, however, is important in determining the loss peaks, even in the megahertz and 

gigahertz range.  A final consideration, given the nature of conductive losses and the 

importance of the percolation limit, is the overall conductivity of the polymer itself.   

An important safety issue is arcing.  Arcing is the direct flow of current between 

two charged regions. (10)  Arcing occurs when the material separating the charged 

regions degrades under a high electric field, and subsequently allows current to flow 

across the medium.  This event is known as dielectric breakdown.  Acing is particularly a 

problem for conductive materials, where the high current density and electric fields 

generated often cause the atmosphere surrounding the conductor to breakdown, causing 

an arc.  At constant temperature, pressure, and frequency, a given medium has an 

approximate field strength it can withstand before physically and chemically degrading 

from one of a variety of field induced mechanisms. The temperature, pressure, and 

frequency all affect this breakdown limit.  Theoretically, the field strength a medium can 

maintain is proportional to its density, so as the pressure decreases down to near vacuum, 

arcing in the atmosphere surrounding a workload occurs at lower power.  Similarly, an 

increase in temperature increases risk of arcing.  (10) Recall that power absorbed is 

proportional to electric field absorbed (Eq. 6).  While the direct current (DC) breakdown 

strength is usually the same as at microwave frequencies (the field strength at the  peak of 

the wave the limiting factor), high frequencies allow charge build up on relatively non-

conducting materials causing an arc to flow between an insulator and a conductor. (10)  

The geometry of the system in the electric field is also important, particularly for 
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microwaves.   Electric fields will be concentrated at sharp angles, so arcing often occurs 

in these areas.  The region in between separated particles can also have a concentrated 

electric field.  The closer the particles are, the greater the filed strength in that area is, 

increasing arcing. (10)  Also, if the particles are close together enough to reach the 

percolation limit, there is more conductive character, allowing current to flow and larger 

charges to build up.  The changes in a material during microwave heating can increase 

risk of arcing as well.  Electric breakdown strength is much lower in gasses that solids or 

liquids, so any off-gassing that may occur increases risk of arcing.  Also, as polymers 

degrade at high temperature, conductive carbon is a product, and the more conductive 

nature of the material can make arcing more likely as well.  (10) 

Mechanisms for Volume Change and Mechanical Failure 

In addition to optimizing absorption of microwave energy, the additive design 

must consider the optimal method of using the microwave energy to remove the paint 

coating. Paint failure will occur via a combination of mechanical failure of material and 

loss of adhesion, with loss of adhesion preferred.  The mechanical failure can be caused 

by several mechanisms and comes in many forms, including: 

-  cracking  

- tearing 

- warping 

- embrittlement of the coating,  

- softening of the coating, and 

- delamination. 

Microwave heating will effect mechanical failure and delamination by generating 

residual stresses between the additive particles, the coating matrix, and the substrate. (7)  

These stresses will primarily arise from rapid volume change of the additive, which 

occurs directly or indirectly due to microwave heating of the absorbing phase. 

Furthermore, because the coating will effectively be a composite of paint and the 
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particles, the mechanical properties of the particles will affect the properties of the 

coating in the same way as expected of other particle-matrix composites.   This means if 

the particulate phase changes under microwave radiation, the properties of the coating as 

a whole should change.  An approximate range of each phase’s effect on the overall 

material properties can be calculated with standard estimations based on the appropriate 

values for each pure material and on the volume percent present in each.   

For example, the elastic modulus of a particulate-matix composite material can be 

estimated by a set of composite ‘mixing laws.’  The modulus of the composite material 

can be estimated to fall between an upper and lower bound (Fig.4), the upper bound 

defined by (19) 

Ὁ  Ὁὠ Ὁὠ          (11) 

where E is the estimated elastic modulus, Em and Vm are the modulus and the volume 

fraction of the matrix phase, respectively, and Ep and Vp are the modulus and the volume 

fraction of the particulate phase. The lower bound is defined by  

        Ὁ             (12) 

 

These estimations are different depending on the structure of the composite.  It is also 

possible to estimate thermal (26) and dielectric properties (22, 27) of the composite 

structure.  These models are more complex, and the complexity of the problem often 

renders the calculations impractical. It is evident from the example that the contribution 

of one phase is limited by loading level, so at lower loadings the properties of the matrix 

of the composite must be affected directly or indirectly to have a significant effect.   
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Figure 4: Mixing rule for elastic modulus of particle-matrix composites.  The blue line 

represents the upper bound (Eq. 9) and the red line is the lower bound (Eq. 10).  The measured 

properties could reasonably be expected to fall anywhere between these bounds.  The wide 

boundaries illustrate how even very predictable composite relationships can have a wide range of 

behaviors. 

Because the physical changes in the material are due to heating, the thermal 

properties of the materials involved are extremely important.  The heat transfer properties 

of the system will affect the extent and location of the stresses.  In general, the slower 

heat transfer is, the larger the temperature gradient is, and therefore the higher the stresses 

generated are.  For a material with a uniform thermal expansion coefficient, α, the stress 

in an area is equal to (19) 

σ = Eα dt                (11) 

where σ is the stress, E is Young’s modulus, α is the thermal expansion coefficient, and 

dt is the thermal gradient.  Ideally, considering the coating as a composite material with 

identical thermal properties throughout, such as expansion coefficient and conductivity, 

heating at the absorber (the particle) should occur faster than heat transfer through the 

polymer matrix.  This is very difficult because of the high surface area to volume ratio of 
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the particles results in efficient thermal conduction.  This scenario is also impractical 

because of the high dispersion of the particulate phase means that there will not be a large 

distance for heat to travel between heating sites, which causes more even heating.  

Calculations confirm that even at heating rates of 100 
o
C/s, the temperature difference 

over the scale of hundreds of micrometers is a fraction of a degree C. (28)  Any scenario 

where heating in one area of the coating is higher than in another is useful.  This situation 

can arise for several reasons.  One is due to uneven microwave absorption, which may 

occur due to the nature of the microwave energy incident on the coating. (11, 29)  Also, 

uneven heating will occur from heat losses at a surface or interface.  These heat losses 

can be a problem, however, because in coatings, which have a large surface area to 

volume ratio, the heat losses may compete with the microwave heating effect.  For this 

reason, this mechanism will be more effective in thicker coatings or coatings insulated 

with another coating or external insulation.  Another way to generate thermal stresses is 

to take advantage of differences in the thermal expansion coefficients of materials.  If the 

expansion coefficients of the paint and the substrate are different, they will expand at 

different rates, causing stresses.  

Thermal expansion coefficient mismatch is much more important, however, 

within the coating.  In most cases, the thermal expansion coefficient of the particulate 

phase and matrix will be different because they will be different materials.  Stresses will 

arise from one of two situations.   

If the expansion coefficient of the particle is larger than that of the matrix, the 

expansion of the particle will cause compressive stresses at the interface. (19)  If the 

forces generated by particle expansion are large enough, the particles will force the 

matrix apart. This scenario is very desirable, so developing particle-matrix systems that 

fulfill these requirements is a priority.   

If the expansion of the matrix is greater than that of the particulate phase, tensile 

stresses are generated.  Sufficient forces will degrade the integrity of the coating by 

introducing voids and flaws.  Because the thermal expansion coefficient of polymer 

coatings is high, around 10
-4

- 10
-5

 C
o -1

, and the coefficient for likely fillers, particularly 
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ceramics, is at least an order of magnitude lower (around 10
-6

 C
o -1

), the second scenario 

is more useful.   

The tensile stresses from thermal expansion mismatch will mechanically aid paint 

removal in several ways.  The primary mechanism will be rupture at the particle/matrix 

interface, which will degrade the mechanical properties of the composite coating as a 

whole.  In addition, the rupture will cause damage to the surrounding matrix.  Ideally, it 

will initiate crack formation to further aid coating failure.  During rupture, the energy 

stored in the stresses will be quickly released.  All energy not absorbed by mechanical 

deformation will be transmitted as a shock wave throughout the material. (7)  Because the 

stresses should be greatest around the particle/matrix interface and rupture will occur in 

that area, the interface between the particle and matrix is particularly important.  If 

adhesion is not good, rupture will occur at low stress, and not much energy will be 

released.  If adhesion is very good, much energy will be released during fracture, causing 

a large area to be affected.  If the adhesion strength is even stronger than the tensile 

strength of the matrix, rupture will occur in the matrix phase, introducing a defect to 

initiate further degradation.  Also, the geometry of the particle phase is important at the 

interface.  Irregular particle grains with sharp edges will promote cracking by introducing 

angular interfaces where stress can concentrate. 

In addition to volume change via thermal expansion mismatch, residual stresses 

and displacement can occur if the additive material or materials experience a phase 

change when heated above a particular temperature. (7)  This can be a solid-solid, solid-

liquid, liquid-gas, or solid-gas transformation.  Compared to simple thermal expansion, a 

phase change will cause a very sudden change in volume, and the stresses associated with 

it will also almost instantly increase.   This is beneficial because the rate of stress affects 

the mechanical response.  Higher stress rates don’t allow time for mechanical relaxation, 

making mechanical failure more likely.  (19) 

Different types of phase changes will have different mechanical effects.  Solid-

solid phase transformations can generate very high pressures if the volume change is 

subject to external constraints, but due to the low overall volume change, this sort of 

phase change would be best used in a structure that would allow the pressures to build up 
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before releasing the energy in a fracture event, such the core-shell particle model. (7)  

Solid-liquid transformations may be more useful in systems that allow the phase-change 

material to interface directly with the polymer coating matrix.  In most cases, the liquid 

phase will have more volume and a larger thermal expansion coefficient that the solid 

phase.  In some cases, like zeolites (ceramic materials with porous, highly structured 

molecular frameworks) or very porous amorphous materials, the liquid phase may 

actually take up less volume.  Besides producing stresses from thermal expansion, a 

solid-liquid conversion would weaken the mechanical strength of the coating composite.  

Also, this is the best solution if cycling through microwave heating is used.  By cycling 

through liquid and solid phases, the liquid phase may seep deeper into defects as they 

form, placing the stresses at these defects during each cycle as the additive material 

solidifies and melts.  Coating degradation could occur much like freezing water damages 

concrete.  

Phase changes involving gas release are most likely to produce the largest volume 

change.  However, there are some problems with this mechanism.  Hot, possibly charged 

gasses provide a medium for arcing to occur and greatly increase the risk. (10)  In 

addition, if gas release is too slow, or the coating matrix is porous, the gas may be 

released before building up enough pressure to cause volume change. Also, the release of 

the gasses means this mechanism cannot utilize a cycling effect.   The most likely 

candidate for gas release is a liquid-gas transition, where the room-temperature liquid is 

stored in a porous particle by physisorption or chemisorption.  When heated, the liquid is 

vaporized quickly, and the gas rapidly expands to many times the liquid volume.  

Alternately, solid-vapor sublimation might be utilized with a single material solid 

particle.  This would have the added advantage of leaving a void where the after the 

particle is vaporized.   

While a physical phase change is ideal, there are some chemical processes that 

would produce similar effects.  For example, iron sulfide (FeS2) evolves off disulfide gas 

when heated in microwave, and many oxides are undergo redox reactions at high 

temperature to form a material with different chemistry, density, and structure, depending 

on the atmosphere. (30)  Other chemical changes occur during solid-liquid 
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transformations.  For example, when melted aluminosilicate zeolites materials are 

allowed to cool and vitrify, the result is not the original porous structure, but an impure, 

brittle glass full of defects and with much higher density and lower volume. (31)  Some 

solid-state reactions occur between certain materials at high temperature.  For example, 

silicon carbide (SiC) reacts with silicon dioxide (SiO2) at elevated temperature (upwards 

of 2000
o
 C at atmospheric pressure) to form silicon and carbon dioxide gas. (32)  These 

reactions might be particularly useful if a secondary material is used for mechanical 

effects, such as in a core-shell particle.  In particular, this might lower the fracture 

toughness of an otherwise though structure through a process similar to stress corrosion 

cracking. 

Ideally, the mechanical energy stored by the accumulated thermal stresses will be 

released as a fracture event. (7)  Some of the mechanical energy will be absorbed by 

inelastic deformation and displacement of the coating.  During a sudden release of 

mechanical energy, however, some of the energy released may propagate through the 

material in the form of a shock wave.  This wave will travel until it interacts with a 

material of structure that allows it to dissipate through an inelastic process.  Because 

coatings are usually ‘soft’ polymer materials, absorption will occur quickly, especially if 

the coating is softened by heat. (19)  However, these shockwaves may be useful for 

causing coating degradation.  The shockwave will only cause permanent deformation if 

the pressures produced exceed the elastic limit of the material, (19) but a less intense 

shockwave can still be very effective at material interfaces.  Shockwaves travel well at 

the coating/substrate interface, causing delamination.  Even impacts perpendicular to the 

interface exhibit delamination from shockwave propagation.    

The speed of the shockwave in the medium depends on the elastic modulus of the 

material.  When the shockwave moves from one material to another with a different 

elastic modulus, the speed and other properties of the wave change.  In addition, some 

energy is reflected at the interface.  The combination of these effects can cause 

delamination of the coating. (33)  

Another mechanism for mechanical failure, embrittlement, is related to the 

physical and chemical changes from heating.  A brittle coating can be removed easier 
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because of reduced plasticity and viscoelastic effects.  Changing these properties results 

in better crack propagation, conserving energy lost on any viscous deformation in the 

polymer that does not degrade coating quality, and better shockwave propagation. (19, 

34)  In addition, a higher elastic constant will allow higher stress build up, as well as 

introduce new stresses in areas with nonuniform elastic constants.  Because polymers 

tend to become softer with more vicious behavior as temperature rises, a chemical 

reaction such as pyrolysis will be the most likely cause of embrittlement.   

Crack formation and propagation are important to initiating coating failure.  Even 

a clean coating delamination can be considered a crack at material interfaces.  Creating 

cracks requires stress concentrations around defects.  One way to increase crack 

formation is to increase the defects in the material.  The relationship between the size of 

the defect or microcrack and the stress needed to initiate critical propagation in brittle 

materials follows the form (19) 

  „  
Ȣ

    (13) 

where σ is the critical stress needed for crack propagation, E is the elastic modulus, γ is 

the specific surface energy, and a is half of the length of the defect or crack.  Note that 

the value of the critical stress is dependent on the size of the crack.  Again, the exact 

values of the variables are not always well explored for all materials, in particular γ.  The 

equations are provided here to illustrate the importance of establishing defects and 

microcracks in the coating to initiate brittle failure.  However, the expression above 

neglects energy absorbed by plastic deformation.  For polymer coatings, the plastic 

deformation is very significant, and may not allow enough stress to build up to allow the 

crack to form or continue.  This is why embrittlement, or reduction in plasticity, is so 

useful.  

The ultimate goal of paint removal is defeating coating adhesion to the substrate.  

This represents the easiest removal of the coating with the greatest retention of the actual 

coating strength  For polymer coatings, adhesion is predominately a physical 

phenomenon.  The rough surface texture of the coating substrate allows the coating to 

have a high surface area of contact, as well as form a geometrically complex physical 

interaction at the interface. The size of the surface features that enhance substrate 
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adhesion tend to be around 100 µm. (33)  Because the maximum particle size that is 

practical to disperse in a coating is around 10 µm, a particle near the interface needs to 

effect adhesion degradation or delamination in an area at least 10 times its diameter.  The 

coating’s physical interaction with the substrate is another reason the thermal coefficient 

mismatch is important.  Such a mismatch at the interface means the coating would no 

longer ‘fit’ in the substrate’s roughness.  Also, since physiochemical wetting is another 

important aspect of the surface interaction, if the particulate additive will develop a liquid 

phase during heating, the liquid should not wet well to the substrate to discourage further 

adhesion.     

 Materials Selection 

 Microwave Absorption Component 

In summary, an optimal material will have a high dielectric tan δε, a high 

magnetic tan δµ, low specific heat, and low theoretical density.   A diverse array of 

potential microwave heating materials with many of these properties exists.  Also, it is 

important to note in the literature, criteria for “high loss” materials vary.  A material 

deemed too lossy for use in microwave circuits may still have losses too low to be 

considered in the microwave heating field.   In this review, the materials are examined 

from a microwave heating point of view.  The following are grouped by material 

composition.  

Metals: 

While bulk metals reflect EM radiation, and do not heat in a microwave field, 

powder metals do show significant heating under microwave radiation.  This is possibly 

due to the high surface area and localized fields between particles, though it has been 
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shown that the magnetic component of the electromagnetic wave is very important for 

heating metals. (35)   The bulk dielectric absorption properties of metal particle-polymer 

matrix composites have been demonstrated as well. (36) However, heating is modest 

relative to other candidates. (20)  Also, certain powdered metals present a high risk of 

arcing, which is not desirable for safety reasons.  For this reason, any metal particulates 

should not be in close contact within the coating matrix.  Because of the high microwave 

reflectance of metals, nanometer powders would probably be most effective.   

Highly conductive metals can also be useful materials for composite particles, and 

may be appropriate for a more advanced design.   Tunable microwave absorbers can be 

made by using particles comprised of conductive metal coatings on insulating cores.  (37)  

These particles are effective microwave absorbers because of charge build up on the 

surface of the particle leading to local polarization in an alternating field.  The peak 

absorption frequency is a function of the electrical conductivity of the metal as well as 

the thickness of the metal layer relative to the radius of the particle.  The breadth of the 

peak is dependent on uniformity of the metal layer, with more uniform layers exhibiting 

narrower peaks.  

Semiconducting and Dielectric Ceramics: 

The majority of high-temperature microwave absorbing candidates in the 

literature are ceramics that have been studied for microwave sintering potential.  For all 

ceramics, grain size, porosity, degree of sintering, phase and doping all importantly affect 

microwave heating. (38–40)  The prevalent but by no means exclusive mechanism for 

dielectric response seems to be conductive losses.  Because the ceramics are less 

conductive than metals and may have other loss mechanisms present, the optimal 

particles size is much larger, and limited by penetration depth.   

Some of the earliest and most researched high temperature materials for 

microwave susceptors are carbides.  The most well researched of these is silicon carbide.  

Silicon carbide has been used extensively in the literature as a room temperature 

microwave coupling agent for ceramics processing.  The many forms include solid SiC 
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rods placed around the product to be sintered (41), powdered SiC used to cover the 

product, often in a mixture with other insulating, inert powders (42), and as a component 

or composites used as specialized crucibles or ‘caskets’ for microwave processing of 

ceramics. (13, 43)   It has a high tan δ of around 1 at 200
o
 C and at 2.45 GHz (11) and a 

significant tan δ around 0.1 at room temperature. (16)  It has relatively high thermal 

conductivity, low thermal expansion, and a specific heat of 750 J/Kg•°K. (44)  Grain size 

is important, in bulk heating and in composites. (13, 16)  In Leiser’s study of alumina- 

SiC composites, a higher heating rate was favored by larger (~1 mm) particles, though 

mixtures of a low percentage large particles mixed with a large percentage of smaller (~1 

µm) particles behaved like the composites with larger particles.  As percent SiC 

increased, the heating rates converged.  Also, the heating rate increased with higher 

percent SiC, but in a non-linear fashion.  There was a marked concentration threshold 

when the heating rates greatly increased.  This was attributed to peculation theory, which 

assumes there is a preferred transport mechanism through a composite.  When there is 

enough SiC to provide this conductive path, the absorption goes up.  Other work 

demonstrates that the other materials in a composite affect this limit by providing, for 

example, many electron donors/holes to facilitate conduction.  The energy levels of the 

molecules or structures involved can also affect the frequency of peak losses. (45)  After 

this concentration threshold, the heating rate quickly approaches a limit.  Also, the β 

phase of SiC was found to heat favorable compared to the α phase. (16) 

Boron carbide (B4C),  tungsten carbide, and titanium carbide have also been used 

in the ceramics industry for their ability to absorb microwaves. (27)  In general these are 

not as popular.  Other non-vitrified transition metal carbides have been proposed in US 

and European patents (46, 47), though it is not clear if these have been successfully used 

for microwave heating. 

Ceramic oxides, in particular ones with mixed-valence metal chemistry, are often 

microwave absorbers.  Mixed valence oxides with good microwave absorbance at room 

temperature include copper oxide (CuO), manganese oxide (MnO2), tin oxide(SnO2), 

cobalt oxide (Co3O3), chromium oxide (Cr2O3), halfnium oxide (HfO2), and others. (42, 

48)  These materials offer some of the best available candidates, particularly considering 
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that some of these are recorded as heating to their melting point, or can undergo chemical 

reactions at high temperatures.  However, some of these materials, such as CuO, are 

mildly to seriously toxic to humans and the environment, including aquatic areas, which 

limits consideration. (49)  However, it is noted that copper oxides and similar compounds 

are already components of naval anti-fouling coatings because of its mild toxicity to 

aquatic organisms.  Also, some of these materials, like HfO2, would represent an 

unnecessarily high cost relative to alternatives.    

Silica (SiO2), alumina (Al2O3), zirconia (ZrO2), all common and important 

ceramic oxides, are practically microwave transparent at room temperature.  This makes 

them useful as insulating agents and microwave windows.   However, the microwave 

dielectric loss for these ceramics experiences significant microwave absorbance at 

elevated temperatures, for example, alumina begins to absorb 2.45 GHz. microwaves 

well at around 1000
o
 C. (50)  Also, while most aluminosilicates have low absorbance at 

room temperatures, some mesostructured aluminosilicate zeolites are very good 

microwave absorbers at room temperature.  This behavior is attributed to the unique 

structure and the nature of the ions in this structure.  

 

Figure 5: Aluminosilicate cage structure of zeolite Na 13X.  Note the different 

substructures of the ‘superlattice.’  The “Type I,” etc. refer to locations of Na+ ions in the cages.  

Rapid microwave heating is attributed to the motion of these ions in a microwave field.  From 

(51). Reprinted with permission (pending). 
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Good examples of zeolites with excellent microwave absorbance include zeolites 

4A, 5A, 13X and 13Y faujasites with Na
+
 ion substitution.  (31)  All of these are 

aluminosilicates, with the numeral denoting the pore size of the microstructure in 

angstroms, and the letter denoting a specific structure of ‘superlatice.’ (52)  For example, 

the difference between zeolites 13X and 13Y is that different ratios of Al
3+

 to Si
2+

 

translate to different dimensions in the extended structure.  The zeolites can also be 

specified by the ions in the ‘cages’ of the superlattice.  A zeolite like 13X is usually 

found with mostly Na
+
 ions, but these can be replaced with K

+
 through ion exchange 

methods.  The unique heating behavior is due to the interactions of these ions with the 

microwave field. (53, 54)  Other materials with similar structures share this behavior to 

certain degrees.  For example, the mineral nepheline have also been recorded as good 

microwave absorbers, and a related aluminosilicate glass, Corning 9609, is noted to have 

similar properties from the same loss mechanism. (55)  Like other ceramics, temperature 

is an important variable, with many of these zeolites exhibiting ‘thermal runaway’ at 

some point. (31)    Also, the unique structure of zeolites introduces several variables to 

microwave absorbance.   

Because the predominant mechanism of microwave heating is due to ions 

‘rattling’ about their sites in the aluminosilacate superstructure ‘cages,’ (54) both the 

physical structure of the zeolite crystal as well as the chemistry are important.  In 

particular, the chemistry of the ions in the ‘cages’ is very important.  For example, Na
+
 

13X faujasites  have faster heating rates than the K
+
 13X variety. (31)  These materials 

also have useful mechanical properties on heating.  The 13X zeolites (and others) actually 

have a negative thermal expansion coefficient. (52)  In addition, several varieties, 

particularly 13X, have been observed to heat past their melting point.  If cooled, the 

molted material will form a glassy, brittle, defect-filled aluminosilicate glass, which may 

be useful for introducing sites of mechanical failure.   

Also, since zeolites are porous, they readily absorb small molecules, in particular 

water.  These molecules interact with the ions and zeolite cages, altering the molecular 

motion and the ions’ response to microwaves. (31)  In addition, the small molecule may 

be a microwave absorber itself, such as in the case of water.  Both of these factors can 
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shift the value and frequency of peak absorbance. This behavior can be used to an 

advantage by creating a multi-phase system, with a volatile low-molecular weight phase 

absorbed to the zeolite that is released during microwave heating.    

Certain sulfides also exhibit very good absorbance.  Notably, zinc sulfide (ZnS), 

copper sulfide (CuS), and iron sulfide (FeS2) absorb well, as well as the mineral pyrite 

(CuFeS2). (30)  Both CuS and FeS2 are noted to cause arcing, which is a safety issue.  

Also, FeS2 in particular is noted to off-gas disulfide vapor when microwaved to high 

temperature.  This increases risk of arcing, but could be utilized for a multi-phase 

additive design.  On the other hand, ZnS has the advantage of a rich literature background 

for synthesis of complex and layered particles because of its use in quantum dot 

nanoparticles.   

One of the most active microwave absorbers in the metal-oxide category is black 

iron oxide, Fe3O4. (8)  In addition to the mixed valence states of the metal irons, which 

contribute to its dielectric loss, Fe3O4 is ferromagnetic and has a large loss in the 

magnetic microwave spectrum as well.  Black iron oxide is one of the more popular 

microwave succeptors in the literature, and is already used industrially as a major paint 

pigment.  However, it is very flammable, and may pose an arcing risk. (56)  In addition to 

black iron oxide, other ferrite ceramics, such as zinc and nickel ferrites, are notable 

microwave absorbers, mostly due to magnetic losses. (8)  These materials also have 

unique microwave heating behaviors due to their ferromagnetic properties.  Microwave 

absorption cuts off sharply above the Curie temperature or these ferrites due to the 

sudden change in the magnetic absorption.  This means it is difficult to heat the materials 

above the Curie temperature. Because of this, ferrites are popular for applications that 

require ‘self-limiting’ heating.  A wide variety of ferrites have been utilized as sintering 

aids, microwave dampening coatings, and in the food packaging industry. (57, 58)  

Ferrites with complex chemistry can be prepared via sol-gel processes. (59–61)  Due to 

the large number of specific and sometimes exotic chemistries of these ferrites, 

exhaustive exploration of these materials is probably not necessary. However, due to the 

self-limiting heating properties, the well supported literature on creating complex ferrite 

particles, films, and composites, and the possibility of ‘tuning’ the absorption through 
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chemistry (59–63) all suggest potential for future avenues of research should more 

advanced designs be developed.   

A number of other ceramics and even ionic materials could be potential 

candidates, including titanates (64–66), transition-metal chlorides (30), metal nitrates 

(67), as well as more exotic materials such as superconducting perovskites. (68)   

However, given the range of inexpensive, high performing absorbers noted here, these 

are unlikely to be the best candidates.  Another possible class of materials is doped 

ceramics.  Adding dopants introduces space charges and increases conductivity, both of 

which increase microwave activity.  Studies with an otherwise non-absorbing ceramic 

titania (TiO2) which shows significant microwave losses when oxygen deficient, 

demonstrate this. (69)  Other studies include doping ZnO to increase resistivity to lower 

the temperature at which it absorbs microwave. (70)  One advantage of the doping is that 

controlling the degree and type of doping allows control over the conductivity and band 

gap of the material, which has an effect on frequency and other microwave properties.  

Again, while this process is too complex and costly for initial development, it may be 

fruitful for more advanced designs.  

Carbon: 

Another material commonly cited as an effective microwave absorber is carbon.  

Of course, carbon comes in many forms, though which exact variety is not often specified 

in literature sources.  The most common forms are carbon black and graphite blocks, 

though even carbon blacks are themselves a wide range of materials with varying 

properties. (71)  Carbon blacks vary in structure, content of graphitic carbon versus 

amorphous carbon, porosity, and other properties.  This is in part because carbon blacks 

are produced from a wide variety of feed stocks and production methods, from 

pyrolyising organic material to synthesis from syngas.  Carbons from organic matter tend 

to contain more impurities and be amorphous and less conductive, while synthetic 

carbons are more graphitic, have fewer impurities, and are more conductive. 
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The microwave absorption of carbons comes mostly from the conductivity of the 

material.  This means that the conductivity is an important factor.  High conductivity, 

graphitic carbons have a metallic behavior, absorbing intensely on the surface with an 

extremely thin penetration depth and posing an active arcing risk. (72–74)  Less 

conductive, amorphous carbons absorb heat well with larger penetration depths and less 

risk of arcing.  In addition, due to the conductive nature of carbons, electrical percolation 

is an important considering with loading.  While carbon products even as similar as 

activated carbons from different feedstocks may have different microwave absorption 

properties (75, 76), heating rate is generally similar. Size of the carbon particles is also an 

issue, with at least one study suggesting heating rate increases with diameter up to 300 

µm. (77) 

The porosity of amorphous carbons also makes them attractive for this 

application.  Porous carbons, including activated carbons and amorphous carbon blacks, 

can absorb a large volume of a wide variety or organic and inorganic species.  When 

heated, the low-molecular-weight species will desorb from the carbon.  Also, absorption 

and desorption data for absorptive carbons is well studied. (78, 79)  While graphite is not 

porous like amorphous carbons, the interstitial spacing between graphitic layers can also 

be used to store some chemical species.  In particular, graphite with sulfates in between 

graphitic layers is commercially available as ’expanding graphite’ which undergoes up to 

a 200 % volume change when heated above 750
o
C. (80)  This happens when the sulfate is 

expelled by heating and rapidly forms hydrogen sulfate gas in between the graphite 

layers, forcing them apart.   In addition, graphite in general has unique thermal expansion 

properties.  The expansion perpendicular to the graphitic plane is significantly greater 

than the value of expansion in directions parallel to the graphitic plane. (81) 

Low Molecular Weight Compounds: 

There are also a number of low weight molecular compounds that may be suitable 

for a multi-phase additive design.  For smaller molecules, microwave heating comes from 

rotational vibrations. (15, 17)  For this reason, small, polar molecules are very microwave 
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active.  The dipoles allow them to interact with the electric field.  Water, methanol, and 

ethanol all have very high microwave absorption. (17)  Lower molecular weight alcohols 

are also good absorbers.  However, while these materials are good candidates for initial 

work because they are readily available, compatible with zeolite and carbon porous 

materials, and very microwave active, they are not ideal materials for the final product 

because they respond to a broad band of electrical energy, have low boiling points that 

might allow them to be released by heating from the environment, and, in the case of the 

alcohols, are quite flammable.  Another, relatively non-toxic and less hazardous material 

would be ethylene glycol, or a similar chemical.  Also, ionic liquids, essentially organic 

salts that are liquid at room temperature, are interesting candidates because of their high 

charge density and high boiling points, (82–85) although their complex chemistry and 

high cost restrict them as real contenders for general use.  

Materials Selection for Secondary Phases 

While many of the low molecular weight microwave absorbers are particularly 

suitable because they undergo liquid-gas phase transitions, a volatile phase change 

material does not need to be an absorber itself.  Having a low-absorption volatile phase 

may allow for narrower band absorption using a porous solid phase for microwave 

absorption.  One ideal property for such a material includes low heat capacity to allow 

rapid temperature increases. Another is a boiling temperature that is high enough for the 

material to remain liquid under environmental conditions, but no higher than needed.   

Also, the liquid should be ideal for use with porous solids, having a small molecular 

diameter, and suitable chemical and physical compatibility.  
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 Considerations in Coating Systems 

While an ideal product would be applicable to a wide array of coatings with no 

special modification of the coating, higher performance can be realized by considering 

the design of the entire coating system, including the additive, other additives, one or 

more coatings of different composition, the substrate, and the environment.  Formulations 

can be tailored to the application, considering variables such as environment and 

sensitivity of the substrate and other coatings. Also, the nature of the coating, such as 

thickness, might be modified to suit the paint removal methods if it does not interfere 

with the performance otherwise.  Insulating base coats and top coats with insulating 

agents such as hollow ceramic microspheres might be considered, as well as surface 

modifications for the particulate absorbers that interact with different paint chemistries.  

Also, some common paint additives like carbon blacks and other pigments are good 

broadband microwave absorbers and are present in significant quantities. (86, 87)  Other 

additives may affect thermal properties, or interfere with the continuous microwave 

properties of the coating. 

 Microwave Emitter Equipment Design 

Detailed designs or even an exhaustive literature review of the theory of and 

technologies available for the microwave emitter in the paint removal system are beyond 

the scope of this work.  However, it is beneficial to note some basic considerations about 

the available equipment useful for designing the additive in the system.  Universal to 

every design will be safety considerations.  High power microwave energy can cause 

damage to tissue and equipment. (10)  The energy absorbed and reflected by the coating 

must be predictable for these reasons.    Most of the health risk associated with 

microwave energy is due to the heating of water in tissues, so avoiding the rather broad 

array of microwave frequencies water absorbs is also an available option. 
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The nature of the frequency is important for while developing additive designs 

and interpreting the results of microwave testing.   The first decision is what frequency to 

use.  The allowed frequencies for commercial heating, 2.45 GHz and .915 GHz, are 

usually produced by magnetrons, and are readily available. (10)    Magnetrons are 

capable of other frequencies, but difficult to obtain.  More exotic frequencies tend to be 

produced by other means, such as klystrons, but these sources, while having a more 

accurate frequency output, have restrictions such as cost, power limitations, or prohibitive 

size.  Also, near-infrared microwaves tend to be more difficult to find emitters for.  Also, 

some of these limitations may be circumvented by employing only the one component of 

the waves, such as the electrical field, though this prevents taking advantage of magnetic 

heating mechanisms.   Another consideration for frequency selection is water, carbon 

black, and other broadband microwave absorbers are common in an industrial 

environment, and it is difficult to select a frequency to avoid all of them.   

  



37 

STATEMENT OF WORK 

After determining appropriate candidates, the microwave heating rate of carbons, 

zeolites, ceramics, and other materials in powdered form were tested in a 1000W 2.45 

GHz microwave equipped with controls for power amplitude modification.  Also, the 

porous carbon and zeolite materials absorbed with ethanol were tested in the same 

fashion.  Subsequently promising materials were mixed into an epoxy paint and used to 

make coatings on steel plates, as well as cast plugs to represent the material properties of 

the coating composite.  The plugs were also tested for microwave heating rate, and Shore 

D hardness testing was used before heating, directly after heating, and after cooling to 

determine the degradation of the paint after different durations in the microwave.  Also, 

an apparatus and method for scratch testing was developed and the coatings tested after 

being heated in the microwave.  Examination of the crack patterns and surfaces was used 

to analyze significant failure mechanisms.  Also, steel plates with select coatings were 

prepared with a second coating of thick non-skid coating on top for thermal insulation, 

and to test the viability of the additives for use in undercoats designed to remove heavy 

coatings.   The upper non-skid coating was tested with pull-off adhesion testing before 

heating and after cooling.  Pull off adhesion testing of the coatings were performed on the 

non-skid coatings before and after the non-skid/absorbing undercoat/ plate system were 

microwaved for 5 minutes. 
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EXPERIMENTAL PROCEDURE   

 Materials 

For testing microwave heating behavior, the following materials were used.  

Table 1 lists various carbons used, and selected properties.  All carbon components were 

provided by Asbury Carbons (Asbury, NJ).  The C5303 variety is a carbon black 

containing mostly porous amorphous carbon.   The 4827, Micro 450, and Micro 850 

varieties are graphitic carbon blacks, which are significantly less porous and more 

electrically conductive than the amorphous varieties.  Notably, due to production method, 

the 4827 is more similar to amorphous carbons than typical graphites.  Also, the 5563 is 

an amorphous activated carbon from a coconut feedstock, and 5588 activated carbon 

from coal feedstock.   This carbon is verb porous and absorptive.   In addition to the 

carbon blacks, Product No. 3558 expanding graphite was received.  This product is a 

conductive graphite with hydrogen sulfate adsorbed to the interstitial spaces in between 

graphitic sheets.  When heated, the sulfate escapes as a gas and the graphite experience a 

100-200% volume expansion.   All carbons were tested both as received, as well as after 

4 hours in an oven at 450
o
 C degrees to ensure minimum water absorption and determine 

any effects.  

The zeolite materials used, all obtained from Sigma-Aldrich, were 4A Molecular 

Sieve, 5A Molecular Sieve, 13X Zeolite Powder.   Table 2 gives further data.  Oxides 

used were NiO, MnO2, and CuO  from Sigma Aldrich.  Carbides used were TiC from 

Sigma Aldrich and SiC from Kramer industries.  Zinc Chloride was obtained from Sigma 

Aldrich as well.  Zinc Ferrite in the form of Yellow pigment # 3950 was obtained from 

LANXESS Inorganic Pigments.   Finally, 3 separate infrared (IR) reflective paint 

additives from Ceno Technologies were also tested. Table 2 provides details on these 

materials.  
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Table 1: Carbon Materials. Data from Asbury Carbon.  

Sample 

Name Type 

Median 

Size (um) density 

Absorbed 

Load surface area 

C5303 

Long chain 

conductive carbon 

black 0.03 

~0.1 

g/mL 

10% dibutyl 

pthalate ~250 m2/g 

4827 

Synth. graph. 

'hybrid' ~1.24 N/A N/A ~250 m2/g 

5563 

Activated carbon - 

coconut shell ~44 N/A 

<5% 

moisture N/A 

5588 

Activated carbon - 

coal N/A N/A N/A N/A 

Micro 450 Synthetic graphite 5 

~2.25 

g/mL 

<0.5% 

moisture ~18 m2/g 

Micro 850 Graphite ~3.58 

~2.3g/

mL N/A ~15 m2/g 

Exp. 

Graphite 

Expandable 

Graphite 

250 N/A 4-8% HSO4 N/A 

 

Table 2: Zeolite Materials. Data from Sigma Aldrich 

Sample Pore Size (Å) Ion type Si:Al ratio Avg. grain size 

(µm) 

4A 4 Na
+ 

1.02 5 

5A 5 4:1 Ca+:Na+ ratio 1.02 5 

13X 13 Na+ 1.25 45 

  

Table 3: Ceramic Materials. Data from Sigma Aldrich 

Material Avg. grain size (µm) 

NiO ~45 

MnO2 ~10 

CuO <10 

TiC ~45 

SiC 60 mesh ~250 

SiC 120 mesh ~150 

SiC 240 mesh ~60 
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Furthermore, two-phase additives comprised of a volatile phase in a porous core 

were prepared by soaking the core material in ethanol and allowing the material to air dry 

over several days.  Table 4 details the materials used and amount of ethanol absorbed by 

each.  These composite additives were testing in bulk and as paint additives. 

Table 4: Materials prepared with ethanol 

Material Weight % ethanol absorbed 

Zeolite 13X 23 

Zeolite 4A 23 

Zeolite 5A 23 

Activated carbon (5563) 11 

Carbon Black (C5303) 4 

Activated Carbon (5588) 11 

 

To create paint coatings and composite plugs, two paints were employed for 

different experiments.  A light-weight epoxy, EPO Coat VA (DeCara, Inc. dba 

Dynamics), was used for the preliminary popsicles sticks, 1 inch composite plugs,  1.5 in. 

plugs, and paint plates, as well as for the painted plates covered with non-skid and the 

respective bulk composite chunks.   All plates used were 1/8”x2”x6” in dimension, with 

corners rounded by grinding to avoid arcing.  Tables 5 and 6 detail the ratio of paint 

additives were mixed into the paint bases for each experiment.  
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Table 5: Sample Series A 

Sample # Material Approx. weight % loading in epoxy 

0a Control – No load 0 

1a Zeolite 13X 29 

2a SiC 240 mesh 54 

3a CuO 59 

4a Carbon Black (C5303) 3.7 

5a Zeolite 4A 30 

6a SiC 60 mesh 58 

7a Exp. Graphite (3558) 32 

8a MnO2 41 

 

Table 6: Sample Series B 

Sample # Material Weight % loading in 

epoxy 

Avg. dry film 

thickness (mil.) 

0b Control – No load 0 9 

1b Exp. Graphite 3.8 9 

2b Graphite (4827) 2.3 13 

3b Zeolite 4A 9.7 16 

4b Act. Carbon (5563) 13 24 

5b 4A w/ EtOH 20 16 

6b 5A w/ EtOH 22 11 

7b 5563 w/ EtOH 26 8 
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 Apparatus: 

 Microwave 

For microwave heating a Model BP-310 laboratory microwave from Microwave 

Research and Applications, Inc. was used.  The microwave handles adjustment to power 

output differently than most typical microwave ovens.  This is an important distinction 

from domestic microwave ovens, which adjust power level by cycling between off and 

full power on states, adjusting the time between ‘on’ pulses to vary output.  The 

microwave used is capable of reducing power while still providing continuous output 

(Figure 6).  This setup also allows for power adjustment while the microwave is running.   

 

Figure 6: Pulsed power vs. continuous power supply microwave set at 50% power.  Most 

domestic microwave ovens only supply power at one wattage level, so to achieve a reduced 

power setting, the magnetron pulses on and off (blue line).  The microwave used for this work 

supplies continuous power at whatever power level it is set at (red line).  

A shielded K-type thermocouple was used with 1/8 in. (3.175 mm) thick alumina 

sheath to insulate against arcing between the samples and the thermocouple.  Also, a heat 

baffle provided with the microwave was used. For heat traces of powdered materials, the 
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sample was placed in a 10 mL alumina crucible with zirconia felt insulation at the top, 

and the crucible was inside the baffle.   For other tests, the sample was placed on top of 

the baffle for visibility, and insulation was used as needed.  Unless otherwise specified, 

all testing was done at full (1000W) power. 

 

Figure 7: Microwave setup for heating traces.  The thermocouple is inserted into the 

crucible (center) through the top of the insulating baffle, after which the lid (seen on top of the 

microwave) is placed of the baffle.  

Hardness Testing 

A Shore D Durometer (Instron) was used to calculate hardness of composite 

samples.  Hardness was measured in several locations before microwave heating, 

immediately after heating, and after cooling.  Both the initial hardness and the final value 

were recorded.   
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Scratch Testing 

Also, a scratch testing apparatus was constructed to test paint degradation.  The 

apparatus consists of a cantilevered bit contacting the paint surface.  Weight applied to 

the cantilever arm in combination with the position of the arm determines the force of 

application.  An electric winch pulls the plate, allowing the bit to scratch the surface.  The 

cantilever is set up so that the force applied increases linearly with the x position of the 

plate.  Pressure sensors measure the force needed to pull the plate, allowing the force 

needed to scratch the paint to be calculated. 

 

Figure 8: Scratch testing apparatus with plate loaded.  Cutting tool is fixed to the post in 

the back.  The platform, loaded plate, and post with ruled boom attached are all pulled by the 

electric winch, moving toward the right.   
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Figure 9: Detail of cutting tip of scratch testing apparatus.   

  



46 

RESULTS AND DISCUSSION 

 Thermal Traces 

The primary value of the microwave heating of bulk powders is to compare the 

relative heating rates of various material candidates.  Most samples produced intense to 

modest heating and behaved in accordance with literature values.  The ceramic oxides 

and carbides tested all exhibited rapid heating rates, as shown in Figure 10.  Also, some 

underwent a chemical or physical change under heating.  The MnO2 yielded a reddish 

powder with less microwave absorption, which is most likely an oxidation to Mn2O3.  

CuO exhibited densification and in some instances, melting, especially when mixed with 

SiC as a susceptor.  In other instances metallic copper was observed on the alumina 

thermocouple after heating (Figure 11).  Heating of TiC powder had to be limited 

because heating would initiate combustion.  

The ZnCl2 also presented rapid heating.  The ZnCl2 reached its melting point 

(292
o 
C ), and exhibited similar heating when re-heated after melting.  The infrared-

absorbing paint formula only performed modestly at 2.45 GHz microwave heating, but 

the rate did increase as the materials ‘charred out’ and became carbonized. The zinc 

ferrite material exhibited only modest heating, as well.  

The zeolites tested exhibited heating consistent with the literature.  Initially 

Zeolite 4A exhibits the most intense heating, but Zeolite 13X becomes more aggressive at 

high temperatures.  Zeolite 5A heats only moderately.  Both Zeolites 13X and 4A reached 

their melting points.  The melting yields an impure, brittle aluminosilicate glass with 

significantly higher density upon cooling (Figure 12), and does not seem to contribute to 

microwave heating, as evidenced by reduced heating rate when the vitrified remnants of 

the zeolite were reheated.  Zeolite heating rates are presented in Figure 13. 
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Figure 10: Microwave heating of oxides and carbides.  Note the change in the heating 

rate of CuO and NiO around 100-200
o
 C, possibly due to changing dielectric constants.  The 

change in slope in the TiC sample is indicative of ignition of the material, and the test was 

terminated early. 
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Figure 11: Detail of the copper metal deposited on the alumina thermocouple sheath 

after heating CuO in excess of 1000
o
 C  



49 

 

Figure 12: Detail of vitrified Zeolite 4A after heating above melting point. 
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Figure 13: Microwave heating in zeolite materials.  The disparity between the 4A and 

the 5A heating rates demonstrates the importance of the ions in the zeolite.  The 5A zeolite has a 

similar structure to the 4A, but has primarily Ca
2+

 ions rather than the Na+ ions in 4A. 

Microwave traces of carbon heating demonstrated a significant difference in 

heating rate among different types of carbon (Figure 14).  However, all forms had a rapid 

heating rate.  While the heating rates were rapid enough for small differences to cause 

wide variation, some trends seem evident.   Also, on average, the non-synthetic carbon 

blacks had higher heating rates and more consistent heating.  This is possibly because of 

the greater penetration depth of the non-graphitic materials and lower density, thus lower 

heat capacity.  Several carbons were heated to the point of some combustion, notably the 

activated carbon (C5303).   
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Figure 14: Microwave heating of carbon products.  

Microwave heating of the carbons and the zeolites the ethanol absorbed to them 

were affected by the addition of the volatile phase.  With the carbons, average heating 

rate seemed was decreased in the samples with ethanol absorbed.  This was unexpected, 

as both ethanol and carbon are good microwave absorbers.  The reason for the reduction 

may be a reduction in conductivity.  Also, the inclusion of ethanol would create a denser 

material with a higher heat capacity, which would take longer to heat.  Mass loss 

attributed to the evaporation ethanol was clearly present after heating.  The ethanol had 

the greatest effect on the 5588 activated carbon but had less impact on the more graphic 

carbon.  Notably, the 5588 lost significant mass beyond the absorbed ethanol content, 

despite having a low heating rate.  This is possibly due to thermal decomposition of the 

carbon, or the loss of residual moisture. The zeolite materials also retain rapid heating 

rates, but also exhibit a reduction in heating rate.  Ethanol desorption was also observed 

for the zeolites.  Because of the absorbed ethanol’s interaction with the ions responsible 

for the zeolites’ microwave heating mechanism, the heating rate reduction is not as 

unexpected as in the case of the carbons.  Figures 15 & 16, and Table 7 respectively 

document the heating rates in loaded zeolites, heating in loaded carbons, and mass losses 

of these materials upon heating. 
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Figure 15: Microwave heating of zeolites compared to zeolites with ethanol adsorbed.  

The interaction between the ethanol and the ions responsible for heating may be one reason for 

the reduction in heating rate. 

 

Figure 16: Microwave heating of carbon products compared to carbon products with 

ethanol adsorbed.  The reduction in heating rate was unexpected. 
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Table 7: Weight loss upon heating is indicative of loss of the volatile product.  Note that 

loss of the ethanol alone cannot account for the mass loss in the C5303 and 5588 activated carbon 

samples, suggesting thermal decomposition. 

Material Weight % ethanol before heating Total weight % loss during heating 

4A 23 16 

5A 23 4.8 

13X 23 20 

5563 11 8.1 

C5303 4.3 9.1 

5588 11 26 

 

The grain size of the materials did seem to have an effect on heating rate.  For SiC 

samples of different grain size, the larger grains appeared to have greater heating rates, 

although only modestly so. (Figure 17).  This may be because of less radiative losses 

from less surface area and better microwave penetration through the sample.  This trend 

is in agreement for the literature on SiC. (13) 

 

Figure 17: Microwave heating of different SiC particle sizes.  The larger particles heat 

moderately faster. 

Thermal traces of the particulate additive/paint composite plugs and sections 

demonstrate that being integrated into paint does not prohibit useful microwave heating 
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of the particles.  Acceptably high heating rates are achievable for these composites.  Also, 

these results allow insight into the extent to which heating rate is reduced by loading, 

including the action of any percolation effects.  In general, heating rate of the additive 

was significantly reduced by adding to the paint. Also, modest differences in heating rate 

of materials appears less relevant than in heating in powder form, with heating in paint 

being more dependent on the loading and paint properties.   Figures 18 & 19 offer a 

comparison of heating rates.   

 

Figure 18: Microwave heating of loaded and dry 4A and 5563 powders.  Note in both 

cases, the addition of ethanol decreases the heating rate. 
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Figure 19: Microwave heating of powder-epoxy composites made using the loaded and 

dry 4A and 5563 powders.  The addition of the powders clearly increases heating compared to 

pure epoxy, but do not match the heating rate of pure powder.  Also, in both of the composites, 

the addition of ethanol enhanced heating rate rather than depressing it.  

The primary value of the thermal traces of raw material is to establish the relative 

performance of selected materials and establish a baseline of expected heating behavior.  

The thermal traces of the paint composites, however, offer insight to how the raw heating 

rates translate to heating in the application, and demonstrate that acceptable heating rates 

can be reached in paint for this application.  The metric of heating rate has been the most 

practical and direct way to meet these goals, but it is difficult to extract further data from 

this metric given the complex variable involved.  However, it is important to note any 

conclusions are tempered by the restrictions of the methodology.  Due the 

unpredictability of the microwave field, such as formation of hot spots, and even minor 

differences in the thermal properties of the insulation and surrounds, there is a wide range 

of data even for the relatively consistent samples.  The importance and unpredictability of 

thermal runaway behavior is not an unimportant observation in these trials.  While 

heating rate of any given material varied from sample to sample, in some instances, 

including the CuO, several carbons, and other materials, heating rate could vary from 

sample to sample by up to an order of magnitude, most likely from favorable thermal 

runaway conditions in a particular sample.  The testing with the paint composites 
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demonstrates that while this wide variation is mitigated by the dispersion of the additive, 

thermal runaway events are still a valuable mechanism for effecting degradation.  

Another remark on heating is the limitation of only testing at one frequency.  

While testing certainly demonstrates that optimization at for given conditions is possible 

through materials selection, the results expressed here are only valid at 2.45 GHz.  Other 

frequencies may operate more of less favorably with these materials.  

 Hardness testing 

The purpose of the hardness testing was to qualitatively demonstrate paint 

degradation.  A decrease in hardness indicates degradation of the material.   However, 

just because one coating is harder than another does not itself indicate better adhesion or 

other qualities.  This is especially true when evaluating hard ceramic additives compared 

to soft material additives.  For this reason, special attention is paid to the change in 

hardness relative to the temperature.  While a reduction in hardness would seem to 

indicate a favorable outcome, increases in hardness may in some cases represent 

embrittlement of the polymer matrix, and also be indicative of material degradation.  

Note that two hardness readings were taken with each measurement: the initial 

value, and the reading after the material had been allowed to relax completely.  In some 

cases, there was negligible relaxation after contact, and in other samples the relaxation 

was significant.  The relaxation effect was more evident in the samples with soft 

additives and with the samples with ethanol added. 

Composite coatings made with hard ceramic coatings exhibit higher initial 

hardness, as expected.  Also, additives with larger particle size also appeared to increase 

hardness. Immediately after heating to the temperature at which smoke (indicative of 

pyrolyzation) is evident (an average temperature around  190+-10 degrees C), the 

hardness is dramatically reduced. While this reduction in hardness is neither unexpected 

not necessarily indicative of reduced toughness for a polymer material at high 

temperature, the corresponding brittleness in specific specimens, particularly Zeolite 13X 
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(1a), CuO (3a), and Zeolite 4A (3b) indicates the coatings would be susceptible to 

mechanical removal immediately after microwaving.  When heated to approximately the 

same temperature, most samples had similar behavior to the control.  However, the 60 

mesh SiC samples demonstrated a greater reduction in hardness after heating compared to 

the control. After the composites had been allowed to cool for a long period of time, 

hardness in most cases was completely recovered.  No statistically significant permanent 

reduction in hardness was achieved.  From these results, it is clear that microwave 

heating has potential be used to enhance mechanical removal techniques.   

Table 8: Average Shore D hardness testing for first series of plugs.  “Initial” refers to the 

reading on contact, and “relaxed” refers to the measurement after contact at long time.  Hardness 

before heating, immediately after, and after complete cooling are documented.  

# Material 

Initial - 

Before 

Relaxed 

- Before 

Initial - 

Immediate 

Relaxed - 

Immediate 

Intial - 

Cooled 

Relaxed - 

Cooled 

0a Control – No load 74.4 72.0 36.0 36.0 75.7 75. 7 

1a Zeolite 13X 85.3 85.3 39.3 36.5 82.3 82.3 

2a SiC 240 mesh 86.8 86.8 44.2 44.2 90 90 

3a CuO 85.4 85.4 36.5 34 82.3 82.3 

4a 

Carbon Black 

(C5303) 49.6 44.8 12.7 12.7 50 33.7 

5a Zeolite 4A 72.2 62.2 31.8 27.2 68.3 60.3 

6a SiC 60 mesh 77.4 74.8 26.5 24.5 62.0 59.0 

7a 

Exp. Graphite 

(3558) 55 45.8 21.0 21.0 49.3 38.7 

8a MnO2 74.6 72 42.3 42.3 70.8 70.8 
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Table 9: Average Shore D hardness testing for second series of plugs.  “Initial” refers to 

the reading on contact, and “relaxed” refers to the measurement after contact at long time.  

Hardness before heating, immediately after, and after complete cooling are documented. 

# Material 

Initial - 

Before 

Relaxed 

- Before 

Initial - 

Immediate 

Relaxed - 

Immediate 

Intial - 

Cooled 

Relaxed 

- Cooled 

0b 

Control – 

No load 63.2 51.7 25.8 24.5 69.8 51.8 

1b 

Graphite 

(4827) 65.3 46.5 25.8 23.6 71.4 58.2 

2b 

Exp. 

Graphite 68.3 54.8 27.8 27.2 73.5 66.6 

3b 

Act. Carbon 

(5563) 67.5 57.8 30.6 28.4 77.6 69.8 

4b Zeolite 4A 75.5 72.0 25.4 24.2 76.6 76.0 

5b 4A w/ EtOH 45.8 33.8 20.6 19.8 59.0 49.8 

6b 5A w/ EtOH 51.7 42.2 30.2 28.8 65.4 56.4 

7b 

5563 w/ 

EtOH 60.7 49.0 30.2 29.2 68.4 65.0 

Scrape testing 

The scrape testing indicates a coatings resistance to mechanical removal before 

and after heating.  The microwave heating was done with uniform time per sample (10 

min), with no insulation.  This was done to determine the performance potential under 

operating conditions, rather than heating to uniform temperature as with the plugs, which 

were being tested to determine materials properties of the composite paints.  The 

temperatures reached on the surface of each plate were determined by color-changing 

crayons (Table 10).  As in hardness testing, the samples, including the control, resisted 

the scratching initially, softened during heating, then regained their scratch resistance 

after cooling.  Of the samples tested, the carbon black (C5303) sample had the most 

marked difference in mechanical resistance. In this sample, scratch testing removed a 

significant portion of coating. (Figure 22) This result is particularly important because 

unlike the other samples, which received scratching damage to the surface, the carbon 

black coating actually underwent delamination, which indicates a mechanical change in 
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the coating-substrate boundary due to microwave heating, which is very desirable.  Like 

the other samples, the coating regained its scratch resistance after cooling. Since there 

was no delamination damage during scratch testing after cooling, it is likely that the 

heating-softened coating allowed the cutting tool to gain a better purchase on the coating 

to remove it.  While no other sample had scratch damage from testing immediately after 

heating as dramatic as that of the carbon black coating, all had the pronounced scratches 

immediately after heating.  Of particular note, Most of the scratch morphologies were 

similar to the control with the exception of the SiC 60 mesh, 4A Zeolite, and 13X Zeolite.  

The scratch morphology on these was more jagged due to the more hard and brittle nature 

of the coating. (Figure 23) 

Table 10: Microwave heating of painted plates (10 min. on full power) 

# Material Temperature (C) 

0a Control – No load < 125 

1a Zeolite 13X > 400 

2a SiC 240 mesh > 300 

3a CuO >300 

4a 

Carbon Black 

(C5303) > 300 

5a Zeolite 4A > 300 

6a SiC 60 mesh > 300 

7a 

Exp. Graphite 

(3558) > 300 

8a MnO2 > 125 
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Figure 20: Damage from scratch testing on C5303 carbon black coating sample.  The 

bottom scratch is from the initial test before microwave heating, and the top two scratches are 

from testing after adequate cooling.  The middle scratch is the result of testing immediately after 

heating, and presents coating delamination not seen in the other tests. The vertical lines are 

residue from the heat sensitive crayons used to determine surface temperature.  
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Figure 21: Scratch testing damage for Zeolite 13X.  The bottom scratch is from the 

initial test before microwave heating, the middle scratch is from immediately following heating, 

and the top scratch is from testing after adequate cooling.  The vertical lines are residue from the 

heat sensitive crayons used to determine surface temperature.  

 

Visual observation and crack analysis  

Images of the cracking and fracture surfaces of the composite plugs and coatings, 

including preliminary samples, reveal several different insights into the coating 

degradation.  First, the cracking patterns are indicative of overall residual thermal stress 

appearing throughout the material.  While the thermal stresses in the plugs, and the 

subsequent cracking locations, are unique to the shape of the bulk material, the nature of 

the crack surface, as well as the scale of the cracking, should have some value in 

predicting coating properties.  Even the control plugs exhibit these cracking patterns 

(Figure 24).  These patterns include large, smooth cracks as well as smaller cracks and 
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large jagged cracks on the plugs and cracks similar to ‘fish-eye’ cracks on the coating 

surfaces of the metal plates and plugs (Figure 25).  However, the crack patterns and 

extent of cracking differ depending on the additive.  This is due to the origin of the 

cracking, as well as the path the crack front takes due to interference from the particles. 

Many samples, including the MnO2, 4A and SiC samples, exhibit lamellar cracking 

parallel to the surface horizontal during curing (Figures 26 & 27).  The silicon carbide 

samples, in particular the 240 grit sample, has many smaller cracks visible.  On the other 

hand, the zeolite cracking tends to be jagged and branched.  The expanded graphite 

sample has similar cracking all over the surface of the plug sample, in addition to damage 

from the chemical expansion of the graphite near the surface of the plug. (Figures 28 & 

29) 

 

Figure 22: Cracking on the control plug (0b) from thermal stresses, after heating for 7 

min.  This illustrates that even unloaded paint materials can be damaged by microwave heating.  

Thermocouple sheathing is used as a support for the plug.  
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Figure 23: Crack developed on plate coated with sample 6a (SiC 60 mesh) during 10 

min. of microwave heating. 
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Figure 24: Plug of sample 1a (13X Zeolite) after microwave heating.  Note the extensive 

cracking in the outer layer of the plug.  
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Figure 25: Cross-section of plug of sample 8a (MnO2) after microwave heating. Note the 

lateral cracking pattern.  Also, in the lower left, advanced thermal degradation has caused a 

porous structure to form. The high temperature conversion of MnO2 to Mn2O3 may have been a 

factor in the formation of this feature, as it is not present in the other samples, even ones which 

began to undergo pyrolysis.     
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Figure 26: Detail of plug of sample 1b (Expanding Graphite) after microwave heating, 

which shows the multiple small cracks that appeared on the surface.   
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Figure 27: Plug of sample of 7a (Expanding Graphite) after microwave heating.  In the 

center, the exfoliation of the heated graphite particles has caused the material to rupture locally.  

This behavior was seen neither in coatings of this sample nor internally in the plugs of this 

sample.  

As the temperature of the plug samples with ethanol rose above ~150 degrees C, 

ethanol vapor became visible, and liquid could be seen seeping from cracks.  The dark 

stain apparent in Figure 30 is from liquid ethanol escaping via this crack.  This indicates 

the volatile phase is successful in displacing volume to initiate cracking.  
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Figure 28: Plugs of sample 7b (5563 w/ ethanol adsorbed).  On the plug on the left, he 

stains along the large crack are caused by ethanol desorbing during microwave heating. This 

suggests that the volatile phase is useful for initiating and driving crack formation. Thermocouple 

sheathing is used as a support for the plug.  

From hardness, scratch testing, and visual examination, it is clear the microwave 

heating of the particulate additives caused paint degradation.  In all cases, the microwave 

absorbing additives increased the heating rate compared to the control.  The increase in 

heating ranged from a modest increase to great increases, with a clear correlation between 

the heating rate of the bulk material and the increase.  These heating increases are the 

most beneficial aspect of the simple particulate fillers, as most of the crack morphologies 

were typical of thermal expansion stresses.  This suggests that using particulate fillers to 

increase theses thermal stresses, such as particles with greatly different thermal and 

mechanical properties that the matrix, would increase the effectiveness of the additives.   

Zeolite materials clearly cause degradation as evidenced by the permanent 

changes in sample hardness in zeolite 4A (sample 5a) and the brittle response to scratch 

testing after microwave heating.  Both oxides became more brittle after microwave 

heating.  Of particular interest, the chemical action of the reduction of the MnO2 oxide 

within the coating material was evident as the pyrolysation of the coating produced the 
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‘foamy’ morphology not seen in other pyrolysing samples.  The many, small cracks in the 

silicon carbide samples indicate the localization of the residual stresses due to the hard 

particles.  The carbon samples consistently demonstrated rapid thermal decomposition, as 

well as good heating performance in plug and plate testing.  The primary advantage of the 

carbon is the low cost to performance ratio.  Also, the carbon sample showed clear 

delamination during scratch testing.  Finally, the ethanol-loaded samples clearly 

demonstrated the feasibility of the volatile phase materials.  In all forms of testing, the 

ethanol in both zeolite and carbon host particles significantly changed the heating 

behavior.  Also, in all cases the ethanol was visibly released from the material, in all 

cases at temperatures well above the boiling point of ethanol.  The performance of the 

ethanol samples in thermal traces of plugs, scratch testing, all exhibited paint degradation 

beyond the respective performances of either the ’dry’ carbon or zeolite material.  
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CONCLUSIONS 

Thermal traces of ceramic and other materials yielded several materials that 

exhibit acceptable microwave absorption and heating.  Also, the heating of the additive-

coating bulk composite materials was also reasonably rapid; although in most cases, high 

thermal conductivity causes heat to be transferred to the coating matrix before the 

additive can reach high temperatures needed for melting, etc.  This means that the phase-

change mechanism should be designed to be lower than the max temperature rating of the 

coating.  Above this temperature, the material will begin to char, and the carbon material 

formed will initiate thermal run away and combustion.   

Of the zeolite materials, the 4A zeolite clearly exhibited the fastest heating rate at 

low-to-mid temperature, though the Na 13X  zeolite was comparable.  The 5A Zeolite 

showed only modest heating at 2.45 GHz., and is not suitable as a primary absorber at 

this frequency.   While melting temperatures were quickly obtained heating in powdered 

form, the 4A zeolite was unique in that melting was observed in one instance of the 

powder-paint coating, despite the overall coating matrix showing no signs of rising above 

thermal decomposition temperature itself.   

All carbons exhibit very favorable heating rates.  While overall heating rates for 

the carbon blacks are similar, other considerations recommend less graphitic, amorphous 

carbon blacks.  The amorphous carbons allow for loading with volatile phases, and 

demonstrate comparable heating despite a slightly lower density.    

The ceramic materials, in particular the CuO and NiO, exhibit heating rates that 

can compete with carbon or zeolite materials.  However, because of the wide range of 

materials with suitable heating rates are available, the chemical changes while heating, 

porosity, cost, chemical compatibility of other phases, and other considerations may be 

more important for materials selection 

In coatings and composites, material degradation was clearly shown through 

changes in hardness and mechanical resistance to scratching.  Degradation of coating 

adhesion was also demonstrated through resistance to scratching.  Greatest degradation 

appears to occur in the materials reaching the highest temperatures.  The material used in 
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the coating also had a large and expected effect on initial and final hardness, based on the 

properties of the additive material. 

Experiments with ethanol as a volatile phase demonstrate that the volatile phase 

concept is worth pursuing.  The ethanol is stably stored in the coating for intermediate 

and likely very long periods of time when absorbed to the absorptive materials.  The 

addition of the absorbed liquid to the both carbon and zeolite materials has a significant 

effect on the microwave heating properties.  Release of the evaporated volatile phase has 

been confirmed in the raw additive as well as in a coating material.  Most notably, release 

of the volatile phase is connected to crack formation.  

Most of the degradation seen appears to be due to the overall heating of the 

material rather than local evens at the particle level.  Degradation occurs due to thermal 

decomposition as well as mechanical failure from residual thermal stresses.  Also, in 

limited cases, in particular the melting of 4A zeolite and the release of the volatile ethanol 

phase in the carbon/ethanol additives, fracture did appear to be initiated by defects caused 

by physical transformation of an additive particle at the origin of the fracture.  

Furthermore, if the forces resulting in fracture are from residual thermal stresses of from 

external sources, the particles and surrounding areas can still function as crack origins.   
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FUTURE WORK 

 

The literature review and rather preliminary results of this report strongly 

recommend further work.  Successes with thermal paint degradation and multi-phase 

additive design demonstrate the method to be viable, but by no means optimized.  There 

are several future directions for this project, including future investigation of the current 

methodology as well as new design directions.  Possible avenues for exploration include 

testing new microwave absorbing materials, in particular those in different frequencies, 

new paint and coating bases in existing materials, further investigations of volatile phase 

materials, synthesis and testing of core-shell particle additives, and coating system 

design.  

In optimizing for different base coatings, special attention should be paid to the 

maximum temperature the paint is designed to withstand.  For coatings that are designed 

for only a moderate temperature range, thermal decomposition should be focused on, as 

the coating will easily reach temperatures causing degradation before any other 

mechanism can act.  For high-temperature coatings, especially those based on silicon-

containing polymers, more attention should be invested in secondary degradation 

mechanisms, such as rapidly-expanding phases, because these mechanisms may be more 

expedient that waiting for the coating to heat enough to pyrolyze, but enough heat will 

accumulate to drive the secondary mechanisms.  Also, the intended thickness of the 

coating is important.  Secondary mechanisms are important in thinner coatings, as heating 

will be much slower from heat loss.   

Any of the oxides, metals, or other materials described in the literature review 

could be investigated as microwave absorbers.  For inexpensive ceramic materials, both 

sulfides and ferrites in particular are obvious candidates for exploration.  For frequency-

tuned materials, zeolite materials, with or without a volatile phase absorbed within, 

remain relatively unexplored at frequencies other than 2.45 GHz, and may exhibit 

controllable peaks at other frequencies if investigated.  
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Given the promise shown in these results, multi-phase particles should be 

pursued.  While activated carbon, and zeolites 4A and 13X are good absorbers, 

investigation of an appropriate volatile phases should be stressed.  In particular, 

chemicals with boiling point or desorption temperature just below the maximum intended 

temperature of the base paint would be ideal.  Microwave absorption of the volatile phase 

not required, and based on the results of these experiments, microwave absorption in the 

volatile phase may not even be useful.  Ethylene glycol, ionic liquids, and other high-

boiling point liquids might be considered.  Also, in addition to researching volatile phase 

materials, other volatile host materials can be explored, such as microporous CuO or ZnS. 

(88) 

In addition to the volatile phases, a multi-phase particle can be improved with the 

original core-shell concept.   Sol-gel coatings are ideal for this application, with 

controllable thickness and porosity.  For example, simple silica coatings are described on 

both SiC and Fe3O4 materials, and silica and titania on ZnS microspheres have been 

reported with simple methodology.  (60, 89–92)  Also, while a much more advanced 

level of design and cost, metal coated microparticles have been shown to be microwave 

tunable, allowing for a tunable, multilayer particle. (37) 

The final, and most advanced, research direction suggested is the investigation of 

all above variables in different microwave systems.  Safely and efficiently delivering 

incident microwave radiation in a controlled experimental environment, let alone a 

working environment, is non-trivial.  A well designed microwave system will be essential 

to the success of this concept.  Multimode, single-mode, tuned cavities, and E-field or H-

field only systems may present unique and possible improved ways to deliver the 

microwave energy to the coating. 
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