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ABSTRACT
VARIABLE FREQUENCY MICROWAVE PROCESSING AND MICROWAVE
PROCESS CONTROL FOR POLYMER COMPOSITES
By

Yunchang Qiu

This dissertation presents the research work on the development of a variable
frequency microwave processing system for polymer and composite materials, with an
empbhasis on achieving uniform temperature distribution using intelligent process control.
A variable frequency microwave material processing system was constructed based on the
existing fixed frequency microwave processing technology with the use of a variable-
frequency microwave power source. Data acquisition and control hardware was
implemented for process monitoring, measurement, and control. Software programs were
developed in LabVIEW for data acquisition, system characterization, and process control.
The control objective is to achieve efficient, uniform, and controlled heating, which was
realized by mode tuning, intelligent mode switching, on-line mode characterization, and
effective power control.

Two uniform processing techniques were developed and evaluated. They are mode
sweeping heating, and intelligent mode switching heating. Mode sweeping heating proved
to be very effective for small size samples. Intelligent mode switching heating optimizes
the sequence of the modes used for heating, by comparing the mode heating
characteristics with measured temperature distributions and selecting the mode that will

alleviate the temperature gradients the most. Using intelligent mode switching heating,



great improvement of temperature uniformity was achieved over single mode heating and
mode sweeping heating. An on-line mode characterization technique was developed to
enable the process control system to adjust to process condition changes. With the
addition of on-line mode characterization capability, consistent and good performance was
ensured for the variable frequency microwave processing system, as demonstrated by the
uniform and stable processing of composite parts with complex geometry.

During the mode selection process in the intelligent mode switching heating,
modes were compared by their ability to decrease the temperature gradients and generate
the most uniform temperature distribution within a desired period of time. Temperature
uniformity was measured by the standard deviation of the temperatures. Therefore, the
optimal mode would decrease the temperature standard deviation the most within the
specified period of time. Two power control algorithms were designed to achieve the
objectives of providing fast heating, reducing temperature overshoot, and maintaining
constant curing temperature. Consequently, a simple parabolic power controller and a
multi-staged PID controller were designed for microwave power control. The former
needed no controller tuning, while the latter required proper tuning of the control
parameters but provided more stable and accurate control performance.

The experimental results proved the variable frequency microwave processing
system successful in achieving uniform processing with consistent performance. A viable
variable frequency microwave processing system for industrial applications can be
developed based on this newly developed system. The full automation of the hardware and
the flexibility of the software ensure easy implementation and make the system adaptable

to different types of applications.
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INTRODUCTION

Microwaves are electromagnetic waves in the frequency range from 300 MHz to
300 GHz. Since the discovery of electromagnetic waves, it has been widely used in
communications. The earliest reported commercial use of microwaves in polymer
processing was in 1940 in an attempt to cure plywood cement [1]. Over the decades,
microwaves have been applied in polymer and composite materials processing, adhesive
and repair, ceramic materials processing, food processing, wood drying, waste treatment,
and in medical use as well. In the 1960s, microwave processing was successfully applied
in the vulcanization of the rubber in the tire industry [2]. By now, the vulcanization of
extruded rubber weather-stripping for the automotive and construction industries has been
one of the most successful applications of microwave heating in industry [3]. Since the
mid-1980s, there has been a resurgence of interest in the microwave processing of
polymers and composites [4-9].

Compared with conventional means, microwave heating has the advantages of
being volumetric, direct, selective and instantaneously controllable. Microwaves can
penetrate the material placed inside its fields. All the molecules of the material are subject
to the electromagnetic field, although the field strength decreases as it gets deeper into the
material. The interaction between materials and microwaves is direct and occurs as soon
as the electromagnetic field is established. The ability of the material to absorb microwave
energy and convert it to thermal energy depends largely on the dielectric properties of the
material. Microwave heating is, therefore, selective. Material with higher dielectric loss

factor can dissipate more electromagnetic energy into thermal energy than a material with



a lower dielectric loss factor. The amount of microwave energy absorbed by the material
also depends on the magnitude of the electric field strength. Higher field strength results in
faster heating, provided other conditions are the same. A desired temperature distribution
can be obtained if one can find ways to control the electric field as desired inside the
material. As a comparison, in conventional heating the difference between surface
temperature and inside temperature is the driving force. In a sense, the microwave heating
process can be viewed as having three degrees of freedom, while conventional heating as
having one degree of freedom.

The application of microwave heating in polymer and composite processing has
been shown very promising. Significant advantages over conventional heating have been
demonstrated. Examples are: increased polymerization rate for epoxy curing
(DGEBA/DDM) [10]; reduced drying time for pelletized polycarbonate and polypropylene
[11]; increased T, for cured epoxy (DGEBA/DDS) [9]; enhanced fiber/matrix adhesion in
carbon composites [12], and increased mechanical strength of graphite/epoxy composite
[13]. Microwave energy also offers the potential for processing of materials that are
difficult to process by conventional thermal conduction methods, such as polymeric
materials that have poor thermal conductivity.

To utilize the heating effects of microwaves, a device termed a microwave
applicator is needed to effectively couple the microwave energy into the material to be
processed. There are three kinds of microwave applicators that are commonly used in
microwave processing of materials: single-mode, multi-mode, and waveguide applicators.
The single mode resonant applicator is designed to support only one resonant mode, while

results in highly localized heating. A mode has defined electromagnetic patterns.




Therefore, strong fields at desired regions can be established with single mode applicators.
In a multi-mode oven, several electromagnetic modes are randomly excited simultaneously
for a given applicator volume [14]. The features of a multi-mode applicator are such that it
is versatile in heating a wide range of materials, but it is not efficient in energy use and is
limited in heating uniformity resulting in unpredictable hot spots. A waveguide is a hollow
conducting pipe with either a rectangular or a circular cross-section. The wave inside a
waveguide is fundamentally different from that inside a multi-mode or a single-mode
applicator. The former is a travelling wave and the latter is a standing wave. Energy from
the microwave generator travels through the waveguide and is partially absorbed by the
process material. The remainder of the energy is directed to a terminating load. Travelling
wave applicators are primarily used for continuous processing of high-loss materials. Low-
loss materials require an excessively long waveguide or a slow processing speed to absorb
the necessary energy.

The temperature distribution inside the material heated by microwave energy 1s
dictated by the electromagnetic field distribution inside the material and the material
properties. Uneven heating results from an uneven electromagnetic field distribution,
inhomogeneous material properties, and the difference between material temperature and
ambient temperature. The common techniques to achieve uniform heating inside multi-
mode cavities include the use of a mode-stirrer and a turntable, as in home microwave
ovens, and frequency sweeping. The shortcomings of these techniques are unpredictable
temperature distribution and poor energy efficiency. For a given multi-mode applicator,
the various modes that can be excited may be known, however, the type of modes that are

excited at any time are unknown and cannot be controlled. Similarly for waveguides, the



type and number of modes that can be excited are fixed. Therefore multi-mode applicators
and waveguides are not controllable to compensate for varying material changes such as
size, shape, and especially material property changes during processing. Since most
materials have dielectric properties that change with temperature and chemical
composition, the tuning mechanism of single-mode cavities provides an advantage over
other applicators to compensate for the change. Due to its design and mechanism, single-
mode cavities are also much more efficient in energy use. Another advantage of single-
mode cavities is that the electromagnetic field distribution inside the cavity is more
predictable and process modeling with a single-mode cavity is computationally less
complex also. To achieve uniform heating inside a single-mode cavity, a mode switching
technique can be used to improve temperature uniformity. Modes with complementary
electromagnetic patterns can be excited selectively by adjusting the frequency or the cavity
volume.

Research efforts have been carried out to use the single-mode resonant cylindrical
cavity to achieve efficient, fast, and highly controllable processing for polymers and
composites. Chen and Lee [15] studied the cure of graphite/epoxy and graphite/PEEK
(polyether ether ketone) with TE112 mode at 2.45 GHz. They concluded that the coupling
of interactions between microwave energy and composites depended on the fiber
orientation and sample geometry in a complex manner. Vogel et al. [16] demonstrated that
a 3-inch square, 24-ply graphite/epoxy composite could be processed in a single-mode
cavity with low input power. The heating rate and uniformity were dependent upon the
electromagnetic processing modes. Wei et al. showed [13] that both unidirectional and

cross-ply, thin and thick section graphite/epoxy composite materials could be successfully

4



processed using hybrid modes. Also using the single-mode resonant cavity, Fellows et al.
[17] successfully processed polyimide graphite composite panels and planar and complex
shaped polyester glass composite materials using a fixed frequency mode switching
technique. Reported benefits of microwave processing of polymeric composites in a
single-mode cavity include enhanced mechanical properties, such as enhanced glass
transition temperature of the cured epoxy [13], enhanced conductive fiber/matrix adhesion
[12], faster processing times [18], and capability to control temperature excursions
[71019].

In spite of the demonstrated advantages of microwave heating in composite
processing, current research has focused on laboratory-scale, exploratory efforts. Failure
to realize expected benefits from microwave processing is a result of inadequate
methodology for system integration, including system design, process control, and rapid
equipment prototyping. In many cases, the inability to provide steady temperature control
and uniform heating hindered the microwave processing systems from moving toward
production scale.

Typical microwave research at the lab scale involves intensive and cumbersome
manual operations. The microwave processing system was usually operated as an open-
loop system. Modes were selected by manually adjusting the cavity length and the
coupling probe depth. Automatic on/off control or manual rotation of dial knobs was used
to control the microwave power such that the temperature can be maintained as desired.
In most cases, computer data acquisition was not involved in the control decision making.

As a result, processing results varied for different microwave processing research groups.



Other problems encountered in microwave processing are temperature fluctuations,
instability of curing temperature, and large temperature gradients inside the material.

In order to realize the potential of microwave processing and develop a viable
microwave technology, work is needed to integrate microwave processing system design
with robust process control system development. The generation and transmission of
microwave energy is essentially an electronic process, an advantage that can be taken of
when designing control instrumentation. For the single-mode resonant cavity, while
controllability is one of the attractive attributes, it is yet to be fully utilized for the
advancement of the technology.

In the first comprehensive effort to build a process control system for microwave
processing in single-mode cavity, Adegpbite et al. [20] automated the control of the fixed
frequency microwave power source and the adjustment of the resonant cavity. The
operation of the microwave processing system was significantly eased. Two different
control software programs were developed; one included all necessary control system
components to meet the process control objectives, and the other included only data
acquisition, hardware and interface instructions to facilitate an interface with a knowledge-
based system planner. Using a fixed frequency microwave power source, a mode
switching technique was employed to obtain uniform heating by adjusting cavity length
and coupling probe depth. Relatively uniform processing was achieved for 3-inch 24-ply
graphite/epoxy composite parts. However, the mechanical tuning of the cavity proved to
be a roadblock to more precise and consistent temperature control.

The scope of this research work is the development of a variable frequency

microwave processing system and the process control system for optimal processing
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performance. A single-mode microwave cavity was used as the microwave applicator. The
variable frequency microwave processing system was developed based on the
configuration of the fixed frequency microwave processing system. The variable frequency
microwave power source was composed of a microwave signal generator, with a
frequency range from 1.7 GHz to 4.3 GHz, and a microwave amplifier. Microwave circuit
components were selected to be operational in the frequency range of 2 to 4 GHz. A
computer data acquisition and control system was designed and implemented. Measured
parameters included temperature and microwave power. Microwave frequency and power
are the two controlled parameters. The microwave frequency was controlled through the
GPIB interface between the computer and the microwave signal generator. Two
techniques were designed to control the microwave power. One was by electronically
adjusting the dial knob on the microwave amplifier through a stepper motor, and the other
used a voltage-controlled variable attenuator to attenuate the output of the microwave
signal generator.

Two types of uniform processing techniques were designed to attain uniform
processing temperature and the corresponding control software programs were developed.
One is variable frequency mode sweeping and the other is variable frequency intelligent
mode switching. Mode sweeping heating uses the modes in a cyclic fashion, while
intelligent mode switching heating selects the mode that is optimal for improving heating
uniformity. A mode tuning subprogram was utilized to ensure that microwave energy was
optimally coupled into the microwave cavity. An on-line mode characterization algorithm
was also designed to acquire accurate and up-to-date mode heating characteristics for

mode selection in intelligent mode switching heating. The input microwave power was the



processing variable regulated to control the processing temperature level. Both a PID
control algorithm and a parabolic equation based relational control algorithm were
designed and succeeded in maintaining a constant processing temperature and minimizing
reaction excursion. The performance of the variable frequency microwave processing
system was demonstrated and evaluated by curing simple- and complex-shaped
graphite/epoxy composite materials.

The significance of this work is in the development of a variable frequency
microwave processing technology that provides uniform and stable processing with
consistent performance and great flexibility and applicability. The advantages of using
variable frequency microwave technology have been explored and demonstrated. A
systematic processing procedure was established, including selection of sample loading
positions, location of the mode frequencies, characterization of the heating modes, and
finally computer controlled variable frequency microwave processing of the materials. A
complete set of variable frequency techniques has been created to optimize microwave
processing. The process control system that included optimal mode selection and robust
temperature control has been designed and developed. Specifically, this work made the
following contributions to the microwave material processing technology development:

1. The design and implementation of hardware and software for the automation

of a variable frequency microwave processing system to achieve fast and
precise control.

2. The development and implementation of a process control system using

innovative control methodologies, to achieve uniform and controlled heating

by mode sweeping or switching, mode tuning, and power control.



10.

11.

A microwave cavity characterization program that would determine the
frequencies of the heating modes and the optimal loading position of the
samples.

A predictive mode selection algorithm that would select an optimal heating
mode to alleviate the temperature gradients by matching the sample
temperature distribution with the heating characteristics of the modes.
Power control execution programs that provided fast and precise tuning of the
power control devices, stepper motor and variable attenuator.

An on-line mode heating preference characterization program that would
update the mode heating characteristics database so as to improve the
robustness of temperature uniformity control.

A variable frequency mode tuning program that provides fast and timely tuning
of the mode frequency so as to minimize reflected microwave power.
Analysis and characterization of the performance of microwave circuit
components, such as power meters, in variable frequency processing.
Automatic data acquisition for fast, reliable and convenient data collection,
tracking, and maintenance.

Demonstration of the ability of the variable frequency microwave processing
system to provide uniform and controlled processing of complex-shaped
graphite/epoxy composite parts.

A robust procedure for variable frequency microwave processing of polymer

composites, including: optimization of sample loading position, location and



characterization of the modes, mode sweeping heating or intelligent mode
switching heating with the option of on-line mode characterization.

12. An intuitive graphical user interface for the operation and control of the

variable frequency microwave processing system.

The dissertation layout is as follows:

In chapter 1, related concepts and equations in electromagnetic theory are
discussed and wave equations are solved for an empty cylindrical single-mode resonant
cavity. The fundamentals of the interaction between microwave and materials are
discussed, along with previous research efforts and results in microwave processing of
polymers and composites. Process modeling of microwave material processing is also
discussed to present a general picture of the microwave environment that should be
carefully considered during control system design.

In Chapter 2, the configuration and components of the variable frequency
microwave processing system are presented. The variable frequency microwave
processing system with a variable frequency power source was developed based on the
fixed frequency system configuration. The specifications of the power source, microwave
applicator, and other microwave circuit components are provided. The computer-based
measurement and control instrumentation for the processing system is discussed in detail.

In Chapter 3, the characterization results of the variable frequency microwave
processing system are presented and discussed. The cylindrical cavity was characterized to
make sure that it met the requirements for a single mode resonant cavity. A procedure for

characterizing sample-loaded cavity was developed to locate empirical modes and

determine the heating characteristics of the modes. Power meters were tested for the

10



speed of response to power step changes. The characteristics of the stepper motor and the
variable attenuator were also determined. The experimental results on the effects of
frequency on dielectric properties are also presented and discussed.

In Chapter 4, a variable frequency mode sweeping heating technique and its
software program are presented. The concept of complementary heating is illustrated.
Experimental results for square graphite/epoxy composite samples are presented, which
demonstrate that the variable frequency mode sweeping technique provided uniform and
fast heating for composite parts of small size.

In Chapter 5, an intelligent variable frequency mode switching technique and the
corresponding control software (VFMPCSI) are presented. The control system including
mode tuning algorithm, mode selection algorithm, and the parabolic power control
algorithm are discussed. The performances of the variable attenuator and the stepper
motor in microwave power control were tested and compared. Intelligent variable
frequency mode switching heating results of both 3-inch square 24-ply and 3-inch V-
shaped 24-ply graphite/epoxy composite parts are also presented. The results are
discussed and compared with those of single mode heating and mode sweeping heating.

In Chapter 6, an on-line mode characterization technique and the correspondingly
upgraded variable frequency mode switching control system (VFMPCSII) are presented.
The necessity and benefits of on-line mode characterization are discussed. A multi-staged
PID control algorithm was developed for microwave power control, the objective of
which was to provide more stable and accurate curing temperature while reducing
temperature overshoot. Experimental results of processing complexly shaped composite

parts using the process control system with on-line mode characterization (VFMPCSII)
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are presented. The results are discussed and compared with those of single mode heating
and mode sweeping heating. The performance of the process control system is evaluated
in terms of processing temperature uniformity, and curing temperature control stability
and accuracy.

Research results are summarized and conclusions are made in Chapter 7.
Recommendations for future research work are presented in Chapter 8. Finally, Hardware
instrumentation and LabVIEW programs are documented in the Appendices. Appendix A
provides the hardware specifications. LabVIEW subprograms used in the characterization
and control programs are documented in Appendix B. LabVIEW programs for system
characterization are documented in Appendix C. LabVIEW programs for process control

systems are documented in Appendix D.
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CHAPTER 1

MICROWAVE PROCESSING FUNDAMENTALS AND LITERATURE REVIEW

Microwaves are electromagnetic waves with wavelengths measured from 30 cm to
0.3 mm, which correspond to the frequency range 10° — 10'? Hz. The heating effects of
microwaves result from the interactions between material molecules and the
electromagnetic fields. To better understand microwave heating, one needs to know how
electromagnetic fields are established inside the materials, and how they interact with the
material at the molecular level. In this chapter, fundamental electromagnetic theory related
to microwave processing is presented. The interactions between microwaves and the
materials are discussed. Research efforts in microwave processing are reviewed, including
the recent development in variable frequency microwave processing. Process modeling
and process control issues are also discussed for a better understanding of the microwave
environment for control system development. Throughout this chapter, vectors are

denoted in bold face, and scalar quantities are denoted in italic face.

1.1  Electromagnetic Theory

1.1.1 Electric Field and Magnetic Field

According to Coulomb’s law, the force between two electric charges in free space

separated by a distance r is given by:

F=-T%_y (1.1
4re,r-
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where F is in newtons, r is in meters, q; and g, are in coulombs, u, is the unit vector along

r, and &, is the permittivity of free space (=8.854x107"? =~ % x107° farad/meter). A
T

repuls.ive force results if the charges are of the same sign; whereas an attractive force
results if the charges have opposite signs.

The electric field intensity E at a point in free space is defined as the Coulomb
force acting on a test unit positive charge placed at that location, assuming a distance

from the charge g:

q
E= u 1.2
drer® " (12)

In general, the electric field E at any point in an electrostatic field due to a sum of charges
distributed throughout space can be obtained by summation or integration of the effects
exerted by each charge. The charge distribution can be represented by charge density
p(r) ([=]coulomb/meter®), which is time invariant in electrostatics.

The electric displacement density or electric flux density D ([=] coulomb/meter?) is
defined as:

D=¢E+P (1.3)
where P is the volume density of polarization ([=)coulombs/meter?), the measure of the
density of electric dipoles.

A static electric charge produces a static electric field, whereas a steady electric
current generates a static magnetic field, which can be detected with a magnetic compass.

A current-carrying wire produces a magnetic field whose direction is related to that of the
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current by the right-hand rule. This magnetic field creates a force on moving charges in the
field.
The magnetic force acting between two charges moving slowly with constant

velocities is termed the Lorentz force, and in free space can be expressed as:

H q,V, XU,
F, =Zi.qIVI x——rz—l (1.4)

where F| ; is the force exerted on charge 1 by charge 2, v, and v; are velocities of the two
charges respectively, 7 is the distance between the two charges, u, > is the unit vector

along 7 with a direction pointing to charge 1, and 4, is the permeability of free space

(=4 7 x 107" henry/meter).

The magnetic flux density B at a point in free space has the magnitude of the
Lorentz force acting on a test unit moving charge (1 coulomb moving at 1m/second) at
that location, assuming a distance r from the charge ¢ moving with a velocity v, but with a

direction perpendicular to both the Lorentz force and the moving charge g:

Xllr
B=%-q—vr2— (1.5)

Therefore, for a charge q, moving with a velocity v, the Lorentz force is:

F=gq,v,xB (1.6)
In general, the magnetic flux density at any point due to a sum of moving charges
distributed throughout space can be obtained by summation or integration of the effects
exerted by each moving charge. The distribution of moving charges can be represented by
the electric current density J ([=]ampere/meter’), which is time invariant in

magnetostatics.
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The magnetic flux density can also be expressed as:
B = u,(H+M) 1.7)

where H is the magnetic field intensity ([=]ampere/meter), and M is the volume density of
magnetization ([=]ampere/meter), the measure of the density of magnetic dipoles in the
material.

A material is called a simple matter if:

D=¢E
B=H (18)
J=0E

where o (mhos/meter) is the conductivity. € = €,&,, and u = u, u,. &, is called the
relative permittivity or dielectric constant, and 4, is called the relative permeability. In an
isotropic medium, ¢ is a scalar having only magnitude. However, in an anisotropic
medium, such as plasma and conductive fiber reinforced composites, ¢ is a tensor of rank
two with nine components.

Materials having large o are called conductors and those having small o are
called insulators or dielectrics. Conductors have many “free” electrons, easily detachable
from atoms. A perfect dielectric material like vacuum has zero conductivity, i.e. no
detachable electrons. All other dielectric materials have finite conductivity. For most linear

matter, the permeability 4 is approximately that of free space u,. There is a class of
materials, called diamagnetic, for which u is slightly less than x, (of the order of 0.01
percent). There is a class of materials, called paramagnetic, for which u is slightly greater

than u, (again of the order of 0.01 percent). A third class of materials, called
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ferromagnetic, has values of ¢ much larger than 4, but these materials are often

nonlinear. Therefore, all materials except ferromagnetic can be called nonmagnetic and

M=, can be taken for them.

A material is called a linear matter if [21]:

f

D=gE+e,iE—+eza.—E+
ot or*
cH &*H
<B:ﬂH+/_ll—aT+#2'—at—2+"' (19)
~2
J=0‘E+016—E+GZQ+~
ot ot”

N

The physical significance of this extended definition arrives from the consideration of the
mass. The atomic particles of matter have mass as well as charge, so when the field
changes rapidly the particles cannot “follow” the field because of momentum. For
example, there will be a time lag before an electron accelerated by the field can change

direction, when the direction of E changes.

1.1.2 Fundamental Electromagnetic Theory
As discussed in electrostatics and magnetostatics, a charge distribution p(r)

produces an E field, while a current distribution J(r) produces a B field. In a time-varying

case, where there are charge p(r,?) and current J(r,t) in a source region, the Equation of

Continuity holds due to the conservation of electric charge:
0
V-J(r,t)+—67p(r,t):0 (1.10)
Since p(r,?) and J(r,t) are coupled through the Equation of Continuity, it is reasonable to
think that E(r,t) and B(r,t) are coupled in the time-varying situation.
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The relations between the field vectors and the source current and charge are

captured by a set of equations called Maxwell’s Equations:

VxE=—%—lI; (Faraday's law) (1.11)
VxH=J+aa—lt) (Maxwell — Ampere law) (1.12)
V-D=p (Gauss law) (1.13)
V.-B=0 (Gauss law - magnetic) (1.14)

where D is defined by Equation 1.3 and H is defined through Equation 1.7:

H-8_m (1.15)

u

Equations 1.11 and 1.12, along with Equation 1.10, constitute the three
independent equations in Maxwell’s theory of electromagnetism. Equation 1.13 can be
derived by taking the divergence of Equation 1.12 and eliminating J between the resultant
equation and Equation 1.10. Equation 1.14 can be derived by taking the divergence of
Equation 1.11 and setting the constant of integration with respect to time equal to zero.
Therefore, Equations 1.13 and 1.14 are dependent equations.

In order to make the Maxwell’s equations definite, we need additional information
provided by the constitutive relations between the field quantities. As aforementioned, in a
simple isotropic medium, the field quantities are related as follows:

D=¢E (1.16)

n-8 (1.17)
Y7,
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J=0oE (1.18)

Now the system of Equations 1.10 through 1.12 and Equations 1.16 through 1.18
becomes definite. There are 16 unknowns and 16 equations. In many boundary-value
problems, the constitutive relations between D, B, E, and H are usually known while the
current density J is treated as a source term. In that case, E and H are solved in terms of J
and satisfy certain boundary conditions.

Maxwell’s equations and the Equation of Continuity can also be expressed in
integral form, if the fields and their derivatives are continuous throughout the region of
integration. By integrating the equations through a volume V with an enclosing surface S,

and applying the curl theorem and the divergence theorem, the following equations can be

obtained:
ffnxE)ds =—maa—]:dV (1.19)
g(nxﬂ)ds=jj‘j(.l+%?)d»’ (1.20)
fon-ayas - [ Lav (1.21)
ﬁ(n-B)ds =0 (122)
g(n-n)d.s*:mpdV (1.23)

In the Maxwell’s equations, equations for E and B are coupled. They can be
decoupled to simplify the solving process of the equations. Through mathematical

manipulations of the Maxwell’s equations, the following equations are obtained [22]:
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2 4 [
0 ]{§}= V(e)+” ot (1.24)

: 0
(V' —uo——pue—
; P
0 o - uVxJ*

where J' is the source current term. In a source free region, Equations 1.24 become:

0 o’ |E
Vi—cuo Lo el P oo 1.25
V' -uo— —ue—s ]{B} (1.25)

When the source functions, J(r,t) and o(r,?), oscillate with a constant angular
frequency of @ in the system, all the fields will oscillate with the same frequency. The

Maxwell’s equations can be written in time-harmonic form:

V xE(r) = -iwB(r)
VxH(r) = J(r) +iwD(r)
V-D(r) = p(r)
V-B(r)=0

(1.26)

In time-harmonic case, Equations 1.24 become Helmholtz Equations and Equations 1.25

become Helmholtz equations in source-free region:

[V? +w2y£°]{E}:0 (1.27)
B
where
e =e(1-iL) (1.28)
we

&' is called the complex permittivity.

1.1.3 Boundary Conditions

In the Maxwell’s equations, boundary conditions must be specified at the interface
of two media. For ideal conductors, they can not sustain a field inside. Table 1.1 lists the

boundary conditions associated with the corresponding differential equations [23].
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Table 1.1 Boundary Conditions

Differential Equations Boundary Conditions
vxE=-2B 1w x(E -E;)=0
ot 2 mx(E -E,)=0
3. “1"1‘:1 =0
va=J+‘;_D . n,x(H -H,)=K
! > n,x(H, -H,)=0
3. anHl =K
vi=2,-0 LV, K=-n,-@, -3,)-2
ot a
2 0, -J,)=-2
ot
opg
3. V.- K=-n,-J,-——
ot
V-D=p 1 mx(D-Dy)=p,
2. “lx(DI_DZ)zps
3. mxD =p,
V-B=0 1. n,x(B,-B,)=0
2 mx(B,-B,)=0
3, anBl =0

Case 1. General boundary condition
Case 2. Neither of the two adjacent media being a perfect conductor
Case 3. Medium 2 being a perfect conductor

Notes: 1. The unit vector n, is pointed from the interface to medium 1.
2. K is the surface current density.

3. p, is the surface charge density.

4. V, is the surface divergence.
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1.1.4 Electromagnetic Fields in a Cylindrical Cavity

Consider an empty cylindrical cavity (cavity length = A, radius = a) with metal
walls in a time-harmonic situation. The electromagnetic fields can be solved as a function
of position using the Helmhotz Equations 1.27. Since the medium air is virtually vacuum,
¢ = £ . The equations can be conveniently solved in cylindrical coordinates through
transformation to eigenvalue problems.

The corresponding boundary conditions and assumptions are:

1. Tangential component of the electric field is equal to zero at the cavity

walls, and the top and base of the cavity, i.e. E (z=0,z=h)=0, E,(r=a,z=

0,z=h)=0,and E,(r=a)=0.
2. Fields must be finite everywhere, which means the Bessel’s function of the
second kind cannot be a solution since it can go to infinite when the argument
goes to zero.
3. Fields must repeat every 27 in ¢.

With the above boundary conditions, the Helmholtz equation can be transformed
into an eigenvalue problem whose eigenfunctions are Bessel's functions and harmonic
functions. These eigenfunctions describe the electric and magnetic field components of a
mode while the eigenvalues index the modes and describe the propagation characteristics
of the mode. There are two different types of modes that can propagate in a cylindrical
cavity, TE (transverse electric) or TM (transverse magnetic). TM modes are solutions to
the Maxwell's equations with the boundary condition that there are no longitudinal

magnetic field components while the TE modes are the solutions with the boundary
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condition that there are no longitudinal electric field composites. Therefore, in TE modes
the electric field is aligned perpendicular to the direction of wave propagation and in TM

modes the electric field is aligned in the direction of wave propagation.

1.1.4.1 TE Modes

For TE modes the electric field components are transverse and the magnetic field
components are parallel to the direction of wave propagation, which is the z-axis and thus

E, = 0. The TE mode field components in the form of a vector potential is given as [21]:
X . . Prm
v(p.¢,2) = B,"",,Jm(f p)sin(mg) Sm(T z)

m=0,1273,...
p,n=123 . (1.29)

The field components are solved as follows [21]:

E =EJ, (XT”"' p)sin(mg) sin(p—hﬂ 2)

E, = E,J;,(XT"“ ) cos(mg) sin(ﬂh’£ 2)

E =0

»
<

H, = HIJ;(%p) cos(m¢)cos(£i:£ z)

H, = HIJM(XT’"" P) sin(mgz&)cos(p—,:r 2)

an
Hz = HJJM( a

p)cos(m¢)sin(”—: 2) (130)

where,

23



1.1.4.2 TM Modes

(1.31)

For TM modes the electric field components are parallel and the magnetic field

components are transverse to the direction of wave propagation which is the z-axis, and

thus H,=0. The TM mode field components in the form of a vector potential is given as

[21]:

w(p.9,2) = A,p ) (

Xom ,o)cos(m;zﬁ)cos(P—7r z)
a h

m=0,1,23,...
p.n=1,23,...

The field components are solved as follows [21]:

E, = EJ.(22 p)cos(m)sin(2Z 2)
a h
X
E, = E,J (=™ p)sin(mg)sin(£"2)
E, = ESJ,,,(X—""'p) cos(mg) cos(ﬂ 2)
a h
H =HJ, (’—Ya—”ﬂ psin(mg) cos(Z2)

o X pr
H, = Hsz(T P) cos(m¢)cos(T 2)
H =0

Z
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E E.a? eE,a’
where E, =J(P_”), g, - B (ﬁ)(ﬂ) X, (ﬂ)

X Nk X2 (p)\h X2, \p
.weEa
and H, = - X (1.34)

mn

1.1.4.3 Mode Designation

The field component solutions, i.e. Equation 1.30 and Equation 1.33, determine
the characteristic field patterns associated with these modes. These field patterns indicate
the variations and amplitude of the field components as a function of the cavity axis. In the
cylindrical cavity the field indices (m, n, p) correspond to the components (¢, 7, 2).
Where r is the radial direction, ¢ is the circumferential direction, and z is the vertical
direction. The index m is the periodicity in the radial direction, n is the number of half
wavelengths in the circumferential direction, and p is the number of circular wavelengths
along the vertical axis. For an example, TMyo designates a transverse magnetic mode with
(0) wave variations along the radial direction, (1) wave variation in the circumferential

direction, and (0) wave variations in the vertical direction.

1.1.4.4 Electric Field Pattern

The field patterns for different modes can be determined by plotting the magnitude
of the electric or magnetic field components. It is only necessary to plot these patterns for
one plane since similar patterns are repeated in all the repeating planes along the z-axis.
Several plots of the electric field patterns were generated and are shown in Figure 1.1 and
Figure 1.2. These plots are shown as density plots where the white regions represent high

field strength regions and the dark areas represent low field intensity regions.
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Figure 1.1 Electric Field Patterns for TE Modes
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Figure 1.2 Electric Field Patterns for TM Modes
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1.1.4.5 Cut-off Frequency

With the eigenvalues of the solutions to the Helmholtz Equation 1.27, the wave
propagation characteristics can be derived in a form of what is known as the cut-off
frequency equations. The cutoff frequency defines the minimum frequency for a given
cavity diameter that modes can propagate. The cut-off frequency equations for the TE and
TM modes are shown in Equations 1.35 and 1.36. They show a relationship of frequency
as a function of cavity length, A, cavity radius, @, permittivity and permeability, and the
tabulated zeros of the Bessel's function or its derivative.

Waves of frequencies below the cut-off frequency of a particular mode cannot
propagate, and power and signal transmission at that mode is possible only for frequencies
higher than the cut-off frequency. At frequencies below the cut-off frequency of a given
mode the propagation constant is purely imaginary, corresponding to a rapid exponential

decay of the field and the generation of evanescent modes [24].

s (5)
= —mn 4| = 1.35
(f )mnp 2” pg ‘/ a h ( )
where, x' =tabulated zeros of the derivative of the Bessel’s function.
Ca— ("—j +(E)2 (136)
" 2nJue \\ a h '

where, x, = tabulated zeros of the Bessel’s function.
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Figure 1.3 Mode Chart for a 7 Inch Diameter Empty Cavity

The significance of the cut-off freq

Y ions is that they indi the
frequencies and cavity lengths where a single mode can resonate in a cavity of a known
radius. Another useful form of these equations is a plot of the frequency versus the cavity
length for a fixed cavity radius, to generate what is know as the mode chart (see Figure
1.3). The mode chart shows the locations of modes with respect to other modes as a
function of frequency and cavity radius. It is important to note that these equations can be
used in two forms: by fixing the frequency at a constant value and varying the cavity
length to excite different modes or by fixing the cavity length at a constant value and
varying the frequency to excite different modes. The previous method is the fixed

frequency method and the latter is the variable frequency method, which is used in this
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work. In the variable frequency method more modes can be theoretically excited than in
the fixed frequency method. This is evident by the number of modal lines that a vertical
line intersects for the variable frequency method and the number of modal lines that a
horizontal line intersects for the fixed frequency method.

By intersecting the mode chart, it is apparent that, as the order of modes increase

(increase in the indices) the modes become close together in frequency. Thus, suggesting

that it may be difficult to excite higher order single modes. The mode chart also indicates

that the modes that can be excited at a fixed frequency.

1.1.4.6 Cavity Quality Factor

The cavity quality factor, or Q-factor, is a measure of how well the cavity stores
microwave energy. The definition of Q-factor of a resonant cavity is defined as the ratio of
the energy stored inside the cavity volume to the energy lost to the cavity surface area per

unit time, as formulated in Equation 1.37 [21].

ef|E dz
v

(137)

energy stored
0=2 ,gf(&lf_J _

energy lost ’ Rf]H *ds
S

where R is the intrinsic wave resistance of the metal walls.

The Q-factor is a function of the resonant mode. For an empty cylindrical in
microwave frequency range, it is usually very high with a range from 10,000 to above
40,000 [25]. The theoretical Q value increases as the order of modes increases at a given
frequency. The reason is that for high order modes, the cavity volume becomes relatively
larger, which results in a greater volume-to-surface ratio. Since energy is stored in the

volume and lost on the imperfectly conducting surface, the Q factor increases due to the
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increased volume-to-surface ratio. In practice, the Q-factor can be lowered by the
introduction of a feed system (coupling system), a large impedance, imperfections in the
construction, and imperfect conductivity at the cavity surface [26].

An experimental method called half power point method is used to measure the Q
factor using an oscilloscope. The power reflectance (input power over reflected power
ratio) curve is generated versus the frequency on the oscilloscope screen. The Q factor is

calculated as follows:

0-= zd(MJ ] 22‘_} (138)

energy lost

The method is illustrated in Figure 1.4.

Power PmA

frequency

Figure 1.4 Q Factor Calculation using Half Power Point Method

1.2 Interactions Between Microwaves and Materials

Typical frequencies used in material processing are 915 MHz, 2.45 GHz, 5.8 GHz

and 24.124 GHz. However, if the microwave leakage can be controlled within safety
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limits, any frequency can be used in industrial applications. When introduced into
microwave field, the materials will interact with the alternating electromagnetic field at the
molecular level. Different materials will have different responses to the microwave
irradiation.

If the material is conductive, the electrons move freely. When exposed to the
electric field, an electric current results. The current in the conductor will heat the material
through resistive heating. However, for conductors with high conductivity, the incident
microwaves will be largely reflected and therefore they can not be effectively heated by
microwave. The fields attenuate towards the interior of the material due to skin effect,
which involves the magnetic properties of the material. The conducting electrons are
limited in the skin area to some extent, which is called the skin depth, d,. Defined as the
distance into the sample, at which the electric field strength is reduced to //e, the skin
depth is given by [21]:

d = _ (1.39)

(1 / pro,u'a)“'
where o is the frequency of the EM waves in rad/sec, u, is the permeability of the free

space, 4 7 X 107 H/m, 4 is the relative permeability, and o is the conductivity of the
conductor in mhos/m. For graphite, o= 7x10* mhos/m, and d, = 38.4 xm at 2.45 GHz
in free space. Therefore, the skin depth for AS4 graphite fiber at 2.45 GHz is about four
times the fiber diameter. As frequency increases, the skin depth decreases.

When a dielectric material is exposed to electromagnetic waves, four polarization
mechanisms may take place [13]. They are electron (or optical), atomic, dipolar (or

orientational), and interfacial or space-charge polarization. The electron or optical
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polarization is due to the shift of the orbit center of electron cloud caused by the applied
electric field. No dielectric losses will result since the induced dipole moment is always in
phase with the electric field. The relaxation time for electron polarization is 10™"* seconds
[27]. Atomic polarization results when the molecules placed in the electric field consist of
two different kinds of atoms. The magnitudes of atomic polarization of non-ionic, or non-
partially ionic polymers are much less than those of ionic or partially ionic polymers. The
typical relaxation time of atomic polarization is 10 seconds. Orientation or dipole
polarization is observed for dipolar or polar molecules placed in the electric field. The
dipolar molecules will rotate until they are aligned in the direction of the external electric
field. The dielectric loss of orientation polarization is mainly due to the friction force that
the dipoles rotate against. The typical relaxation time for this type of polarization is 10
seconds. The interfacial or surface-charge polarization is caused by the migration of
charges inside and at the interface of dielectrics in a large scale field. Microwave heating
is mainly contributed by the dipolar polarization, because it occurs in the microwave
frequency range.

The measure of the ability of a dielectric material to absorb and to store electric

potential energy is the complex permitivity,
E=¢ - jg (1.40)
where the real permitivity & is also called the dielectric constant, which characterizes the

penetration of microwaves into the material. The dielectric loss & indicates the ability of
the dielectrics to store the energy. The average microwave power per unit volume

converted into heat is given as follows,
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P, =1/2w¢ € tanE* (W/m®) (1.41)

where,

(0,+0) we,+€

tand= (1.42)
£
is the loss tangent, characterizing the ability of the material to convert the absorbed
microwave energy into heat.
The skin depth for dielectric material is defined as before and given by,
d = 2 (1.43)

B ws'(,uo /é:')”2
For fully cured DGEBA/DDS epoxy, €=¢,(3.5 -0.1), so the skin depthisd; = 0.729 m

at 2.45 GHz. In general, the skin depth can be calculated for the homogeneous materials

by [28],

s NG 12
dxzi( 2 ] 1+ £ | - (1.44)
20\ pp £, £

The dielectric properties of composite materials are anisotropic. The skin depth

can be calculated in the principal directions using Equation 1.44. For AS4/3501-6
graphite/epoxy composite, the effective complex permitivity is &" = g, (1-j2500) along the
fiber direction, and &= ¢,(14.5-/75.8) perpendicular to the fiber direction [29]. Taking

the fiber direction as the principal direction, the skin depth of this composite is 9.8 mm

and 3.2 mm for electric fields along and perpendicular to the fiber direction, respectively.
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The power absorption rate inside the composite can be calculated by Poynting’s theorem

as [21],

"
- >

P:%weoEoeeﬁ oF’ (1.45)

-

- e s O o - - . . . .
where ¢, =€, +——, €, and £ 4 are relative effective dyadic factor and relative
)
0

dyadic loss factor due to dipolar distribution, & is the dyadic conductivity in S/m and E’
is the conjugate electric field vector in V/m.

Microwave heating is unique in that it is rapid, instantaneous, volumetric and
selective. Whether a material can be effectively heated by microwave depends on its
dielectric loss factor. High dielectric loss factor results in better heating. Microwaves
offer self-limiting heating in the processing of thermosets. As the crosslinking proceeds,
the mobility of dipoles decreases due to the “trapping” or reaction. Therefore, the
dielectric loss factor diminishes with the extent of cure. However, in practical
applications, if the dielectric loss factor of the material increases with the temperature,
such as in the rubber processing, thermal runaway will usually be observed. This problem
can be solved by regulating the input microwave power, since microwave heating is
instantaneous. The non-uniformity of microwave heating can also be alleviated by
controlling the electric field exerted onto the material.

Whether there is a “microwave effect” in chemical reactions has been a rather
controversial topic. A proposed mechanism for the “microwave effect” in polymers
suggests a non-equilibrium, non-uniform energy distribution at the molecular level (or a

non-equilibrated temperature), resulting in certain dipoles having a greater energy than the
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“average” energy of adjacent groups [30][31][32]. This increased energy corresponds to
an increase in an effective temperature of the reacting groups. The energy couples directly
with a reactive polar group in the system and dissipates through adjacent groups by the
usual mechanisms. It is impossible to determine the effect that microwave processing has
on reaction kinetics based on the available data, because of the range of materials studied,
differences in temperature and control and measurement methods, lack of knowledge on
microwave energy absorbed, and variations in microwave applicators. However, two
general observations can be made [33]: (1) slower-reacting systems tend to show a greater
effect under microwave radiation than faster-reacting systems and (2) the magnitude of the

observed effect decreases as the temperature of the reaction is increased.

1.3  Microwave Processing of Materials

1.3.1 Microwave Processing of Polymers

Microwaves have been used to process both thermosets and thermoplastics. The
heating characteristics for these two types of polymers are different due to the different
dielectric behavior during heating. George et al. used microwave energy to dry various
thermoplastics, including powdered poly(vinyl chloride), pelletized polycarbonate,
pelletized polypropylene and acrylonitrile-butadiene-styrene polymer [11]. The
microwave drying time was about 4-20 times less as compared with the conventional tray
dryer at 104°C. All the microwave-dried polymers have equivalent or higher tensile
strength and impact resistance as compared to the hot-air-dried polymers. Microwaves
have also been used to cure many thermosets, including polyesters [4][34], polyurethanes

[35][36], polyimides [37][38] and epoxies [4][S][7][9][39][40][41]. Most of the results
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showed that the cure speed is faster for microwave cure than for thermal cure. Epoxies
are the most widely studied thermosets. Both pulsed and continuous microwave curing of
epoxies have been studied [13][42]. A systematic study was performed to elucidate the
effects of microwaves on the crosslinking of epoxies using two epoxy systems,
stoichiometric mixtures of DGEBA epoxides with a high-loss curing agent, diamino-
diphenyl sulfone (DDS), and a low-loss curing agent, meta-phemylene diamine (mPDA)
[9]. Experimental results showed that increased reaction rates were observed in
microwave cure as compared with those in thermal cure at the same temperature. At low
conversion, the T;’s were similar for both microwave and thermally cured samples. But
high T,’s were observed for the microwave cured samples at high conversion. This effect
is more significant with DDS as cure agent than with mPDA, which may be due to the
higher dipole moment of DDS. Bush et al. suggested that the reaction rate enhancement
be the result of a non-equilibrated temperature effect where the local temperature is higher

than that of the bulk, especially for high-loss species such as DDS [32].

1.3.2 Microwave Processing of Composites

In composite material processing, both conducting and non-conducting fiber-
reinforced composites have been processed by microwave energy. Lee et. al. processed
continuous graphite-fiber-epoxy laminates up to 32 plies using a waveguide and
multimode applicators [29]. However, the attempt to process multi-directional graphite-
epoxy composites was not successful. Wei et al. used a cylindrical, tunable single-mode
cavity and successfully processed both cross-ply and unidirectional 24-ply 7.62 X 7.62 cm

Hercules AS4/3501-6 graphite/epoxy prepreg laminates with 2.45 GHz microwaves [18].
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In comparison, mcirowave processed parts in an unpressurized system after 90 minutes of
heating had similar strength to that of autoclave processed parts with a five hour heating
cycle under a pressure of 690 kPa. Continuous processing has also been studied and
developed for composites with conducting and non-conducting fibers [43-47]. The
control of microwave leakage at the entrance and exit ports is the critical issue in
continuous microwave processing. Usually an anti-leakage structure called a choke is
used at the entries. However, for conducting fiber-reinforced composites, a specially
designed microwave leakage jacket should be used [48]. In recently developed
microwave-assisted pultrusion processes, the length of the process chamber, the
processing time and the pulling forces were reduced significantly [47][49][50]. Single-
mode applicators proved to be more efficient than waveguide in the microwave assisted

pultrusion [47].

1.3.3 Kinetics of Microwave Curing of Epoxies and Epoxy Composites

Microwave processing of polymers and composites has been demonstrated to have
advantages over thermal processing, including enhanced polymerization rates [32],
increased glass transition temperatures of cured epoxies [9], improved interfacial bonding
between graphite fiber and matrix [12], and increased mechanical properties of some
composites. Thermoset epoxy resins are the most widely used matrix materials for
advanced composites. Epoxy resins are processed or cured by conversion of liquid
monomers into a three dimensional thermoset network via chemical reactions. A large
amount of work has been performed in the microwave curing of the general class of epoxy

resins.
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Thermal cure kinetics models can be used in modeling the reaction kinetics of
microwave cured epoxy resins [13]. There are mainly two types of kinetics models for the
thermal cure of epoxy. One is the n™ order reaction kinetics model [56][57] and the other
is the autocatalytic reaction model [58-61]. The n™ order reaction kinetics model assumes
that the kinetics can be expressed as:

da _
= kKD (@) (1-46)

where a is the extent of cure, t is the time, the function f{ @ ) is expressed as (1-a)", and

k(T) is the overall reaction rate constant which obeys the Arrhenius relation:
E/
KD = dexp(- 220 (1.47)
From Equations 1.46 and 1.47, one can derive that:

In(¢) - iTR =[constant]  for fixed a or T, (1.48)

A master curve can be obtained by plotting « or T, versus In() at a reference
temperature[62]. The activation energy E can be determined by comparing an
experimental curve with the master curve, where the shift should be (E/R)(1/T-1/T.). A
and n can be calculated by fitting the data to the equation:

1n(‘;—‘:)+§§ = In(4) + nln(1- @) (1.49)

The autocatalytic kinetics model is more commonly used, in which the
phenomenological cure kinetics expression for a stoichiometric epoxy resin is given
by[58][60][61]:

da mNT
E_(k,+k2a X1-a) (1.50)
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where £, is the non-catalytic polymerization reaction rate constant, k; is the autocatalytic
polymerization reaction rate constant, m is the autocatalyzed polymerization reaction
order, and » is the non-catalyzed polymerization reaction order. When there is no
etherification reaction or OH impurity, a general cure kinetics expression can be derived as
follows, provided that the reaction rate constants for primary and secondary amine-
epoxies are the same [63]:

‘fj—‘tzz(kl+k2)(1—a)(B—a),when a<a,, (1.51)

where B is the ratio of the initial hardener equivalents to epoxide equivalents. Equation
1.51 works well before the gelation point. However, after the gelation point, the reaction
kinetics is better represented by [64]:

d
7;:— = ky(1- @), when a > a,, (1.52)

The n® order reaction kinetics is computationally simple. According to this model,
the maximum reaction rate should occur at the beginning of the reaction. However, in real
cases, a =0.3 ~ 0.4 at maximum reaction rate, which is better explained by the
autocatalyzed reaction mechanism. It was demonstrated that the cure kinetics of
DGEBA/mPDA and DGEBA/DDS systems could be described by the autocatalytic kinetic
model up to vitrification in both microwave cure and thermal cure [13].

In microwave processing, the dielectric property change of materials being
processed becomes an important issue. Comprehensive knowledge of epoxy dielectric
properties during processing is necessary to properly interpret the cure mechanism
induced electromagnetic radiation. Like most thermosets, the permitivity and dielectric

loss factor of epoxy resins increase with temperature and decrease with extent of
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cure[65][66]. Epoxy is an efficient absorber of microwave radiation at the beginning of
heating, with & increasing as the resin is heated. As the cure reaction progresses, the
heat input will be mainly from the exothermic reaction. The pure compounds of an epoxy
system (epoxy resin and hardeners before mixing) have different dielectric behavior with
respect to temperature. DGEBA (diglycidylether of bisphenol-A) exhibits an &
maximum around 50 °C [67]). The dielectric constant variations of the hardeners with

temperature is presented in Figure 1.5 [66].
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Figure 1.5 Dissipation Factor £ vs Temperature for DDS, DDM and DDE

There is a sharp & increase beyond 150 °C for DDS(4,4 -
diaminodiphenylsulphone) and at about 100 °C for DDM (4,4 -diaminodiphenylmethane)
while no such variation is observed for DDE (4,4 -diaminodiphenylether). One of the
recent studies suggested that the decrease in the microwave dielectric properties of the

DGEBA/DDS epoxy system undergoing cure is predominantly dictated by the nature of
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the polymer superstructure, and not as much by the changes in the polar end group
concentrations [68]. It was further concluded that the use of microwave energy for
driving reactions may be useful in systems where the network morphology is not rigid and
the dipoles are free to move, giving rise to a relatively high dielectric loss. However, in
another study on dielectric behavior of an epoxy resin during crosslinking at microwave
frequencies, it was found that both the real and imaginary part of the dielectric constant
were mainly affected by the disappearance of specific dipolar species, whose relaxation
times did not change significantly [69].

Microwave processing of epoxy resin composites has been under intensive
investigation among other composites because of their widespread application.
Unidirectional graphite/epoxy composites were first processed up to 32 plies using
microwave energy, while the attempt to process multidirectional samples was not
successful [29]. In later studies, the microwave processing of both crossply and
unidirectional graphite/epoxy was achieved using a cylindrical single-mode cavity [18].
The unpressurized microwave processed composites showed higher modulus with shorter
cure time compared with thermal autoclave process. Part of the reason is that microwave
heating environment can substantially increase the amount of chemical interaction between
the fiber surface and the epoxy resin and amine components of the matrix [12]. Asa
result, the composite performance can be improved. Thick section graphite/epoxy
composites were also successfully processed or heated using single-mode cylindrical
cavity [18][70]. Continuous microwave processing of graphite/epoxy prepregs was also
studied and the processing time was shorter as compared with thermal pultrusion process

[47][71]. Microwaves have also been used to process non-conducting fiber reinforced
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epoxy composites. A 457 mm long, 127 mm OD epoxy/glass filament wound tube with a
wall thickness of 9.5 mm was processed in one minute using a rectangular multi-mode
cavity at a power level of 20 KW [72]. Different applicators were used to process planar
glass fiber/epoxy laminates [29][73][74]. However, there was no evidence of improved

fiber/matrix bonding by microwaves for glass reinforced composites [12].

1.3.4 Other Microwave Heating Applications

Commercial exploitation of microwave heating in the food, rubber, textile and
wood products industries has been successful. Modern microwave rubber processing
offers significant advantages over conventional rubber processing, including improved
product uniformity, reduced extrusion-line length, reduced scrap, improved cleanliness,
enhanced process control and automation, and the capability of continuous vulcanization
[2][3][51]. In general, microwave energy enables operating cost reduction, energy saving,
higher quality and reliable products and a greatly improved environment both internally
and externally [2]. Studies have been conducted in using microwave energy to attain the
high temperature required for processing ceramic materials [5S2]. A combination of
microwave energy with conventional heating has been used to elevate the temperature of
the entire sample rapidly [53]. More uniform microstructures were obtained as examined
as a function of cross-sectional position in the sample. Improved microstructural
uniformity and performance for microwave processed Si;N4 tool bits have been reported
as compared to those processed by conventional methods [54][55]. There has also been
growing interest in application areas such as pollution control, medical sterilization,

medical waste treatment, etc.
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1.4  Variable Frequency Microwave Material Processing

Single-mode cavities and multi-mode cavities are commonly used in microwave
heating studies. A familiar example of the multi-mode applicator is the domestic
microwave oven, in which several modes are excited at the same time [14]. Multi-mode
cavities provide somewhat more uniform heating than single-mode cavities if single-mode
cavities use only one mode. However, only single-mode cavities can efficiently couple the
microwave energy into the load, which has been shown in the processing of crossply and
thick-section graphite fiber reinforced composites [75][76]. Single-mode cavities can
provide uniform heating using mode-switching method, in which several modes with
complementary heating patterns are alternatively excited [17]. For a fixed frequency
system mode switching can be only achieved by mechanically change the volume of the
cavity. This eventually affects the rapidity of the process. The other approach is to vary
the frequency to change modes. The adjustment of frequency is an electronic process. As a
result of the instantaneous switching between modes, not only the speed of the process but
also the controllability of the process can be increased by using variable frequency
switching.

Variable frequency microwave processing is an innovative method to achieve
uniform heating. The current approach of variable frequency heating is frequency
sweeping. Continuous frequency sweeping method has been demonstrated to be able to
improve the uniformity of heating in multi-mode microwave ovens [77]. By selectively or
continuously sweeping through a certain frequency range within a short time, time-
averaged uniformity of heating can be obtained [78][79]. However, this method has poor
power efficiency and not suitable for processing high lossy and anisotropic materials, in
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which heating modes usually have common hot spots due to the selective heating of
microwave. By selectively switching through resonant modes, the energy efficiency can be
highly improved. To ensure uniform heating pattern, the heating cycle can be programmed
such that the heating times of different modes are weighted by the corresponding heating

characteristics.

1.5  Process Modeling and Processing Control in Microwave Processing

1.5.1 Microwave Process Modeling

The study of microwave processing of materials is interdisciplinary in that it calls
upon the expertise in electrical engineering, material science, process engineering and
design. To enhance its potential industrial applications, a large amount of effort has been
expended in the studies to better understand and design the process. Successful models
always help the design and control of real processes. Microwave process modeling
involves the prediction of the electromagnetic field and the temperature distribution inside
the material with the occurrence of chemical reactions and rheological changes. Usually,
the extent of cure as a function of time and space is desired so as to predict the properties
of the final product.

In general, a microwave material processing model should include mass balance,
energy balance, and kinetic equations. Mass balance takes resin flow in the composite into
consideration. Energy balance involves heat transfer, reaction heat, and microwave energy
absorption. The kinetic equations are used to compute reaction rates and predict the
curing time. These equations are coupled and therefore present a very complex system of

equations. An example of the coupled system of equations are given as follows:
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(1) Mass Balance:

17/,%4
C=—pAv
a P

(1.53)

where dtc is the rate of change of mass M in the composite, p, is the resin

density, and A is the cross-sectional area. v, is the velocity of the resin flow in the

composite and can be represented by Darcy's Law[80]:

y=25 (1.54)
u dx

where S is the apparent permeability, u is the viscosity, and % is the pressure
gradient.
(2) Energy Balance

0 0,,0T .

— TY=—(K—)+pH+P 1.55

Py (pC,T) ax( ax) pH+PF, (1.55)

where p, C,, and X are the density, the specific heat, and the thermal conductivity

of the composite respectively. H is the rate of heat generation per unit weight by
the chemical reaction, which needs to be calculated with the aid of the kinetic
equations. P, is the rate of heat generation per unit volume by the absorbed
microwave energy. To compute P, the Maxwell's Equations need to be solved for
the field distribution inside the composite material.

(3) Kinetic Equations

The kinetic equations for Hercules 3501-6 resin are given as an example [81]:
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(1.55)

‘_1,3_ ~ (K +ka)(l-a)B-a) ac< a,,
dr k(1-a) a>a,,

where a 1is the extent of cure, &, k>, and k; are the reaction rate constants, B is the

ratio of initial hardener equivalent to epoxide equivalents, and a,,, is the extent of cure at

the gelation point.

Various models for computing the electric field inside a material placed in a
microwave cavity have been proposed. To calculate the electric fields inside a microwave
cavity, Maxwell’s equations need to be solved with appropriate boundary conditions.
Either an integral or differential formulation of Maxwell’s equations can be used to start
with. Analytical approaches have been used in simple cases of loaded rectangular
applicators, such as the equivalent circuit [82], the moment method [83], and the matching
method [84]. A cavity perturbation technique is usually applied when the cavity is loaded
with a small object, which only perturbs the resonant frequency by a few percent [21].
This approach has been used in the measurement of dielectric properties of polymers in
TMy1, mode [42]. For a cylindrical cavity coaxially loaded with a homogeneous, isotropic
lossy rod, the electric field inside the cavity was calculated using the mode-matching
technique [85][86].

In general cases where the loaded samples have arbitrary geometry and anisotropic
dielectric properties, one can only resort to numerical methods. A three dimensional finite
element method (FEM) was used to calculate the power dissipated in lossy materials in a
short-circuited rectangular waveguide [87]. Also developed was a three dimensional FEM
to simulate the microwave field structure and the associated power distribution in the
dielectric material in a multi-mode rectangular cavity excited by waveguides [88]. The
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numerical results were in good agreement with the analytical solutions. This method is
applicable to microwave heating with arbitrary geometry of the cavity, load and varying
dielectric properties of the load. However, the three dimensional finite element methods
solving for electric fields require large computer storage and long computing time,
especially when small FEM mesh sizes are needed to ensure desired accuracy. For
example, the higher the permittivity of the material, the smaller the mesh size because of
the decrease of the wavelength inside the material.

Composite materials usually are highly anisotropic. Various studies have been
conducted on the interaction between traveling TEM waves and graphite fiber/epoxy
composites [29][89][90][91]. In order to approximate the microwave absorption rate
during the processing of anisotropic composite plates inside a cylindrical cavity, a
simplified five-parameter model was developed by Wei et al. [13][92]. The incident wave
on composite surface is assumed to be a linearly polarized transverse electromagnetic
(TEM) wave. The power dissipated in the composite is decomposed into two
components, P, and P,. P, is the dissipated power due to the incident TEM waves from
the sides. And P, is the power due to the incident TEM waves on the top and the bottom.
P, is further assumed to be constant through the thickness of the composite. For a
composite lamina, E in each laminate is composed of the electric fields propagating in
opposite directions:

E=1/2(E"\+E 1)+ 1/2(E 4 +E ni1) (1.56)
where the TEM wave in each direction is obtained by averaging the waves at the two

interfaces.
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For TEM waves in the composite material, the electric field can be decomposed
into its two principal directions, parallel and perpendicular to the fiber. The attenuation of
the electric field in each direction can be computed separately. Therefore, the TEM
waves propagating in two opposite directions can both be expressed in terms of the waves
in the two neighbor laminates.

A system of equations can be obtained by combining the equation for each
laminate. The system can be solved if the incident TEM waves form the top and the
bottom are known, as well as the power dissipated due to these two incident waves.
Therefore, the total power dissipation can be calculated by summing the power dissipated
in each laminate due to the top and bottom incident waves and the power dissipated due to
the side incident waves. A five parameter expression for the total power dissipation can
be obtained and the five parameters can be optimized by minimizing the error function for
temperature measurements [13]. A FORTRAN code combining the energy balance
equation, the microwave power absorption model, and the least squares optimization was
developed to generate the five parameters based on the temperature/time/position profiles
obtained during microwave heating of a fully cured composite. With the relationship of
the five parameters as functions of input power for the given mode, the temperature

profiles during the microwave cure can be readily simulated [13].

1.5.2 Microwave Process Control

Thermal cure profile during material processing is the major factor in consistent
and high quality manufacturing [93]. The main goal of the microwave process control

system is to achieve an optimal thermal cure profile. Different composite materials require
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different temperature cycles. However, there are two invariant requirements for all optimal
thermal cure cycles. They are uniformity of processing temperature and the accuracy of
temperature control so that the desired thermal cycle can be realized. Therefore, these are
the main objectives of a microwave process control system.

Since microwave processing of polymer composites is still in its developing stage,
the concept of control is novel. The first published automated single-mode resonant
cavity was that developed by Alliouat et al. [94] for sintering ceramic materials. The
control system was based upon elements of intelligent control for regulating the input
power and for tuning the cavity. A gradient search method was used for tuning the cavity
where only sensed information about the cavity length and reflected power were required.
Components of this processing include an infrared pyrometer for measuring the surface
temperature, detectors for sensing the input, reflected and absorbed power. Controlled
parameters were the microwave power supply by analog output, and stepper motors for
adjusting the cavity volume.

Jow et al. [7] developed a controlled pulsed microwave processing and diagnostic
system to cure expoy/amine resins at 2.45 GHz. Temperature excursion resulting from the
exothermic reaction was effectively eliminated and the epoxy/amine resins were cured at a
higher cure temperature without degradation. This system was also capable of measuring
dielectric loss factor during the controlled pulsed power cycle. However, the accuracy and
precision of the temperature control needed to be improved.

Adegpbite et al. [20] developed an automated single-mode cavity in order to
advance it as a viable process. In the automation, a control system was designed and built

in addition to the development and implementation of a set of sophisticated and
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comprehensive control software programs for controlling the curing process in the cavity.
These control programs combine traditional and non-traditional control methodologies.
The control software programs were developed for mode tuning, mode selection and
power control which were constructed independently and then integrated to form the
overall closed-loop feedback control system. A mathematical 2-dimensional simplex
method was used to construct the tuning control software. Both coupling probe depth
and cavity length were adjusted simultaneously to tune the cavity. A traditional PID
(proportional-integral-derivative) methodology was used for the power controller. The
diagnostics system was also automated to provide for automatic empty cavity
characterization and for automatic dielectric analysis of materials inside the cavity.

Beale et al. [95] designed and simulated a temperature control system for the
process of microwave joining of ceramics in a single mode cavity. A microwave heating
model was used in the control system design with the dielectric located at the maximum
electric field position of a rectangular TE ;o3 mode. The heating model equation was
linearized and a closed control loop with a compensator was designed. The control
algorithm was designed with the complete nonlinear model representation of temperatures
at the surface and material center and the temperature dependence of the loss factor and
cavity quality factor. The computer simulation yielded good results for the desired values
in the material temperature, giving a zero steady-state error, closed-loop stability, and on
overshoot of the desired temperature. The simulation results showed that the control
system was able to overcome the thermal runaway problem associated with microwave
joining of ceramics. Since no experimental results were presented in the paper, the

applicability of the control system remains to be proved. The modeling of microwave
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joining given in this paper appears to be less complicated than the modeling of polymer
composite processing in a microwave cavity.

Research efforts have also been made in developing a knowledge-based system for
the control of microwave composite curing [20][96][97][98]. The problem-solving
architecture addresses the entire life cycle of composite-materials fabrication from a
generic-task viewpoint. The prototype systems capture the experience-based static design
of fabrication plans, and the process-control knowledge of cavity tuning for the
microwave curing of composites. The knowledge-based system for designing microwave
composite fabrication plans will be beneficial when the application of microwave
processing in industry becomes common. In order to achieve wide application of
microwave processing technology in composite industry, process control systems at the
material processing level need to be first developed with consistent and good performance.

The implementation of control strategy is limited by the sensing technology in
microwave processing. For material processing in a single-mode cavity, the input and
reflected power are measured using the power meters, which are used to tune the cavity
and regulate the input power respectively. The temperatures are usually measured by the
fiber optic thermometry. The desired process parameters such as the electric field strength
inside the material and the dielectric properties of the material can not be measured on-

line.
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CHAPTER 2
VARIABLE FREQUENCY MICROWAVE PROCESSING SYSTEM AND

COMPUTER CONTROL INSTRUMENTATION

In this Chapter, the components and configuration of the variable frequency
microwave processing system are presented. The hardware instrumentation of the
computer control system is also discussed. The variable frequency system has a power
source with adjustable frequency, thus requires microwave components that operate in the
corresponding frequency range. Microwave frequency and power are the two control

parameters used to achieve optimized and uniform processing.

2.1  Variable Frequency Microwave Processing (VFMP) System

The configuration of the VFMP system is shown in Figure 2.1. It has the same
configuration as the fixed frequency microwave processing system. However, the
microwave circuit components now have an operating frequency range instead of a single

operating frequency.

2.1.1 Variable Frequency Microwave Power Source

The variable frequency microwave power source consists of an HP8350B Sweep
Oscillator, an HP™ 86235A RF plug-in and a Lambda™ VariWave® microwave power
source. The Lambda™ VariWave® microwave power source was used as a TWT
(Traveling Wave Tube) amplifier. The oscillator and RF plug-in function as the low power
signal generator. The frequency can be manually or automatically adjusted from 1.7 GHz

to 4.3 GHz. The power output from the RF plug-in was adjustable from 6 to 16 dBm. The
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amplification ratio of the TWT amplifier was high enough to generate a microwave output
of 150 watts. Both the power output of the RF plug-in and the amplification ratio of TWT

change with frequency.

2.1.2 Cylindrical Single-Mode Resonant Cavity

The cylindrical single-mode resonant cavity was made of brass. A schematic of the
cavity is presented in Figure 2.2. The cavity has a diameter of 7 inches with cavity length
adjustable from 10 cm to 30 cm. The coupling probe is side mounted 1.2 inches above the
base of the cavity, with probe depth adjustable from 0 cm to 50 cm. The cavity length was
adjusted by moving the top plate. The bottom plate of the cavity was removable so that
sample could be loaded. Both the top and the bottom plates were shorted with the cavity

wall by metallic finger stocks.

Coupling Probe
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[Oscillator | Plug-in H—b Amplifier
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Figure 2.1 Variable Frequency Microwave Processing System
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Figure 2.2 Cylindrical Single-Mode Resonant Cavity

2.1.3 Other Microwave Circuit Components

Other microwave circuit components included the circulator, directional couplers,
power meters, the oscilloscope, and the dummy load. The circulator was used to protect
the microwave power source from the microwave power reflected back from the
microwave applicator. It redirected the reflected power to the dummy load. Power meters
were used for both input and reflected power measurement. Directional couplers were
used to obtain microwave signal in the measuring range of the power meters. Oscilloscope
was used for low power diagnostics of the resonant cavity, which will be discussed in

Chapter 3.

2.2  Automation of the Variable Frequency Microwave Power Source

The automation of the variable frequency microwave power source was essential
to the development of the process control system, because microwave frequency and
power were the only controlled parameters. Instrumentation details are presented in the

next section.
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2.3  Computer Data Acquisition and Control Implementation

The goal of the process control system is to achieve optimal product quality, which
is greatly dependent on the temperature history of the materials being processed.
Therefore, temperature control is essential in polymer composite processing. If
temperature is too low, the polymerization reactions may not happen or proceeds very
slowly. On the other hand, if the temperature is too high, undesired chemical reactions will
occur and result in defective products. In addition, uneven temperature distribution inside
the material leads to residual stress and affects the strength and other properties of the
product. The temperature distribution can be controlled by changing the microwave
frequency, while the temperature level can be varied by adjusting the microwave power.
There are different approaches to achieving uniform processing temperature at a desired

level, as will be discussed in details in the chapters to follow.

2.3.1 Measurement Instrumentation

2.3.1.1 Temperature Measurement

Since the samples were placed in the microwave field when being processed, the
measurement of temperatures requires sensors that were transparent to microwave. Two
temperature measurements systems that used optical fibers were used in the studies. One
is the Luxtron™ Fluoroptic Thermometer, the other is the Nortech™ Fiberoptic
Temperature Measurements Unit. The sensors of both systems are probes consisted of
optic fibers at the core coated with low dielectric loss polymeric material. At the tip of the
probes was a phosphor sensor with a fluorescent decay time that changes with
temperature. The temperature change was detected by monitoring the percentage of
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infrared light reflected back through the optic fibers. The probe tips of the thermometry
were inserted through the mold and placed on the top of the sample. Therefore, only

surface temperatures were measured.

2.3.1.2 Power Measurement

Input and reflected microwave powers were measured using directional couplers
and microwave power meters. Directional couplers are used to scale down the microwave
power signal to within the power meter measurement range. Through the power meter,
microwave power level was converted to analog voltage signal. The voltage signal value

was converted back to microwave power level by the computer program.

2.3.2 Control Instrumentation

2.3.2.1 Frequency Control

The variable frequency microwave power source was consisted of an HP
Oscillator with RF Plug-in, and the Lambda™ VariWave® microwave furnace as an
amplifier. Since the HP™ Oscillator was the signal generator, frequency control was
achieved by controlling the Oscillator output frequency. The GPIB interface of the HP
8350B Sweep Oscillator provided the communication interface with the computer. Any
frequency change can be carried out digitally through GPIB. Either single frequency mode
or frequency sweeping mode could be selected. The instruction string to set the frequency
started with "CW" followed by the frequency. For example, if the desired frequency was

2.45 GHz, the computer would write "CW2.45" to the GPIB port.
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2.3.2.2 Power Control

The control of the microwave power was a little more complicated issue. There
was only a manual dial knob that could be used to adjust microwave power. One was
installed on the RF plug-in, and the other was installed on the Lambda™ VariWave®
power source. Two different approaches were used to achieve computer control of the
microwave power. The first one was using a stepper motor to adjust the manual knob on
the Lambda™ VariWave® to change the amplification. The pin configuration of the cable
connector for the stepper motor is presented in Appendix A.

The other approach was using a variable attenuator with voltage-controlled
attenuation rate. The variable attenuator would be connected between the signal generator
and the amplifier since it has a survival input power of only 30 dBm (1 watt). The
connection configuration of the variable attenuator is also presented in Appendix A. The

characteristics of these two control units are examined and discussed in Chapter 2.

2.3.3 Computer Data Acquisition

The configuration of the connector board is given in Appendix 1 along with the
configuration of the National Instruments™ PCI-MIO-16XE-50 data acquisition board.
Inputs were the analog signals from the Luxtron™ and the Nortech™ temperature
measurement units, and the power meters. The outputs are the control voltages to the
variable attenuator and the stepper motor. The A/D and D/A conversions were
accomplished through the National Instruments™ PCI-MIO-16XE-50 data acquisition

board.
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CHAPTER 3
CHARACTERIZATION OF VARIABLE FREQUENCY MICROWAVE

PROCESSING SYSTEM

In this chapter, characterization results for the variable frequency
microwave processing system are presented. Mode curves were measured for the empty
microwave cavity and compared with theoretical calculations. The technique of
characterizing the microwave cavity loaded with composite samples was also discussed.
Mode frequencies, at which there was effective heating, were located. The heating
patterns of the modes were obtained. This characterization technique is essential to all the
processing experiments. The response time of the power meters was tested and the

characteristics of the variable attenuator was also determined.

3.1 Variable Frequency Method

The theoretical characteristics of the electromagnetic field in a cavity can be
determined by solving the Maxwell’s equations with appropriate boundary conditions
[21]. The cut-off frequencies corresponding to resonant modes can also be calculated for a
fixed cavity volume. Theoretically there are two factors that determine a resonant mode in
a cylindrical cavity: the frequency and the cavity length. Consequently, two approaches
can be used to select a particular mode, as seen in Figure 3.1. Variable frequency method

changes the mode electronically, thus is much faster than the fixed frequency method.
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Figure 3.1 Mode Chart of the Empty Cavity

As frequency changes, not only the field pattern changes, the coupling efficiency

of microwave energy into the load ch too. For a h

material, the microwave power absorption rate, P, (in W/m®) can be modeled as following
[21):

3.1

where E is the electric field strength inside the material, V/m,
o is the radian frequency, rad/sec, @ =2 zf, f is the frequency in Hz,
£, is the free space permittivity, £, =1/(36 £)x10® F/m,
£" is the effective relative loss factor, e" = e'" at o/ £,@ s
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"
€ 4 is the relative loss factor due to dipolar contributions,

and o is the material conductivity.

"
Qualitatively, assuming £ 4 and o are constant, as frequency increases the power

adsorption rate P increases for the same l_i . Therefore, if the cavity is fully loaded with
homogeneous non-magnetic material the coupling efficiency increases with frequency.
However, this model is not applicable when the material is anisotropic, which is
almost always the case. From the mode chart in Figure 3.1, we can see that as frequency
increases the order of resonant modes are getting higher. Since the E-fields of higher order
modes are not as concentrated as lower order ones, the coupling of microwave energy is
getting less efficient as the frequency increases when the cavity is partly loaded.
Computation intensive model should be used to relate the frequency to microwave energy
coupling. As for a fiber-reinforced composite, a five-parameter microwave power

adsorption model is available in literature [13].

3.2  Variable Frequency Microwave Power Source Characteristics

As aforementioned, the variable frequency microwave power source consisted of a
signal generator and a TWT amplifier. The frequency of the microwave output could only
be controlled through the signal generator. However, the microwave power level could be
controlled either through the signal generator by adjusting the attenuation level, or
through the TWT amplifier by tuning the dial knob. In computer control implementation,
the power could be controlled through variable attenuator connected to the signal

generator, or the stepper motor attached to the dial knob of the TWT amplifier.
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It was observed that the microwave power level changed when the frequency
changed, even though the position of the dial knob for power level adjustment remained
unchanged. As discovered by experimental tests, when the frequency changed, the power
level of signal generator output changed. Moreover, the amplification rate of the TWT
amplifier changed with frequency. Therefore, if the microwave power were to be
maintained at constant when frequency was changed, a power control action would be
needed. The microwave power level versus frequency curve is presented in Figure 3.2.
The power level was about 25 watts at 2.45 GHz. The curve would change if power level
changed. Generally, microwave power increased as frequency increased. Microwave

frequency and power also shifts slightly with time.
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Figure 3.2 Microwave Power Source Output Versus Frequency Curve
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The frequency of the variable frequency power source was controlled through the
GPIB interface between the HP Oscillator and the computer. The speed of frequency
control, i.e. the maximum frequency change rate, was very important to the variable
frequency microwave processing studies. For example during the variable frequency
microwave processing experiments, mode tuning, in which the power reflectance was
measured while the frequency was swept in a certain range, needed to be carried out as
fast as possible. Given sweeping time and interval, the size of the frequency sweeping
range depends on the speed of frequency control. In order to measure the speed of
frequency control, a program was written to write a number of frequencies to the
Oscillator continually, and the total time used was measured. The time used to write a
single frequency was obtained by dividing the total time by the number of frequencies
written. Table 3.1 shows the test data. The result was that it took approximately 0.1

seconds for each frequency write.

Table 3.1 Time for the Computer to Write Frequency to the Oscillator

Tests | Sweeping Range | Sweeping | Number of | Total Time | Time for Each
Step (GHz) Writes Used (sec) Write (sec)

1 2 GHz to 4 GHz 0.001 2001 196.80 0.09835
2 2 GHz to 4 GHz 0.01 201 19.81 0.09856
3 2 GHz to 4 GHz 0.1 21 2.13 0.10143
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3.3  Characterization of the Empty Cavity

To test the theoretical predictability of the cavity, mode measurements were done using
swept frequency diagnostic method. Mode frequencies were determined by identifying the
valley of the power reflectance versus frequency curve. Mode curves were obtained
experimentally by changing the cavity length while recording the mode frequency. Linear
regression was carried out using the linear relationship between p* and %7, obtained by
manipulation of the cut-off frequency equations (Equation 1.35 and Equation 1.36).
Therefore p and x were obtained and the mode was identified. A comparison of theoretical
and measured mode curves for TMO012 mode is presented in Figure 3.3. Measurement
results are shown in Table 3.2. The experiment data were consistent with the theoretical
results. The electromagnetic behavior of the cavity is theoretically predictable. Therefore

the cavity satisfied the requirements for a single mode resonant cavity.

Table 3.2 Experimental Measurement of Resonant Modes in an Empty Cavity

Measured | TMO12 | T™211 | ™I | T™MI112 | TE211 | TE311
modes /TEO11 | /TE012

%errorof p | 2.3% 02% | 43% | 17% | 34% | 6.1%

%error of ' | 3.0% 04% | 04% | 03% | 00% | 0.1%

* yis the corresponding root of Bessel’s function (TM modes), or the derivative of

Bessel’s function (TE modes).
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Figure 3.3 Comparison of Theoretical and Experimental TM012 Mode Curves

3.4  Characterization of the Loaded Microwave Cavity

The characterization of the loaded microwave cavity included locating the
empirical mode frequencies and obtaining the heating pattern of each empirical mode.
Empirical modes were determined by locating the local minimums of the power reflectance
versus frequency curve for the loaded cavity with fixed cavity leﬁgth and probe depth. A
LabVIEW program was developed to acquire the power reflectance versus frequency
curve and the details of the program (characterization&temp.vi) can be found in Appendix

C.
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Figure 3.4 Power Reflectance versus Frequency During Frequency Scan

The characterization procedure for loaded cavity consisted of the measurement of
input microwave power, reflected microwave power, and temperatures while sweeping the
frequency from 2 GHz to 4 GHz. This frequency range was used instead of the available
range from 1.7 GHz to 4.3 GHz, because the maximum microwave power output outside

of the range from 2 GHz to 4 GHz was not high enough for composite processing.
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Figure 3.5 Temperature Change versus Frequency During Frequency Scan

Examples of the characterization results are given in Figure 3.4 and Figure 3.5.
Due to the input microwave power, the temperature of the sample would rise during the
frequency sweep. Figure 3.5 shows the temperature profiles versus frequency. As seen
from the figure, the heating rates were changing as frequency changed. The reason was
that at different frequencies, the electromagnetic fields inside the sample were different.
As a result, the heating preference inside the sample differed. From Figure 3.5, important
information can be obtained - how the heating preference changed at different frequencies.
The sample could be loaded at different positions inside the cavity and the heating
preference change with frequency would be different. An optimal loading position could

be determined by measuring the temperature versus frequency profile and choosing the
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position that would have the most diverse heating preference. This means that if different
frequencies were excited for heating, the sample would have the most uniform time-
averaged temperature distribution when loaded at the optimal position.

Figure 3.4 presents the power reflectance versus frequency curve. The frequencies
at which the power reflectance is locally minimal and close to zero were considered the
frequencies of empirical modes. Like the theoretical modes, these empirical modes had
very small reflected power versus input power ratio. Some of these empirical modes
correspond to theoretical modes, although the frequencies are different. Some others may
be the result of two or more modes merging together due to the disturbance of the sample
to the electromagnetic field. The power reflectance curve is not exactly reproducible due
to the slight variation of microwave frequency and power versus time. However, the
variation is usually less than 1%.

No attempts were made to correlate empirical modes to theoretical modes because
the fields have been altered dramatically due to the lossy sample. An empirical mode
would usually have a drastically different E-field distribution that its corresponding
theoretical mode, if there is a corresponding theoretical mode. Therefore, any information
regarding mode heating characteristics needed to be determined experimentally for it to be
utilized during the processing. From here on, empirical modes will be just mentioned as
modes. Therefore, the modes in a processing context are different from the modes
mentioned in a theoretical context.

After the frequencies of the modes were determined, samples would be heated at
these frequencies and temperatures were measured. The heating patterns of the modes

were thus obtained. The control system then will use this information during the
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processing to select which mode to heat. There are different approaches to applying the
heating characteristics in the mode selection process. They will be further discussed in the

next few chapters.

3.5 Variable Attenuator Characteristics

Variable attenuator is an attenuator with adjustable attenuation by voltage control.
It was used in the microwave circuitry in order to provide a means for the computer to
control the microwave power level. The computer sent out an appropriate control voltage
to attenuate the power of microwave signal from HP oscillator to a certain level before
being amplified by the Traveling Wave Tube applifier. The specifications of the variable
attenuator provided by the manufacturer is given in Appendix A.

The specifications of the Variable Attenuator indicate that the attenuation of the
attenuator is proportional to the control voltage. The attenuation range is 0 to 60 dB, and
the corresponding control voltage irange is 0 to 6 volts. In order to verify this relationship,
attenuation measurements were made while changing the control voltage. The LabVIEW
program (vatest.vi) for the characterization of the variable attenuator is documented in
Appendix C. The test procedure was as follows:

1. Set control voltage = 0,

2. Measure the initial microwave power output from the power source (after the

amplifier) = Py,

3. Set control voltage = v,

4. Measure microwave power output = P,
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According to the specifications (see Appendix A), the plots of 10Log(P/P,) versus
v should be straight lines with a slope of — 1. The results at five different frequencies (2
GHz, 2.5 GHz, 3 GHz, 3.5 GHz, and 4 GHz) are presented in Figure 3.6. Linear
regression was used to fit the curves to linear equations. Overall, the linear fit was a close
representation of the attenuation vs. control voltage relationship. For example, at f= 3
GHz, the slope of the linear fit was —1.0082 with an R? value of 0.9937. However, when
the control voltage gets close to zero, the curve is not linear anymore. The linear
relationship between the attenuation and the control voltage holds when the control

voltage is greater than 0.2 volts. When the control voltage is smaller than 0.2 volts, the

attenuation is very close to 0 dB.
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Figure 3.6 Relationship between Control Voltage and Power Attenuation
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3.6 Power Meter Response Time

In the processing experiments of this research, step power changes were very
common. They were mostly due to one two actions, frequency change or attenuation
change. Because the microwave power output from the power source varied with
frequency, if there was a frequency change, a microwave power change would follow. In
microwave power control, the attenuation of the variable attenuator was changed to adjust
the microwave power. The discontinuous change of the attenuation also would result in
step power changes.

Since the power meters featured a dial attached to a spring, the dial movement
could not precisely follow sudden power changes because of inertia. Therefore, the power
reading immediately after the power change was inaccurate. A finite amount of time was
needed for the mechanical dial to settle after power changes. In order to obtain accurate
power measurement, the response time of the power meters needed to be determined.

Experiments were carried out to test the power meter response by changing the
attenuation of the variable attenuator. The frequency was fixed at 2.5 GHz. Power
changes of different step size were used to characterize the power meter response. The
LabVIEW program (p-response-test.vi) is documented in Appendix C. The test was
carried out as such:

| 1. A step change of microwave power was made by changing the control voltage
of the variable attenuator.

2. The computer measured the microwave power by acquiring the analog output

from the power meter at discrete times with an interval of 20 ms.
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The results are presented in Figure 3.7 and Figure 3.8. As we can see in Figure
3.7, the analog output of the power meter did not reflect the steady power level until some
time after the control voltage change. Therefore, during microwave power adjustment, the
computer should wait for a certain amount of time after attenuation change in order to
assure accurate power readings. The percentage of power difference between measured
power and steady power was plotted versus time in Figure 3.7. About 170 ms after the
attenuation change, the measured microwave power was within 10% of the steady power
even for power step change of 90 watts. The power difference percentages at different
power step changes after 170 ms are listed in Table 3.3. The power difference percentage

was calculated as follows:

P:!eaa)r - P measured
Power Difference Percentage = x100% (3.2)
steady

Usually, the power change during processing would be less than 30 watts. In those cases,
the measured power would be within 5% of the steady power 170 ms after the attenuation

change.

Table 3.3 Power Difference Percentage after 170ms.

Power Change | 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90
Step (W)

Power Difference | 0.3% | 1.3% | 3.5% | 3.5% | 4.9% | 55% | 84% | 8.1% | 9.9%
Percentage
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3.7  Frequency Effects on Material Properties

3.7.1 Dielectric Measurements of Uncured DGEBA/DDS

In order to investigate the effects of frequency on dielectric properties of epoxy
resins, experiments were conducted to measure the dielectric properties of uncured
DGEBA/DDS resin with different frequencies at room temperature. DGEBA used in the
study was EPON 828 supplied by Shell Chemical Company. DGEGBA and DDS were
mixed with stoichiometric weight ratio 1 : 0.33. The resin was loaded in a Teflon holder
and the dielectric properties were measured using single mode cavity perturbation method.
An empty Teflon holder was loaded in the cylindrical single mode cavity as a reference
state. Due to the limitation of the experimental setup, measurements were only possible to
be made in the frequency range from 2.2 GHz to 2.7 GHz. The maximum cavity length
prohibits the measurement for frequencies below 2.2 GHz. When frequency goes above
2.7 GHz, resonance peaks of different modes overlap one another to make it impossible to
identify single mode resonance peak. In other words, the Q factor is too low to make
dielectric measurement.

The results are presented in Table 3.4 and in Figures 3.9 and 3.10. No obvious
trends were observed in the experimental data of dielectric constant, neither for dielectric
loss factor. The average of the complex dielectric constants is 3.439 - j0.1328. Since the
frequency range was not broad enough, the fluctuation of the data due to experimental

errors concealed the trends, if any, of the dielectric property change with respect to

frequency.
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One important factor that affected the accuracy of the dielectric measurement is
the Q factor of the cavity. As indicated by the mode chart, at higher frequencies the
resonance peaks are closer to each other, which leads to lower Q factor of the cavity for a
single mode. The Q factors of the cavity loaded with Teflon holder both with and without
sample are shown in Figure 3.11. The data showed a decrease of the Q factor with the
increase of frequency when the cavity was loaded with empty Teflon holder. However,
there were no apparent trends of Q factor change with frequency when the sample was

loaded.

Table 3.4 Dielectric Properties of Uncured DGEBA/DDS
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Figure 3.9 Dielectric Constant versus Frequency for DGEBA/DDS
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CHAPTER 4

VARIABLE FREQUENCY MODE SWEEPING HEATING

In this chapter, a variable frequency mode sweeping technique is presented, which
was used to uniformly heat graphite/epoxy composite parts of small size. The concept of
complementary heating is demonstrated using thermal paper images. The cavity loaded
with a unidirectional 2 inch 48-ply square graphite/epoxy composite sample was
characterized. The frequencies and the heating characteristics of the empirical modes were
determined. Four modes with complementary heating preferences were selected for the
mode sweeping heating. The concept of process cycle design is presented for uniform and
fast heating. Both thermal images and temperature profiles were obtained to show the

success of the heating technique.

4.1  Experimental Preparation

Graphite/epoxy prepreg material (Hexel® AS4/3501-6) was used in the heating
experiments. The prepreg laminates were cut into 2 inch by 2 inch squares and laid up uni-
directionally to 48-ply parts. The lay-up procedure for the composite material is given in
Figure 4.1. The weight of each part was about 30 g.

During the experiments, the microwave cavity length was fixed at 15 cm and
coupling probe depth at 20 mm. The composite sample was placed inside a Teflon mold,
the configuration of which is shown in Figure 4.2. The Teflon mold with the sample inside
was placed on the center bottom of the cylindrical single-mode resonant cavity. The cavity

system was not pressurized. The sample was loaded such that the fiber direction of the
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sample was perpendicular to the microwave coupling probe (Figure 4.3). Since Teflon is

transparent to microwave, the microwave energy only heats the composite material.

Teflon Block

Release Film

Non-porous Film

Porous Film

Sample

TR YY - Bleeder Cloth

Porous Film

Non-porous Film

Release Film

Teflon Block

Figure 4.1 Composite Material Lay-up Procedure

Thermal paper was used for mapping the heating patterns. The thermal paper was
placed under the sample between the sample and the Teflon material. It changes color
from white to blue at about 85 °C. The dark areas on the thermal paper image indicate
high temperature, and the bright areas indicate lower temperature.

Temperatures were also measured using the measurement probes of a Luxtron™
Fluoroptic Thermometer at four different sites on the sample surface. The temperature
probes were inserted into the microwave cavity and through the top of the Teflon mold.

The probe tips were protected using small glass tubes, which were in direct contact with
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the sample surface. These temperature probes were composed of optic fibers shielded with
very low loss polymeric materials. Therefore, they do not interfere with the
electromagnetic fields or absorb microwave energy, which assured the accuracy of the
temperature measurement in microwave environment. The dimensions of Teflon molds

used in the microwave heating experiments are given respectively in Appendix A.

Figure 4.2 Schematic Sketch of the Teflon Mold

fiber direction

T2 T3
T1

T4 }]

T coupling probe
Figure 4.3 Temperature Measurement Locations

4.2 Mode Heating Characteristics

The frequencies of the empirical modes were obtained by locating the frequencies
with locally minimal power reflectance. By tuning the frequency from 2 GHz to 4 GHz,
eight empirical modes were found for the sample-loaded cavity at a fixed cavity length of

15 cm and a fixed coupling depth of 20mm. There is not much change of the locations of
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the modes with the reloading of the material. Therefore, when a new part is loaded for a
new run these mode locations provide reliable start-points for mode tuning. Temperature
also had minimals effect on the mode frequencies, as shown in Table 4.1, which could be a
result of small sample size.

Typically, the reproducibility of microwave heating profile of conductive fiber
reinforced composites was not very good, due to high sensitivity to sample loading
position, sample size, fiber orientation, fiber content, and fluctuations of microwave
frequency and power. In this study, samples were very carefully prepared to increase
reproducibility. Although the exactly same heating profiles were hard to reproduce, the
trends were quite reproducible and were used for characterizing the heating preference of
each mode.

After characterizing the heating pattern for each mode, an optimum heating cycle
can be designed to maximize the uniformity of heating. Computer control algorithm can be
constructed to further include the consideration of the heating rates of each mode so as to

optimize the material processing.

Table 4.1 Frequency Shift of Empirical Modes Due to Temperature Change

Frequency Tuned for Each Mode (GHz)
Mode 0 | Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode S | Mode 6 | Mode 7
30°C | 2.1477 | 2.1653 | 2.1904 | 2.2446 | 2.3078 | 2.3730 | 2.5555 | 2.6310
110°C | 2.1472 | 2.1640 | 2.1918 | 2.2460 | 2.3074 | 2.3722 | 2.5575 | 2.6338

f shift | -0.0005 | -0.0007 | 0.0014 | 0.0014 | -0.0004 | -0.0008 | 0.0020 | 0.0028
(GHz)
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The heating ch istics were d at these freq ies. Thermal images

and temperature profiles of four of these modes (modes 1, 2, 3, and 5) are presented in
Figure 4.4 and Figure 4.5, respectively. As revealed by the thermal images and the
temperature profiles, single mode heating usually results in non-uniform temperature

distribution.

(a) mode 2 (b) mode 3

(c) mode 4 (d) mode 6

Figure 4.4 Thermal Paper Images of Four Selected Modes
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43  Complementary Heating Concept and Mode Switching Technique

Due to the nature of electromagnetic fields, the field distribution of a single mode
is generally uneven. Since microwave heating effects on non-magnetic material largely
depend on electric field strength, this uneven field distribution often leads to uneven
heating. From the thermal images and temperature profiles of the four selected modes, one
can clearly see the hot spots and cold spots during heating.

Since different modes have different hot spots and cold spots, if the heating
patterns of different modes are superimposed on one another, hot and cold spots tend to
even out. If the hot spots of one mode are cold spots for another mode and vice versa,
these two modes are said to have complementary heating patterns. It is obvious that the
combined heating effects of complementary heating modes produce more even heating

than any single mode heating. Figure 4.6 ill the of )| y heating

by combining the heating effects of mode 3 and mode 5.

-

f=2.2446 GHz f=2.3730 GHz combined heating pattern

Figure 4.6 Complementary Heating Using Two Modes

The way to combine the heating effects of different modes is by exciting the modes

in a particular sequence, which is called mode switching. Different design of this sequence
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leads to different effectiveness. One example is to excite the modes in a pre-ordered
sequence, which is termed Mode Sweeping technique. More advanced techniques
determine when to select which mode by taking the mode characteristics and on-line

temperature information into consideration. These techniques will be discussed in the

following chapters.
1=1;
f=1;
f=f,
Heating time Yes

>t ?

processing time

i=i+1;

> 90 min ?

No
i>47 >

Yes

Figure 4.7 Mode Sweeping Algorithm
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44  Control Algorithm and Program

The algorithm for mode sweeping heating is very straightforward, which is given in
Figure 4.7. The computer wrote the frequency value to the HP Oscillator in a
predetermined order. The frequency would remain the same for a certain period of time.
Different frequencies could have different duration. The software program

(modesweep.vi) was written in LabVIEW, and presented in Appendix D.

4.5  Selective Mode Sweeping Heating Results

These four modes with heating characteristics presented in Figures 4.4 and 4.5
have relatively high heating rates and complementary heating patterns. Therefore they
were selected to heat the sample by discretely sweeping of the mode frequencies. During
the heating, one frequency corresponding to a mode was selected at a time and remained
for some time, then another frequency would be selected. The heating time for each mode
and the order of the modes were programmed. Then the constructed heating cycle was
used to heat the sample until the highest temperature reached 85 °C. Only the frequency
was controlled by computer, by setting the value of the frequency output of the oscillator.
The probe depth was fixed at 24.0 mm during the heating experiments. And the power
was not controlled with a fixed dial knob position. Measurements for all four modes
showed that the power output ranged from 23 Watts to 28 Watts.

The first mode sweeping heating experiment let each mode have the same heating
time: 0.1 second. The order of the modes within a cycle was: mode 1, mode 2, mode 3
and mode 5. The thermal image and temperature profile, shown in Figure 4.8 and Figure

4.9 respectively, showed that the middle and lower part of the sample had higher
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temperature than the upper part. H , the temp di shown by the

temperature profiles were less than 6 °C. Since the thermal image of the first run looks
similar to the heating pattern of mode 1, the residence time of mode 1 should be
decreased. In the heating cycle of the second run, mode 1 had a heating time of 0.5
second in one cycle. The other ones all had 0.1 second heating time. The thermal image
and temperature profile of the second run showed better uniformity of heating (Figure 4.8
and Figure 4.9). The temperature gradients were less than 3 °C when the temperature
reached 85 °C, as shown in Figure 4.9.

Due to the heat loss, the edges of the sample tended to have lower temperature
than that of the center. Both thermal images showed that the center temperature
eventually tended to be higher than other ones when the heating is uniformly initially.

This hanisti p dient i affects the uniformity of the heating,

and thus the properties of the product. To eliminate the heat loss, the cavity may be
insulated or heated from outside using thermal method to provide a pseudo-insulating

condition.

(a) Mode Sweeping Heating I (b) Mode Sweeping Heating 11

Figure 4.8 Thermal Paper Images of Mode Sweeping Heating
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4.6 Summary and Conclusions

The experiments demonstrated that the power source consisting of an oscillator, a
RF plug-in and a TWT worked well as a variable frequency power supply. This variable
frequency microwave system, using a cylindrical cavity as the applicator, was able to
obtained heating modes with a variety of heating patterns when graphite/epoxy material
was loaded. A more uniform heating pattern resulted when two modes with
complementary heating preferences were used alternatively for heating.

A mode sweeping heating technique was designed to take advantage of
complementary heating concept and improve the temperature uniformity of microwave
heating. Mode selection cycles were designed. In each mode selection cycle, a sequence of
modes was used to heat the sample, each mode for a certain period of time. The mode
selection cycle was repeated until the end of processing.

Mode sweeping method was shown to heat the 2" square graphite/epoxy
composite parts not only uniformly, but also efficiently. The efficiency of mode sweeping
heating lied between the highest one and the lowest one among those of the modes used.
As observed in the experiments, mode sweeping with equal time intervals did not obtain
optimum heating. To get even more uniform heating, the heating characteristics of each
mode should be considered in the optimum heating process design. The heating uniformity
of this method shows the potential to achieve uniform curing of the graphite/epoxy

material of small size.
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CHAPTER §

INTELLIGENT VARIABLE FREQUENCY MODE SWITCHING PROCESSING

Intelligent mode switching processing using variable frequency microwaves is
presented in this chapter. The rationale of intelligent mode switching heating is discussed.
Based on the fundamental concepts of the intelligent mode switching method, a process
control system was developed, which includes a mode selection controller, a mode tuning
controller, and a microwave power controller. A simple parabolic power control algorithm
was used to provide stable curing temperature control. Both stepper motor and variable
attenuator were used to microwave power adjustment. The material processing
performances using these devices are compared. Experimental results of square and V-
shaped graphite/epoxy composite parts are presented. The results show the effectiveness

of mode switching heating technique in reducing processing temperature gradients.

5.1  Rationale of Intelligent Mode Switching Heating

Microwave heating is instantaneous, volumetric and non-uniform in nature.
Different modes have different electric field distributions, which are typically non-uniform.
However, uniform heating can be obtained using combination of modes. In a multi-mode
oven, the applicator is over-moded and time averaged uniform heating can be obtained by
frequency sweeping. However the energy efficiency of this practice is very low, since a
large portion of the time microwave energy is not critically coupled into the cavity or the
material. Single-mode cavities can provide uniform heating using mode-switching method,

in which several modes with complementary heating patterns are alternatively excited.
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With a fixed frequency microwave power source, mode switching can only be achieved by
mechanically adjusting the volume of the cavity, which is usually accomplished by moving
the sliding top via a stepper motor. This mechanical process slows down the response of
the system to temperature changes. Experiments showed that it took from 30 seconds to
more than one minute for the cavity length to be adjusted with a satisfactory precision.

When a variable frequency power source is available, the heating modes can be
changed by varying the frequency. Frequency control is available as an electronic process,
in the form of digital communication between the computer and the variable frequency
microwave power source. As a result of the instantaneous variable frequency mode
switching, not only the speed of the process but also the controllability of the process is
much improved. The use of variable frequency microwave power source also enable the
control system to periodically tune the mode to make sure that microwave energy is
critically coupled into the material.

With the implementation of computer control system for controlling the heating
modes, the benefits of microwave heating can be fully utilized while achieving uniform
processing. An automated microwave processing system with variable frequency power
source and single mode cavity is presented in this chapter. The control parameters were
microwave frequency and power. Heating modes with certain frequencies were
characterized before processing. The computer chose the frequency that can improve the
temperature uniformity the most by comparing the heating characteristics at that frequency
with current temperature distribution. When the maximum temperature reaches curing
temperature, microwave power was adjusted so as to keep the maximum temperature at

constant.
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5.2 Process Control System - VFMPCS 1

The process control system for intelligent variable frequency microwave

processing consists of a mode tuning controller, a mode selection controller, and a power

controller. Figure 5.1 shows the configuration of the process control system. The

LabVIEW program (VFMPCSI.vi) is documented in Appendix D.

The intelligent mode switching heating requires a mode selection algorithm that

chooses the optimal mode to heat the sample. In addition, during the processing, it is

desirable to periodically tune the frequency or mode so as to minimize the power

reflectance. Moreover, when the temperature is at the curing level, the control system

must be able to keep the curing temperature at the desired level. The maximum of the

surface temperatures was used as the feedback for curing temperature control.
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Figure 5.1 Process Control Diagram for Variable Frequency Mode Switching Heating
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As seen in the diagram, the curing temperature is given as a set-point for the
control system. The heating characteristics of each mode, including heating rate and
heating pattern, are measured before the curing and stored in a database. When the
heating is started, the temperatures are measured and the data are analyzed. If the
temperature difference at different locations exceeds some value, the mode selection
subprogram starts to search for another mode that has a heating pattern complementary to
the current temperature distribution. The heating rate of the modes is also considered so
as to obtain better energy efficiency as well. Once a mode is selected, the computer will
adjust the microwave frequency and coupling probe depth to the corresponding values.
Around these values, the mode tuning subprogram will tune the frequency and the probe
depth, so as to minimize the reflected power. After the tuning, the frequency and probe
depth values will be used to update the database. This will take into account the changes
of mode locations due to the changes of the temperature and the degree of cure of the
material. Also, during the heating, the heating pattern of the mode will be measured and
the database will be updated. As the temperature reaches the curing temperature, the

input power will be adjusted by a power controller to maintain a constant temperature.

5.2.1 Mode Tuning Controller

After the computer selects a heating mode, the frequency of this mode (f;) will be
given to the mode tuning controller. The task of the mode tuning program is to minimize
the reflected power around the given frequency. The procedure is similar to that used in
the mode characterization program. The difference is that the mode tuning controller

searches for the mode in a small range ( f;- Af,, fo+ Af,). The mode tuning controller
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increases the frequency from (£, - Af, ) with an increment of Af at each time. The input
power is analyzed as a function of the frequency. If the reflected power curve reaches a
minimum, the corresponding frequency will be recorded. If there are more than one
minimum, the one with corresponding frequency closest to £, will be selected. The sample

will then be heated with the selected frequency.

5.2.2 Mode Selection Algorithm

Before microwave processing experiments, frequency scan was conducted from 2
GHz to 4 GHz for the cavity loaded with sample. Both input power and reflected power
were measured. Power reflectance curve was obtained by plotting percentage of reflected
power versus frequency. At frequencies with low power reflectance, the sample usually
absorbs the microwave power significantly. Frequencies corresponding to locally minimal
power reflectance are identified as frequencies of potential effective heating modes.
Temperature rises were measured at six locations for each frequency. The heating rates
were obtained by doing a linear fit to the temperature curves during heating-up stage. The
heating rates for each mode were then normalized to between 0 and 5, using the following
formula:

Ry’ = (Ri-Ranin)/(Rmax-Rain) X 5,1=1, .., m (5.1)

Where m is the number of temperatures measured, R, is the heat rate, R'; is the normalized
heating rate, Rp.x is the maximum heating rate, while Run is the minimum.

During heating experiments, when the maximum difference between temperatures

exceeds a preset limit (e.g., 10°C), the computer predicts of what the temperature profile
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would be like if other modes were used. Specifically, temperatures are predicted for each
mode using the normalized heating rates:

T'=Ti+R'xC,i=1,..,m (5.2)
where T;' is the predicted temperature at location i. C is the time constant that can be
adjusted to change the assumed heating time for the mode used for prediction. The
standard deviation of the predicted temperatures will then be calculated. This will be used
as the measure of temperature uniformity. The higher the standard deviation is, the less
uniform the temperatures are. Therefore, the mode that produces the smallest standard
deviation will be selected as the new heating mode. In essence, the controller picks a mode
that will lead to most uniform temperature distribution after time 7.

The larger C in Equation 5.2 is, the further in the future the prediction is made. For
example, if the temperatures after time ¢ are to be predicted, then C should be:
C=Ruux+5xt (5.3)
In our case, C had a value of 2, corresponding to a prediction about 30 seconds in
advance. C can be different for heating-up stage and curing stage, because the temperature

dynamics are different.

5.2.3 Power Control Algorithm
The purpose of the power control program is to maintain the maximum of the

measured temperatures at the set point (the curing temperature of 160 °C). A parabolic

algorithm was designed for this purpose. When the maximum of the temperatures is

between the curing temperature control window, say 157 °C - 160 °C, the power output is
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parabolically related to the difference between the maximum temperature T and the curing

temperature T:

2
P_. )x Teure T (-4

min’ " | T

P,=(P,
cure "’ low

max

where Pi is the input power, Py, is the set maximum power (100 Watts), P, is the set
minimum temperature, T is the maximum of the measured temperatures, T, is the lower
end of the curing temperature control window (157 °C), and Ty is the curing

temperature.
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Figure 5.2 Power Temperature Relationship

If the maximum is higher than the curing temperature, then the microwave power
will be turned off. If the maximum below the control window, then maximum power (100

watts) will be used. A curve representing the relationship is shown in Figure 5.2. The
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parabolic relationship was used because it is simple and requires no controller tuning. Also
as shown in Figure 5.2, a slight change in temperature would cause more dramatic power
change when the temperature is closer to 160 °C. This is desired because of two reasons.
One is that when the temperature drops below 160 °C, microwave power needs to be
increased quickly to prevent further drop of the temperature. The other reason is that
when the temperature gets close to 160 °C, the microwave power needs to decrease

quickly to prevent temperature overshoot.

5.3  Variable Frequency Microwave Processing of Square Graphite/Epoxy

Composite Parts

5.3.1 Microwave Power Adjustment Using Stepper Motor

A parabolic power controller was used during the curing stage to keep the
maximum surface temperature at the curing level. The microwave power control was
achieved by adjusting the dial knob on the microwave power source via a stepper motor.

The control algorithm and LabVIEW program are presented in Appendix B.

5.3.2 Experimental Results and Discussion

The material used was Hexel AS4-3501/6 graphite/epoxy prepreg. 24-ply
unidirectional 3" by 3" parts were processed. The samples were placed in a Teflon mold
and eight temperatures were measured on the sample surface. The mold was placed on the
bottom of the single mode cavity with cavity length of 15 cm and coupling probe depth of
20 mm. The configurations are the same as in Figure 4.1 and Figure 4.2 in Chapter 4.

Surface temperatures were measured at eight different sites on top of the sample, as
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shown in Figure 5.3. The sample was loaded into the cavity such that the fiber directions
were perpendicular to the couple probe. During the experiments, the cavity length was

fixed at 15 cm and the couple probe depth fixed at 20 mm.

Fiber Direction

Coupling Probe Direction

Figure 5.3 Temperature Measurement Locations
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Figure 5.4 Percentage of Reflected Power versus Frequency
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Before the curing studies, a scan of percentage of reflected power versus
frequency was obtained by sweeping the frequency from 2 to 4 GHz with the sample
inside the cavity (Figure 5.4). The frequencies at troughs with low percentages of reflected
power usually correspond to heating modes, which can heat the sample rather
significantly. Single mode heating experiments were performed at these frequencies.

The maximum of the measured temperatures was controlled as the curing
temperature at curing stage. A description of the control program is given in Appendix D.
Most of the modes demonstrated large thermal gradients, usually more than 40 degrees
when the maximum temperature is at 100 °C. As the heating went on at the curing stage,
the thermal gradients were slightly reduced due to thermal conduction. There was only
one mode that showed relatively uniform heating. The difference of the temperatures was
within 20 °C at the curing stage. However, thermal gradients exceeded 30 °C during the
heating up stage. The heating profiles of a typical non-uniform heating mode and the rare
uniform heating mode are presented in Figures 5.5 and 5.6, respectively. As seen in Figure
5.5, even after 90 minutes of heating, the thermal gradients were still large and the heating
profile was still demonstrative of heating preference. Although the Teflon mold has low
thermal conductivity, the heat loss from the sample to the ambient was significant due to
large temperature difference (120 °C). To compensate for the heat loss, the sample needed
to absorb necessary amount of microwave energy. Since microwave heating was uneven at
that particular mode, the heating preference was preserved in the temperature profile

throughout the heating experiment.
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Figure 5.5 Single Mode Heating at =2.5737 GHz
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Figure 5.6 Single Mode Heating of 3" Square Sample - f = 3.0818 GHz

Six heating modes were selected for the mode switching heating experiment. The
criteria of selection were the complimentariliness of the temperature profiles and the
heating efficiency. The frequencies of the modes are given in Table 5.1. The temperature
profiles of the variable frequency mode switching heating are presented in Figure 5.7. As
can be seen, thermal gradients were significantly reduced compared with single mode
heating. The temperatures were controlled to be within a window of 15 degrees
throughout the processing. However, the temperature profiles were less stable due to the
combination of mode switching and power control. The change of modes selected during

the processing is illustrated in Figure 5.8. The six modes were quite evenly used during the
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processing except for mode 5. The power adjustment is illustrated in Figure 5.9, which is
rather sporadic. As shown in the single mode heating profile, the parabolic power
controller performed reasonably well. However, during the mode switching heating, since
the heating rates of the modes were different, which introduced fluctuations into the
curing temperature control. Since the power control was actuated by mechanical
movement of the stepper motor, the adjustment steps were slow and coarse. The less
satisfactory performance of the power controller for mode switching heating was due to

both the control algorithm and the control actuator.

Table 5.1 Frequencies of the Modes Used in the Mode Switching Heating

Modes 0 1 2 3 4 5

Frequency (GHz) | 2.5772 | 2.7065 | 3.1009 | 3.1643 | 3.4415 3.6409

Since the heating characteristics of the modes were determined before the
processing, the success of mode switching technique in alleviating thermal gradients
proved that the heating characteristics are repetitive. The effectiveness of power control

algorithm can be seen from single mode heating profiles.
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Figure 5.7 Mode Switching Heating of 3" Square Sample
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Figure 5.8 Mode Selection Hi during Mode Switching Heating
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Figure 5.9 Input Power Change during Mode Switching Heating

54  Variable Frequency Microwave Processing of V-shaped Graphite/Epoxy

Composite Parts

5.4.1 Microwave Power Adjustment Using Variable Attenuator

In order to improve the power controller performance, a new approach to
microwave power control actuation was developed using a variable attenuator, the
characteristics of which are presented in Chapter 3. The variable attenuator is connected
between the HP Oscillator and the variable frequency microwave power amplifier. The
attenuation can be changed via voltage control, by which the microwave power is

controlled.
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Compared with using a stepper motor to adjust the dial knob on the microwave
power source so as to vary the amplification rate, the use of a variable attenuator provides
much faster microwave power adjustment. An experimental comparison was conducted, in
which the times used by the stepper motor and the variable attenuator to adjust to a new
power level were measured and plotted in Figure 5.10. The initial microwave power was
set at 50 watts, and the desired microwave power was from 10 watts to 90 watts. As
shown in Figure 5.10, the larger the power change, the longer it took the stepper motor to
adjust, while the adjustment time using a variable attenuator stayed pretty much the same.
For example, when the power change was 20 watts, it took the stepper motor 4 seconds

to adjust to the desired power level, and about 1 second using the variable attenuator.
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Figure 5.10 Comparison of Power Control Performance between Variable Attenuator and

Stepper Motor
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5.4.2 Experimental Results and Discussion

The variable frequency mode switching process control system was used to
process V-shaped graphite/epoxy composite parts. The same material (Hexel AS4-3501/6
continuous graphite/epoxy prepreg) as used for square sample was used. Prepregs were
cut into 3 inch by 3 inch pieces. Twenty-four of them were laid up uni-directionally to give
a sample thickness about 0.17 inches (4.3 mm). The panels were bent to form a V-shape
and placed in a Teflon mold, as shown in Figure 5.11. Temperatures were measured using
fluoroptic temperature probes at six locations, the numbering of which is shown in Figure
5.12. The fluoroptic temperature probes are transparent to microwave. Thus the probes do
not interfere with the electromagnetic fields and do not heat up under the microwave
radiation during the experiments.

The Teflon mold with the sample was loaded into the cavity such that the fiber
direction was perpendicular to the microwave coupling probe. It was determined by
experiments that this was the optimal orientation, with efficient heating and diverse
heating profiles. A power reflectance curve was obtained for loaded cavity and presented
in Figure 5.13. In the next step, the sample was heated using the frequencies at which low
power reflectance was observed. Temperature profiles were measured to obtain the

heating characteristics of each mode.
125°
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V-shaped sample Teflon mold

Figure 5.11 V-shaped Sample and Teflon Mold Configurations
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Figure 5.13 Power Reflectance versus Frequency

During the frequency scan, the temperatures were also monitored (Figure
5.14). With this measurement, one can see whether there are modes that heat
different regions of the sample. As shown in Figure 5.14, the overall heating effect
was quite uniform. Most temperatures had ups and downs during the frequency scan,

which indicated that there were modes with different heating preference. Using this
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approach, one can monitor temperature changes over the frequency range for
different sample loading positions and determine the optimal position that will give
diverse heating patterns. The more diverse heating patterns are, the more uniform

heating can be achieved by mode switching heating.
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Figure 5.14 Temperature Change during Frequency Scan

The heating characteristics of the heating modes were analyzed and six modes that
had complementary heating patterns were selected for mode switching heating. The
heating profiles of the modes are given in Figure 5.15. As shown in Figure 5.15, single
mode heating was quite uneven. Since the cold spots for some modes were hot spots for
others, uniform heating was obtainable by combining the heating effects of these modes.
Single mode processing was conducted with frequency at 3.6506 GHz (Figure 5.16). This
was the most uniform modes among the available ones. The largest temperature gradient

during processing was about 45°C. The temperature gradient decreased slightly as the
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as the curing proceeds. This was because of heat conduction from center to cold spots
along the edges.

Mode switching heating was conducted using a curing temperature control
window of 155°C - 160°C, as described in power control algorithm. The temperature
profiles were much more uniform compared with single mode heating, especially during
the heating stage (Figure 5.17). At the curing stage, the edge temperatures were always
lower than the center temperatures due to two reasons. One was the heat loss at the
edges. The other was that the modes that heated the edges preferentially also heated the
center somewhat. Because the maximum temperature must not exceed the curing
temperature, the input power at curing stage was low, this further reduced the
effectiveness of edge heating modes. A second mode switching heating experiment was
conducted with a curing temperature control window of 157°C - 160°C. By narrowing the
control window, the average input power increased and the difference between center and
edge temperatures was reduced by about 15% (Figure 5.18).

The heating uniformity during the heating-up stage demonstrated the effectiveness
of mode selection controller. The stability of the maximum temperature during the curing
stage showed that the power controller was successful in maintaining a constant curing
temperature. The curing temperature control was much more stable than using a stepper
motor. The power variation during the processing also showed much smaller fluctuations
than in the case of using a stepper motor. By narrowing the control window, the accuracy
of temperature control can be improved as well as uniformity if heating of the edges was
difficult. On the other hand, over-narrowing of the control window decreases the control

system stability. Since control actions are stronger when control window is smaller,
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temperature fluctuations would be more pronounced which could result in severe

temperature overshoot.
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112

— |
*Tl| |
0 1 2 3 6‘
Time (minute) ’
(e) Mode 4: f=3.6506 GHz
* Tl
s T2
aT3
x T4
x'TS
° T6
¥
0 1 2 3 5|
Time (minute)






3.6506 GHz

Figure 5.16 Single Mode Heating at f

180
160

—

40 50

30

el G O

20

10

(a) Temperature Profiles

13



»

A A BT RN

‘yta

s

e

-



3 T OO EED — 0O VO O PVOBOP VDO VOO OOV OO OOHO®OO

2 to-eow

1
0 e . r ' ' '
0 10 20 30 40 % ®
Time (minute)
(b) Mode Selection Histogram
90 .
| + Input Power
.l - Reflected Power
60 -
€50
s 40 i . a ‘.‘
30 ] ’ * ‘t“. “w ‘..‘A 4, o ¢ ‘ ‘
20 1 . . ‘ . a aae A‘l““‘ BN .‘A‘.‘A‘ Shea, a s, A““ 1
104 °
0k ' T ' I
0 10 20 30 40 % ®

(c¢) Power Variation During the Processing

Figure 5.17 Mode Switching Heating 1 with Curing Temperature Control Window:

155°C - 160°C
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Figure 5.18 Mode Switching Heating 2 with Curing Temperature Control Window:

157°C - 160°C

5. Summary and Conclusions

In variable frequency mode switching heating, processing cycles were designed
based on the mode heating patterns only. However, during the processing of composites,
the temperature distribution varies. Different temperature distributions call for mode with
different heating preferences. An intelligent variable frequency mode switching technique
was designed and developed in LabVIEW (VFMPCSI) to match mode characteristics

with sample temperature distribution when selecting the heating mode.
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The control system predicts the temperatures using the mode heating rates and the
measured temperature distribution. The mode that will result in the smallest standard
deviation of the predicted temperatures is selected for heating. A stepper motor was used
to adjust the manual knob on the microwave power source. A parabolic power control
algorithm was designed for simple microwave power control that did not require
controller tuning. The power control algorithm was proved to be effective and stable.
However fluctuations occurred during mode switching heating due to the different mode
characteristics and the coarse and slow adjustment of the stepper motor for microwave
power control. 24-ply unidirectional 3" by 3" graphite/epoxy composite parts were
successfully processed using the intelligent variable frequency mode switching technique.
Heating experiments proved that the heating characteristics of each mode was repetitive as
long as the sample was loaded in the same way.

Variable frequency mode switching technique was also employed to significantly
improve the heating uniformity of microwave processing of V-shaped graphite/epoxy
panels. A different microwave power control hardware - variable attenuator, was used.
The power adjustment time for the variable attenuator was much smaller than that of the
stepper motor. The adjustment time using variable attenuator was less than 1 second,
while the adjusment time for stepper motor ranged from 1 second to more than 10

seconds depending on the power change size.
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CHAPTER 6
VARIABLE FREQUENCY MICROWAVE PROCESSING OF COMPLEX

SHAPE COMPOSITE PARTS WITH ON-LINE MODE UPDATING

In this chapter, an on-line mode heating characteristics updating algorithm is
presented. On-line mode updating ensures that the mode selection controller uses the
accurate information about the mode heating characteristics when selecting the optimal
mode to achieve uniform heating. The mode selection controller is upgraded to make
more accurate comparison of the abilities of the heating modes to alleviate temperature
gradients. A multi-staged PID controller was designed to provide more stable and precise
curing temperature control. Complex shaped graphite/epoxy composite parts were

processed using the process control system with on-line mode updating (VFMPCS II).

6.1  On-line Updating of Mode Heating Characteristics

For mode switching heating technique, the computer always tries to find a mode,
when necessary, that will heat the sample most uniformly. To do so, the computer needs
the information about the heating characteristics, i.e. heating preferences, so that it can
predict how the temperature distribution will change if the mode is used to heat the
sample. In order for the mode selection controller to be effective, the information about
the mode heating characteristics must be accurate.

Mode heating preferences are characterized before processing experiments, as
discussed in previous chapters. The heating rates at the temperature measurement sites
during the heating-up stage are computed and stored in the computer. This information
can be used for subsequent processing experiments as long as the sample material,

118



configuration and loading position, and the cavity settings are the same. Obviously, these
measured heating rates are only approximate representation of the mode heating
preference, which varies with different batches of samples. In addition, mode heating
characteristics or preferences change during the processing, not only because of the
change of temperature distribution, but also because of material property changes during
the processing, such as extent of cure, dielectric properties, and thermal properties. It is
impossible to characterize exactly how each mode heats at certain stage of the processing.
However, by on-line measuring the mode heating characteristics, the accuracy of mode
heating preference information can be improved. This updating of mode heating
characteristics can be carried out by computing the heating rates at each temperature

measurement site for the mode that is being used.

6.2  Process Control System - VFMPCS II

The VFMPCS II process control system is consisted of a mode tuning controller, a
mode selection controller, a multi-staged PID microwave power controller, and an on-line
mode characteristics updating controller. The algorithms of these controllers are discussed
in the following sections. The LabVIEW program (VFMPCS.vi) for the control system is

documented in Appendix D.

6.2.1 Mode Tuning Controller

The mode tuning controller has the same algorithm as the one described in Chapter
5. The purpose of mode tuning is to minimize the power reflectance around the given
mode frequency. Mode frequencies were determined by locating the valleys of the power

reflectance versus frequency curve. The shape of the power reflectance versus frequency
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curve depends on the material dielectric properties. Since material dielectric properties
change during processing, so do the valleys of the power reflectance versus frequency
curve. Therefore, mode tuning can track the shift of the mode frequencies and make sure
that the coupling between the microwave power and the sample is maximum. Mode tuning
is carried out every time the heating mode is changed or the frequency is changed. After

mode tuning, the tuned frequency will be used as the new frequency for the selected mode.

6.2.2 Mode Selection Controller

As similar in the mode selection controller in VFMPCS I described in Chapter 5,
the standard deviation of the temperatures is used as the measure of temperature
uniformity. The smaller the standard deviation, the more uniform the temperature
distribution. The heating modes are characterized by the heating rates at the temperature
measurement sites: d7T; /dt, ..., dTs/dt, with [dT/dt] = °C/second. For mode m (m = 0 to
maximum number of modes), the heating characteristics are: (d7; /d¥)y, ..., (ATs /dt)n. The
temperatures are measured during the processing: 7, ..., Ts. The process controller
assumes that mode m is used for heating and predicts what the temperature distribution
will be after a series of time intervals: 7, + (dT; /dt)osx n x At , ..., Ts+ (dTs/dt)mx n x
At; where At is the time interval (e.g. 6 seconds), and n= 1,2, ..., are the prediction steps
(e.g.n=1,2,..., 30). In other words, the process controller predicts how the mode will
heat the sample every At (seconds), up to At x max{n} (seconds) after the mode is used.

The process controller then computes the standard deviation of the temperatures at

each prediction step:
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dT.
[Tz +[Tt’]xnxAt]—[T+[%]xnxAt]
== . 6.1)

where [T...{d_TJx nx At] is the average of the predicted temperatures. The minimum of
dt

all the standard deviations is then determined - &, which is indicative of the ability of
the mode to alleviate or aggravate the temperature gradients. After the same computation
is carried out for each mode m, ™ of all the modes are compared (m =0, 1, ...). The

mode with the smallest ™ is considered as the best mode that will achieve most uniform

heating after certain amount of time. Suppose o* = min b"’ } then mode k is selected
m
for heating the sample.

6.2.3 Multi-staged PID Microwave Power Controller

A multi-staged PID controller was developed for variable frequency microwave
processing in order to achieve optimal processing. The processing of materials can be
viewed as composed of different stages. The first stage is the beginning of the processing,
when the microwave input power needs to be at maximum so as to heat the sample as fast
as possible. When the sample temperature approaches the curing temperature, the control
system should be able to slow down the heating appropriately to prevent temperature
overshoot. At the curing stage, the microwave power should be just enough to maintain
the curing temperature. Accordingly, the power controller needs to have different
parameters at different stages. Microwave Processing of composite parts was divided into

four stages as shown in Figure 6.1.
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Over-heating stage:

T Pi =0
Curing 161 °C
temperature: —— 160 °C t Curing: PID 2
160 °C — 159°C
I Curing: PID 1
150 °C
Heating-up stage:
Pi=Pnx=90W
Room
temperature:
30°C

Figure 6.1 Multi-Staged PID Control

The maximum measured temperature is used to identify which stage the processing
is in. The first stage is the heating-up stage, when the maximum surface temperature is
well below the curing temperature and the maximum microwave is used to heat the sample
as fast as possible. The maximum microwave power used in the experiments was 90 watts.
The curing stage is defined as the temperature range from 10 °C below the curing
temperature to 1 °C above the curing temperature. The curing stage is further divided into
two stages. The curing stage I is between 150 °C and 159 °C, while the curing stage II is
between 159 °C and 161 °C. In the curing stages, PID algorithm is used for microwave
power control. Two sets of PID control parameters correspond to the two curing stages,
(K,1, Til, Tql) and (Kp2, Ti2, T42). When the maximum surface temperature goes above
161 °C, the microwave power will be shut down.

Two different sets of PID parameters are used because in the two curing stages the

temperature increasing rates are different, so are the process dynamics. In curing stage I,
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the heating rates and input microwave are still high, thus quick response of the controller
is needed. In curing stage II, the temperatures are stabilizing, especially the controlled
temperature - maximum measured temperature. The input microwave power also
approaches to a steady level. Therefore, the control response need not be as quick.
However, control accuracy becomes a more important issue. Generally speaking, K;1 >
K;2, Til > T2, and T4l < T42. Experiments were conducted to determine optimal values

of the control parameters. The following are used for the PID control in the experiments:

Ky1 =50, Ti1 = 1000, Tq41 = 10 6.2)

K2 =20, T:2 = 50, Ta2 = 30 (6.3)

6.2.4 On-line Mode Characteristics Updating Controller

On-line mode characteristics updating is the measurement of heating rates for the
modes during processing. It is necessary for mode selection controller to be successful. In
order to filter out the temperature measurement errors, the controller computes the
heating rates after the selected mode heats the sample for a certain period of time. Twenty
seconds was used in the experiments. The controller throws away the first few
temperature data, since there is time delay for the heating effects of the selected mode to
show in the measured temperatures. In the processing experiments, the controller uses the
temperature data during the last 15 seconds to compute the heating rates using linear fit.

The heating rates are then stored as the heating characteristics of the particular mode.
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6.3  Variable Frequency Microwave Processing of V-shaped Graphite/Epoxy

Composite Parts with On-line Mode Updating

The same material, sample configuration, and loading position as the V-shaped
part processing in Chapter 5 were used. The temperature measurement configuration is

different from that described in Chapter 5, as shown in Figure 6.2.

fiber direction

—>
T T,
fold line
T T el
3 4
Tg Te

TCoupling Probe

Figure 6.2 Temperature Measurement Configuration

6.3.1 Heating Modes and Their Characteristics

The same heating modes were used for the experiments, as in the experiments
described in Chapter 5. The heating characteristics are described in Chapter 5.
Complementary heating patterns can be found in the heating characteristics of these

modes.

6.3.2 Mode Switching Heating Results and Discussion

The experimental results of variable microwave mode switching processing of V-
shaped graphite/epoxy composite parts using VFMPCS II are presented in Figure 6.3. As

shown by the temperature profiles, the temperature gradients are significantly reduced
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throughout the processing experiment. The final maximum temperature difference was
only 15 °C. During the curing stage, T3 and T, remained high because they were close to
the center of the sample. Usually, the center of the sample would have higher temperature
during the curing stage because of the temperature gradient created by the heat loss from
the sample to its surroundings.

The microwave power control stabilized the maximum temperature at the curing
temperature rather fast without much temperature overshoot. The temperature was less
than 1 °C. At the beginning of the curing stage, there were some fluctuations of the
temperatures. Those were due to the change of heating modes and the fact that microwave
power level was not stabilized yet. The performance of the power controller was stable
and accurate at the curing stage. The average microwave power kept decreasing, as seen
in Figure 6.3 (c), and approached to a steady value at about 20 watts at the end of
processing. The decrease of average input microwave power could be a result of the
increase of ambient temperature, which reduced the heat loss from the sample.

From Figure 6.3 (a), it is shown that all modes were utilized at the heating-up
stage. However, only three modes - 3, 4, and S, were used at the curing stage. Modes 4
and S saw the most action, which indicates that modes 4 and 5 heated the edges of the
sample more.

Mode sweeping heating was also conducted for V-shaped graphite/epoxy
composite samples, following the procedure described in Chapter 4. The heating times in a
cycle for mode 0 and 1 were 10 seconds, and 20 seconds for the rest of the modes. Modes
0 and 1 had less heating times because they had slower heating rates or lower energy

efficiency. The results are presented in Figure 6.4. The temperature profiles in Figure 6.4
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(a) shows that T; and T, are again high at the curing stage. The temperature gradients
actually increased at the beginning of the curing stage. The reason was the heat loss from
the sample to its surroundings. As the heating progressed, the ambient temperature
increased and temperature gradients decreased. The power variation during the processing
is presented in Figure 6.4 (b). The microwave power level was more sporadic as in mode
switching heating because of the frequent change of modes. Each time the mode (i.e. the
frequency) is changed, the microwave power had to be tuned down first in order to
prevent a microwave power source fault. Therefore, power adjustment was very frequent.
As in the mode switching heating experiments, the same trend was evident that the
average microwave power was steadily decreasing as the heating progressed.

For comparison, the temperature profiles of a single mode heating experiment
were also presented in Figure 6.5. The maximum temperature difference and standard
deviation of temperatures are plotted versus time in Figure 6.6, for these three processing
techniques. The significant improvement in temperature uniformity using intelligent mode
switching heating is obvious. Both the maximum temperature difference and standard
deviation of temperatures were small and stable in the case of variable frequency mode
switching heating. The averages of maximum temperature difference and standard
deviation of the temperatures are listed in Table 6.1. The maximum temperature difference
seems to follow the same trend very closely as the standard deviation. Therefore, similar
results could result if the maximum temperature difference were used as the measure of

temperature uniformity.
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Table 6.1 Average Maximum Temperature and Standard Deviation at Curing Stage

Average | Intelligent Switching Mode Sweeping Single Mode Heating
(A7), 13.69 °C 30.07°C 52.15°C
o(T) 5.51°C 12.65°C 21.64°C
180 —
160 -

2

Temperature
00
)

60 -
40 1
20 1 ,
0 30 60 90
Time (minute)
(a) Temperature Profiles
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Figure 6.3 Intelligent Variable Frequency Mode Switching Heating of V-shape

Graphite/Epoxy Composite with On-line Mode Updating
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Figure 6.4 Mode Sweeping Heating of V-shaped Graphite/Epoxy Composite
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Figure 6.5 Single Mode Heating at f = 2.1605 GHz for V-shaped
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Figure 6.6 Comparison of Temperture Uniformity for Single Mode Heating, Mode
Sweeping, and Intelligent Mode Switching Heating of V-shaped Graphite/Epoxy

6.4  Variable Frequency Microwave Processing of Tri-planar Graphite/Epoxy

Composites with On-line Mode Updating

In order to further test the performance of the variable frequency mode switching
processing technique and the process control system, a more complexly shaped geometry
was considered. Twenty-four-ply of uni-directionally laid-up graphite/epoxy prepregs
(Hexel AS4-3501/6) were bent into tri-planar shape as shown in Figure 6.7. The sample
was loaded into a Teflon mold and then into the microwave cavity. The fiber direction of
the sample was perpendicular to the coupling probe. Temperatures were measured at six

different sites on the sample surface, as shown in Figure 6.8. The lower edge of the
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tri-planar sample was placed near the coupling probe. During the experiments, the cavity

length was fixed at 15 cm, and the coupling probe depth at 20 mm.

Tri-planar sample

Figure 6.7 Configuration of Tri-planar Graphite/Epoxy Samples

fiber direction

Higher edge Tl T2

" :> fold lines

Loweredge | Ts T

TCoupling Probe

Figure 6.8 Temperature Measurement Configuration of Tri-planar Samples

6.4.1 Heating Modes and Heating Characteristics

In order to determine the frequencies of empirical heating modes, power
reflectance was measured while the frequency was swept from 2 GHz to 4 GHz. The
power reflectance versus frequency curve is shown in Figure 6 9. The frequencies with
power reflectance less than 0.1 were used individually to heat the sample and only the
ones with considerable heating effects were regarded as heating mode frequencies. Figure
6.10 shows the temperature change during the frequency scan. The temperature profil<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>